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Abstract

:

Conserving clean and safe freshwater is a global challenge, with nitrogen (N) and phosphorus (P) as frequent limiting factors affecting water quality due to eutrophication. This paper provides a critical overview of the spatiotemporal variability in both nutrient concentrations and their total mass ratio (TN:TP) in the canal network of the Hydro system Danube–Tisza–Danube at 21 measuring locations monitored by the Environmental Protection Agency of the Republic of Serbia over a length of almost 1000 km, collected once a month during the last decade. A spatiotemporal variation in nutrient concentrations in the tested surface water samples was confirmed by correlations and cluster analyses. The highest TN concentrations were found in winter and early spring (non-vegetation season), and the highest TP concentrations in the middle of the year (vegetation season). The TN:TP mass ratio as an indicator of the eutrophication pointed out N and P co-limitation (TN:TP 8–24) in 64% of samples, N limitation (TN:TP < 8) was detected in 27% and P limitation (TN:TP > 24) in the remaining 9% of water samples. Such observations indicate slow-flowing, lowland water courses exposed to the effects of non-point and point contamination sources as nutrient runoff from the surrounding farmlands and/or urban and industrial zones, but further investigation is needed for clarification. These results are an important starting point for reducing N and P runoff loads and controlling source pollution to improve water quality and underpin recovery from eutrophication in the studied watershed.
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1. Introduction


As an essential and irreplaceable natural resource, surface water is exposed to numerous natural and anthropogenic pressures from (non)point sources that can significantly compromise water quality and its ecological status [1,2,3,4,5]. Moreover, surface hydro-resources are very vulnerable to external influences. They can be instantly degraded and devasted from the deposited organo–mineral matrices, while the restoration to the previous uncontaminated state is usually a slow and technically very demanding process [6,7,8,9].



Numerous studies have often emphasized that hazardous and harmful substances such as heavy metals, PAHs, PCBs, and pesticides have direct toxic, mutagenic or carcinogenic effects on aquatic ecosystems, and on humans residing within the vicinity [10,11,12,13,14,15]. In addition, the quality of surface water can also be compromised by increased nutrient concentrations, primarily nitrogen (N) and/or phosphorus (P) compounds [16,17,18,19,20]. Problems resulting from nutrient excess can be especially profound in lakes, water accumulations or shallow and slow-flowing lowland water courses [1,21,22]. As a result, most of these aquatic ecosystems worldwide suffer from eutrophication, which is mainly caused by (i) the overloading of nutrients from agroecosystems and (ii) the discharge of untreated industrial or municipal wastewaters [23,24,25,26,27,28]. Eutrophication as a biological response of an aquatic system to excessive nutrient(s) input results in many adverse effects related to degradation of water quality and its limited use in industry and agriculture [29]. The consequences of eutrophication on aquatic ecosystems are well known and documented in numerous studies. The most profound are water and environmental quality degradation, algal blooms, reduced water clarity, oxygen depletion, alteration of taste and odor, fish deaths, loss of biodiversity including ecosystem services and negative impacts on human health [19,22,27,29,30,31,32,33,34,35].



In addition, other aspects, and issues of eutrophication, such as socioeconomic [36], hydrotechnical (e.g., reduced water flow and water course capacity, increased risk of flooding, impaired operational and hydrotechnical facilities, increased management costs, reduced aesthetic values of waterbodies) issues [22,37,38,39] are also very prominent.



Faced with the risk of elevated nutrient concentrations in surface waters, most European countries have significantly reduced and stabilized the nutrient balance in agroecosystems in recent decades. However, agroecosystems are still considered the most important non-point source of nutrients in water bodies [40,41,42,43], as even up to 80% of N and P in surface waters originate from the agricultural sector [44,45,46]. The processes of nutrient leaching and runoff from agricultural lands are extremely complex, difficult to quantify and control, and depend on many factors such as topography, climatic characteristics, land use, drainage systems, etc. [22,31,47,48]. The annual nutrient balance for agricultural soils in most EU countries is between 20–60 kg N/ha/year and 5–10 kg P/ha/year, but can be higher by multifold, e.g., almost 200 kg N/ha/year in the Netherlands and >20 kg P/ha/year in Ireland [44,46].



The concentrations of N and P compounds, their total content in water (TN and TP) as well as their ratio (TN:TP mass ratio) is crucial in determining the ecological state of water bodies and in assessing possible limitations towards recovery from eutrophication [39,49,50,51]. The relevance and importance of this issue has been reported in many studies dealing with the N and P concentration ratio [18,30,52,53,54,55], which is an important component in studying the state and changes of trophic structure, biochemical cycles, and biodiversity [56]. The balance between N and P is an important ecological indicator of eutrophication and ecosystem productivity, known as the Redfield ratio [57]. Any deviation of the TN:TP ratio can result in favoring the intensive growth of certain phytoplankton species [36,55].



Issues regarding nutrients and eutrophication in natural or artificial lakes, and other water courses (e.g., rivers, drainage canal networks), are present in Serbia and surrounding regions with similar agroecological conditions, especially in predominantly agricultural lowlands such as Vojvodina [25,37,38,58,59,60,61,62,63,64]. Such waterbodies face additional challenges, as they consist of finely structured sediments loaded with high concentrations of nutrients that interact between their solid and liquid matrices [1,22,33,65,66,67].



One of such examples is the multi-purpose Hydro-system Danube–Tisza–Danube (HS DTD), which is of great importance not only for Vojvodina, but for the broader region. Its main canal network (about 960 km long) consists of artificial and integrated smaller natural water courses. This channel network is incorporated into the farmlands, breaking the monotony of the “cultivated steppe”, ensuring a specific ambience and scenic values [37,38,63]. For most of the year, the channels are calm and shallow, with low flows; however, exposure to the effects of non-point source pollution from surrounding agricultural lands, as well as municipal and industrial sources, leads to dominantly untreated wastewaters stemming from these networks. These pollution sources potentially release significant amounts of N and P into the canal network of the HS DTD, while environmental conditions favor the occurrence and development of eutrophication [25,37,38,59,61,63].



However, most of the studies on eutrophication have examined the state of natural and artificial lakes, lagoons, and coastal waters, while there is a lack of results surrounding river systems [2,29,39], especially canal networks as elaborated in this study. Considering the environmental, economic, and hydrotechnical significance of HS DTD, and potential risk for its water quality, our main objectives were: (i) to provide an overview of the monthly variability of N and P concentrations), (ii) to present and analyze the spatiotemporal distribution of N and P concentrations, and (iii) to analyze the variability of TN:TP mass ratio in the canal network of the HS DTD water matrix based on the recent (2010–2019) dataset from the national water quality monitoring program. The analyses performed here can help identify the origin and nature of N and P pollution and accelerate the decision-making process for (inter)national action measures to reduce the impact of (non)point pollution sources on examined hydro-resources. Finally, the results represent a contribution in the development of nutrient control strategies in HS DTD and similar catchment areas.




2. Materials and Methods


2.1. Study Area


The multi-purpose HS DTD is of crucial economic importance for the northern part of Serbia. The main uses of this hydro-system are drainage, water supply for industry and agriculture (irrigation), wastewater intake and transfer, inland navigation, flood control and protection and aquafarming. The system encompasses about 1.1 M ha of the catchment area, which extends from 44°51′-45°52′ N to 18°51′-21°17′ E (Figure 1). The landscape is predominantly lowland (75–90 m above sea), with a temperate continental climate with an average annual precipitation of ~600 mm and an average annual temperature of ~11 °C. This hydro system connects two large rivers, the Danube and the Tisza, and consists of a canal network of almost 1000 km long, with integrated smaller natural water courses and several hydrotechnical facilities (pumping stations, floodgates, ship locks) that ensure the maintenance of water regime. It is mainly composed of 20–40 m wide channels with navigable sections about 2–3 m deep [63,68,69,70]. In addition, there are about 250 smaller incorporated drainage systems in the watershed with a canal network of 16,000 km [63], most of which flow into the main canals of the HS DTD, loading it with nutrients from a wider catchment area.



Land resources in the surrounding of HS DTD are predominantly (75%) used for farming, and are of exceptional soil (chernozems, meadow black soils) fertility [37,63,69]. However, there are about 80 diverse urban zones with 1 M inhabitants adjacent to the canal network, as well as numerous industrial facilities. Such surrounding favors’ pollution of the canal network by agrochemicals and/or untreated wastewater from (non)point sources [13,71]. At the same time, the canals and their coasts serve as bio-oases, green ecological corridors that contribute to the biodiversity [7,37,38,63].




2.2. Data Collection and Analysis


This study elaborated water samples collected at 21 permanent locations of the National surface water-quality monitoring program in Serbia. Among them, three locations are situated on large international rivers: the main HS DTD water intakes on the Danube (0_01) and Tisza (0_02), and the final discharge from the canal network into the Danube (0_03). Other sampling points are located on the canals or smaller natural water courses integrated into the HS DTD network (Figure 1 and Table 1).



During the period 2010–2019, water samples were collected once a month to be analyzed for parameters relevant to determining the trophic state, such as specific forms and total N and P concentrations. Water samples were provided by the Environmental Protection Agency of the Republic of Serbia (SEPA), as an official accredited institution (ISO/IEC 17025:2006/2017) for the national water-monitoring programs. All water samples were analyzed in the accredited SEPA laboratory according to the following methods: nitrates (NO3-N): UP 1.98/PC 12; nitrites (NO2-N): UP 1.97/PC 12 and HACH Method 8507-EPA 353.2; ammonium (NH4-N): SRPS ISO 7150-1: 1992 and HACH Method 8155; dissolved organic nitrogen (DON): UP 1.27/PC 12, total nitrogen (TN): UP 1.27/PC 12; orthophosphates (PO4-P): UP 1.102/PC 12 and HACH method 8048-EPA 365.1; and total phosphorus (TP): APHA AWWA WEF 4500 (A, B, E).




2.3. Criteria for Water Quality Assessment


For the quality assessment of examined water samples, the classification prescribed by the currently valid legal acts of the Republic of Serbia were applied [72]. The limiting values for the concentrations of N, P, and their compounds for a good ecological status (first and second quality class out of five classes) within water courses are given in Table 2.



In addition, concentrations of total N (TN) and total P (TP) were used to estimate the potential risk of eutrophication. The following values were set as limits: TN > 1.5 mg/L and TP > 0.075, which corresponds to the eutrophic status of slow-flowing waters from similar studies [22,34,73,74,75,76,77,78]. Next, TN:TP mass ratio is frequently used as a significant ecological indicator for assessing the quality of surface waters and the trophic status of aquatic ecosystems. In this study, based on similar approaches we considered the following situations: TN:TP < 8 for N-limitation and TN:TP > 24 for P-limitation, with the zone of N- and P-co-limitation between these values, divided into two intervals: 8–16 and 16–24 [18,39,50,79,80].




2.4. Statistical Data Analyses


Descriptive statistical procedures were performed to determine characteristic parameters of the basic set of analyzed data on water quality from examined locations, including measures of central tendency, dispersion and distribution. The significance of the deviation of the set of water quality data from the average or reference limit values were analyzed using Student’s t test (for parameters that followed a normal distribution) or using a non-parametric one-sample Wilcoxon test (for a data set that did not follow a normal distribution), both for p < 0.05. The ratio between the variables (the analyzed water quality parameters) were determined through Pearson’s correlation analysis.



Cluster analysis (CA), as a multivariate statistical approach, defines the internal structure of a data set and groups it according to the selected water-quality parameters by linking sampling locations or months, i.e., seasonal distribution. Cluster analysis was applied for grouping data based on their similarity according to spatiotemporal distribution. Ward’s minimum variance method was used with Euclidean distances as a measure of similarity shown on the dendrogram [33,75,81,82,83,84,85,86,87]. Complete data were statistically processed using Statistica 14 TIBCO Software Inc. and Microsoft Office Excel.





3. Results and Discussion


3.1. Nutrient Status in the Canal Network


Figure 2 shows box-plot diagrams with characteristic values of the average monthly concentrations of the various N and P forms in examined water samples. Most of the recorded values (78.6–99.6%) in the studied period fell within the favorable range of good environmental status (Si), i.e., within the first and second classes. In addition, most of the observed parameters (NO2-N, NO3-N, TN, PO4-P and TP) had monthly average values well below the corresponding standard limits Si (Table 2), except of NH4-N (Figure 2). Results of both Student’s t test for normally distributed data and Wilcoxon test for data sets that did not follow normal distribution confirmed that all data sets are statistically significant for p < 0.05.



TN content was dominated by the dissolved inorganic forms—DIN (59.3%) in comparison with dissolved organic nitrogen—DON (40.7%). The nitrate form of N (NO3-N) had the highest average contribution (on average 51.1% from TN and 82.5% from DIN), followed by ammonium NH4-N (on average 9.4% from TN and 15.2% from DIN). The observed pattern of average contribution of certain N forms was: NO3-N (0.92 mg/L) > DON (0.69 mg/L) > NH4-N (0.17 mg/L) > NO2-N (0.025 mg/L), which is consistent with some other similar studies [88,89]. The average portion of orthophosphates PO4-P (0.124 mg/L) to total phosphorus-TP (0.205 mg/L) was 60.5%.



Parameters of descriptive statistics for datasets on concentrations of different forms of N and P in HS DTD canal water are shown in Table 3. Spatial and temporal variability of data and various natural and anthropogenic factors affected the heterogeneity of sets with relatively high coefficients of variation (CV > 0.30 for all parameters). However, variability was the highest for PO4, NH4 and NO2 (CV 1.54, 1.50 and 1.33, respectively). Most parameters (except NO3) showed strong positive asymmetry of datasets (skewness > 1, highly skewed) and higher frequency of below-average values. The calculated values of kurtosis were > 3, which is outside the range of normal elongation. An overly peaked, leptokurtic distribution was observed, with a large number of outliers in the data set, except for NO3 and TN (Table 3).



According to the criteria and limits for eutrophic status of surface waters in similar studies [22,34,73,75,77,78], and considering the observed average TN concentration (1.80 mg/L) and maximum TN concentration (5.95 mg/L), the examined HS DTD water can be classified as potentially eutrophic. The same is valid for TP concentration (avg. 0.205 mg/L, max. 1.215 mg/L), as shown in Table 3. TN was above 1.5 mg/L in 55.9% of the average monthly values and TP was above 0.075 mg/L in 87.7% of the average monthly values. Both limits were confirmed combined in 52.4% of average monthly values at all sampled locations. Based on the TN and TP indicators, there is a potential risk of eutrophication incidence provided there is coincidence of other relevant factors (temperature, chlorophyll, water transparency, oxygen level, etc.). Similar concentrations of N and P, their ranges and contribution of individual forms were reported in other studies on this issue [55,58,90].




3.2. Spatial Distribution of TN and TP


The spatial distribution of average monthly TN and TP concentrations in the studied water samples during the 2010–2019 period is shown in Figure 3. The observed TN concentrations ranged from 0.59 to 5.95 mg/L, with an average concentration of 1.80 mg/L (Figure 3a). However, at five locations (0_01, 1_02, 1_03, 1_05, and 2_01), these concentrations were significantly higher than the overall average (t values ranged from 4.16 to 10.91 relative to t critical 2.09, for p < 0.05). In addition, at three locations (0_01, 1_03, and 2_01), average monthly TN concentrations exceeded the eutrophic status threshold (TN > 1.5 mg/L) during all 12 months. The lowest TN concentrations were reported at three locations (1_01, 1_08, and 2_03), exceeding the limit for 2–3 months per year (Figure 3a).



The corresponding values of TP concentrations ranged from 0.04 to 1.22 mg/L (average 0.20 mg/L; SD 0.06 mg/L), as shown in Figure 3b. However, at three locations (1_02, 1_03 and 2_01), levels were up to four-fold higher than the overall average. In addition, average monthly concentrations of TP were more frequently above the eutrophic status threshold (TP > 0.075 mg/L). This value was exceeded on average during all 12 months at 16 locations, and at two other locations during a period of 11 months. The remaining 3 locations (1_03, 2_02 and 2_06) showed higher values only during 1–3 months per year (Figure 3b).



There are various factors and circumstances that cause a wide range of N and P concentrations in the water samples studied, such as: (i) a number of monitoring stations, (ii) a well-developed channel network (960 km), (iii) long observation period (2000–2019), (iv) the frequency of sampling, (v) total catchment area (1.1 million ha), (vi) different land use and management, (vii) the impact of different (non)point sources and other relevant factors. However, which one is the most dominant remains to be clarified in the future by more specific investigations.




3.3. Seasonal Distribution of TN and TP


Monthly distribution of the average concentrations of TN and TP shows their seasonal character (Figure 4). The highest average TN concentrations were observed in winter and early spring (TN > 2 mg/L), while the lowest average values were observed in late spring and summer months, from May to September (TN ranged from 1.3 to 1.5 mg/L) as shown in Figure 4a. Thus, values most frequently exceeded the eutrophic status threshold (TN > 1.5 mg/L) from January to March (at 95.2–100% of the locations analyzed) and mostly lasted from July to September (at 19.1 to 23.8% of the locations).



The highest average TP values (TP > 0.25 mg/L) were observed from May to August. The same is valid for the maximum average monthly TP concentrations, which ranged from 1.0 to 1.25 mg/L during the same period. TP concentrations exceeded the eutrophic status limit (TP > 0.075 mg/L) for most of the year at the majority (18/21) of locations, while at three locations, corresponding values were above the limit from April to June, Figure 4b.



Such seasonal distribution of nutrients is common mostly for shallow, steady or slow-flowing waterbodies in similar climatic conditions. For example, ref. [90] reported that low water flow in summer months affected the reductive conditions, leading to minimum concentrations of N compounds and maximum P concentrations due to its release from sediments. Similar results of N and P distribution in surface water were reported in other studies [16,21,35,39,56,75,80,91]. Leaching and runoff of nutrients from the surrounding farmlands after heavy precipitation, or inflow of water from the drainage system, can impact the seasonal distribution of nutrients in a waterbody as well [1,7,22,55,58,75].




3.4. TN:TP Ratio


TN:TP mass ratio can be used to estimate conditions and limits for hyperproduction of certain algal species caused by macronutrient (s) loading or imbalance. Such estimates and classifications are based on the Redfield TN:TP 16:1 (mole) or 7.3:1 (mass) ratio [57]. For example, values < 7.3 indicate N limitation, while values > 7.3 indicate P limitation, implying a relative deficit/surplus of one nutrient responsible for accelerating eutrophication processes and algal blooms. In addition, estimates based on the TN:TP ratio can be even better indicator of the eutrophication risk than those obtained from other N and P forms or compounds [18,54,55,62,92,93]. In addition, Redfield TN:TP ratio was often corrected and adapted to local conditions (e.g., nutrient form and bioavailability, phytoplankton variations in nutrient requirements) in numerous studies [30,52,53,55,75,76,79,80,93,94,95,96,97,98]. Such an approach is suitable, since it provides a quick rough estimate of the limiting nutrients without extensive hydrobiological research [99].



Average monthly TN:TP mass ratios for the analyzed locations along HS DTD canal network ranged from 1.24–47.73 (avg. 13.25 and STD 8.18) (Figure 3c). TN:TP mass ratio (as different N and P forms), showed heterogeneity (Cv = 0.62), asymmetry (Skew = 1.49) and elongation (Kurt = 3.11), as presented in Table 3. The lowest average values of TN:TP mass ratio were found at the characteristic locations with high TN and TP concentrations (1_02 and 1_03), but also at locations 1_12 and 2_01 (Figure 3c). These values were significantly (p > 0.05) below the overall average TN:TP for all analyzed locations. In contrast, locations 0_01, 1_01, 1_04 and 1_05 recorded average TN:TP of: 20.51, 21.58, 24.93, 20.22, respectively, which was significantly higher (p < 0.05) from the overall average, Figure 3c. Analysis of the seasonal, monthly distribution of the average TN:TP mass ratio showed the highest values in winter and early spring (>20), and the lowest (8–9) from May to September (Figure 4c).



According to the calculated values of TN:TP mass ratio and applied criteria, potential N limitation (TN:TP<8) and P limitation (TN:TP > 24) were found in 9.1% and 27.0% of examined samples, respectively (Figure 5). The rest of the examined water samples (64%) were classified in the interval of simultaneous N and P co-limitation (Figure 5). These results are consistent with some other aquatic ecosystems; for example, simultaneous co-limitation of N and P is a common response of phytoplankton communities to nutrient inputs in 63% of shallow European and USA lakes [30,95].



At all examined locations, the average seasonal values of TN:TP mass ratio were by 1.2- to 2.8-fold higher (average 1.8) in the fall–winter period (non-vegetation period; average TN:TP = 16.91) than in the spring–summer period (vegetation period; average TN:TP = 9.60), as shown in Figure 6a. Additionally, the seasonal distribution of TN:TP mass ratio showed that the values < 8 (N-limitation) were mainly from the spring–summer period, while the values > 24 (P-limitation) were almost exclusively from the fall–winter period (Figure 6b and Table 4). In addition, the highest density of TN:TP mass ratio points from both periods (spring–summer and fall–winter) was between the limit lines 8:1 and 24:1 (N and P co-limitation) as presented in Figure 6b and Table 4.



The predicted limitations based on the TN:TP mass ratio may differ from the actual situation in particular waterbody, depending on climatic, hydrological, (agro)ecological and other conditions. Thus, the results should be considered only as a possible indicator for approximate estimation and prediction [29,30,80,94], as long as detailed studies are conducted at each particular location.




3.5. Correlation Analysis


The results of correlation analysis between average monthly TN, TP and TN:TP mass ratio concentrations in examined canal water samples are summarized in Table 5.



Considering examined locations (Table 5), a strong positive significant correlation (r = 0.76) was found between sets of average TN and TP values (Figure 3a,b). Such results indicate a possible similar origin and sources of nutrients at the analyzed locations and are in line with some recent studies [56,58,100]. Additionally, a strong statistically significant negative correlation (r = −0.71) (Table 5) was found between sets of average TP and TN:TP mass ratio values, per locations (Figure 3b,c).



Correlation analysis of datasets sorted by months (Figure 4) indicates a strong, significant positive correlation (r = 0.96) between TN and TN:TP mass ratio (Table 5). On the other hand, average TP concentrations showed reversed monthly distribution in relation to TN:TP ratio (r = −0.74), as presented in Table 5, per months [16,39,75,93].



The observed relationships between TN, TP, and TN:TP mass ratio are also very common for shallow, steady, or slow-flowing surface water [55,58,100], as characterized within the analyses of the HS DTD canal network. The occurrence of significant positive correlations of different intensities between certain N and P forms can indicate their similar origin in the analyzed waterbodies [56,88]. Additionally, a negative correlation is usually found in monthly TN and TP distribution and can be explained as a result of surface/underground leaching and runoff of nutrients, their uptake by plants, different meteorological and hydrological conditions, development of aquatic vegetation, etc. [22,27,90].




3.6. Cluster Analysis


The basis for clustering analysis (CA) was the mutual spatiotemporal similarity of the analyzed surface-water-quality parameters as; TN, TP, and TN:TP ratio (Figure 7), [33,75,81,82,83,84,85,86,87].



In our case, hierarchical agglomerative clustering grouped the analyzed locations into three clusters. For example, locations with codes 1_03, 0_01, 1_05, 1_02 and 2_01 had significantly above-average TN and/or TP concentrations (Figure 3), and were grouped into the first cluster (Figure 7a). Other locations had moderate values (closer to average) and thus were grouped into two clusters that merged into one.



In addition, three basic clusters have also been identified in the seasonal distribution using the CA approach (Figure 7b). The first cluster was formed by the monthly values from the spring–summer period (growing season), second cluster by the monthly values for January and February, and the third cluster by the monthly values for March, April, October, November and December. Clusters 2 and 3 are formed by all months from the fall–winter period (non-growing season), which are then combined into one cluster, with the exception of April. Recorded clustering of monthly values is consistent with previously discussed seasonal distribution of TN, TP and TN:TP mass ratio (Figure 4). Similar distributions of these surface-water-quality parameters are common in temperate continental climate regions, but they are essentially the result of seasonal dynamics of meteorological, hydrological, hydrobiological, agroecological and other factors [10,81,82,83].





4. Conclusions


The multi-purpose HS DTD is an important aquatic body within the Danube river basin, comprising artificial and native water courses that replenish agroecosystems and accept wastewaters of different origin. Correlation and cluster analyses confirmed spatial and temporal variations in increased concentration of TN, TP and their mass ratio across the examined 960 km-long HS DTD canal network at 21 water monitoring locations in the 2009–2019 period. At most locations, water quality can be classified as potentially eutrophic (TN > 1.5 mg/L and TP > 0.075 mg/L in, respectively, 56% and 88% of all average monthly values). The highest TN values were detected in the non-vegetation period (winter–early spring), whereas the highest TP concentrations were found during the vegetation season. In addition, the co-limitation of N and P (TN:TP 8–24) was detected in 64% of samples, whereas N (TN:TP <8) and P (TN:TP > 24) limitations were confirmed in 27% and 9% of the tested samples, respectively.



Observed results are specific for slow-flowing, lowland water courses, receiving nutrient inputs from surrounding farmlands and urban and industrial areas; however, further studies are needed for clarification. Increased concentrations of TN and TP and unfavorable TN:TP mass ratio indicate the need for contamination control and reduction, as well as control and limitation of nutrient input. This may be achieved through establishment of technical support for the ecological control of pollution arising from agriculture (fertilization management) and municipality and industry sources (wastewater treatment), as the principal causes of water-quality problems in the HS DTD canal network.
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Figure 1. Study area with the monitoring stations on the main canal network of the HS DTD catchment. 
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Figure 2. Box plots of average monthly N and P concentrations (red square) in examined water samples for the period 2000–2019 in relation to limit value (Si, red dashed line) for the class of good environmental status. 
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Figure 3. Spatial distribution of: (a) TN concentrations, (b) TP concentrations and (c) TN:TP mass ratios in examined water samples. Red lines indicate eutrophic status limits (a) TN > 1.5 mg/L, (b) TP > 0.075 mg/L and (c) TN/TP mass ratio of potentially N-limited (TN/TP < 8) or P-limited (TN/TP > 24). 
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Figure 4. Temporal distribution of: (a) TN concentrations, (b) TP concentrations and (c) TN:TP mass ratios in examined water samples. Red lines indicate eutrophic status limits (a) TN > 1.5 mg/L, (b) TP > 0.075 mg/L and (c) TN/TP mass ratio of potentially N-limited (TN/TP<8) or P-limited (TN/TP > 24). 
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Figure 5. Distribution of TN:TP mass ratio, and % values in different TN:TP ratio ranges, with dashed red lines at particular (8, 16 and 24) threshold. 
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Figure 6. (a) Average TN:TP mass ratio per locations; (b) distribution of average monthly TN:TP mass ratio relative to N and P limitations in spring–summer (growing season) and fall–winter (non-growing season) periods, with dashed lines at particular (8 and 24) thresholds. 
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Figure 7. (a) Spatial and (b) temporal dendrogram of TN, TP, and TN:TP mass ratio. 
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Table 1. Codes and coordinates of examined water-quality monitoring stations.






Table 1. Codes and coordinates of examined water-quality monitoring stations.





	No.
	Code
	Location Name
	Latitude N
	Longitude E
	Water Course/

Canal Name





	1
	0_01
	Bezdan
	45.8598
	18.8564
	Danube River



	2
	0_02
	Novi Becej
	45.5848
	20.1384
	Tisa (Tisza) River



	3
	0_03
	Ban. Palanka
	44.8261
	21.3436
	Danube River



	4
	1_01
	Backi Breg 1
	45.9081
	18.8989
	Bajski Canal



	5
	1_02
	Backi Breg 2
	45.9230
	18.9852
	Plazovic



	6
	1_03
	Ridjica
	46.0194
	19.1350
	Plazovic



	7
	1_04
	Sombor
	45.7408
	19.1109
	DTD Canal



	8
	1_05
	Prigrevica
	45.6910
	19.0944
	DTD Canal



	9
	1_06
	Doroslovo
	45.6042
	19.1746
	DTD Canal



	10
	1_07
	Srpski Miletic
	45.5586
	19.1927
	DTD Canal



	11
	1_08
	Ruski Krstur
	45.5605
	19.4006
	DTD Canal



	12
	1_09
	Bac
	45.3879
	19.2320
	DTD Canal



	13
	1_10
	Novi Sad 1
	45.2841
	19.8065
	DTD Canal



	14
	1_11
	Backo Gradiste
	45.5365
	20.0227
	DTD Canal



	15
	1_12
	Zabalj
	45.3914
	20.0646
	Jegricka



	16
	2_01
	Novo Milosevo
	45.7687
	20.3671
	DTD Canal, Kikinda



	17
	2_02
	Melenci
	45.5432
	20.3372
	DTD Canal



	18
	2_03
	Jasa Tomic
	45.4317
	20.8616
	Tamis



	19
	2_04
	Vlajkovac
	45.0742
	21.1842
	DTD Canal



	20
	2_05
	Pancevo
	44.8708
	20.6311
	Tamis



	21
	2_06
	Kajtasovo
	44.9026
	21.2458
	DTD Canal
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Table 2. Limit values (Si) in surface waters for the class of good environmental status [72].
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	Parameters
	NH4-N
	NO2-N
	NO3-N
	Total N
	PO4-P
	Total P





	Limit values (mg/L)
	0.2
	0.03
	3.0
	4.0
	0.2
	0.3
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Table 3. Descriptive statistics of N and P concentrations in examined water samples.
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	Parameter
	NO3-N

(mg/L)
	NH4-N

(mg/L)
	NO2-N

(mg/L)
	DON

(mg/L)
	TN

(mg/L)
	PO4-P

(mg/L)
	TP

(mg/L)
	TN/TP

(Mass)





	Min
	0.04
	0.01
	0.002
	0.17
	0.59
	0.009
	0.041
	1.24



	Max
	3.21
	2.00
	0.425
	3.98
	5.95
	1.165
	1.215
	47.73



	Avg
	0.92
	0.17
	0.025
	0.69
	1.80
	0.124
	0.205
	13.25



	STD
	0.57
	0.26
	0.033
	0.40
	0.80
	0.191
	0.218
	8.18



	Cv
	0.62
	1.50
	1.33
	0.58
	0.45
	1.54
	1.07
	0.62



	Skewness
	0.69
	3.41
	7.86
	3.42
	1.25
	3.06
	2.78
	1.49



	Kurtosis
	0.52
	14.49
	84.77
	20.96
	2.43
	9.74
	7.69
	3.11







Cv, skewness and kurtosis are dimensionless.
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Table 4. Seasonal distribution (%) values in different TN:TP ratio ranges.
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	TN/TP (Mass)
	Spring–Summer

(%)
	Fall–Winter

(%)
	Total

(%)
	Limitation





	<8
	22.2
	4.8
	27.0
	N-limit.



	8–24
	26.6
	37.3
	63.9
	N and P-co-limit.



	>24
	1.2
	7.9
	9.1
	P-limit.
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Table 5. Pearson correlation matrix.






Table 5. Pearson correlation matrix.





	
Per

	
Variables

	
TN

	
TP






	
Locations

	
TN

	
1

	




	
TP

	
0.76 * (p < 0.0001)

	
1




	
TN:TP

	
−0.40 (p = 0.0700)

	
−0.71 * (p = 0.0003)




	
Months

	
TN

	
1

	




	
TP

	
−0.55 (p = 0.0631)

	
1




	
TN:TP

	
0.96 * (p < 0.0001)

	
−0.74 * (p = 0.0065)




	
Per

	
Variables

	
TN

	
TP




	
Locations

	
TN

	
1

	




	
TP

	
0.76 * (p < 0.0001)

	
1




	
TN:TP

	
−0.40 (p = 0.0700)

	
−0.71 * (p = 0.0003)




	
Months

	
TN

	
1

	




	
TP

	
−0.55 (p = 0.0631)

	
1




	
TN:TP

	
0.96 * (p < 0.0001)

	
−0.74 * (p = 0.0065)








* Significant at p < 0.05.
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