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Abstract

:

Grasslands intensification by use of mineral fertilization has contributed substantially to the increase in forage production. Intensification, however, can degrade the other beneficial functions or soil properties. The effects of mineral fertilization on soil and plant chemical qualities of a permanent wet grassland (Festucetum pratense association) were investigated in Slovakia. The grassland was treated using 3 different N, P, and K rates of mineral fertilizers in kg. ha−1. yr−1 plus the Control (0NPK) almost over 60-year period (1961–2017). The N, P, and K rates in low NPK treatment (LNPK) were N50, P15.4, and K 41.5, in the medium NPK treatment (MNPK) were N100, P30.8, and K83, and in the high NPK treatment (HNPK) were N200, P 61.6, and K 166, respectively. Overall, soil variables (pH, soil organic carbon, plant-available K) showed the most significant changes. A more balanced development was observed in case of soil total nitrogen, C:N ratio, and plant-available P. ANOVA revealed a significant effect between treatments only on plant-available P. In the case of plant functional group development, long-term mineral addition significantly disfavors legumes and forbs. However, analyses of the botanical composition over the last 5 years showed that legume cover significantly differs only in the HNPK treatment. Plant C:P, N:P, and N:K ratios were significantly reduced when fertilizers were added. In terms of grasslands yields, the highest biomass and content of macronutrients were obtained under the HNPK rates. However, with regard to the quality and quantity of the soil organic matter, the most appropriate treatment has been with the MNPK rates. Our findings demonstrate that medium fertilization seems to be an acceptable compromise to meet both productivity and environmental aspects and to connect ecological benefits with social benefits in the long term.
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1. Introduction


Grasslands are complex ecosystems, and connecting ecological benefits with social benefits in the medium and long terms is a duty of society. To understand the ecological processes and factors regulating soil and plant quality and productivity, the use of combined approaches of research, field experiments, and depth analysis of data is needed. Ecological and economic importance is also given by their global distribution and multifunctionality. A vital role of grasslands has been to meet the feed requirements of ruminants and to produce forage of high nutritive value, rich in protein, energy, minerals (P, K, Ca, Mg), and dry matter digestibility [1]. Moreover, these ecosystems provide an array of ecosystem services—the benefits human societies and individual people can obtain from ecosystem functioning. According to the concept of ecosystem services developed within the Millennium Ecosystem Assessment, four groups of ecosystem services are distinguished (provisioning, regulating, cultural, and supporting). Besides provisioning services, grasslands contribute to the maintenance of soil fertility, carbon storage and climate regulation, water regulation, and recreational value [2,3]. Traditional vision of grasslands used exclusively for domestic herbivore production should be oriented to a more integrated vision, where more ecosystem services and their multiple interactions have to be considered together [4]. Grassland capacity to deliver multiple ecosystem services as parts of agricultural systems is surprisingly understudied compared to other production systems [5].



Many ecosystem services depend largely on the management and intensity of grassland use. Current strategies to improve productivity include fertilizer application. Traditionally, grasslands were extensively used by mowing or grazing. Ensuring food security after World War II, quantity and quality of grassland production were improved by the use of mineral fertilizers, particularly nitrogen. Nowadays, an increase in population also results in demand for food and material supplies as well. The use of fertilizers is also essential for global food security [6]. However, an effort to satisfy human food requirements has to consider the environmental impacts of increasing agriculture production.



Fertilizers have both positive and negative effects on grassland ecosystem [7]. Grasses have an extraordinary capacity to absorb nitrogen from different sources [8,9,10] and respond with a further increase in protein content [11,12]. However, the extensive use of chemical fertilizers dramatically altered grassland ecosystems and resulted in a decrease in both above-ground [13] and soil biodiversity [14]. Apart from enhanced grassland biomass productivity, addition of chemical fertilizers has a significant effect on grassland soils. In general, the soil is considered as an important natural resource. Maintaining soil productivity and quality requires crucial attention as it plays a significant role in delivering ecosystem services of agroecosystems to society [15]. Several authors argued that long-period nitrogen fertilization of grassland improved the quality of soil organic matter [16] or increased soil nitrogen mineralization [17]. On the other hand, there is evidence of negative impact of the excess of artificial fertilizers on grassland soil such as acidification [18], nutrient leaching, and emissions of nitrogen [19].



To reduce negative environmental externalities while increasing yield, the concept of sustainable agriculture or sustainable intensification has been developed [20]. However, in the face of a constant change of terrestrial ecosystems and societal demands, there is an increasing demand for comprehensive agricultural research. It is a great deal to investigate possibilities for reducing the so-called environmental footprint of agriculture while maintaining yields by sustainable intensification combining the best fertilization rates with the preservation of the natural environment. It is not possible to define a sustainable intensification level for each environment, so it is necessary to carry out experiments suitable for each environmental situation.



The practical ways of how to assess the sustainability of agriculture practice are long-term experiments [21]. The long-period experiments have unique and increasing value. They are fundamental sources of knowledge and crucial in understanding the agroecosystem development and changes occurring as a result of long-period agricultural operations, particularly of long-term fertilization [22]. Grassland long-term experiments with different nutrient or defoliation management demonstrate the dynamics of soil and plant changes and thus provide solutions for optimal setting of fertilizer doses and management practices to ensure not only sustainable forage production but also other ecosystem services and sustainable soil quality and fertility [23].



There are very few long-term experiments with chemical fertilizers on grasslands going on in Europe. In Slovakia, a grassland experiment is still underway since 1961 on a permanent wet meadow. At the beginning of the experiment, the main goal was to observe the influence of high doses of nitrogen together with phosphorus and potassium on both above-ground biomass and soil chemical properties and processes such as biomass yield and its nutritive value, soil pH, content of organic matter and nutrients, soil mineralization, and humification as well [24]. In 1961, the majority of such experiments were established with management methods and intentions very different from today’s society demands. Nevertheless, the one who established this experiment 57 years ago had clever and important intuitions on the importance of some ecological aspects that are nowadays known as “ecosystem services”. As the experiment is still ongoing after 59 years and could be considered as a classical long-term experiment [25], it allows us to observe changes in agroecosystem properties and related functions and services. The aim of this study is to investigate the effects of chemical fertilization in a long-term period on soil and plant chemical properties to quantify changes, interactions, and thus related ecosystem services. We identified two groups of ecosystem services from grasslands: (i) provisioning ecosystem services evaluated by plant biomass and plant chemical properties, and (ii) supporting ecosystem services evaluated by soil fertility determined by soil chemical properties, i.e., pH, soil organic carbon (SOC), soil total nitrogen (STN), and soil organic matter quality.




2. Materials and Methods


A long-term Permanent Grassland Experiment (PGE) was established in 1961 in a flat wet meadow on Fluvisol run by NAFC-GMARI at Veľká Lúka in Central Slovakia. Slovak permanent grasslands cover 858.601 ha representing 17.5% of the total area [26]. The EU JRC PESETA project [27] defined eight agro-climatic zones in the EU based on the cluster analysis of temperature and precipitation data, district crop yield data, and irrigation data. Slovakia belongs to continental north agro-climatic zone with cold relatively wet winters and mild dry summers as well as with cold relatively dry winters and warm dry to occasionally wet summers. Fluvisols are genetically young azonal soils predominately developed on fluvial deposits. They occupy less than 350 million ha worldwide and generally they are of good natural fertility and suitable for grasslands.



2.1. Site Description and Experimental Design


The Veľká Lúka PGE is located in Central Slovakia in the western part of the Zvolenská kotlina basin at 350 m a.s.l. (48°37′57″ N, 19°9′55″ E). The soil is classified as Gelyic Fluvisol according to the World Reference Base for Soil Resources [28] and has a loam texture. Long-term mean rainfall over the growing season is 428 mm, long-term mean annual rainfall is 757 mm, and mean daily temperature are 8.2 °C per year and 14.7 °C during the growing season. However, the weather has been very changeable throughout the PGE.



The experiment was arranged in randomized complete blocks with three replications. The area of each replication is 32 m2. The sward type is Festucetum pratense association with 35 species (Alopecurus pratensis dominant) and before establishment of the PGE, the meadow was cut twice a year. The experiment consisted of 10 treatments with varying amounts of mineral fertilizers including an unfertilized control. In this paper, we present the results of the most comprehensive data for the period of 57 years (Table 1). Nitrogen was applied as ammonium nitrate (granulated nitrogen fertilizer LAD 27%), phosphorus as superphosphate (19%), and potassium as potassium chloride (60%). The total rate of nitrogen fertilizer was split into two dressings that were applied in early spring (65%) and after the 1st cut (35%) of each year. The experiment has remained under constant management since 1961 as follows: the 1st cut—at the ear emergence of dominant grass species; the 2nd cut—approximately 6 to 8 weeks later; the 3rd cut—approximately 8 to 10 weeks after the 2nd cut.




2.2. Soil Sampling and Analysis


Soil samples were collected in October from the depth of 0–0.15 m. In this paper, we report years 1961, 1970, 1988, 2010, and 2017. From a past period, available data of assessed soil characteristics are from the years 1961, 1970, and 1988. From a recent period, we used data of soil and plant characteristics from the years 2010 and 2017 to keep similar timing with the past period. To show also annual soil data variability, we especially evaluated the period 2013–2017.



In each plot, four separate samples were taken and combined to form one representative sample. Soil samples were air-dried and sifted through a 2-mm mesh sieve. We determined soil pH in KCl solution, total soil organic carbon (SOC) using oxidimetric method according to Tjurin, soil total N (STN) by Kjeldahl method [29], and plant-available nutrients K and P were extracted by Mehlich III. K was determined by flame photometry in a spectrophotometer and P calorimetrically by a Scalar Network Analyzer (SNA). At the beginning of the experiment, the soil pH/KCl was 6.03 and contained 28.50 g.kg−1 of SOC, 3.00 g.kg−1 of STN, 6.16 mg.kg−1 of plant-available P, and 96.60 mg.kg−1 of plant-available K. The soil C:N ratio was 9.5.




2.3. Botanical Composition, Plant Biomass Yield, and Chemical Analysis


In mid-May of each year, the cover of plant species and functional groups (grass, legume, forb) was visually estimated directly in percentages. The nomenclature of plant species followed Marhold and Hindák [30]. The total plant yield per plot was recorded after 3 cuts per year and every year from 1961 to 2017. The herbage was weighed at the research site, and subsamples were oven-dried at 65 °C to constant weight. The N content was determined by Kjeldahl method [29], and the concentration of K was determined by flame photometry; P content was determined colorimetrically by a continuous flow SNA. The C concentration in herbage was estimated to be 40% of the DM, as used in the study of Hanly and Gregg [31].




2.4. Data Analysis


We evaluated long-term changes in observed characteristics. The soil and plant parameters were analyzed using one-way ANOVA analysis of variance followed by post hoc comparisons using the Tuckey HSD test to compare differences in the measured soil and plant parameters between treatment plots. To analyze dynamics in plant functional groups and biomass yield, repeated-measures ANOVA was used to evaluate the effect of year and treatment with year. To identify relationships among soil and plant parameters, correlation analyses were conducted using the Pearson correlation coefficients. ANOVA and Pearson correlation coefficients were computed using the STATGRAPHICS Centurion XVI.I.





3. Results


The examined soil and plant chemical properties varied with respect to time and applied fertilizer doses.



3.1. Soil Chemical Properties


In 1961, the soil had a slightly acid reaction (pH/KCl - 6.03). In 1970, after nine years from the beginning of the experiment, the soil pH slightly increased by 0.17 units under the MNPK treatment and reached a sub-acid reaction. However, the pH values dropped in the other treatments. In the middle of the experiment (1988), the pH values reduced markedly in all treatments, and the soil became strongly acid (pH/KCl between 4.1 and 4.6). In 2010, all treatments exhibited a moderate increase in pH values, however, in 2017 a decline of pH was recorded in all treatments. Overall, comparing the years 1961 and 2017, the soil pH values showed a decreasing trend in all treatments (Figure 1a). The highest pH decrease (−1.68 units) was recorded under the 0NPK treatment and the lowest (−1.46 units) under the MNPK treatment.



At the beginning of the experiment, the total SOC stock was 28.50 g.kg−1. During the experiment, all treatments exhibited different variations in SOC (Figure 1b). After nine years from the establishment of the experiment, SOC values increased in all treatments, where the highest SOC was recorded under 0NPK treatment (+10.6 g.kg−1). However, in the middle of the experiment (1988), a marked reduction in SOC values was found in all treatments with the highest decrease under HNPK treatment (−17 g.kg−1). During the next period, all treatments showed a different pattern in SOC dynamics. Under the LNPK and MNPK treatments, SOC values slightly dropped to 25.03 g.kg−1 and 24.10 g.kg−1 in 2010 with a subsequent increase in 2017. On the contrary, the 0NPK and HNPK treatments showed only an increase in SOC. Overall, comparing the years 1961 and 2017, the SOC increased for all treatments. The highest SOC increase (+6.60 g.kg−1) was recorded under the MNPK treatment and the lowest one (+2.70 g.kg−1) under the 0NPK treatment.



During the experiment, a variation in STN concentration was observed, where STN values were alternately increasing and decreasing (Figure 1c). Overall, comparing the years 1961 and 2017, two treatments (0NPK and LNPK) showed an increase in STN content; the treatment MNPK showed a decrease and no change was observed under the HNPK treatment.



We evaluated the soil organic matter quality according to the C:N ratio. At the beginning of the experiment, the C:N ratio in the soil was 9.50. During the experiment, the soil C:N ratio varied and the general trend was very similar to SOC development (Figure 1d). Overall, comparing the years 1961 and 2017, all treatments showed an increase in the soil C:N ratio except for the 0NPK treatment where the soil C:N ratio was reduced by 2%. The highest increase (+4.43) in soil C:N ratio was recorded under the treatment MNPK and the lowest (+0.02 g.kg−1) recorded under the treatment LNPK.



In 1961, at the beginning of the experiment, the content of the plant-available P in soil was very low (6.16 mg.kg−1). In the middle of the experiment (1988), an increased concentration of plant-available P was observed in all treatments except for the LNPK treatment (Figure 1e). However, in the next period up to 2017, all treatments showed a continual decrease in plant-available P content except for the HNPK treatment. Overall, comparing the years 1961 and 2017, the MNPK and HNPK treatments exhibited an increase in the plant-available P concentration. On the contrary, a decline was recorded under the 0NPK and LNPK treatments.



At the beginning of the experiment in 1961, the concentration of plant-available K in soil was 96.60 mg.kg−1. During the experiment, the treatments showed different patterns in dynamics of the plant-available K (Figure 1f). Overall, comparing the years 1961 and 2017, the concentration was higher in all treatments compared to the beginning of the experiment.



Annual changes in the soil chemical properties, plant yields, and precipitations during the period of 2013 and 2017 show Figure 2a–f. Mean and standard deviation values of soil chemical properties related to this period are shown in Table 2. The most significant yearly change in the observed characteristics was recorded in the year 2015 with the lowest precipitation rate.




3.2. Botanical Composition, Plant Biomass Yield, Plant and Soil Properties


In 1961, the wet meadow was dominated by grasses (63%), of which the most abundant species were Alopecurus pratensis (7%), Deschampsia caespitosa (24%), Festuca pratensis (5%), and Poa pratensis (24%). The presence of legumes and forbs was 22% and 15%, respectively, with the most abundant species Trifolium pratense (10%), Trifolium repens (9%), Taraxacum officinale (7%). After 57 years, changes in plant species and functional groups were observed. Mineral fertilization has led to an increase in grass cover, particularly in a higher abundance of tall grasses such as Alopecurus pratensis and Arrhenatherum elatius (Table 3).



Comparing both periods, the development of legume cover exhibited a different pattern (Table 4). During the 57-year period, legume cover significantly differed between treatments. On the contrary, during the last 5 years, the effect of LNPK and MNPK treatments on legume cover was not significant and legumes ranged from 8.2% (treatment MNPK) to 14.4% (Control treatment). Forb cover showed a similar trend to legume with the highest coverage in control treatment.



The average annual yield responded to fertilizer doses and significantly differed between treatments. During the 57-year period and the period of the last 5 years, the greatest biomass yield was found under the HNPK treatment that received the highest doses of fertilizers (Figure 3). Despite differences in biomass yield between treatments over 57 years period, there were only small differences between the LNPK and MNPK treatments. A repeated ANOVA revealed a significant effect of year (F = 44.68, p < 0.001) and treatment (F = 107.62, p < 0.001) on plant biomass yield over the last 5 years. On average, the highest plant biomass yield was recorded in 2014, when the biomass production varied from 6.13 t.ha−1 (Control treatment) to 11.68 t.ha−1 (HNPK treatment), respectively. The lowest plant biomass yield was observed in the Control treatment in 2013 (Figure 3).



Table 5 shows that the supply of mineral fertilizers affected the concentration of macronutrients in plants. The concentration of N, P, and K was significantly higher in the HNPK treatment. On average, the N content varied from 21.99 g.kg−1 to 23.64 g.kg−1 and there was a little difference between the HNPK and MNPK treatments. The concentration of P ranged from 2.46 g.kg−1 to 3.47 g.kg−1. The lowest P and K concentration was recorded in the Control treatment. On the contrary, there were no significant differences for P and K concentration in the herbage in the LNPK and MNPK treatments. Contrary to the content of macronutrients with the lowest values in the 0NPK treatment, the plant C:P, N:P, and N:K ratios were significantly reduced when fertilizers were added. The highest mean C:P and N:P ratios were found in the Control treatment, while there were little differences among the fertilized treatments.



On average, the HNPK treatment showed significantly the highest removal of nutrients (Table 6). If we compare N, P, K fertilizers input and nutrient removal, only P addition in the MNPK and HNPK treatments exceed the plant removal.



The relations between the average annual yields and the soil chemical properties under different treatments are reported in Figure 4a–d. It is clear that the increase of yields is determined by the synergic effect of many factors and no direct effect can be observed, e.g., between higher yields and higher content of SOC or lower pH values.




3.3. Fertilizer Effect on Soil and Plant Properties and Their Relationship


Soil pH, SOC, and concentration of plant-available K showed substantial fluctuations over the 57-year period according to the fertilizer rates. A more balanced development was observed in case of STN concentration and plant-available P, and for soil C:N ratio as well. ANOVA showed that soil pH, SOC, STN, C:N ratio, and concentration of plant-available K did not differ significantly between treatments. To contrary, ANOVA revealed a significant effect of fertilization rates on the concentration of plant-available P (F = 15.935, p < 0.001) (Table 7).



In general, fertilization rates significantly (p < 0.001) affected plant yield, content of plant macronutrients, and plant C:P, N:P, and N:K ratios as well. While the mean effects of fertilization on plant yield and concentration of plant N, P, and K were supportive, the plant C:P, N:P, and N:K ratios were significantly reduced when fertilizers were supplied (Table 7).



Correlation analysis among soil variables displayed a significant positive correlation between pH/KCl and SOC (r = 0.404 **). The content of STN was negatively correlated with the concentration of plant-available P (r = −0.324 *) and negatively and significantly correlated with the soil C:N ratio (r = −0.820 **) (Table 8).



Results of correlation analyses among plant variables showed that the contents of plant P and K are negatively correlated with the plant C:N, C:P, N:P, and N:K ratios (Table 9). In all treatments, the plant C:N ratio is negatively correlated with the content of plant N. In general, the plant C:N ratio did not display any correlation with plant biomass yield, while the plant N:P and N:K ratios were significantly and negatively correlated with biomass production. In the LNPK treatment, no correlation was found between plant yields and the content of plant nutrients and plant ratios.





4. Discussion


Our results show that soil and plant of this permanent wet meadow differed to various rates of mineral fertilizers applied. It should be mentioned that soil pH and its changes affected by buffer systems alter soil processes and alter plant growth. It is also well known that there are strong links between soil pH and the availability of nutrient ions essential for plant growth and plant production. The phosphate availability depends upon soil pH and generally maximum amounts of plant-available P would be expected in the slightly acid to neutral range of soil reaction [32]. Thus, pH is an important soil chemical property determining soil fertility as an ecosystem service.



The pH of the soil depends on the extent to which the input of the base cations coming from artificial and organic fertilizers, from the atmosphere, from the geochemical atmospheric agents, from the vegetable waste, from the water that flows into the ground, can offset the exit in the ground, in the drainage water, in the absorption of plants, and in the removal of animals and crops [33]. Soil acidification is an environmental problem that is driven by various factors and was documented on grasslands [34,35] and in the other crop systems as well [36,37]. Our results showed that soil has been significantly acidified under all treatments. Consistent with our results, Bowman and Cleveland [38] reported a negative impact of N deposition of soil pH in alpine grassland. However, Cai et al. [39] showed that N-limited ecosystems are also sensitive to acidification. In grasslands, roots, litter, and harvest residues together with fertilizers are important sources of basic cations to maintenance of optimal pH value. However, permanent removal of basic cations with harvested biomass together with addition of high rates of fertilizers particularly by ammonium-based fertilizers and urea are main drivers of acidification of grassland soils [18,40]. In Gleyic Fluvisol of our experiment, the buffer system of silicate, cation exchange, and organic matter acted to buffer the acidity. Fluvisol is young in pedological terms and has been developed in clayey, silty, and sandy sediments and from weathering products of varying lithology. However, soil substrate is low in carbonate content and thus cannot act against acidification. In addition, during the experiment soil acidity was not ameliorated by applying lime or other acid-neutralizing materials. At the beginning of the experiment, the pH was 6.03, which was very close to the optimum pH value. The optimum soil pH for grassland is at or above 6.3. It was not necessary to add lime, and there was possible just without additional management practices to observe direct effect of fertilization on soil chemical properties. In addition, Slovak grasslands because of predominant mountain character of Slovakia are typical with more extensive management practices. In our case, ANOVA showed that soil pH did not differ significantly between treatments when considering long-term period of addition of different rates of mineral fertilization but the same intensity of defoliation regime. It seems that a higher frequency of defoliation together with higher removal of nutrients in harvested biomass is also an important driver of soil acidification. Similar results were documented by Hrevušová et al. [41] and Kid et al. [42].



Long-term grassland experiments show progress in soil acidification and also indicate when the soil is approaching equilibrium in pH values. We observed that soil pH decreased with time in all treatments. However, pH values in all treatments have been approaching the equilibrium in the middle of the experiment. In the Park Grass Experiment at Rothamsted, soil pH values were steadily reduced to an equilibrium pH value of 5.1. In contrast to our experiment, the equilibrium was reached after 100 years of the addition of the fertilizer [43].



Values of pH are significantly and positively correlated with SOC values and this result confirmed the importance of SOC buffering activity in relation to soil acidification. SOC has proved to be an important factor for what concerns the quality of the environment. In the experiment, SOC content changed during the experiment similarly like pH values. Nevertheless, under the HNPK treatment, the content of SOC and the organic matter quality (expressed by C:N ratio) in 1988 were the lowest compared to the 0NPK, LNPK, and MNPK, respectively. Fertilization may impact SOC in different agroecosystems, and usually soil organic matter including soil organic carbon is significantly influenced by long-term NPK addition [44]. However, this effect is not entirely clear. Zeller et al. [45] did not find any relationship between the intensity of management and SOC stock in Alpine grasslands. However, global data sets revealed that fertilized grasslands had, on average, higher SOC stocks than natural or less intensively managed systems [46]. In intensively managed grasslands with high livestock, grazing intensity also significantly increased SOC for specific grassland communities [47]. In some cases, mineral fertilizer application increases the input of plant remains into the soil and, thus, contributes to the rise in the humus content [48]. However, at the same time, mineral fertilizers may favor a decrease in the humus content owing to the enhanced mineralization of organic matter by the soil microflora [49]. Fertilizer doses affect the humus quality and the distribution of particular fractions of humic and fulvic acids in the soil profile [50]. Mucha and Tomková [51] confirmed at Veľká Lúka PGE experiment as the most optimal MNPK treatment from the point of the content and quality of humus substances.



The STN content was changing during the experiment. Soil TN in all treatments declined in the first decade similarly like in the long-term wheat experiment carried out by Karimi et al. [52]. Then, the STN increased with following variability among the treatments. Lower content of STN under the MNPK and HNPK treatments with higher N doses in 2017 comparing the start of the experiment could be a result of a higher N plant uptake or possible nitrate leaching from the over-fertilized soil. Fertilization with N in its mineral form has greatly increased food security but has also been identified as a cause of major environmental problems. Leaching of NO3− from soils into waterways is responsible for pollution of groundwater, surface water, and estuaries [53], although nitrate leaching under grassland is greatly reduced as compared to cropland [54].



Mineral fertilization affects grassland botanical composition. Nitrogen favors grass performance particularly tall grasses [55] and changes abundance of legumes and forbs. During 57 years, fertilization addition in LNPK, MNPK, and HNPK treatments suppressed legume by 30%, 57%, and 89%, respectively. Our study is consistent with Ren at al. (2017) [56]. A mean legume and forb cover in all treatments was lower in the 2013–2017 period in comparison to mean values of the 57-year period. A decrease in legume performance during the last 5 years could be explained by weather conditions, particularly by the shortage of precipitation and increased mean temperature in 2013, 2015, and 2017.



Plant-available K and P showed substantial fluctuations over the 57-year period. In case of plant-available K, the MNPK treatment showed the highest increase compared to all treatments including the HNPK treatment with the highest K dose. As in a long-term grassland fertilizer experiment in the Czech Republic [57], we also observed a significant effect of fertilizer treatments on plant-available P content in the soil. Content of plant-available nutrients approached levels sufficient to meet the needs of plants after 28 years (in the middle of the experiment) since the start of the experiment only under the MNPK and HNPK treatments with regular annual addition of 30 kg P. ha−1 and 61 kg P. ha−1 and 83 kg K. ha−1 and 166 kg K. ha−1, respectively. This is contrary to the observation of Schipper et al. [58] who claim that while the use of N fertilizers in grasslands seems necessary to maintain productivity, soil P stocks of most temperate agricultural soils appear to be sufficient.



Plant biomass yield was the highest under the HNPK treatment with the highest NPK rate. Nitrogen addition generally increases biomass in temperate grassland systems [59], but these responses are also strongly influenced by N rate, application duration, and management practice [60]. In our research, the amount of N, P, and K fertilizers rate determined also the plant biomass yield in ascending order. Long-term fertilization also increased the concentration of macronutrients in plant biomass. The highest N content was found under the HNPK treatment. Nevertheless, under the LNPK treatment with N rate of 50 kg. ha−1 showed lower nitrogen content in plant biomass comparing to the Control. Similar findings with decreasing N content in plant biomass with low nitrogen rate was recorded by Hejcman et al. [61] in the long-term Rengen Grassland Experiment.



Phosphorus and potassium have specific biochemical functions in plants, and fertilization is necessary to ensure herbage yield [62]. The optimum content of P recommended for dairy cattle ranges from 2.4 to 4.0 g.kg-1 [63]. In our study, the P concentration in plant biomass was adequate to meet the animal’s requirements. On the contrary, the dairy cattle requirements for K are lower than those found in grassland biomass. According to Whitehead [63], the optimum content of K ranges from 6.5 to 10 g.kg-1. Animals on the diet with the K concentration over 25 g.kg -1 can have a risk of metabolic and reproductive disorders in particular grass tetany or milk fever. Similarly to the N concertation, increasing fertilizer doses resulted in a significantly higher P and K concentration in plant biomass. The relationship between plant C:N:P ratios is useful parameter to consider nutrient limitation of biomass production in ecological research. Continual fertilization, in addition to an increased content of nutrients in above-ground biomass, also affects the plant C:N:P stoichiometric responses and nutrients cycling in grassland as well. In this study, N, P, and K fertilizer application significantly decreased plant C:N, C:P, N:P, and N:K ratios comparing to unfertilized control, which is consistent with research findings by Heyburn et al. [35] and Zheng et al. [64]. Similarly to our study, some authors [65,66] observed that plant C:N ratio was negatively correlated with plant N content and was not associated with C dynamics. According to Güsewell [67], this can be due to higher variation in plant tissue N content in comparison to plant C concentration. A meta-analysis of more than 1400 studies confirmed that the plant C:P and the N:P ratios decreased with combined N and P fertilization [68]. Our results showed that any significant difference in plant C:P and N:P ratios between the fertilized LNPK, MNPK, and HNPK treatments and changes in the plant C:P and N:P ratios were negatively correlated only with the plant P concentration. In this experiment, it seems that the decrease in C:P and N:P ratios is not related to the N amount of 50, 100, and 200 kg (+ P and K) applied. Some authors report that in alluvial meadows with plant N:P and N:K ratios, respectively, lower than 14 [67] and 2.1 [69], it may be excluded that there is a limitation of K and P in biomass production. The plant N:P ratio below 9 and the plant N:K ratio below 1.3 registered in all treatments show that plant yields in the experiment were N-limited. Our results are in accordance with Hrevušová et al. [41].



It is well-known that grassland ecosystems require decades to stabilize in response to any anthropogenic impact. Fertilization experiments younger than 10–20 years may only show an intermediate impact on ecosystem properties [42].




5. Conclusions


This experiment offered very important indications that confirm the importance and the need to conduct long-term tests to obtain reliable and transferable results. Among all major fertilizer nutrients, N is considered the main nutrient affecting soil pH and especially ammonium-based products. However, in this experiment, soil acidification was also observed in the non-fertilized control, which indicates that the land use, the permanent removal of base cations with the collected biomass, and the soil substrate-specific in buffer capacity had a more important effect than the fertilizers themselves. SOC increased in all treatments but above all in the treatment with a medium rate of fertilizers. Continual fertilization has increased grassland biomass yield and content of macronutrients as well. Our results suggest that a medium quantity of fertilizers on grasslands seems to be an acceptable compromise to meet both productivity and maintain quantity and quality of soil organic matter. Nevertheless, fertilization has shifted plant stoichiometric C:N:P relations. Future research that investigates how C:N:P stoichiometry responds to continual fertilization is necessary for progressing our understanding of the relationship between provisioning and regulating grassland ecosystem services.
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Figure 1. Changes in soil chemical properties under the different NPK addition: (a) soil pH; (b) soil organic carbon (SOC); (c) soil total nitrogen (STN); (d) C:N ratio (C:N); e) plant-available phosphorus (P); f) plant-available potassium (K). 
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Figure 2. Changes in soil chemical properties, yields, and precipitation under the different NPK addition during 2013–2017: (a) soil pH; (b) soil organic carbon (SOC); (c) soil total nitrogen (STN); (d) C:N ratio (C:N); (e) plant-available phosphorus (P); (f) plant-available potassium (K); (g) plant yields; (h) precipitation during vegetation. 
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Figure 3. Plant biomass yield (a) mean values for 57-year period and period of last 5 years; (b) mean values for 2013, 2014, 2015, 2016, and 2017. Different letters indicate treatment differences at p < 0.01. 
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Figure 4. Changes in soil chemical properties and plant yield under the different NPK addition: (a) 0NPK; (b) low NPK treatment (LNPK); (c) medium NPK treatment (MNPK); (d) high NPK treatment (HNPK). 
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Table 1. Details of the fertilizer treatments at Veľká Lúka Permanent Grassland Experiment (PGE).
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Treatment

	
Total Nutrient Supply (kg. ha−1. y−1)

	
Nutrient Ratio




	
N

	
P

	
K

	
N:P:K






	
0NPK

	
0

	
0

	
0

	
0




	
LNPK

	
50

	
15.4

	
41.5

	
1:0.31:0.83




	
MNPK

	
100

	
30.8

	
83.0

	
1:0.31:0.83




	
HNPK

	
200

	
61.6

	
166.0

	
1:0.31:0.83
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Table 2. Mean and standard deviation values of soil chemical properties during 2013–2017.
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	Treatment
	pH
	SOC

(g.kg−1)
	STN

(g.kg−1)
	C:N
	P

(mg.kg−1)
	K

(mg.kg−1)
	Yield

(t.ha−1)





	0NPK
	4.44 ± 0.19
	27.35 ± 3.40
	3.28 ± 0.58
	8.67 ± 2.02
	3.02 ± 3.11
	104.12 ± 11.42
	4.28 ± 1.26



	LNPK
	4.52 ± 0.30
	25.93 ± 3.39
	3.28 ± 0.62
	8.18 ± 1.69
	2.14 ± 0.69
	104.18 ± 5.86
	5.83 ± 1.46



	MNPK
	4.58 ± 0.14
	24.26 ± 5.84
	3.03 ± 1.03
	8.70 ± 3.03
	14.08 ± 3.83
	104.35 ± 13.83
	7.12 ± 1.50



	HNPK
	4.57 ± 0.16
	23.27 ± 4.51
	2.98 ± 1.11
	8.49 ± 2.18
	10.89 ± 6.77
	105.52 ± 8.94
	9.62 ± 1.75
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Table 3. Botanical composition (%) in 1961 and 2017.
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Plant Species

	
Treatment

	

	
0NPK

	
LNPK

	
MNPK

	
HNPK




	

	
Year




	
Functional Group

	
1961

	
2017






	
Agrostis stolanifera L.

	
Grass

	
0

	
6

	
3

	
0

	
3




	
Alopecurus pratensis L.

	
Grass

	
7

	
2

	
8

	
14

	
27




	
Anthoxanthum odoratum L.

	
Grass

	
0

	
13

	
15

	
16

	
6




	
Arrhenatherum elatius L.

	
Grass

	
1

	
7

	
6

	
10

	
21




	
Avenastrum pubescens Dumort.

	
Grass

	
0

	
6

	
6

	
4

	
8




	
Bromus mollis Huds.

	
Grass

	
5

	
0

	
0

	
0

	
1




	
Carex spp.

	
Grass

	
2

	
9

	
6

	
6

	
+




	
Dactylis glomerata L.

	
Grass

	
1

	
1

	
0

	
0

	
0




	
Deschampsia caespitosa (L.) P. Beauv.

	
Grass

	
14

	
0

	
1

	
0

	
0




	
Festuca pratensis (L.) P. Beauv.

	
Grass

	
5

	
5

	
6

	
3

	
2




	
Festuca rubra L.

	
Grass

	
0

	
6

	
5

	
8

	
5




	
Lolium perenne L.

	
Grass

	
1

	
0

	
0

	
0

	
0




	
Phleum pratense L.

	
Grass

	
1

	
0

	
0

	
0

	
0




	
Poa pratensis L.

	
Grass

	
24

	
8

	
10

	
8

	
9




	
Poa trivialis L.

	
Grass

	
2

	
0

	
0

	
0

	
0




	
Trisetum flavescens (L.) P. Beauv.

	
Grass

	
0

	
4

	
8

	
11

	
11




	
Lathyrus pratensis L.

	
Legume

	
0

	
0

	
0

	
5

	
0




	
Lotus corniculatus L.

	
Legume

	
2

	
0

	
0

	
0

	
0




	
Medicago falcata L.

	
Legume

	
0

	
1

	
+

	
0

	
0




	
Trifolium repens L.

	
Legume

	
9

	
2

	
3

	
2

	
+




	
Trifolium pratense L.

	
Legume

	
10

	
3

	
8

	
3

	
1




	
Vicia tenuifolia L.

	
Legume

	
1

	
2

	
0

	
0

	
1




	
Acetosa pratensis Mill.

	
Forb

	
1

	
1

	
1

	
+

	
1




	
Achillea millefolium L.

	
Forb

	
2

	
1

	
+

	
1

	
1




	
Campanula patula L.

	
Forb

	
0

	
0

	
+

	
0

	
0




	
Galium mollugo L.

	
Forb

	
0

	
+

	
1

	
+

	
0




	
Leontodon hispidus L.

	
Forb

	
2

	
11

	
5

	
2

	
+




	
Plantago lanceolata L.

	
Forb

	
1

	
1

	
0

	
0

	
0




	
Plantago media L.

	
Forb

	
0

	
+

	
0

	
0

	
0




	
Ranunculus acer L.

	
Forb

	
1

	
3

	
3

	
3

	
1




	
Senecio vulgaris L.

	
Forb

	
0

	
+

	
0

	
0

	
0




	
Stellaria media L.

	
Forb

	
0

	
1

	
1

	
1

	
+




	
Taraxacum officinale auct. non Weber.

	
Forb

	
7

	
5

	
3

	
2

	
2




	
Tragopogon orientalis L.

	
Forb

	
1

	
1

	
0

	
0

	
0




	
Veronica verna L.

	
Forb

	
0

	
1

	
1

	
1

	
0








+ cover less than 1%.
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Table 4. Mean cover (%) of plant functional group before the first cut during 1961–2017 and 2013–2017 period.
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1961–2017

	
2013–2017




	
Treatment

	
Grass

	
Legume

	
Forb

	
Grass

	
Legume

	
Forb






	
0NPK

	
41.88 d ± 13.42

	
21.09 a ± 11.34

	
36.11 a ± 9.75

	
57.20 c ± 9.86

	
14.40 a ± 6.66

	
28.40 a ± 8.35




	
LNPK

	
59.15 c ± 10.34

	
14.75 b ± 8.84

	
26.58 b ± 9.32

	
73.00 b ± 4.85

	
10.80 a ± 2.49

	
16.20 ab ± 5.63




	
MNPK

	
68.04 b ± 10.44

	
9.07 c ± 5.83

	
22.45 bc ± 7.54

	
79.80 ab ± 5.36

	
8.20 ab ± 1.64

	
12.00 bc ± 5.10




	
HNPK

	
79.95 a ± 12.03

	
2.17 d ± 2.27

	
16.89 c ± 11.52

	
87.20 a ± 4.02

	
3.40 b ± 0.89

	
7.40 c




	
p value

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
0.001

	
<0.001








Contrasting letters denote significant differences; P—probability value.
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Table 5. Average content of nutrients and nutrient ratios.






Table 5. Average content of nutrients and nutrient ratios.





	
Treatment

	
Analyzed Parameters




	
N (g.kg−1)

	
P (g.kg−1)

	
K (g.kg−1)

	
C:N

	
C:P

	
N:P

	
N:K






	
0NPK

	
21.99 b

	
2.46 c

	
16.18 c

	
18.39 ab

	
168.74 a

	
8.61 a

	
1.28 a




	
LNPK

	
21.83 b

	
2.96 b

	
17.87 bc

	
18.55 a

	
137.78 b

	
7.12 b

	
1.17 ab




	
MNPK

	
22.07 a

	
3.36 ab

	
19.42 b

	
18.36 ab

	
120.44 b

	
6.37 b

	
1.11 bc




	
HNPK

	
23.64 a

	
3.47 a

	
22.20 a

	
17.18 b

	
118.66 b

	
6.45 b

	
1.00 c




	
p value

	
˂0.001

	
˂0.001

	
˂0.001

	
˂0.001

	
˂0.001

	
˂0.001

	
˂0.001








Contrasting letters denote significant differences; P—probability value.
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Table 6. Long-term mean removal of nutrients in harvested plant biomass.






Table 6. Long-term mean removal of nutrients in harvested plant biomass.





	Treatment
	N (kg.ha−1)
	P (kg.ha −1)
	K (kg.ha −1)





	0NPK
	92.74 c ± 32.23
	10.87 c ± 3.45
	73.28 c ± 26.44



	LNPK
	129.07 bc ± 46.07
	21.57 bc ± 7.53
	111.67 bc ± 43.31



	MNPK
	156.34 b ± 44.40
	24.98 b ± 8.27
	145.84 b ± 53.48



	HNPK
	205.70 a ± 52.63
	32.90 a ± 10.81
	213.10 a ± 78.43







Contrasting letters denote significant differences; P—probability value.
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Table 7. Effect of treatments on soil and plant properties.






Table 7. Effect of treatments on soil and plant properties.





	
Parameter

	
F-Value

	
p-Value






	
Soil Properties




	
pH/KCl

	
0.063

	
0.979




	
SOC

	
1.487

	
0.229




	
STN

	
0.707

	
0.552




	
C:N

	
0.541

	
0.656




	
Plant-available P

	
15.935

	
0.001




	
Plant-available K

	
0.130

	
0.942




	

	

	




	
Plant biomass properties

	

	




	
Plant biomass yield

	
124.28

	
0.001




	
Nitrogen

	
13.10

	
0.001




	
Phosphorus

	
53.06

	
0.001




	
Potassium

	
54.61

	
0.001




	
Plant C:N

	
11.41

	
0.001




	
Plant C:P

	
68.52

	
0.001




	
Plant N:P

	
57.90

	
0.001




	
Plant N:K

	
39.51

	
0.001








p-values highlighted in bold are statistically significant (p < 0.001).
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Table 8. Pearson correlation coefficient (r-values) and significance* among soil variables (nall treatments = 56; n0NPK,,LNPK, MNPK, HNPK = 14).






Table 8. Pearson correlation coefficient (r-values) and significance* among soil variables (nall treatments = 56; n0NPK,,LNPK, MNPK, HNPK = 14).















	Treatment
	
	pH/KCl
	SOC
	STN
	C:N
	P
	K





	All
	pH/KCl
	1
	
	
	
	
	



	
	SOC
	0.404 **
	1
	
	
	
	



	
	STN
	−0.025
	0.088
	1
	
	
	



	
	C:N
	0.045
	0.143
	−0.820 **
	1
	
	



	
	P
	−0.219
	−0.161
	−0.324 *
	0.175
	1
	



	
	K
	−0.154
	0.050
	−0.010
	−0.059
	0.150
	1







** Correlation is significant at the 0.01 level, * Correlation is significant at the 0.05 level.
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Table 9. Pearson correlation coefficient (r-values) and significance* among plant variables (nall treatments = 108; n1,2,3,4 = 27).






Table 9. Pearson correlation coefficient (r-values) and significance* among plant variables (nall treatments = 108; n1,2,3,4 = 27).

















	Treatment
	
	Yield
	N
	P
	K
	C:N
	C:P
	N:P
	N:K





	All
	Yield
	1
	
	
	
	
	
	
	



	
	N
	−0.035
	1
	
	
	
	
	
	



	
	P
	0.289 **
	0.402 **
	1
	
	
	
	
	



	
	K
	0.503 **
	0.459 **
	0.660 **
	1
	
	
	
	



	
	C:N
	0.048
	−0.985 **
	−0.402 **
	−0.445 **
	1
	
	
	



	
	C:P
	−0.292 **
	−0.396 **
	−0.957 **
	−0.644 **
	0.406 **
	1
	
	



	
	N:P
	−0.345 **
	0.089
	−0.839 **
	−0.464 *
	−0.086
	0.871 **
	1
	



	
	N:K
	−0.577 **
	0.116
	−0.495 **
	−0.811 **
	−0.121
	0.498 **
	0.603 **
	1







** Correlation is significant at 0.01 level. * Correlation is significant at the 0.05 level.
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