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Abstract

:

This study aims to investigate if high-resolution dissolved organic matter (DOM) data, obtained from water by chromatographic analyses, enable us to assess whether seasonal climate change and anthropogenic activities in the catchment area have an impact on the ecosystem’s sustainability. More specifically, the changes in the molecular properties of heterogeneous DOM from the hypertrophic River Vääna, Estonia, during the winter and spring seasons have been examined. The chromatographic HPLC method (HPLC-SEC), combined with UV-Vis spectroscopic detection, was used to characterize and fractionate DOM. Changes in several chromatographic/molecular parameters were investigated. The microbial-derived low-molecular-mass aromatic and heterocyclic compounds, humic substances (HS), and protein-like (PL) components were identified in the DOM. The HS to PL fractions ratio has been found to reflect the seasonal climatic change and can be applied as a potential environmental indicator. The River Vääna’s water was evaluated as sustainable, and even an anthropogenic impact was revealed. The results point out the usefulness of HPLC-SEC together with UV-Vis spectroscopy detection for climate change-related DOM studies in real environmental conditions.
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1. Introduction


To protect and use natural waters and to ensure the sustainability of valuable water resources, it is important to know the ecological status of rivers and the processes occurring there. Most of the rivers in Estonia are classified as clean a by the European standard, that is, the waters are assessed as average or good quality. However, their high content of nutrients is one of the main environmental concerns. The total phosphorus (P) concentrations exceed 0.06 mg P L−1 in one fourth of Estonian rivers, caused mainly by industrial wastewater inputs and agricultural activity. The long-time monitoring data indicate improvement in the chemical and biological status of river waters because of advanced wastewater treatment procedures and new water purification plants. There have been improvements in agricultural activity, and less fertilisers have been used as well [1].



Dissolved organic matter (DOM) has an important ecological role in aquatic environments as it influences water’s properties and quality, but its chemical composition is variable, depending on the water source, and complex. It contains humic substances (HS) that are complex aromatic macromolecules, amino acids, amino sugars, peptides, and aliphatic compounds [2,3]. The HS, containing humic and fulvic acids, are reported to indicate the terrestrial input to water systems. Amino acids and other protein-like (PL) compounds are used as a universal marker for bacterial matter [4,5]. The DOM components are actually not considered as organic pollutants which are hazardous for the environment and, thus, are not measured in water monitoring stations. However, HS can interact with both inorganic and organic pollutants, like heavy metals and polycyclic hydrocarbons, and thus regulate their bioavailability and transport [6,7]. The organic pollution in Estonian rivers is not evaluated directly by analysing distinct chemicals but by measuring the biochemical oxygen demand over 7 days (BOD7) for easily degradable organic compounds, and for total organic compounds—the permanganate consumption. The latter also measures the content of HS indirectly. Hence, high permanganate consumption values might not only indicate organic pollutants but also a high HS content [8]. These methods provide indirect data on organic matter content, but very little information about its composition.



Important DOM distribution and transformation occurs in rivers and lakes, and these processes depend on local or global environmental conditions [9]. Increases in DOM concentrations in water have been observed in many countries but the reasons are unclear. Usually, factors like climate, land use, and anthropogenic input have been outlined. High concentrations of DOM were reported to reflect a browning process that increases the water colour and is caused by terrestrial and wetland DOM. Its increase has been explained by climate change, weather conditions, and altered land-use [10]. Factors influencing DOM mobility in water systems are, according to [11], acid deposition; climate change increasing temperature, precipitation, and thawing; land, forest, and wetland cover; land use, agricultural activities; site-specific practices such as drainage; and combinations of all of those. Climate change has been stated to enhance terrestrial productivity. Increases in precipitation increase the amount of DOM leaching from soils. Even a 30% increase in DOM in freshwater originating from soils as a result of a 10% precipitation increase has been reported [11]. A comprehensive review that addresses the increasing trends in DOM in connection to browning, with an emphasis on the Nordic country Sweden, has been published [10]. The authors point out the effect of snowmelt, as it exports the highest amounts of DOM to surface waters. Another extensive study covers the increase processes of DOM in Finnish forest lakes during a time period from 1987 to 2003 [12]. The authors attempted to identify causes and found catchment size to be one of the important factors to consider as increasing DOM trends are recorded. The other factor that they reported was the change in runoff both annually and seasonally. As in the case of Finland, Estonia also has large seasonal temperature fluctuations and, in winter season, lakes and rivers are covered with ice and land with snow; thus, the reasoning reported in [12] can be reckoned. In wintertime, air and water temperatures are low and DOM is expected not to leach from soils to river water. During springtime, the increases in temperature and in the amount of precipitation (rain) or snowmelt cause elevated runoff from soils and increasing discharge [13,14]. The DOM concentrations in some streams have been found to increase seasonally from spring to autumn and exhibit the lowest concentrations in winter [12].



The DOM components’ contents and their changes can reflect water quality and could be useful for tracking the man-made influence on aquatic systems and evaluating their sustainability. Relatively few studies have focused on environmental parameters and their effects on DOM constituents in Estonia [15]. This is the second study on Estonian rivers. The first study was conducted with water samples from River Pirita. The present study focuses on River Vääna’s DOM components and composition changes. This river is classified in Estonia based on its water type: light water with a low content of organic matter. The river has nature conservation restrictions and nearly all of it is within the Natura 2000 area. A comprehensive review of the River Vääna, including its hydromorphological description, water properties, and quality overview, key risks, and impact factors can be found in [16]. As this information is largely unavailable, the most important information is briefly reported below. According to the available data, the natural bed of Vääna River has been preserved relatively well, and despite some revised passages, the river has acquired a close-to-natural look. Regarding its DOM contents, only BOD7 data are available and its water quality was assessed based on those values. The reported BOD7 varied between 2 and 6 mg L−1 and showed a decreasing trend from the winter months (October to April) to spring and summer [16].



Since DOM is naturally a heterogeneous mixture of molecules, the chemical characterisation of it is very complicated. The chromatographic methods are useful in the case of such complex matrices. High-performance size-exclusion chromatography (HPLC-SEC) has been one of the most used among them because of several previously reported advantages [17,18,19,20,21]. As a part of DOM is optically active, containing chromophores, the spectroscopic methods based on UV-absorption can be used for detection; among them is the more widely applied diode array detection (DAD) [22]. The HPLC data output (chromatogram) thus represents a fingerprint of chromophores in DOM, separated into size fractions in the order of decreasing molecular masses. The fingerprinting approach can provide qualitative information on organic compounds without the need for calibrating the separation column for molecular mass determination. Peak identification in chromatograms is carried out by extracting the UV-Vis spectra of the peak from the DAD data and comparing them with the computer database records of suitable standards (proteins, amino acids, humic and fulvic acids). Because of its higher sensitivity and selectivity, fluorescence spectroscopy has become more widely used to characterize DOM in natural waters. Fluorescence excitation-emission spectroscopy combined with parallel factor analysis has revealed the protein-like and humic matter like fluorophores in DOM. An even more detailed division of DOM fluorophores has been described in [23]: from protein-like to tyrosine; tryptophan- and phenylalanine-like; from humic-like to visible; and humic-like.



HPSEC combined with organic carbon and UV detection has been used to characterise DOM and separate it into five types, based on molecular mass: humic substances, biopolymers, building blocks that are breakdown products of humic substances, LMM acids, and LMM neutrals [24]. Fluorescence analysis was conducted separately from HPSEC and additional information was obtained as five fluorophores were detected, two aromatic protein-like, fulvic- and humic-like, and soluble microbial products [24].



HPSEC connected directly to UV and fluorescence detection has been applied in DOM transformation studies during water treatment processes and water quality monitoring [25,26]. The advantages and disadvantages of both detection methods were pointed out. The advantages of UV detection are the detection of aromatic components of DOM and the detection of substances including conjugated double bonds in their structure. The disadvantages, when using only one specific detection wavelength of 254 nm, are low sensitivity and the impossible differentiation of humic compounds from aromatic proteins. Fluorescence detection enables detection at a much lower concentration level than UV and has made DOM fractions’ characterisation possible at different excitation-emission wavelengths [25,26]. Based on these studies, it can be concluded that these methods could also be successfully used in the study of the quality of natural waters and in the study of changes in organic matter in freshwater.



The aim of the present study was to investigate the changes in the chemical properties of DOM components separated by HPLC from the hypertrophic River Vääna during the winter and spring seasons (from March to May), when it is known to have high organic pollutant records. Since the water temperature in Estonia in winter is near zero, a self-purification process of the river might not work at all, and the organic pollutants are not degraded but carried with water up to the Baltic Sea [16]. However, at low temperatures, the dissolved oxygen concentrations in the water should be permanent and, despite missing biological activity, very slow self-purification could be possible. Generally, the self-purification methods of water can be divided into physical, chemical, and biological methods (dilution, oxidation, reduction, sedimentation, bio- and photodegradation). Dilution under aerobic conditions decreases the concentration of DOM. Parts of DOM can be oxidized by aerobic bacteria using dissolved oxygen in the water, while the opposite process of DOM reduction by anaerobic bacteria can also occur [27]. The virtually non-existent process of self-purification might enable us to assess the water quality by studying the DOM and its constituents and their dynamics in relation to seasonal climate change.



A secondary aim was to clarify the role of a potential man-made pollution source on the river water quality. Effluents from the nearby factory may contain organic matter, although the wastewater is treated on-site. The purified wastewater is directly discharged to River Vääna. The water quality is assessed by studying the DOM fingerprints registered by HPLC-SEC before and after the factory (1 km distance between the sampling points). Conclusions from these studies make it possible to assess the sustainability of river water.




2. Materials and Methods


2.1. Study Site and Sampling


The Vääna River, Harju County, Estonia, is a 64 km-long river and its catchment area is 316 km2. Its catchment land types are agricultural (44%), forest (35%), arable (25%), and wetlands (10%). The Vääna River starts from the sources of Paekna in Kiili municipality and flows into the Gulf of Lohusalu in Harku municipality (Gulf of Finland). The variations in flow are seasonally large, for example the average flow rate (m3s−1) is 1.92, with minimum values in winter of 0.40 and in summer of 0.27. The condition of the river is poor, with characteristic brown muddy water colour. The floodwaters flow into the river from ditches, bringing pollution that is caused by domestic and industrial effluents, as well as agricultural activities. In midsummer, the water stagnates and the shallow river is thickly grassy. The Vääna River water has one of the worst qualities in Estonia, being hypertrophic and slightly alkaline with a pH of 8.0–8.2 [28,29].



The locations of the sampling points were chosen to identify possible anthropogenic pollution in the Vääna River. From the 1960s to the 1990s, the Vääna River was heavily polluted. Under the influence of the wastewater of the Saku brewery, the fish disappeared completely from the middle course of the river. When wastewater purification was launched in Saku in the 1970s, the situation improved. A brewery is located between the test points and is the largest potential source of pollution throughout the Vääna River. Water samples were taken nine times weekly during the winter and spring seasons, from March to May 2013. Sampling point locations were 59°17′46.7″ N 24°40′17″ E and 59°18′7.8″ N 24°40′0.15″ E, to investigate river water quality before and after a small pond nearby the potential pollution source—Saku Brewery (Figure 1). The factory uses, annually, 370,700 m3 of groundwater (2015) that is purified and lead to the common drainage system [29]. The factory is stated to cause no hazard to the surrounding environment. However, the exact data of compounds in the purified wastewater are unavailable. River water hydrology data obtained from Estonian Weather Service are presented in Figure 2. Water and air temperatures and water level measurements were carried out directly on the monitoring station [30]; water discharge values are available in [31]. The water samples were stored at 4 °C in the dark and analysed on the next day.




2.2. Chromatographic Analysis


Chromatographic analysis procedure was described previously in [15,32]. Briefly, HPLC system with DAD (Agilent 1200 Series, Agilent Technologies, Stockport, UK) was used to obtain chromatograms and UV-Vis spectra of DOM. Separation was carried out on size-exclusion silica-based separation column BioSep-SEC-S2000 (analytical, length 300 mm, diameter 7.8 mm, Phenomenex, Torrance, CA, USA), preceded by a suitable security guard cartridge (Phenomenex). A 20 mM phosphate buffer with 10% methanol (pH 6.8) was used as eluent. Isocratic elution at flow rate of 0.5 mL min−1 was applied. All the injection volumes of sample solutions and standards were 20 μL. From three to six replicates were carried out for each sample. All solutions for HPLC measurements were prepared using distilled water passed through a MilliQ water purification system, filtered through 0.45 µm pore-size filters (Millipore, Burlington, MA, USA), and degassed. The chromatograms were recorded and processed by Agilent ChemStation software for LC 3D Systems Rev 8.02.01. In principle, spectral data were collected after every 2 s by scanning wavelengths from 200 nm to 600 nm. From the dataset, chromatograms recorded at three wavelengths 210, 254, and 280 nm were extracted and more closely monitored. The data obtained at the selected wavelength of 210 nm were used for sample comparison and assessment in the present paper. DOM dynamics were quantitatively examined by comparison of peak areas at selected wavelengths during three months. Because of the usage of spectroscopic detection, the obtained fractions reflect only chromophoric UV-absorbing DOM fractions. The quantitative characteristic—peak area, detected at 210 nm—corresponds to relative concentration of respective DOM fraction. This parameter was used to examine the temporal changes of DOM fractions and, thus, the possible effect of seasonal climate change.



The qualitative analysis of separated DOM fractions (high molecular mass (HMM), HS, PL, low molecular mass (LMM)) was accomplished by comparing the absorption spectra with existing records. The library was lab-made from different compounds and standards were run under similar conditions to the present study. As reference compounds, from the International Humic Substances Society (IHSS), natural organic matter (IHSS Nordic Reservoir NOM 1R108N), humic acid (IHSS Nordic Aquatic HA 1R105H), and fulvic acid (IHSS Nordic Aquatic FA 1R105F); the protein standards and tryptophan (bovine thyroglobulin, human gamma globulin, ovalbumin, myoglobin, uridine, Aqueous SEC1, (all from Phenomenex), peptide (tripeptide), nitrate; and LMM compounds (cytosine, creatinine, orotic acid, and uracil, all from Sigma-Aldrich, St. Louis, MO, USA) were analysed. In the chromatogram of DOM, recorded at wavelength 210 nm, peaks were assigned to (in the order of increasing retention time and decreasing molecular mass) HMM, HS, PL, and LMM fractions, and the total peak area was calculated as the sum of the separated fractions’ peak areas. Water quality was assessed by comparison of DOM chromatograms before and after the factory.




2.3. Statistical Analysis


The statistical data analyses were carried out using WinSTAT for Excel Version 2009.1 software (R. Fitch Software, Bad Krozingen, Germany). Basic statistics and confidence intervals at 95% level were calculated and used to discriminate between samples.





3. Results and Discussion


3.1. DOM Molecular Fractions and Water Quality


In order to evaluate the quality of the water of River Vääna and to reveal the possible site-specific effects, water was sampled at two locations 1 km apart, separated by a small pond and named before and after. There is an inflow of purified wastewater from a nearby factory to the pond. In the case of natural changes in the DOM caused by seasonal climate conditions, the chromatograms should look similar. Figure 3a shows two overlayed chromatograms of sample No. 1 from March before and after the factory. Generally, the DOM was separated into HMM, HS, PL, and LMM fractions. However, HMM and LMM fractions were missing from the early spring samples.



The HMM fraction (1–2% of total HPLC peak) was not present in all of the samples that were analysed (not detected in March samples, Nos. 1 and 2), and contained aggregated humic molecules. The HS fraction (broad peak eluting between 16 and 21 min) was clearly separated from the following PL fraction (sharp peak at 22 min, identified as tripeptide) [15]. The chromatograms of Figure 3b from sample No. 8 (6 May) show differences in the HS, PL, and LMM fractions. Sample 1 (18 March) and both May (6 and 13, Nos. 8 and 9) samples are characterized by a higher HS content before the pond that decreased by 50% after. The opposite was noticed for the PL fraction. The decrease in HS content after the pond can be explained by purified effluent water input from the nearby factory that is defined as a dilution effect. The increase in the PL fraction might indicate wastewater inflow that is not sufficiently treated. Alternatively, springtime enhances microbial activity in natural water systems. The bacteria living in river water can oxidize organic matter, giving rise to PL compounds [33]. Thus, the current study indicated the possible decay of refractory humic compounds. The increase in the LMM fraction content (elution at 23–26 min) was following the PL fraction behaviour. The LMM fraction consisted of several small peaks having a UV-absorbance maximum at around 280 nm, characteristic of aromatic and heterocyclic compounds, but the exact identification by spectral library data was not possible. The rest of the data did not indicate substantial differences between chromatograms and thus reflected a similar and unchanged water quality. The HMM fraction composition was proposed by [25] to contain organic colloidal matter and biopolymers such as protein-like compounds, aminosugars, and polysaccharides. According to the results of the previous study, large molecules of humic substances can form aggregates together with protein-like molecules. Large protein-like structures can be derived from bacteria and other biological activity. These HMM compounds are considered to be weakly bonded because of van der Waals forces and a change in hydrological conditions can possibly degrade the aggregates and produce LMM compounds of an aromatic character [15]. The HMM compounds can possibly be transformed by microbial action into bioavailable forms. The absence of an HMM fraction can be explained by decomposition processes prevailing in the water environment. The LMM compounds can also be produced in a water environment by microorganisms and plants. The LMM compounds can form structures that are found in HS by condensation or polymerization reactions and, in this process, amino acids and carbohydrates are released [2].




3.2. Temporal Changes


The changes in DOM components of water from River Vääna were examined by the comparison of HPLC-SEC chromatogram peak areas as quantitative characteristics throughout three months. In Figure 4, only the results obtained at 210 nm are presented, as this wavelength enables the detection of, besides HS, amino acids/peptides and simple carboxylic acids. As shown in Figure 4B,D, the total DOM and PL fraction contents changed similarly during the studied time. The PL fraction maximum was detected on 15 April (sample No. 5) in the high-water period when snowmelt enters the river (water level is 172 cm, see Figure 2C) and brings fresh organic material to the river water. The HS fraction (Figure 3a) reached its maximum value on 29 April (sample No. 7), at the end of the high-water period (water level is 102 cm).



The high-water period usually lasts from 30 to 45 days [29]. The water level in this river is normally around 55–65 cm. Water level increases result in the decreasing of the HS and the increasing of the PL fractions, as observed in a previous study of River Pirita [15]. The possible anthropogenic sources of PL substances in river water could be wastewater and sewage inputs, and agricultural activity. Similar findings have been reported in an earlier study [34]. A natural source of PL compounds can be the bacterial degradation of organic matter or phytoplankton growth [35]. Microbial components have also been found to be present in water samples due to soil characteristics [36]. A decrease in HS content can be the result of the dilution of HS originating from the soil. High discharge values for River Vääna in March–April (Figure 2D) can also indicate the inflow of soil water and thus the transportation of DOM into the river from the surrounding catchment area.




3.3. Seasonal Climate Induced Changes


Besides the high flow conditions, other environmental parameters like water and air temperatures can also have an influence on DOM changes in flow water systems. Temperature rises increase DOM concentrations in waters [37]. Water temperature is an excellent proxy for air temperature. Water temperatures in River Vääna were around 0 °C until 15 April and thereafter rose up to 12.1 °C (13 May) (Figure 2B). The air temperatures varied between −5.3 and 16.2 °C (March to May) (Figure 2A). According to environmental monitoring data, the coldest month of winter 2012–2013, with an average air temperature of −6.3 °C, (long–time average is −1.3 °C) was March. Rain and snowfall were also exceptionally low in March (only 13 mm, long-time average 33 mm) [29].



The present study indicates that the LMM fraction is the most influenced by water temperature increases. Figure 4C shows different values for the LMM fraction concentration. In chromatograms of samples Nos. 1–3, this fraction is non-existent. Thereafter, samples Nos. 4, 5, and 8 show statistically similar concentrations before and after the factory. Thus, the results refer to the natural origin of the LMM compounds found in the river water and not man-made pollution, except for samples 7 and 9. Figure 5 shows the effect of the air temperature on the relative contents of the DOM components HS (a), PL (b), and LMM (c). Air and water temperatures from under 0 to +7 °C, and from 0 to +6 °C, respectively, had no influence on DOM component concentrations. However, at higher temperatures, the PL components contents decreased (dependence on water temperature is strong, correlation coefficient R2 0.998). Figure 5B shows the change (decreasing PL fraction contents are surrounded by ellipse). The decrease in the PL fraction can be attributed to rising microbial activity, as in the case of River Pirita [15]. Possibly, the purified wastewater inflow caused decreased concentrations of HS components after the factory (circled), since the opposite trend is evident for samples before it (Figure 5A). The LMM fraction content continuously increased with rises in air temperature (Figure 5C), similarly to water temperature. The obtained results indicate that temperature changes might not be the only reason for changes in DOM components, and that anthropogenic factors must be considered as well.




3.4. Environmental Indicators and Water Sustainability


The river water DOM was separated into four fractions. Only HS and PL were present in every sample studied. The ratio of relative concentrations of the HS to the PL change is shown in Figure 6. The seasonal climate change effect on DOM can be observed from the central part of the figure, where the ratio of the HS to the PL sharply decreases from 1.2 to 0.2. Anthropogenic or man-made effects on DOM can be seen in the beginning and at the end of the studied time period, where the difference in the ratio for water before and after the pond is the largest. Before the pond, it was 1.2, and it then decreased to 0.4 (sample No. 1, 18 March). A similar trend was observed for both May samples, No. 8 and 9 (decrease from 0.6–0.8 to 0.2). Considering the results, the usage of the HS to PL fractions ratio as an indicator for monitoring of the natural as well as anthropogenic effects on river water systems could be largely applicable.



For water system sustainability evaluation, the investigation of DOM separated molecular fractions data could find a larger application. The present study indicated the changes in freshwater during the winter and spring seasons: the absence of an aggregated HMM fraction and LMM fraction at low temperatures (Figure 4 and Figure 5C). The detection of all DOM fractions indicated sustainable conditions for biological activity in the river. HS are carried into the river from the catchment area as can be seen from Figure 4A and Figure 5A (see data before the factory). The decrease in this fraction after sample No. 7 (Figure 4A) could be explained by increasing water discharge (Figure 2D) or by utilization by algae, bacteria, and aquatic plants. Temperature rises could also support this phenomenon. The organic matter has been found to be sensitive to climate changes, water discharge from watersheds and from the catchment area, and to temperature, biological productivity, and oxygen content [38].



The sustainability of the water was assessed by analyzing DOM fractions after the factory (pond) in comparison with the obtained data from the natural undisturbed river water (see in Figures: marked as before). The HS data (see Figure 4) indicate differences and decreasing contents (early March and both May samples) that may be explained by an additional purified water input. At the same time, the PL and LMM DOM fractions concentrations increased in the water after the factory, suggesting either non-efficient water purification or enhanced biological activity. Figure 6 shows the anthropogenic effect on water as evaluated by the HS to the PL ratio. Thus, the chromatographic method can detect man-made changes in river water. Despite obvious anthropogenic influence, the water system can be evaluated as sustainable in the immediate vicinity of the brewery.





4. Conclusions


The water quality of River Vääna was monitored and assessed and changes in DOM and its components were studied by the liquid chromatographic method. Based on the results, the following conclusions could be made:




	
The HPLC–SEC method enables DOM analysis with excellent reproducibility and efficiency;



	
River Vääna water DOM is separated into HMM, HS, PL, and LMM fractions;



	
Relative HS fraction content can serve as an indicator for the anthropogenic effect on river water systems (dilution effect by factory effluent water input);



	
Air and water temperatures from under 0 to +7 °C, and from 0 to +6 °C, respectively, have no influence on DOM components concentrations; at higher temperatures (>7 °C), the PL concentration strongly depends on the water temperature, and the LMM concentration depends on both temperatures;



	
The HS to PL ratio reflects the seasonal climatic change and also the anthropogenic factors, and can serve as a potential environmental indicator;



	
The water of River Vääna can be evaluated as sustainable, based only on DOM results of the present study, since no sustainability standards exist, in the immediate vicinity of the brewery, although an anthropogenic impact was revealed.








The results showed that analysing organic compounds in flow-waters can give significant information about the natural or man-made processes in the surrounding environment. More knowledge can be obtained on how DOM changes correlate with seasonal climate change and anthropogenic impacts.



Generally, the results point out the usefulness of HPLC for climate change-related DOM studies in real environmental conditions. The used method enables detailed monitoring of the HS as well as PL components of DOM. The new data obtained in the present study may help to clarify the role of the HS and PL components of DOM on bioactivity changes due to temperature and water level effects.
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