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Abstract

:

Kongsfjorden is a small Arctic fjord but with great hydrographic complexity and has changed greatly due to the climate change. Arctic warming has increased melts of sea ice and glaciers that results in higher freshwater content. Microbial community variability and increasing terrestrial input were detected continuously in recent years ITag eukaryotic 18S rRNA V4 metabarcoding, photosynthetic pigments analysis and epifluorescence microscopy were used to reveal the dominant species of small eukaryotic community (<20 μm). Both Spearman correlation and redundant analysis were used to study the correlation between the small eukaryotes and the environmental conditions. In the present study, the surface water with salinity lower than 34 was thicker than in summers of previous years. The freshwater mixotrophic chrysophyte Poterioochromonas malhamensis was found for the first time as the dominant species. No general trends were found for the contributions of P. malhamensis to the total reads of small eukaryotes in water depths; and no obvious differences were found at different stations and water masses. Phagotrophy, which is more common than phototrophy at all times in P. malhamensis, is thought to be the main reason for the prevalence of P. malhamensis in Kongsfjorden. The occurrence of P. malhamensis induced a disorder in the small eukaryotic community, which biodiversity and composition showed weak correlation with the water masses. The dominance of the freshwater-originating phytoplankton may indicate an ecosystem change in the Kongsjforden, which probably might become more remarkable in the future as the climate continues to change.
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1. Introduction


Microbes with a diameter of less than 20 µm are fundamental components of marine food webs [1]. Autotrophic and heterotrophic organisms play important roles in the microbial loop. They are particularly important in polar oceans [1] being responsible for up to 98% of the primary production and accounting for most of the biomass [2]. Small phytoflagellates with diameter of less than 10 µm are vital to polar marine ecosystems because they dominate the photosynthetic biomass during most of the year [3,4,5,6]. Several phytoflagellates are mixotrophic and contribute to primary production and to secondary production by grazing bacteria [3,7]. The 2 µm Micromonas is a dominant pan-Arctic genus, and the approximately 4–6 µm Phaeocystis blooms in spring and summer [3].



Kongsfjorden (79°N) is an open inlet of the Arctic Ocean, 5 km long and 5–10 km wide, and located on the northwest coast of Svalbard. An active tidal glacier is at the head of the fjord. Kongsfjorden is warmer compared with other fjords at the same latitude [8,9,10] as a result of the inflow of Atlantic waters carried by the West Spitsbergen Current [11]. The freshwater runoff from calving glaciers and snowmelt carries large quantities of inorganic particles into the fjord in the summer [3]. Warm saline Atlantic water and cold fresh Arctic water also mix in the fjord [3]. The complex hydrological conditions create steep gradients of salinity, temperature, and light availability along the fjord [9]. Global warming is responsible for glacier retreat, increased inflow of meltwater and inorganic suspended sediments, and salinity and temperature fluctuations in the fjord [3,9,12]. This increased inflow of meltwater and inorganic suspended sediments, and salinity and temperature fluctuations in the fjord. This phenomenon makes the environmentally complex Kongsfjorden an ideal site for research on the impact of climate change in the Arctic [9,11,12,13]. Protists with a size of <20 μm are the most abundant in July, representing >95% of the total abundance of autotrophic and heterotrophic plankton [1]. Several studies have been conducted on the distribution and community composition of protists in Kongsfjorden during summer and found that chrysophytes, dinoflagellates, chlorophytes, pico-prasinophytes, and ciliates may all dominate [1,6,14,15,16]; however, they are all of marine origin. This study is different from all the previous ones because it presents the first time that a small mixotrophic phytoflagellate outcompeted the marine phytoplankton in the coastal water of Kongsfjorden. Although it was accidental, it represents a new phenomenon, that consisted in a small freshwater mixotrophic phytoflagellate outcompeting the marine phytoplankton in Arctic coastal marine water. It is very interesting, and we confirmed the prevalence of this phytoflagellate with DNA boarding, characteristic pigment, and microscopic observation. Both biotic and abiotic aspects were analyzed to find the cause of the prevalence of a freshwater phytoflagellate in a marine environment.




2. Material and Methods


2.1. Sampling and Environmental Factors Analyses


Samples were collected from five stations in the Kongsfjorden, Svalbard (Figure 1, [17]), during the summer (5 and 7 July) of 2013. Ten liters of seawater were collected from 0, 5,10, 20 30, 50, 75, 100, 150 and 200 m at stations K1–K3, from the first 7 depths at station K4, and from the first 5 depths at station K5 by using a Niskin bottle attached to an SBE 911plus CTD rosette system (Sea Bird Inc., Bellevue, WA, USA). Samples for discrete nutrient analyses, including phosphate (PO43−), nitrate+nitrite (NO3− + NO2−), silicate (Si) and ammonia (NH4+), were collected at each depth. They were frozen at −20 °C and were measured in the Key Laboratory of Marine Ecosystem and Biogeochemistry, State Oceanic Administration, China, by a Skalar San++ nutrient automatic analyser [18].




2.2. Biodiversity and Taxonomy of Small Eukaryotes (<20 μm) by Miseq Sequencing


Two-liter subsamples were collected from 29 depths at the five stations. The process for analyzing the biodiversity and community composition of small eukaryotes, including DNA extraction and PCR amplification of rRNA genes is described in detail in [17]. Both 3 and 0.2 μm filters of were used for analysis. Instead of GS FLX platform, Miseq platform using a 2 × 300 cycle V3 kit were used to for sequencing after quantitation.



The SSU rRNA gene sequences generated were analyzed using the bioinformatic software package Mothur (v1.32.0) [19] and the MiSeq SOP Pipeline (http://www.mothur.org/wiki/MiSeq_SOP accessed on 12 March 2020) to analyze a multiplexed set of samples on a single run. All sequences were sorted into different samples according to barcodes, retaining only high-quality sequences. Finally, sequences of high quality (matched to dual barcodes ≥200 bp in length, containing no ambiguous characters, <8 bp homologous sequences and having no chimeras) were clustered to operational taxonomic units (OTUs) at 98% similarity using the furthest algorithm. R (Version 3.1.2) was used to construct an alpha-diversity index (ACE, Chao1, Shannon and Simpson), Good’s coverage and a rarefaction curve. Variation in alpha-diversity between groups of samples were evaluated using a one-way ANOVA. Taxonomy was assigned to OTUs using the Silva database (Silva v121). [20] used the Wang method with a confidence threshold of 80%. The community diversity and similarity among all water samples from SW, IW an TAW were also analyzed with 97% similarity in Perl and Mothur. The sequence data were submitted to the National Center for Biotechnology Information Sequence Read Archives (SRA) under BioProject ID PRJNA320788.




2.3. Phytoplankton Identification by HPLC Pigment Analysis


Three-liter subsamples were collected from the different depths of stations K3–K5. Sample processing and data analysis followed the procedures described by [21]. Both 3 and 0.2 μm filters were used for analysis. Generally, the samples were processed according to methods of van Heukelem and Thomas [22] and data were analyzed according to the methods of [15,23].




2.4. Microbial Community Biomass Obtained by Epifluorescence Microscopy


The abundance of bacteria and diatom were determined by epifluorescence microscopy of filters (black-stained 0.2 and 0.8 µm Waterman polycarbonate membrane) stained with 4′,6-diamidino-2-phenylindole (DAPI) [24]. Their biomass was calculated using methods similar to those of [25,26].



Quantification and size measurement were conducted using an image analysis system with an epifluorescence microscope (Nikon 80i, Tokyo, Japan) with a charge-coupled device (CCD); UV and blue light excitation were used for heterotrophic and autotrophic microbe counting, respectively. Twenty pictures were taken for each 0.2 µm filter to count the heterotrophic bacteria (HB) and diatoms <20 µm; diatoms of ≥20 µm on 0.8 µm filters were counted directly. The numbers and sizes were analyzed using an image analysis system (JD 801, Jiangsu JEDA Science-Technology Development Co., Ltd., Jiangsu, China). A 1000 × objective lens was used for counting microbes <20 µm [25] at least 400 cells were counted per filter for bacteria and 1–4 lines were counted for diatoms. The bacterial biomass was estimated using a conversion factor of 0.02 pg C cell-1 [26] and diatom biomass was estimated from empirically determined biovolumes using equations proposed by Menden-Deuer and Lessard [27].




2.5. Statistical Analysis of Microbial and Environmental Factors


The relations between all the present OTUs of samll eukaryotic group and their corresponding environmental factors, including water depth, temperature, salinity and nutrients were analyzed using redudant analysis (RDA) (Canoco for Windows 4.5 software). Detrended correspondence analysis was used for the selection of redundancy analysis (RDA), as all the largest axial lengths were < 3 [28]. Spearman rank correlation analysis (SPSS Inc., Chicago, IL, USA) was used to evaluate correlations between small eukatyotes and the physicochemical factors.





3. Results and Discussion


3.1. Water Masses and Physicochemical Factors in the Study Area


Three types of water mass were identified based on temperature and salinity (Figure 2) in summer of 2013 in Kongsfjorden: Surface Water (SW), Intermediate Water (IW) and Transformed Atlantic Water (TAW), following the classification schemes of [9,29] Cottier. SW included water depths of 0–10 m at the two outer stations (K1 and K2) and 0–20 m at the three inner stations (K3–K5) among samples of different water masses, TAW included water depths of ≥75 m for the four stations in relatively deep waters, and IW consisted of the remaining water depths between SW and TAW. Although the water temperatures (Electronic Supplementary Material) (2.25 °C–6.75 °C, average of 3.35 °C) were a little lower than those in 2012 (2.14 °C–6.84 °C, average of 3.63 °C) (p > 0.05), the SW in 2013 was considerably thicker than in 1996–2000 [9] and 2012 [30]. Salinity and macronutrients in both years exhibited stratification in the water column during the summer. The other physicochemical factors with their maximum and minimum values as well as their respective average data with errors in 2013 (The supplementary material presents these physicochemical factors in water depths from 0 m up to 200 m in Kongsfjorden area in summer 2013) were, salinity:31.96–35.02 (34.11 ± 0.87), nitrite: 0.08–0.33 (0.16 ± 0.06) μmol L−1, phosphate: 0.13–0.73 (0.32 ± 0.17) μmol L−1, silicate: 1.05–3.95 (1.90 ± 0.26) μmol L−1 and nitrate: 0–6.76 (1.30 ± 1.83) μmol L−1. Their respecitve p values of were >0.05 (salinity), <0.0001 (nitrite), 0.00011 (phosphate), 0.0006 (silicate) and 0.02831 (nitrate). These values were lower than those in 2012 except for the value of phosphate.



Although small in size, Kongsfjorden has a complex aquatic environment, making it particularly suitable for exploring the potential impact of future climate change [8]. Arctic and North Atlantic waters enter the fjord as does glacial meltwater, which creates different water masses, and the composition of which changes within the fjord across the seasons. The rate of global climate change has increased rapidly over the past decade [29]. Sea ice and glacier melt have increased dramatically as the Arctic continues to become warm, thereby intensifying the influx of freshwater into the SW of Kongsfjorden. Moreover, deep water temperatures increase due to the continuous warming of the West Spitsbergen Current [31]. These phenomena and other changes would greatly alter, if not entirely transform, the physiochemical environment of Kongsfjorden.




3.2. Community Diversity of Small Eukaryotes (<20 μm) by High-Throughput Sequencing and the Prevalence of a Small Chrysophyte


A total of 1,680,468 sequences (reads) and 13,983 operational taxonomic units (OTUs) at 97% similarity were identified in this study (Electronic Supplementary Material: Table S1). The sequence number of each sample ranged from 59,942 to 60,139, from which 246–707 OTUs were recognized. All Good’s coverages were larger than 99%, indicating that the sequences adequately represented the diversity of microbial populations in the samples. However, no obvious correlations were found among different stations or water masses to all the community factors, including both richness (Chao and Ace) and diversity (Shannon and Simp) indices (Electronic Supplementary Material: Figure S1). This is different from the resutls in the year of 2012 [16], when diversity showed significant differences in different water masses.



Both types of water mass and nutrients in water mass can shape the microbial community. The microbial distribution is regarded to be correlated with water mass because their movements are primarily determined by passive lateral advection and vertical mixing in the water column [32,33]. Temperature, macronutrients, and other abiotic factors affect the community structure [16,17,20]. However, the enviromental factors only accounted for 29.67% to the composition of small eukaryotic community in 2013. The enviromental factors only had distinct effects on the community at station K1 (Figure 3). Comparatively, the physicochemical factors accounted for 66.96% of the total relationships in 2012, with different effects on community at different water masses [16]. This difference was probably due to the prevalence of Poterioochromonas malhamensis in 2013. P. malhamensis took account 0.2%~74.6% of the totall reads in the small eukaryotic library, with an average of 36.3%, and even higher than 70% at 0 and 75 m of station K1 (Figure 4). It is the first time detecting P. malhamensis, a freshwater mixotrophic chrysophyte (ca. 8 μm; [34]) thatdominated the small eukaryotic community in a summer in Kongsfjorden. In order to make sure its existence in Kongsfjorden, a sea water environment, both HPLC analysis of photosynthetic pigments and microscopic observation were used. Fucoxanthin was the most abundant pigment (average of 12.49 μg L−1) in our study area. This indicates there were large amount of diatoms and/or P. malhamensis [34,35,36]. However, “However, diatoms (<1% in relative DNA abundance) were rarely observed by the microscopy (biomass of 0–1.28 μgC/L). This confirmed there were high densities of P. malhamensis in Kongsfjorden”.




3.3. Possible Reasons for the Prevalence of P. malhamensis


There is no significant differences (p > 0.5) among the contributions of P. malhamensis to the totall reads in the small eukaryotic library at different water depths, with maximum relative abundance of 47.1% and 48.7% at station K1 and IW (Figure 3). The contributions had no obvious correlations to all the environmental factors, including temperature, salinity, nitrogen, phosphate and silicate (p > 0.5). As freshwater phylotype, P. malhamensis undoubtedly entered Kongsfjorden via runoff from glacial melt. Although whether this species was alive in Kongsfjorden was not revealed, this species may well adapt to the marine environment because it was distributed in the entire fjord and had negative impact on other microbes. Mixotrophy is thought to be the main reason for the prevalence of P. malhamensis. Phagotrophy is considerably more common than phototrophy at all times in P. malhamensis [34]. P. malhamensis could ingest and digest bacteria, pico-, nano-, and micro-planktons, including cyanobacteria, diatoms, chrysomonads, and green algae [34]. Bacteria were abundant in Kongsfjorden, with an integrated biomass of 2000 mg m−2 in the whole water column in July, which was considerably greater than the biomass of autotrophic flagellates and heterotrophic flagellates [1]. However, such was not the case in the present work. The biomass of bacteria in the upper 50 m of the water column (0–6.73 μg L−1) was approximately 5–30 times lower than in 2005 (3.87–33.47 μg L−1) (own unpublished data) and 2006 (47.8–178.2 μg L−1; [16]). Consequently, bacteria and diatoms, as well as other small microplankton, likely provided sufficient food for P. malhamensis in the summer of 2013. Mixotrophy enhanced the transfer of biomass to large-sized classes further up the food web, which resulted in an approximately three-fold increase in organism size and approximately 35% increase in sinking carbon flux [37]. It is interesting that salinity has no obvious effects on distribution of this freshwater algae. Alghough no obvious changes happened to salinity between year 2012 and 2013, great differences were shown between the same maronutrient. So, the nutrient structure has changed a lot although little differences were shown only from data themselves. Nutrients is the fundation of an ecosystem, so, it means a potential change of ecological enviroment, which will ultimately change the whole marine ecosystem. However, we are not sure the prevalence of P. malhamensis, a freshwater-originating phylotype, was only one episode or a constant occurrence. So, we need a long-term monitoring. We speculate that such exceptions will usually happen in the future, so it potentially indicates an obvious ecological change in the Kongsjforden.
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Figure 1. Sampling sites in Kongsfjorden of Svalbard: K1 to K5 were the five sampling stations from outer to inner fjord. Created by Ocean Data View (ODV 4.5, http://odv.awi.de accessed on 24 May 2016), and modified by Painter Windows Operating System in-built Toolkit of image editor (adopted from Zhang et al. [16], Reproduced with permission from [Zhang et al., 2019].). 
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Figure 2. Composition of water masses at the five stations in the Kongsfjorden: SW: Surface Water, IW: Intermediate Water, and TAW: Transformed Atlantic Water. 
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Figure 3. Relationships of small eukaryote community structure at different sampling sites with physiochemical factors in an ordination diagram with the first two axes of the Redundant Analysis (RDA). Red arrows with different lengths denote relative correlations of different independent variables with the community structure factors. 
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Figure 4. Reads of contributions to the small eukaryotic library of P. malhamensis at different sites in the Kongsfjorden: SW: Surface Water, IW: Intermediate Water, and TAW: Transformed Atlantic Water. K1–K4 stands for four sampling stations from outer to inner fjord.: The upper pie presents the average propertions of P. malhamensis at different water masses; and the lower pie presents the average propertions of P. malhamensis at different stations. 
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