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Abstract

:

The management of landscapes and agricultural activities significantly impacts phosphorus (P) and nitrogen (N) losses, directly influencing eutrophication risk. This study quantifies the eutrophication potential of different land covers through in-situ measurements and analysis of runoff and inorganic substances. The research was conducted in two sub-catchments in the Bedřichovský stream basin, Novohradské hory, Czech Republic: a forest-dominated upper sub-catchment (UFS) and an agricultural lower sub-catchment (LAS). Water flows and surface water samples were measured over a hydrological year (November 2017 to October 2018) to determine runoff and concentrations of nitrate (N-NO3−) and phosphate (P-PO43−). The ReCiPe 2016 method, as a tool for LCIA, was used to quantify the eutrophication potential, converting N and P concentrations into nitrogen equivalents (N eq ha−1 sub-catchment) for marine eutrophication and phosphorus equivalents (P eq ha−1 sub-catchment) for freshwater eutrophication. The potential loss of species (species·yr ha−1 sub-catchment) was assessed as follows. Results indicate UFS has about 60% lower freshwater and 80% lower marine eutrophication potential compared to LAS, along with about 60% lower potential for biodiversity loss. This highlights the role of forest and grassland covers in mitigating eutrophication and protecting water sources. These findings can guide landscape management practices to reduce eutrophication potential, enhancing environmental quality and biodiversity conservation.
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1. Introduction


For a long time, serious environmental issues have been caused by the widespread uprooting of natural plants, primarily forests and grasslands, to make way for cropland [1]. With pastures and agricultural land comprising approximately 40% of the planet’s land area, they are currently the largest terrestrial biome [2]. In the future, there will be an increase in this area, together with ongoing deforestation. The approximate amount of degraded land worldwide due to farming operations is around 12,400,000 km2 [2]. The diminution of biodiversity, soil erosion, loss of accumulated soil nutrients, and pollution of accessible water supplies are the ultimate consequences of extensive agricultural practices [3,4,5,6,7].



Concerns are becoming more prevalent about nitrogen (N) and phosphorus (P) from agricultural land contaminating ground and surface water streams and enriching lake systems with nutrients [8,9,10]. Nitrate leaching (for N losses) and increased P concentrations in surface runoff (for P losses) account for the majority of N and P losses from agricultural systems [11,12]. The precise amount of N and P lost varies greatly depending on the specific type of land use (agriculture versus forestry) and management approaches. In arable agricultural lands, for instance, fertilizer N treatments exceeding 200 kg N ha−1 yr−1 are typically administered to meet crop N demands and sustain commercial crop output [13,14]. The majority of nitrate leaching happens in the fall and spring, and it mostly comes from crop residues that have been harvested in late summer [15]. Considering there is no plant to absorb N from the soil during the fallow phase following harvesting, the nitrate level in the soil rises and is susceptible to leaching. Compounding the issue is the possibility that cultivation could accelerate the mineralization of soil organic N [16,17]. Also, the risk of nitrate leaching differs significantly between soil types, precipitation regimes, and nutrient management strategies [18]. For example, a combination of high precipitation and low water holding capacity of soil leads to higher N leaching than under low precipitation and/or soils with higher water holding capacity [19].



Phosphorus (P) can hasten the process of freshwater eutrophication, which is currently one of the most common ways water quality is compromised in developed countries [20,21]. Due to the increasing growth of unwanted algae and macrophytes and the oxygen limitations brought on by their decomposition, eutrophication lowers the amount of water that may be used for industry, recreation, and fisheries [22,23]. Furthermore, a growing number of surface waters have seen recurring, dangerous algal blooms (such as those caused by Cyanobacteria and Pfiesteria), which have been linked to human brain damage, the formation of carcinogens through water chlorination, summer fish kills, and unpalatable drinking water [24,25]. On the other hand, it should be noted that eutrophication greatly affects greenhouse gas emissions from freshwater. Lakes with agricultural catchments release greater CO2 and CH4 into the air compared with lakes away from human activities [26,27]. Significant progress has been made in reducing point source P releases, such as the amount of P in the effluent of sewage treatment plants [28]. The ease with which point sources can now be identified has contributed to these advancements. Nonetheless, non-point sources of P have received less attention, mostly because they are challenging to identify and manage [11,29]. Controlling non-point sources of P is, therefore, a significant challenge to preventing the eutrophication of fresh surface waters. Water bodies receive P from various non-point sources, but heavy agricultural practices are drawing attention. Enhancing comprehension and effectively evaluating and managing eutrophication are imperative to protect the sustainability of freshwater systems. A thorough analysis of the eutrophication effects linked to agricultural production has not yet been done in sufficient range in the Czech Republic (CZ) and is absent in the global context due to country-specific considerations. Several impact assessment methodologies related to eutrophication level assessment prediction have been established depending on various nations, regions, and continents. The ReCiPe 2016, ILCD 2011, CML-IA baseline, or IMPACT 2002+ method is one of the most current updates to these techniques [30,31,32,33] used for Life cycle impact assessment (LCIA). However, the international standards LCA ISO 14040 and ISO 14044 [34,35] do not specify a single method for performing LCIA [33].



There is a severely limited amount of information available that does not only use the modeling or prediction to gain the results that would unequivocally suggest differences in the specific runoff and concentrations of nitrogen nitrate (N-NO3−) and phosphorus phosphate (P-PO43−) between the forest sub-catchment and the agricultural sub-catchment. This study provides such a comparison based on the entire hydrological year (2017/2018). It aims to quantify the potential eutrophication risk associated with different landscape management based on detailed in-situ measurement of specific runoff and analysis of inorganic substances directly affecting eutrophication. To do this, we compared the data obtained from two sub-catchments with different land covers (agricultural and forest) and with varying characteristics in their runoffs; then, we quantified the associated eutrophication impacts, including freshwater eutrophication potential (as phosphorus increases in freshwater) and marine eutrophication potential (as dissolved inorganic nitrogen increases in marine water), according to the LCIA principles following the ReCiPe 2016 v1.1—a harmonized life-cycle impact assessment method at midpoint and endpoint level [36]. The emission impacts on freshwater (freshwater eutrophication potential) are based on the transfer of phosphorus from the soil to freshwater bodies, its residence time in freshwater systems, and the potentially disappeared fraction following increased phosphorus concentrations in freshwater. Impacts on marine water (marine eutrophication potential) are based on the transfer of dissolved inorganic nitrogen from the soil and freshwater bodies or directly to marine water, its residence time in marine systems dissolved oxygen depletion, and the potentially disappeared fraction, modeled as a function of dissolved inorganic nitrogen emitted. Marine eutrophication occurs due to the runoff and leach of plant nutrients from the soil and to the discharge of those into riverine or marine systems and the subsequent rise in nutrient levels, i.e., phosphorus and nitrogen (N). In contrast, the assumption is that N is the limiting nutrient in marine waters [37].



It was hypothesized that a landscape with a large share of agricultural land presents a much higher risk of eutrophication and biodiversity loss potential than one mainly consisting of forests and permanent grasslands. Land cover and land use significantly impact the rate of water runoff and associated nutrients [38]. Forests with a large amount of vegetation usually allow more water infiltration into the soil than meadows and arable land [39]. Forests thus deposit more water into the soil than agricultural land due to infiltration [40,41]. Forest soils have a higher field water capacity [42,43]. This water retention ability causes a lower water runoff and substances contained in it [44]. Conversely, deforestation or the transfer of forests to arable land results in a sudden increase in water runoff water and substances such as calcium, potassium, or nitrates [45]. The study’s results can significantly contribute to improving landscape management, leading to the regulation of eutrophication potential, which impacts environmental quality and biodiversity.




2. Materials and Methods


2.1. Study Area Description


Both monitored sub-catchments are located in the foothills of the Bedřichovský stream basin in the Novohradské hory, Czech Republic (CZ), Europe. The upper sub-catchment (upper forest sup-catchment: UFS), with an area of 306.8 ha, is currently covered by 88% forest cover, the area of which has hardly changed since the start of monitoring. The rest of the upper sub-catchment consists mainly of grasslands. A tiny part of the upper sub-catchment (<2%) was formed by arable land in the past (Figure 1 and Table 1). The forest cover comprises coniferous and deciduous trees with the predominant spruce (Picea abies). The predominant soil type in the upper sub-catchment is Skeletic Cambisol. Eutric Leptosol also appears in the highest part of the sub-catchment. The lower sub-catchment (lower agricultural sub-catchment: LAS), with an area of 362.9 ha, comprises a mosaic of mainly grasslands, arable land, and forest stands. During the last two decades, wheat, barley, maize, and rapeseed were cultivated in arable land areas. The soil types Arenic and Dystric Cambisol comprise most of the lower sub-catchment soils, and Stagnic Cambisol also appears in the stream floodplain.



Both sub-catchments differ geomorphologically. The upper one (UFS) has a 3.7° greater average slope of the terrain and is drained by a 1/4 denser network of watercourses with a greater slope. The monitored area is in the temperate zone. Its average altitude is 679 m above sea level. The long-term mean annual air temperature is 6.5 °C (14.5 °C in summer), and the long-term mean annual precipitation is 624 mm (275 mm in summer).




2.2. Specific Runoff Measurement


Water flows were measured in the Bedřichovský stream in the sub-catchment outlets of UFS and LAS during one hydrological year (November 2017 to October 2018). Water levels were measured by an automatic measuring device at ten-minute intervals in the outlets of the stream beds (A, F). The water levels were then converted to water flows using the mathematical function, which was calculated using precise measurements of the water flow velocities in the outlets. Water flow in the A profile covered water from both the upper and lower sub-catchment. Therefore, the profile UFS water flow value was subtracted from the profile LAS water flow value. In this way, water flow values were obtained, representing the contribution of the relevant sub-catchment in both profiles. The flow values in the profiles were converted to specific water runoffs (m3 ha−1 month−1) by dividing the areas of the sub-catchments. Precipitation totals were measured for the entire hydrological year by an automatic rain gauge station in ten-minute intervals with an accuracy of 0.1 mm. Based on the measured data, datasets of the relationships between precipitation totals and specific water outflows from both sub-catchments were compiled for the entire hydrological year 2017/2018.




2.3. Hydrochemical Parameters Measurement


Surface waters were sampled in the sub-catchment outlets of both sub-catchments. Water samples were collected once a month during the entire hydrological year. The concentrations of nitrate nitrogen N-NO3− (mg L−1) and phosphate phosphorus P-PO43− (μg L−1) were analyzed in the sampled waters. Nitrates and orthophosphates are forms of nitrogen and phosphorus that are directly usable by photosynthesizing organisms. As the concentration of nitrates and phosphates in water increases, so does the risk of an increase in algae and cyanobacteria density in surface waters, especially stagnant ones. Therefore, agricultural activity has chosen nitrate nitrogen and phosphate phosphorus as suitable markers of surface water pollution. Since exact water flows in sub-catchment outlets were measured in the hydrological year 2017/2018, it was possible for this period to convert the concentration of substances in water directly to specific outflows of substances from individual sub-catchments (kg ha−1 month−1) (Table 2). Chemical analysis of the collected water samples (orthophosphates and nitrates by precision flow spectrometry) was performed using a laboratory flow spectrometer (FIASTAR 5000 flow spectrometer by FOSS Analytical).




2.4. Eutrophication Risk Potential Assessment


The environmental impact assessment related to the freshwater and marine eutrophication risk potential was performed using LCIA principles (Figure 2). Nitrate nitrogen N-NO3− (kg ha−1 month−1) and phosphate phosphorus P-PO43− (kg ha−1 month−1) were considered as the form of pollutants in the water. The harmonized life cycle impact assessment (LCIA) method ReCiPe [36] was used for eutrophication risk potential assessment for the impact category of freshwater eutrophication (expressed via P-eq) and marine eutrophication (expressed via N-eq), where freshwater eutrophication is driven primarily by phosphorus (P) as the limiting nutrient and marine eutrophication is driven primarily by nitrogen (N) as the limiting nutrient. The following midpoint characterization factors (CFs) related to the ReCiPe 2016 Midpoint method (V1.1) (H) were used to quantify eutrophication potential:



	(1)

	
Phosphorus (CZ) to water/river, CF 0.674 kg P eq per kg P, expressed in freshwater eutrophication potential impact category, Characterization/Midpoint level.




	(2)

	
Nitrogen (CZ) to water/river, CF 0.297 kg N eq per kg N, expressed in marine eutrophication potential impact category, Characterization/Midpoint level.







Then, the ReCiPe 2016 Endpoint (H) method (V1.1) was used to quantify the potential damage to the ecosystems via potential species loss (species·yr ha−1 sub-catchment) in water. The Damage Assessment model was employed. The unit species·yr used in the endpoint category of ecosystem quality in ReCiPe 2016 refers to the potential loss of species over a year in relation to assessed pollutants [36]. This metric represents the potential biodiversity loss due to environmental impacts. The following endpoint CFs from the ReCiPe 2016 Endpoint method (V1.1) (H) were used for the environmental impact expression:




	(3)

	
Phosphorus (CZ) to water/river, CF 4.52·10−7 species·yr per kg P, expressed in freshwater eutrophication potential impact category, Damage assessment/Endpoint level.




	(4)

	
Nitrogen (CZ) to water/river, CF 5.05·10−10 species·yr per kg N, expressed in marine eutrophication potential impact category, Damage assessment/Endpoint level.









For data expression/interpretation, the specialized software tool SimaPro 9.6.0.1 Analyst [46] was used, where the ReCiPe 2016 method and the related CFs are integrated. The P-eq, N-eq, and potential loss species datasets for UFS and LAS were compared using Student’s Paired t-test. The normality of the data was tested using the Shapiro–Wilk test. The logarithmic transformation was used because the data normality assumption was not met. All statistical tests were performed in the R platform for statistical computing [47] at the probability level of α = 5%.





3. Results


3.1. Specific Runoff Parameters


The land cover in the two sub-catchments varies considerably (Figure 1), and the resulting effluent parameters reflect these differences and changes (Table 2). Based on the results, the highest amounts of specific runoff N-NO3− and P-PO43− per ha for both sub-catchments were obtained from collected samples in June 2018 with kg amounts of 0.152 (N-NO3−) and 0.014 (P-PO43−) in UFS and 0.554 (N-NO3−) and 0.030 (P-PO43−) in LAS. Also, the highest specific water runoff in UFS and LAS landscapes was observed in June 2018, with 340.6 and 532.8 m3 ha−1 month−1, respectively.



In June and July, higher runoffs of nitrates and phosphates from both sub-catchments are caused by higher precipitation and, thus, higher surface water runoff. In the winter months of the beginning of the year, higher runoff of nitrates and phosphates from LAS is caused by the absence of vegetation on arable land, which would hinder the runoff of these substances. This is expressed via the following hydrograph (Figure 3).




3.2. Freshwater and Marine Eutrophication Risk Potential Assessment (Midpoint Level)


The results of freshwater eutrophication risk assessment between the two landscapes are presented in Figure 4. The results showed that the sub-catchment covered mainly by forest stands (UFS) has a markedly lower freshwater eutrophication potential from the point of view of P-PO43− runoff, in contrast to the agricultural sub-catchment (LAS). The most visible differences were detected in November (0.0022 kg P-eq ha−1 UFS to 0.0109 kg P-eq ha−1 LAS), December (0.0033 kg P-eq ha−1 UFS to 0.0073 kg P-eq ha−1 LAS), January (0.0051 kg P-eq ha−1 UFS to 0.0127 kg P-eq ha−1 LAS), June (0.0097 kg P-eq ha−1 UFS to 0.0201 kg P-eq ha−1 LAS), and July (0.0022 kg P-eq ha−1 UFS to 0.0129 kg P-eq ha−1 LAS). On the contrary, the smallest differences were in February, March, and April, and then August, September, and October, where no differences were among them, with an average value of 0.0027 kg P-eq ha−1 UFS to 0.0035 kg P-eq ha−1 LAS.



Also, the results of marine eutrophication potential (based on specific runoff N-NO3−) between the two monitored landscapes are presented in Figure 5. The results showed that in contrast with the freshwater eutrophication potential, the difference is even more dominant in the case of marine eutrophication potential. In all the samplings carried out and in all subsequent models of eutrophication risk potential assessment carried out, the agricultural sub-catchment (LAS) clearly tends to have a higher (about 80%) eutrophication potential (1.1076 kg N-eq ha−1 hydrological year−1 for LAS) within the monitored hydrological year than the forest sub-catchment (0.2159 kg N-eq ha−1 hydrological year−1 for UFS). In addition, the forest sub-catchment shows high stability in terms of specific runoff N-NO3−, while only in the case of June did the value of specific runoff N-NO3− increase (about 66% more than the average of the other months) compared to other monthly values.



The overall eutrophication risk potential for the completed hydrological year has been assessed for marine and freshwater eutrophication. The results showed that the rate of freshwater eutrophication risk reflecting specific runoff P-PO43− is significantly higher (t = −3.7408, df = 11, p < 0.05) in sub-catchment with agricultural landscape (LAS) by about 60%. Also, the rate of marine eutrophication risk reflecting specific runoff N-NO3− is up to 80% higher in sub-catchment with forest landscape (UFS) (t = −15.088, df = 11, p < 0.05). From comparing the two sub-catchments (UFS vs. LAS), forest one clearly tends to have a significantly lower eutrophication risk potential.




3.3. Eutrophication Risk Potential for Ecosystems (Endpoint Level)


The results of the eutrophication risk potential assessment for the ecosystem between the two sub-catchments (UFS vs. LAS) were calculated. Following the eutrophication risk potential for freshwater (based on specific runoff P-PO43−) and marine (based on specific runoff N-NO3−) environments, the eutrophication risk for potential loss of species, damage of ecosystems, respectively, was modeled via the Damage assessment endpoint model (expressed in the unit of species·yr ha−1 sub-catchment). This assessment should be considered as another perspective of the results that indicate, again, a significantly (t = −4.0457, df = 11, p < 0.05) higher risk potential for potential loss of species (about 60%) via eutrophication in the case of agricultural sub-catchment.





4. Discussion


The results presented in this study highlight the importance of landscape management for eutrophication risk potential. The assessment of two sub-catchments with different landscape cover within the full hydrological year points out their fundamental differences in specific runoff N-NO3− and P-PO43− which can be understood as potential pollutants for the water environment. Respectively, in-situ water management at the river/stream basin scale was considered to quantify the eutrophication risk potential. That is the recommended way to assess water/nutrient management [48] or [49]. Because commonly used factors and methodologies do not have to be representative of the assessed regions [48,50] or site-specific conditions [50,51], this study thus used an approach where N and P values (specific runoff N-NO3− and P-PO43−) were collected in-situ and laboratory-processed (Section 2.2 and Section 2.3). Then, the values for freshwater and marine eutrophication potential as a midpoint impact category and for impact on the ecosystem as an endpoint impact category were recalculated using characterization factors from the ReCiPe methodology, which is one of the most widely used methods by practitioners [52], to convert into the risk freshwater and marine eutrophication potential [32]. Taking ReCiPe is one of the most used methodologies for environmental impact assessment [36], even for assessing eutrophication potential and impact on ecosystems [32,50]. The methodological choices during LCIA (e.g., ReCiPe 2016, ILCD 2011, CML-IA baseline, or IMPACT 2002+) can have significant implications for the characterization results in absolute values. In contrast, the results related to the eutrophication impact categories can be considered consistent except for the IMPACT 2002+ method [33]. In the end, similar in-situ measurements of waterborne nutrient emissions responsible for eutrophication potential could provide valuable information for life cycle assessments and increase the relevance of LCA as a tool for assessing product-related eutrophication impact. A more precise set of characterization factors for conversion to eutrophication potential could also improve the approach [48].



Results of the presented study indicate a fundamentally lower potential for eutrophication in the UFS than in the LAS (about 60% lower freshwater and about 80% lower marine eutrophication potential). Therefore, the study’s results contribute to the claims that the forested landscape, or the landscape with high forest cover, is associated with a significantly lower eutrophication potential than the agricultural landscape [53,54]. Forest cover influences not only the amount of surface runoff but also its quality [54]. The concentrations of chemicals in surface runoff differ between forest catchments and non-forest catchments (agricultural areas). However, these differences are not mainly caused by the influence of the forest cover but by changes in agricultural land management [53]. Among other things, this is also related to the characteristics of water runoff [55,56]. Respectively, the fact that, in general, a forested or grassed landscape has a lower tendency to water runoff from the landscape compared to agricultural land. The specific water runoff and substances from the land cover with dominant mature vegetation (forest landscape, e.g.) are smaller due to the following aspects: interception [57,58,59], evaporation from plant surfaces and transpiration [60], increasing surface roughness and improving infiltration conditions [61,62] and usually higher soil organic matter content [63,64]. This confirmed, for example, an in-situ study by Ogden et al. [55] based on a paired catchment methodology to analyze hydrologic data on three catchments of contrasting land cover and land use or a model study by Ma et al. [65]. In our study, the average water runoff (m3 ha−1 month−1) in UFS was nearly 50% lower than in the case of LAS (UFs 104 vs. LAS 190 m3 ha−1 month−1). Different volumes of precipitation and then subsequent values of water runoff also affect the concentration of potential water-born emissions responsible for eutrophication. For example, nitrogen concentration in rainfall-normal years is higher than in rainfall-deficit years. This shows that surface runoff and the underground flow during the rainy season strongly affect non-point sources of potential pollutant loss and transport [66].



In general, land cover and general land use, respectively, in agricultural areas significantly impact nitrogen and phosphorus leaching and runoff [67]. Nitrate levels are lower under forest cover. Surface runoff from agricultural lands is the main cause of water pollution, and nitrification is greater in an agricultural environment [53]. There have been examples of land-use change from agriculture to forestry to promote better water quality [68]. Regarding the risk of eutrophication, water quality is connected with the intensity of agricultural production and the use of fertilizers and pesticides [69,70]. Agricultural land is the primary factor influencing N and P in suburban and rural areas; the relationship was strong as the pollutants were mainly from agricultural surface runoff [71]. And then, not only is specific runoff N-NO3− and P-PO43− risky for biological loss (via the eutrophication and impact on ecosystems) but also residues of pesticide use, reliably detected in the interest sub-catchment (the stable concentrations [0.24 µg L−1 on average] of desisopropyl-atrazine); however, they were already banned by the European Commission in 2004 [56]. Pesticide residues persist in soil for years after the cessation of their use and pollute surface waters. Due to the increase in the frequency of high precipitation episodes during climate change, the problem is growing.



One of the solutions to reduce specific runoff N-NO3−, P-PO43−, and pesticides will be to change agricultural management and improve landscape structure in the sense of better control of surface runoff [56]. For example, grasslands limit erosion [72] and, thus, the leaching of nutrients. They accumulate nitrogen and phosphorus to build their plant tissue. This function is manifested throughout the year in grasses and forest communities, which is the main advantage over arable land not covered with vegetation year-round [73]. This measure would also contribute to the limitation of N and P runoff. Kvítek [74] states that if 50–70% of arable land located in vulnerable areas were to be covered with grass, it would also reduce nitrate pollution of waterways by roughly 50–70% in streams.



Also, the rate of N addition to a site is likely to be a crucial determinant of whether an ecosystem will be sustainable long-term or whether the soil or vegetation (land cover in general) should be changed [73]. N in agricultural systems has played a great role in increasing crop yield and meeting the demand of population growth. However, related nitrate N leaching and surface runoff seriously threaten people’s health and pollute biological environments [73]. To improve the current status of the agricultural sub-catchment from the perspective of N runoff (also in the form of N-NO3−), implementation of the cover crop on the arable land can be an option. For example, Hanrahan et al. [75] study results show that cover crops’ influence on N loads was consistent across temporal scales of examination, demonstrating that cover crops effectively increased N demand and mitigated N losses from agricultural fields. On the other hand, it was not confirmed in the case of P. The variable influence of cover crops on P loads underscores the need for a deeper understanding of the factors and mechanisms that control P loss in systems that include cover crop management.



Because the approach and frame used in this study are newly applied, studies dealing with comparing forest and agricultural sub-catchments on a similar level are not discussed. Standardly, freshwater and marine eutrophication risk potential assessment for agricultural or forest land, as well as the direct emissions influencing those impact categories, are quantified via specialized methodologies like WFLDB [76], for example, where the LCIA principles are employed, too.




5. Conclusions


A limited amount of information is available that does not use the modeling or prediction to gain the results that would unequivocally suggest differences in the specific runoff and concentrations of nitrogen nitrate (N-NO3−) and phosphorus phosphate (P-PO43−) between the forest sub-catchment and the agricultural sub-catchment. This study provides such a comparison based on the entire hydrological year (2017/2018) and in-situ measurement. Then, it examines the impact of landscape management on nitrogen and phosphorus losses, contributing to freshwater and marine eutrophication risk potential and impact on the ecosystems (damage to ecosystems) with the employment of LCIA principles. Results indicate a fundamentally lower potential for eutrophication in the forest sub-catchment than in the agricultural sub-catchment (about 60% lower freshwater and about 80% lower marine eutrophication potential). Following the eutrophication risk potential for environments, the eutrophication risk for ecosystems was also modeled via the potential damage to the ecosystems, as potential species loss (species·yr ha−1 sub-catchment). This assessment indicates a higher risk of potential species loss (about 60%), respectively impacting the ecosystem as an endpoint category via eutrophication in the case of agricultural sub-catchment. This finding underscores the importance of forest and permanent grassland covers in mitigating eutrophication risks and protecting water sources. The study’s results can inform landscape management practices to reduce eutrophication potential, thereby enhancing environmental quality and biodiversity conservation.
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Figure 1. Overview of the study site. F = upper forest sub-catchment (UFS); A = lower agricultural sub-catchment (LAS). 
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Figure 2. Overview of eutrophication risk potential assessment via LCIA principles (according to ReCiPe method [36]). 
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Figure 3. Hydrological performance of sub-catchments (UFS vs. LAS) during the hydrological year (hydrographs). UFS: upper sub-catchment; LAS: lower sub-catchment. Precipitation (deep blue bars) and specific water runoff from UFS and LAS in months of the hydrological year. 
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Figure 4. Comparison of freshwater eutrophication potential (for specific runoff P-PO43− per ha of sub-catchment) of sub-catchments (UFS vs. LAS) during the hydrological year. UFS: upper sub-catchment; LAS: lower sub-catchment. Freshwater eutrophication quantified via Method: ReCiPe 2016 Midpoint (H) V1.1/World (2010) H/Characterisation. 
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Figure 5. Comparison of marine eutrophication potential (for specific runoff N-NO3− per ha of sub-catchment) of sub-catchments (UFS vs. LAS) during the hydrological year. UFS: upper sub-catchment; LAS: lower sub-catchment. Marine eutrophication quantified via Method: ReCiPe 2016 Midpoint (H) V1.1/World (2010) H/Characterisation. 
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Table 1. Area of land cover features in the upper forest and lower agricultural sub-catchment during the study period 2009–2022.
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	Land Cover Features
	UFS (ha)
	LAS (ha)





	Arable land
	0
	47.9



	Grassland
	31.3
	139.8



	Wetland
	0
	9.2



	Shrub
	2.3
	17



	Forest
	271.3
	139.5



	Others
	1.9
	9.5



	Sum
	306.8
	362.9







UFS: upper forest sub-catchment; LAS: lower agricultural sub-catchment.













 





Table 2. Hydrochemical data for the monitored hydrological year.
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Date

	
Specific Runoff N-NO3−

(kg ha−1 month−1)

	
Specific Runoff P-PO43−

(kg ha−1 month−1)

	
Specific Runoff of Water

(m3 ha−1 month−1)






	
UFS




	
November-2017

	
0.0672

	
0.0033

	
97.027




	
December-2017

	
0.0633

	
0.0050

	
88.461




	
January-2018

	
0.0726

	
0.0077

	
98.401




	
February-2018

	
0.0531

	
0.0023

	
63.169




	
March-2018

	
0.0770

	
0.0036

	
97.524




	
April-2018

	
0.0476

	
0.0024

	
64.618




	
May-2018

	
0.0311

	
0.0013

	
75.607




	
June-2018

	
0.1526

	
0.0144

	
340.585




	
July-2018

	
0.0337

	
0.0033

	
75.897




	
August-2018

	
0.0359

	
0.0031

	
67.352




	
September-2018

	
0.0531

	
0.0049

	
93.657




	
October-2018

	
0.0396

	
0.0033

	
83.098




	
LAS




	
November-2017

	
0.3931

	
0.0162

	
231.374




	
December-2017

	
0.2919

	
0.0109

	
147.502




	
January-2018

	
0.5481

	
0.0189

	
242.623




	
February-2018

	
0.2737

	
0.0036

	
102.658




	
March-2018

	
0.2952

	
0.0033

	
111.773




	
April-2018

	
0.1803

	
0.0016

	
68.931




	
May-2018

	
0.1912

	
0.0050

	
122.880




	
June-2018

	
0.5541

	
0.0297

	
532.830




	
July-2018

	
0.4573

	
0.0192

	
309.208




	
August-2018

	
0.1585

	
0.0053

	
111.437




	
September-2018

	
0.2159

	
0.0073

	
153.212




	
October-2018

	
0.1701

	
0.0046

	
144.992








UFS: upper forest sub-catchment; LAS: lower agricultural sub-catchment.
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