

  diversity-14-00202




diversity-14-00202







Diversity 2022, 14(3), 202; doi:10.3390/d14030202




Article



Response of Diatoms to the Changing Water Quality in the Myristica Swamps of the Western Ghats, India



Mital Thacker 1,2[image: Orcid] and Balasubramanian Karthick 1,2,*[image: Orcid]





1



Biodiversity & Palaeobiology Group, Agharkar Research Institute, Pune 411004, India






2



Affiliated to Department of Botany, Savitribai Phule Pune University, Pune 411007, India









*



Correspondence: karthickbala@aripune.org







Academic Editor: Michael Wink



Received: 11 January 2022 / Accepted: 2 March 2022 / Published: 9 March 2022



Abstract

:

Myristica swamps are one of the rarest wetland ecosystems within the sub-tropical evergreen forests of the Western Ghats, India. As their name indicates, they harbor trees belonging to the ancient family Myristicaceae. Due to the waterlogged conditions and high humic decomposition, these swamps are acidic, harbor rare and endemic biotas, and provide ecosystem services to humans. Monitoring this rare ecosystem is crucial because the swamps that once formed a large hydrological network across the Western Ghats are now confined to isolated patches due to human disturbance such as agricultural interventions, roads, and dam construction. Due to the change in land use, there is also a drastic change in water chemistry and associated biodiversity. Biomonitoring is more precise than physical and chemical monitoring. So, the current study aimed to undertake a comprehensive analysis of the physical, chemical, and biological assessment of these swamps. The diatom assemblages are strongly affected by water chemistry and serve as a powerful indicator of environmental changes in the freshwater aquatic systems. However, there is no information on diatom assemblages in these swamps, and the present study aimed to determine the diatom assemblage structure in the Myristica swamps and their response to changing water quality. Diatom samples were taken at 17 different swamps across the central Western Ghats, and a set of environmental parameters was evaluated. Analysis revealed a total of 91 species of diatoms belonging to 27 genera across the 17 sites, from which 44 diatom species showed restricted distribution to this unique environment. Overall, the dominant diatom genera inside the swamps included, Navicula (19.8%), Gomphonema (16%), Eunotia (13.3%), Ulnaria (9.4%), Achnanthidium (8%), Frustulia (6.2%), Planothidium (5.2%), and Brachysira (2.8%). High diatom species richness was observed in the swamps having less anthropogenic disturbance, and diatom assemblage composition was primarily determined by dissolved oxygen, pH, and conductivity. The significant number of geographically restricted taxa in this study points towards our limited understanding of this tropical biome and calls for a dire need for more studies from here, not only to improve our knowledge concerning the diversity, ecology, and biogeography of these diatoms but to further encourage their use in applied (paleo) environmental sciences. Our results indicate that diatoms can prove useful environmental indicators even in harsh environments like swamps and can be a potential tool for assessing ecological and climatic change.
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1. Introduction


Wetlands are territories between terrestrial and aquatic systems, characterized by waterlogged soils, aquatic vegetation, and typically high biodiversity [1]. India is home to various natural and human-made wetlands, ranging from marine mangrove swamps, tidal marshes, and coastal wetlands to freshwater marshes, swamps, and bogs. In India, notable freshwater swamps have been reported from the Siwalik and Doon valley, Brahmaputra valley [2], and the valleys of the Western Ghats [3,4]. The Western Ghats is one of the 36 global biodiversity hotspots, which lies in the western part of peninsular India as a series of mid (300–1200 m a.s.l) to high altitude hills (up to 2600 m a.s.l.) stretching over 1600 km from north to south and covering an area of about 160,000 km2 [5]. The Western Ghats is home to four distinct freshwater swamp types: Myristica, Elaeocarpus, hadlus, and Vayals [6,7,8]. Among these, the Myristica swamps are one of the rarest ecosystems present in the tropical world. As their name indicates, they are water-saturated regions predominantly covered with trees belonging to the ancient family Myristicaceae [9,10]. Myristica swamps in India were first reported by Krishnamoorthy [3] from the Travancore region (present-day Kerala state) of the Southern part of the Western Ghats. Currently, there are three different patches of these swamps which are distributed across the Western Ghats: (1) Swamps located in Maharashtra and Goa in the Northern Western Ghats [11,12] (2) Myristica swamps situated in Karnataka in the Central Western Ghats [13] (3) Myristica swamps situated in the valleys of Shendurney, Kulathupuzha, and Anchal forest ranges in the southern Western Ghats [10].



Krishnamoorthy [3] reported the hydrological conditions of these swamps as most of the swamps remain entirely inundated during a greater part (8 months during monsoon, i.e., June-January) of the year. Wooded vegetations in swamps possess characteristic features, such as the presence of pneumatophores or breathing roots and stilt roots, which are necessary for the survival of trees in waterlogged conditions. Typically, water inside these swamps has acidic to neutral pH [10,14]. Since these swamps are located immediately after headwater, they are nutrients deficient (oligotrophic) with low electrical conductivity (EC). Due to the lack of mineral input, high humic decomposition, and leaching of organic compounds, the waters are acidic [10,15]. Thus, these swamps act as environmentally delineated from the surrounding environment by their acidic nature. At first sight, these extreme environments seem inhospitable places for life forms to thrive. Still, surprisingly, they are home to a diverse endemic biota, including Semecarpus kathalekanensis Dasappa & Swam., Gymnacranthera canarica (Bedd. ex King) Warb., or Myristica magnifica Bedd. [14]. The macroscopic flora studied by Krishnamoorthy [3]; Chandran et al. [16]; Bhat and Kaveriappa [14]; Roby et al. [17] indicate that these swamps typically display high floristic endemism, with studies recording 23 tree species endemics to these swamps. Many endemic biotas have been discovered inside these swamps in the last two decades, including many new species of frogs [18], mushrooms [19], butterflies [20], and diatoms [21]. Refer Ranganathan et al. [4] for a detailed review of the biodiversity of Myristica swamps. Despite their little-known biota, these swamps are virtually live museums of ancient life and of great interest to biologists, as most of the novel taxa described here, such as Myristica magnifica, Gymnacranthera canarica, Syzygium stocksii (Duthie) Gamble, Madhuca bourdillonii (Gamble) Raizada, and Semecarpus kathalekanensis represent ancient lineages [9].



Studies suggest that these swamps once covered the entire Western Ghats; however, the extensive network is now confined to only a few fragmented patches due to increased human pressure [9,22]. Recent studies highlight that many of these swamps are facing extinction at an alarming rate due to conversion into agricultural fields and anthropogenic interferences such as shifting cultivation, irrigation, and various developmental projects in the vicinity [14,16]. Additionally, Kumaran et al. [23] and Srivastava et al. [24] proposed that the weakening of monsoon stressors through the Holocene is a natural reason for the disappearance of these swamps from the Northern region of the Western Ghats, as the swamp trees community requires a rainfall of at least 3000 mm or above [10,13]. Thus, the increased need for water because of the increasing human population and changes in water availability due to climate change are the main stressors inside this ecosystem.



To monitor this extremely sensitive ecosystem, the first step is to measure the physical and chemical variables of soil and water over time to understand natural and human-made temporal variation. However, it has been shown that monitoring aquatic environments using biological elements can be effectively used in this case [25]. As aquatic organisms are regularly exposed to that environment, they can provide time-integrated information about the environmental conditions and the ecological health of the ecosystem [26]. In shallow water bodies like swamps or wetlands, because of their varied inundation time and depths, it is problematic to use fish and invertebrates as biological indicators [27], especially in monsoon-driven high energy systems like the Western Ghats. In such a scenario, diatoms can act as excellent bioindicators of this Ecobiome. Diatoms (Class: Bacillariophyceae) are siliceous, unicellular algae present in all aquatic and sub-aerial environments, forming the base of the food web, therefore responding rapidly to any environmental and anthropogenic changes [28,29]. Due to their sensitive nature and excellent preservation in lake sediments [30], diatoms can provide a continuous record of environmental history. Scientists use diatoms as potential bioindicators to monitor present and past environmental conditions across continents [29,31,32]. Additionally, diatoms also prove to be an excellent indicator of acidic systems, where the occurrence of other bioindicators is limited [33,34].



In spite of the fact that diatom can prove an excellent bioindicator to monitor this vanishing ecosystem, there is no comprehensive study on diatoms from this region, except a discovery of a new species Germainiella chandranii [21]. The present research focuses on documenting the diatom assemblage structure inside Myristica swamps to determine the environmental optima and tolerances of species to the limnological variables, especially across disturbance gradients. It aims to act as a reference study to characterize further the past and present environmental conditions of Myristica swamps in the central Western Ghats of India. The main objectives of this study were: (1) to describe the species composition and structure of diatom assemblages across the environmental gradients inside the swamps (2) to explore the relationships between diatom taxa and environmental variables. We hypothesized that the unique habitat would act as the primary driver of species inside this ecosystem.




2. Materials and Methods


2.1. Study Area


This study was carried out in Myristica swamps across the Uttara Kannada district (13.86 °  to 15.50 °  N and 74.08 °  to 75.08 °  E) in the central Western Ghats within the state of Karnataka (Figure 1). The district is hilly and thickly wooded with a tropical climate, documented by a well-defined rainy season of about six months between June and November, when the southwest monsoon brings most of the rainfall. The annual average rainfall here ranges from 2500 mm to 5000 mm [9].



From the Myristica swamps, diatom and water samples were collected from 17 different sites across the central Western Ghats between the latitudinal range of 13.71 °  to 14.66 °  N and longitudinal range of 74.56 °  to 74.99 °  E with an elevational range of 395 to 623 m a.s.l. Some swamps were individual and isolated (single site), while others were big (covering a few hectares of area). In the case of swamps covering a large area, we sampled 3–4 sites within the same latitude-longitude range. Hereafter, this kind of swamp will be called a swamp complex. The geo-coordinates of the sampling points in the different swamps are presented in Table 1. The distribution of the swamps in the study area and two images depicting the Myristica swamp ecosystem are illustrated in Figure 1 and Figure 2, respectively.




2.2. Environmental Variables Sampling and Analysis


Geographic coordinates were recorded at each sampling point using a Garmin® (Olathe, KS, USA) eTrex® 30x GPS. Physicochemical parameters of the water like pH, electrical conductivity (EC) (μS/cm), dissolved oxygen (DO) (mg/L), and water temperature (T) (°C) were measured in situ during the forenoon using a HACH HQ40D portable meter (Loveland, CO, USA). The water samples were collected in 100 mL pre-cleaned polyethylene bottles from the surface. One water sample was collected from each site following a standard procedure recommended by APHA [35]. Nitrate (NO3−) and phosphate (PO43−) were measured on the same day with a method prescribed by HACH [36,37] using a HACH 1900 portable colorimeter and standard reagents (NitraVer® 3, NitraVer® 6, Amino acid, and Molybdate reagent). The detection limit for nitrate using nitrate, Low Range method was 0 to 0.50 mg/L NO3−, and for phosphate, it was 0 to 30.0 mg/L PO43− using the Amino acid method.




2.3. Diatom Sampling, Preparation, and Analysis


A total of 20 diatom samples from different microhabitats were used for this study. In each habitat, samples were collected from the four different microhabitats, i.e., epipsammic (pipette collection of sand), epilithic (toothbrush scraping of stone), epiphytic (squeezing of plant material), and epibryophytic (squeezing of moss) across 17 different swamps. Sample collection was done during the post-monsoon season between 11–14 November 2017. After collection, the samples were stored in a Whirl-pak® sampling bag. Water samples were stored for 3–4 days on ice until they were transported to the lab for further analysis. In the laboratory, the diatom samples were oxidized by boiling them with concentrated nitric acid to remove the organic matter. The acid oxidized samples were then washed several times with distilled water by centrifuging them at 3500 rpm for 10 min until they attained a neutral pH. The cleaned samples were then air-dried onto glass coverslips and subsequently mounted onto the microscope slide using Naphrax® as the mounting medium [38]. Six hundred diatom valves were counted and identified per slide at 1000× magnification using an Olympus BX53 microscope equipped with an Olympus DP74 digital camera using differential interference contrast (DIC) microscope optics and images were captured with Olympus cellSens standard 1.16 imaging software. Diatom images were edited and compiled using GNU Image Manipulation Program (GIMP) 2.10.2 (available from: http://www.gimp.org/, The GIMP team, 1997–2021, retrieved on 20 November 2021) [39], and Inkscape Version 0.92.3 [40], respectively. Taxonomic identifications were mainly based on Krammer and Lange-Bertalot [41,42,43,44], Krammer [45], Lange-Bertalot [46], Lange-Bertalot et al. [47]. During the analysis, due to the higher number of geographically restricted flora, it was a limitation to use European literature for the identification. To address this problem, extensive searching of the species using regional flora from the tropical literature across southeast Asia such as Karthick et al. [48,49,50], Jüttner et al. [51], Taylor et al. [52,53], Chudaev et al. [54] were used, and subsequently, a voucher flora was developed based on the light microscopic images as described in Bishop et al. [55]. The nomenclature of diatoms was updated, according to DiatomBase [56].




2.4. Statistical Analysis


Histogram analysis was used to compare the range of all water quality variables across the sampling sites and to assess the general water chemistry status of these swamps. To document the diatom diversity and the richness patterns across the swamps, diversity indices, including Shannon–Wiener diversity (H), Pielou’s evenness (J), and Simpson diversity (1 − λ), and Species richness (S) were calculated using the diatom abundance data. All these analyses were performed using PAST software Version 4.01 [57].



To determine the response of the diatoms to environmental variables and to assess the diatom-environment relationship, multivariate analysis was used. All environmental variables (except pH) were log-transformed [log10 (x + 1)] prior to analysis to normalize their distribution. Overall, the hydrochemical variables analyzed were pH, nitrate (NO3−), phosphate (PO43−), electrical conductivity (EC), and dissolved oxygen (DO). Principle Component Analysis (PCA) and Canonical Correspondence Analysis (CCA) were carried out using CANOCO Version 5 [58]. PCA is a variable reduction technique that reduces the numerous variables to a smaller number of composite variables called “principal components” [59]. PCA was conducted on environmental variables to explore the main environmental gradients among the sampling sites. We first used PCA to examine which swamp is driven by which environmental variable and how these swamps are clustered under various environmental parameters. Then we used CCA to determine the relationships between the diatom assemblages and environmental variables. Prior to CCA analyses, the abundances of all taxa were expressed as relative counts, and taxa only with relative abundances of 1% or greater were taken into consideration. Name of each taxon with abbreviation code and % RA of diatom along with presence-absence data for all diatom taxa across the sampling sites are provided in Supplementary Data Table S1 and S2, respectively. Diatom assemblages data were log-transformed before analysis. Monte Carlo permutation tests (999 unrestricted permutations, p ≤ 0.05) were used to test the significance of the first two CCA axis.





3. Results


3.1. Hydrochemistry


The summary of water chemistry variables is listed in Table 2. From the study, pH values indicated that most of the swamps were in acidic to circumneutral conditions ranging between pH 6.1 to 7.4 (Figure 3a). The electrical conductivity of the swamps was between 25–75 µS/cm, except for 3–4 swamps (Balajetty swamp, Hulikal swamp, and Malemane swamp) with higher ionic compositions between 115–200 µS/cm (Figure 3b). The nitrate and phosphate concentration inside the swamps was between 0.01–0.02 mg/L (Figure 3c) and 0.5–2 mg/L (Figure 3d)., except for two swamps with phosphate concentrations ranging between 3–4 mg/L. Dissolved oxygen content was between 6.5–8.5 mg/L and indicated well-oxygenated conditions of the swamps. The temperature of the study sites varied between 21–30 °C.




3.2. Species Composition and Diversity


In the 20 samples, we found 91 species belonging to 27 genera, from which 44 diatom species are putative novel species and potentially endemic to Myristica swamps, as our ongoing survey across the Western Ghats did not yield any of these taxa. The most common diatom genera observed were Navicula Bory (19.8%), Gomphonema Ehrenberg (16%), Eunotia Ehrenberg (13.3%), Ulnaria (Kutzing) Compère (9.4%), Achnanthidium Kützing (8%), Frustulia Rabenhorst (6.2%), Planothidium Round & L.Bukhtiyarova (5.2%), Brachysira Kützing (2.8%), and Neidium Pfitzer (0.7%). The dominant diatom species identified were Eunotia rhomboidea Hustedt, Eunotia c.f. incisa W.Smith ex W.Gregory (Figure 4), Eunotia bilunaris (Ehrenberg) Schaarschmidt (Figure 4), Frustulia jogensis Gandhi, Frustulia crassinervia (Brébisson) Lange-Bertalot & Krammer (Figure 4), Brachysira neoexilis Lange-Bertalot (Figure 4), Navicula obtecta I.Jüttner & E.J.Cox (Figure 4), Navicula nielsfogedii J.C.Taylor & Cocquyt, Navicula globulifera var. robusta Hustedt, Achnanthidium minutissimum (Kützing) Czarnecki, Gomphonema gandhii B. Karthick & J.P.Kociolek (Figure 4), Gomphonema parvulum (Kützing) Kützing, Ulnaria ulna (Nitzsch) Compère, Planothidium frequentissimum (Lange-Bertalot) Lange-Bertalot (Figure 4), and Neidium sp. An overview of the commonly occurring diatom taxa in the study area has been shown in Figure 4.



Species richness (S) was higher at the New Kathlekan swamp site—1 (23 taxa) than other sites in this study, and it was lowest at Assoli swamp—1 (8 taxa). Shannon–Wiener diversity values (H) ranged from 1.10 (Devikan swamp site—2) to 2.80 (New Kathlekan swamp site—1). Pielou’s evenness (J) ranged from 0.25 (Devikan swamp site—2) to 0.75 (Hudidevarakudlu swamp). Simpson diversity (1 − λ) was highest at the New Kathlekan swamp (0.91), followed by Kathlekan swamp—3 (0.90), and it was lowest at Devikan swamp site—2 (0.55) (Table 3).




3.3. Relationship of Diatom Assemblages to Environmental Variables


The first two axis of PCA (eigenvalues λ1 = 0.9637, λ2 = 0.0333) explained in total 99.7% of the variance in the data (axis 1: 96.37% and axis 2: 3.33%) (Figure 5). The ordination of data distinguished swamps into three groups. Sites 2 and 3 from the Kathlekan swamp complex were positively correlated with dissolved oxygen concentration and negatively correlated with elevated conductivity and nutrients. All Devikan–Assoli swamp complex sites showed a strong linear relationship with high phosphate (PO43−) levels and moderate correlation with pH values. All Hulikal swamps, Hulidevarakudlu swamp, and Assoli swamps correlated with increased conductivity.



According to the results CCA ordination diagram (Figure 6), the first two CCA axis (eigenvalues λ1 = 0.5662, λ2 = 0.4265) explained 54% of the total variation amongst the species composition data (axis 1: 31.3% and axis 2: 22.7%). The CCA ordination was plotted using 75 species (RA > 1%) and five physicochemical variables. The gradient length and analysis of the CCA plot illustrate that pH concentration was the most significant factor contributing to the first axis. In contrast, EC was the notable factor contributing to the second axis. DO, PO43−, and NO3− were positioned between axis 1 and 2 with a negative relationship between nutrients and oxygen.



The majority of the species on the left side of the graph are distributed under the increasing influence of elevated pH, conductivity, and dissolved oxygen. To the left side of the diagram, an abundance of the species like Gomphonema gregarium Kociolek, J.B.Woodward & C.Graeff, Gomphonema diminutum B.Karthick & J.P.Kociolek, Gomphonema sp. 5 and 7, Achnanthidium minutisimum (Figure 4), Achnanthidium catenatum (Bily & Marvan) Lange-Bertalot, Sellaphora pupula (Kützing) Mereschkovsky, Planothidium sp. 1, Encyonema sp., Caloneis sp. 1, and Navicula globulifera var. robusta prefers slightly alkaline condition with elevated pH level, whereas the abundance of species like Navicula obtecta, Achnanthidium linannulum B. Karthick, J.C.Taylor & P.B.Hamilton, Gomphonema gandhii, Oricymba japonica (Figure 4), Navicula notha Wallace, Achnanthidium sp. 1, Cocconeis sp., etc. are correlated with dissolved oxygen concentration and lower nutrients. Further, species like Ulnaria sp. 1, Nitzschia clausii Hantzsch, Planothidium freequentissimum, Gyrosigma acuminatum (Kützing) Rabenhorst, Navicula sp. 2, and Navicula escambia (Patrick) D.Metzeltin & Lange-Bertalot are influenced by higher conductivity (EC). On the right side of the plot, species like Eunotia intermedia (Krasske) Nörpel & Lange-Bertalot, Eunotia rhomboidea, Neidium sp. 1, 2, 3, and 4, and Stauroneis sp. 1 prefers slightly acidic condition with low pH level. The abundance of species like Rhopalodia rupestris (W. Smith) Krammer, Cocconeis feuerbornii Hustedt, Craticula riperia (Hustedt) Lange-Bertalot (Figure 4), Sellaphora sp., Diploneis sp. (Figure 4), and Gomphonema sp. 8 are influenced by high levels of nutrients (N and P) concentration and lower DO, corresponding to anthropogenic disturbances.





4. Discussion


This study demonstrated that studies on the diversity and composition of microbial flora inside the Myristica swamp forests are limited. Microbial communities have been recognized as key elements in ecosystem structure and functioning [60]. In this light, studying diatoms because of their unique characteristics such as (1) taxa with the capability to tolerate different environmental conditions [61], (2) with a restricted geographic distribution pattern, because each species has its own specific environmental preference [29] (3) a highly diverse group of microbial eukaryotes [62], and (4) high abundance across a wide range of aquatic ecosystems, can significantly help to understand various environmental drivers along with the history of that ecosystem. The other important fact is that natural acidic, poorly buffered (low alkaline) wetland environments are scarce worldwide. In addition, most of the information available about acidophilic communities in aquatic environments is focused on bacterial communities. However, microbial eukaryotes are also present and can play a critical role in these habitats [63].



Despite their importance, the Myristica swamp ecosystem in India is highly fragmented and being lost at an alarming rate due to human disturbance and climate change [9]. Thus, today’s dire need is to pay considerable attention to developing tools for assessing the status and environmental changes occurring in these swamps. However, diatom-based assessment studies in swamps remain limited. Although other studies have been conducted on Myristica swamps, to our knowledge, this is the first report in which the water physicochemical parameters of an acidic swamp have been analyzed regarding the diatom assemblages.



4.1. Water Quality


Water chemistry is generally considered to be a primary factor controlling diatom distribution. Diatoms are sensitive to changing water chemistry, including pH, temperature, oxygen, and nutrient concentrations [64,65]. pH strongly affects diatom growth by causing physiological stress or indirectly by influencing other physicochemical variables [66]. The measured pH value in the current study indicated that most of the swamps were mildly acidic to circumneutral, with a pH value between 6.6 and 7.4. This confirms with the studies done on the soils of Uttara Kannada district, in the central Western Ghats, which indicate that humic decomposition and derivation of soil from the metamorphic parent rock led to laterite soil formation with a slightly acidic pH [67]. Conductivity is considered an enrichment indicator parameter and is an important determinant factor of diatom distribution in peatlands and wetlands [68,69]. Our study observed that swamp water was very low in mineral content and characterized by low conductivity (25–75 µS/cm), except for 3–4 swamps with higher ionic composition (201 µS/cm, Table 2). In agreement with Raghu et al. [70], who also reported that highly anaerobic conditions and permanently flooded soils led to a reduction in pH and electrical conductivity.



Furthermore, the significant effects of nutrients like (phosphorus and nitrogen) on diatoms have been frequently reported in lakes [71], but the importance of nutrients for diatoms in peatlands varies [72]. Wetlands are particularly susceptible to nutrient enrichment as these ecosystems act as sinks [73]. In our study, nitrate values measured amongst the majority swamps were low and generally reflected an oligotrophic state of these swamps. However, the high amount of phosphate values noted inside the swamps could be attributed to the high amount of biologically non-available P, which is not readily available to biological organisms in terms of their productivity [74]. Dissolved oxygen is crucial for the survival of organisms inside the water body [27]. In the current study, DO values across the swamps varied between 6.5–8.5 mg/L, indicating biological stable wetlands.




4.2. Diatom Community Composition, Diversity, and Distribution


In the 20 samples, we identified 91 diatom species, from which nearly 51.64% of the taxa were cosmopolitan, and 48.35% of taxa showed restricted geographical distribution. In agreement with the hypothesis, the unique habitat structure and its associated moisture level drove the high number of geographically restricted diatom taxa. To identify the geographically restricted taxa, the main constrain was the literature availability for their identification and confirmation. Most of the current literature available focuses on European flora; literature from the tropics is limited. Hence a regional (at least southeast Asia) level diatom database is essential for the identification as well as to further understand their environment optima. The voucher flora was built first, using all possible literature originating from tropical Asia, and the same will be published in the near future in a separate monograph due to the high number of new taxa.



The dominant diatom species identified in the present study were Eunotia rhomboidea, Eunotia c.f. incisa, Eunotia bilunaris, Frustulia jogensis, Frustulia crassinervia, Brachysira neoexilis, Navicula obtecta, Navicula globulifera var. robusta, Gomphonema gandhii, Gomphonema parvuvlum, Ulnaria ulna, and Planothidium frequentissimum. Each of these taxa possesses its own specific ecological preferences. Eunotia bilunaris extends from circumneutral to slightly acidophilous sites such as swamps and bogs. It is commonly observed in freshwater with low mineral content [75]. Diatoms like Eunotia rhomboidea, Eunotia c.f. incisa and Frustulia crassinervia are common in low pH and low mineral content environments like peat bogs, fen, etc., indicating pristine water with oligotrophic conditions [47,76]. Brachysira neoexilis is commonly found in circumneutral to slightly alkaline pH, in oligo to the mesotrophic environment [77]. Navicula obtecta prefers an electrolyte and nutrient-poor, pristine oligotrophic environment [51]. Gomphonema gandhii is found at circumneutral pH in electrolyte and nutrient-poor environments [48]. Gomphonema parvulum and Ulnaria ulna are common in oligo to mesotrophic freshwater environments, with circumneutral to slightly alkaline conditions [78,79].



The analysis of diatom taxa in the swamps revealed that species from the genus Eunotia, Frustulia, Brachysira, and Neidium are prominent in the swamps, indicating acidic to circumneutral oligotrophic conditions. The high abundance of the member of Eunotia like Eunotia rhomboidea, Eunotia c.f. incisa, Eunotia bilunaris can be correlated with the indication of circumneutral to acidic, oligotrophic water in agreement with the other studies which state that Eunotia is widely accepted as a freshwater genus frequently associated with oligotrophic, acidic, and mostly low conductivity waters [76,78]. On the other hand, an abundance of A. minutissimum can be considered a low nutrient indicator species [80]. In our study, we found taxa from the genera Eunotia and Achnanthidium that are able to withstand harsher environmental conditions. For e.g., Eunotia is tolerant of desiccation [78] and often dominant in Sphagnum bogs, where is prone to drying out [81], whereas, Achnanthidium is known to live in ephemeral conditions and are considered to be more or less tolerant to desiccation [78]. The presence of pollution tolerant species of the genera Gomphonema and Navicula indicated anthropogenic impacts inside the swamps [52,78]. Thus, diatom flora inside the swamps reflected that species such as Eunotia bilunaris, Frustulia crassinervia, Navicula obtecta, Gomphonema gandhii are known to be indicators of oligotrophic, circumneutral to acidic, and mostly low conductivity waters [78,82], on the contrary, Gomphonema parvulum, and Ulnaria ulna are indicators of meso-eutrophic conditions [78]. Thus, in the current study, we mainly found the dominant diatom taxa that can stand low pH, low concentrations of available nutrients (particularly nitrogen), low conductivity, and ephemeral conditions.



Species diversity is frequently used in ecological status assessment for explaining spatial and temporal patterns of biotic communities [83]. Some studies have found that species diversity may increase or decrease with the increase in pollution, and it mainly depends on the degree and the type of pollution [29]. The relation between species diversity and disturbance has been discussed much in recent times. In accordance with the intermediate disturbance hypothesis [84], species diversity is maximal when disturbances are at moderate frequency/intensity enabling the coexistence of species with different life strategies. Whereas, a study done by Chen et al. [83] showed that the species diversity of urban downstream sites was lower than in the upstream sites, owing to the high intensity of pollution in the downstream sites. We observed high species richness and diversity during this study when disturbances were low. We observed high species richness and diversity at New Kathlekan swamp sites compared to other sites, which is also supported by Chandran et al. [85], who reported high species diversity along with the discovery of many endemic higher plant taxa, and this could be attributed to less agricultural impact and anthropogenic influence in these swamps which may be due to establishment of sacred groves as a traditional conservation practice. Species diversity was low in the Assoli swamps. This could be due to comparatively high disturbances in these swamps, primarily due to conversion of swamps to areca nut plantations and paddy fields and diversion of swamp water for agriculture and plantation [86]. Thus, species richness and diversity can be used to evaluate pollution status across the sites. Low diatom richness may indicate harsh growing conditions due to, e.g., chemical stress and physical disturbances, which can cause further decline of freshwater biodiversity.




4.3. Diatom Distribution in Relation to Environmental Variables


Among the environmental variables measured and analyzed in this study, PCA analysis (Figure 5) revealed that conductivity, nutrient concentration, and dissolved oxygen were the environmental variables that distinguished the swamps into three different groups. In PCA analysis, all Kathlekan swamps, Torme swamps, and Mundigethagu swamp are distributed under the influence of fewer nutrients and comparatively less disturbed conditions. The study supported this, which indicated that waterlogged conditions in the swamps could lead to acidification and high leaching loss of nitrogen, creating pockets of less nitrogen in swamps [87]. Whereas, Devikan–Assoli swamps, Hulikal swamps, and Hulidevarakudulu swamps indicate degraded conditions by anthropogenic disturbances and agricultural runoff conditions.



Canonical correspondence analysis (CCA) identified pH, dissolved oxygen, and EC as the most important measured environmental variables that were associated with the distribution of diatom assemblages. From the CCA ordination plot (Figure 6), it is evident that the majority of the commonly occurring species have a trending affinity to pH, dissolved oxygen, and ion concentration. This suggests that these variables influence the diatom assemblage structure inside the swamps. The first group of species present on the right side of the plot, such as Eunotia intermedia, Eunotia rhomboidea, Neidium sp. 1, 2, 3, and 4, and Stauroneis sp. 1, were distributed under the influence of low pH and low EC, these are the group of taxa which usually present in ecosystems that are slightly acidic to circumneutral and oligotrophic. The same has also been confirmed by the other studies, which showed that species such as Eunotia c.f. incisa, Eunotia blunaris, Eunotia minor, and Frustulia sp. are known to be indicators of acidic, oligotrophic, and mostly low conductivity waters [78,82]. Whereas the second group of species on the first axis like Navicula obtecta, Achnanthidium linannulum, Gomphonema gandhii, Oricymba japonica, Navicula notha, Achnanthidium sp. 1, Cocconeis sp., are affected by high dissolved oxygen concentration. The significant contribution of dissolved oxygen in structuring diatom assemblages has also been observed in the studies done by Triest et al. [88], Shibabaw et al. [66].



Moreover, the third group of species, on the second axis of the ordination plot, like Ulnaria sp. 1, Nitzschia clausii, Planothidium freequentissimum, Gyrosigma acuminatum, Navicula sp. 2, and Navicula escambia, are distributed under the effect of increased conductivity (EC). Whereas the other species on the second axis, such as Rhopalodia rupestris, Cocconeis feuerbornii, Craticula riperia, Sellaphora sp., Diploneis sp., and Gomphonema sp. 8, are influenced by elevated levels of nutrients (N and P). The studies done by Kilham et al. [89], van Dam et al. [78], and Watanabe et al. [79] have confirmed similar results, which showed that species like Nitzschia clausii, Ulnaria, and Gyrosigma sp. indicate increased productivity and eutrophic water condition. Our results are comparable with the study done by Dalu et al. [31], who reported DO and turbidity as the principal predictors of diatom species richness in the Austral temperate rivers in South Africa. Thus, in CCA analysis, all over species distribution co-relates with the fact that the swamps situated over the left side of the diagram are relatively cleaner and oligotrophic in status with well-oxygenated water conditions (Torme swamp, Kathlekan swamps, and Mundigethagu swamps). Moreover, swamps scattered on the right side of the axis are relatively high in their nutrient load and under some anthropogenic or agricultural disturbance. The same can be reconfirmed from the studies in Uttara Kannada district in the central Western Ghats, revealing that 17 out of 51 observed swamps face extinction due to agricultural repurposing [14].



Overall, these swamps are biologically and ecologically rich, unique, valuable, and are home to rare and endemic biota. Despite this fact, a study on swamps across the Uttara Kannada district showed that this unique ecosystem is declining unceasingly and on the verge of extinction due to anthropogenic activities. Alteration of the ecological conditions inside these swamps will lead to further decline of freshwater biodiversity associated with swamps. To prevent this, the presumed widespread loss of these swamps needs detailed research on ecosystem services and the function they play in watershed dynamics. Moreover, a detailed review by Ranganathan et al. [4] on these swamps calls for a dire need for conservation initiatives to save the last few swamps. According to them, further research is needed to understand the abiotic factors governing the swamps. Further, to better protect these swampy forests, the study of Ranganathan et al. [4] recommended building a clear policy with the involvement of local communities. In this line, our study will provide more clarity about how diatoms and hydrochemistry data can be used to better understand the changing environment in the swamp and eventually which will impact the livelihood of local communities by altered water quantity and quality.





5. Conclusions


The study of Myristica swamps revealed a high number of diatom taxa unknown to science that will need formal description in the future, indicating that the diatom flora of the swamp is not well known. A better knowledge of the freshwater diatom flora inside the swamps will help improve our fundamental understanding of the diversity, ecology, and community associations of diatoms, which can be further used in future environmental research, including palaeoecological studies in this area. Our results showed that swamp diatom assemblages responded to environmental gradients at multiple scales. The important environmental gradients that affected the swamp diatom assemblages were pH, Dissolved Oxygen, and conductivity, which in turn, were influenced by land-use patterns inside the swamps. Repurposing of swamps for agriculture and water-flow alterations are major stressors inside the swamps, threatening the quality and availability of water and biodiversity. Thus, diatoms clearly reflected the intensity of human activities. Overall, the results of this study highlight the diatom assemblage structure in these swamps and further showed that diatom biodiversity could be used as a bioindicator to understand the possible impact of the most important water physicochemical parameters inside the swamps.
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Figure 1. (a). Map of Asia with administrative boundaries with study area highlighted. (b). Map showing the distribution of Myristica swamps across the Western Ghats with topography and administrative boundaries. Inset (c). Map showing the location of sampling sites across the central Western Ghats, Karnataka. Magenta-pink color circles mark the study sites. 
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Figure 2. (a) Image showing the water inundation with the presence of stilt roots inside the Myristica swamp ecosystem; (b) Areas with water inundation along with the breathing roots (pneumatophores) inside the swamps. 
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Figure 3. Histogram graphs illustrating the range of various water quality variables (a) pH, (b) electrical conductivity (EC), (c) nitrate (NO3−), and (d) phosphate (PO43−) across the various Myristica swamps sites sampled. 
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Figure 4. Plate showing diatom diversity inside the swamps. 1–2: Eunotia c.f. zygodon; 3–4: Eunotia bilunaris (Ehrenberg) Schaarschmidt; 5–7: Eunotia c.f. incisa W. Smith ex W. Gregory; 8–10: Eunotia sp.; 11–13: Achnanthidium sp.; 14–16: Planothidium frequentissimum (Lange-Bertalot) Lange-Bertalot; 17–19: Gomphonema gandhii B. Karthick & Kociolek; 20–22: Oricymba japonica (Reichelt) Jüttner, E.J. Cox, Krammer & Tuji; 23–25: Navicula obtecta I.Jüttner & E.J. Cox; 26–28: Navicula angusta Grunow; 29–31: Navicula sp.; 32–34: Neidium sp.; 35–36: Neidium sp.; 37–38: Stauroneis amphicephala Kützing; 39–40: Germainiella sp.;41–43: Caloneis sp.; 44–46: Brachysira neoexilis Lange-Bertalot; 47–49: Sellaphora sp.; 50–52: Craticula riparia (Hustedt) Lange-Bertalot; 53–55: Diploneis sp.; 56–58: Humidophila contenta (Grunow) Lowe, Kociolek, J.R. Johansen, Van de Vijver, Lange-Bertalot & Kopalová; 59–61: Pinnularia sp.; 62–64: Pinnularia acrosphaeria W. Smith; 65–67: Frustulia sp.; 68–70: Frustulia crassinervia (Brébisson ex W. Smith) Lange-Bertalot & Krammer. 
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Figure 5. Principal component analysis (PCA) biplot illustrating the relationship between the environmental variables and water chemistry of the various sampling sites. (Dev = Devikan swamps; Asso = Assoli swamp; Huli = Hulidevarakudlu swamp; Tor = Torme swamp; Mun = Mundigethagu swamp; Hul = Hulikal swamps; Kath = Kathlekan swamp sites 1–3; Nkath = New Kathlekan swamp; Mavi = Mavingundi swamp). 
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Figure 6. Canonical correspondence analysis (CCA) ordination illustrating the influence of environmental variables on the diatom assemblages in Myristica swamps. Only species contributing more than 1% of the variation are illustrated. The species codes are provided in the Supplementary Data. 
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Table 1. Location of sampling sites in the Myristica swamps of the central Western Ghats, Karnataka.
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	No
	Swamp
	Latitude (°N)
	Longitude (° E)
	Altitude (m a.s.l.)





	1
	Devikan swamp
	14.65034
	74.57084
	451



	2
	Assoli swamp—1
	14.65902
	74.57178
	419



	3
	Assoli swamp—2
	14.66012
	74.57059
	446



	4
	Balajetty swamp
	14.66122
	74.56786
	395



	5
	Hudidevarakudlu swamp
	14.3969
	74.6595
	396



	6
	Torme swamp—1
	14.2773
	74.76942
	617



	7
	Torme swamp—2
	14.27856
	74.76717
	588



	8
	Mundigethagu swamp
	14.27709
	74.78032
	608



	9
	Nagodi swamp
	13.91614
	74.88213
	557



	10
	Hulikal swamp
	13.71799
	74.99848
	571



	11
	Kathlekan swamp—1
	14.27424
	74.74807
	556



	12
	Kathlekan swamp—2
	14.27284
	74.74468
	540



	13
	Kathlekan swamp—3
	14.27404
	74.74564
	562



	14
	Malemane swamp
	14.28221
	74.72691
	530



	15
	New Kathlekan swamp
	14.27064
	74.7514
	543



	16
	Mavingundi swamp—1
	14.25621
	74.80658
	623



	17
	Mavingundi swamp—2
	14.25646
	74.80669
	599
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Table 2. Value of different water quality variables across the various sampling sites. Where EC = electrical conductivity, DO = dissolved oxygen, T = measured temperature of the water inside the swamp (T was measured during the forenoon), NO3− = nitrate, PO43− = phosphate, and TDS = total dissolved solids. Site number (1, 2, 3, 4) represents sampling areas.
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	No.
	Swamp
	pH
	EC (µS/cm)
	DO (mg/L)
	T

(°C)
	NO3− (mg/L)
	PO43− (mg/L)
	TDS (mg/L)





	1
	Devikan swamp Site—1
	7.45
	35.50
	6.65
	25.7
	0.02
	3.95
	16.61



	2
	Devikan swamp site—2
	6.12
	42.10
	6.65
	25.7
	0.02
	3.95
	19.7



	3
	Devikan swamp site—3
	7.48
	52.50
	6.65
	25.7
	0.02
	3.95
	19.7



	4
	Devikan swamp site—4
	7.2
	46.30
	6.65
	25.7
	0.02
	3.95
	21.7



	5
	Devikan swamp site—5
	6.40
	45.30
	5.98
	24.4
	0.02
	2.95
	21.04



	6
	Assoli swamp—1
	7.28
	79.80
	6.9
	24.8
	0.02
	2.32
	37.6



	7
	Assoli swamp—2
	7.21
	77.50
	7.06
	25.2
	0.01
	3.41
	



	8
	Balajetty swamp
	7.01
	168.80
	6.24
	25.8
	
	
	80.1



	9
	Hudidevarakudlu swamp
	7.24
	74.30
	7.63
	24.9
	0.01
	2.08
	34.9



	10
	Torme swamp—1
	7.15
	31.50
	7.28
	22.9
	0.02
	2.14
	14.71



	11
	Torme swamp—2
	6.86
	30.00
	6.99
	22.4
	0.01
	2.29
	14.01



	12
	Mundigethagu swamp
	6.99
	23.60
	7.35
	23
	0.02
	2.43
	11



	13
	Nagodi swamp
	7.36
	40.70
	7.24
	28.4
	0.01
	0.85
	19.08



	14
	Hulikal swamp
	6.87
	115.90
	6.89
	25.6
	0.01
	1.87
	54.8



	15
	Kathlekan swamp—1
	6.79
	96.20
	6.98
	21.2
	0.01
	0.8
	45.3



	16
	Kathlekan swamp—2
	6.18
	53.30
	6.88
	21.6
	0.01
	1.4
	25



	17
	Kathlekan swamp—3
	6.71
	42.00
	7.05
	23.8
	0.02
	1.6
	19.68



	18
	Malemane swamp
	6.83
	201.00
	8.74
	24.2
	0.01
	0.3
	95.6



	19
	New Kathlekan swamp
	6.82
	40.70
	6.95
	24.1
	0.01
	2.6
	19.07



	20
	Mavingundi swamp—1
	6.67
	68.80
	7.04
	23.7
	0.01
	3.33
	32.4



	21
	Mavingundi swamp—2
	6.98
	44.40
	6.82
	23.2
	0.01
	2.98
	20.8
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Table 3. Diversity indices of the diatom assemblages were observed across the swamps. S = species richness, J = Pielou’s evenness, H = Shannon index, 1 − λ = Simpson diversity index. Figures in bold represent the highest and lowest values of a particular index.
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	Swamp
	Microhabitat
	Species Richness (s)
	Pielou’s Evenness (J)
	Shannon Index (H)
	Simpson Diversity Index (1 − λ)





	Devikan swamp site—1
	Epibryophytic
	17
	0.54
	2.22
	0.85



	Devikan swamp site—2
	Epipsammic
	12
	0.25
	1.10
	0.55



	Devikan swamp site—3
	Epipsammic
	14
	0.48
	1.91
	0.78



	Devikan swamp site—
	Epilithic
	18
	0.54
	2.28
	0.86



	Devikan swamp site—4
	Epipsammic
	17
	0.41
	1.96
	0.80



	Assoli swamp—1
	Epiphytic
	8
	0.49
	1.37
	0.67



	Hudidevarakudlu swamp
	Epipsammic
	14
	0.75
	2.36
	0.89



	Torme swamp—1
	Epilithic
	10
	0.44
	1.49
	0.63



	Mundigethagu swamp
	Epilithic
	13
	0.49
	1.86
	0.76



	Hulikal swamp site—1
	Epilithic
	13
	0.48
	1.84
	0.80



	Hulikal swamp site—2
	Epilithic
	16
	0.66
	2.37
	0.88



	Hulikal swamp site—3
	Epiphytic
	18
	0.48
	2.15
	0.84



	Kathlekan swamp—1
	Epiphytic
	12
	0.73
	2.17
	0.86



	Kathlekan swamp—2
	Epidendric
	14
	0.73
	2.32
	0.88



	Kathlekan swamp—2
	Epiphytic
	15
	0.58
	2.16
	0.84



	Kathlekan swamp—3
	Epiphytic
	18
	0.73
	2.58
	0.90



	Malemane swamp
	Epipsammic
	16
	0.61
	2.29
	0.86



	New Kathlekan swamp site—1
	Epibryophytic
	23
	0.72
	2.80
	0.91



	New Kathlekan swamp

site—2
	Epiphytic
	21
	0.72
	2.72
	0.91



	Mavingundi swamp—1
	Epilithic
	16
	0.55
	2.18
	0.86
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