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Abstract. This study attempted to evaluate the relationship between mineral nitrogen (Nmin) content and 

soil pH in the 60-90 cm layer of grassland soils relative to other selected agricultural fodder crops. The 

area of the study uniformly covered the whole territory of Poland. The dependence between Nmin content 

and soil pH was expressed as correlation coefficients, while their significance was evaluated using the 

one-way non-orthogonal analysis of variance classification. Regardless of sampling date (spring or 

autumn) and land use (meadow, pasture, hay and pasture or alternate), soil pH had a significant effect on 

Nmin concentration. The correlation between Nmin and soil pH in grasslands on mineral soils was positive, 

regardless of soil sampling date. In turn, in organic soils a negative correlation between pH and Nmin 

content was observed in the spring period, whereas in autumn this trend did not persist and the correlation 

was positive. On the other hand, in the case of agricultural fodder crops (maize or mixed cereal) Nmin 

content in the 60-90 cm layer and soil pH were found to be positively correlated, regardless of spring or 

autumn sampling date, with a correlation coefficient higher than 0.9. The obtained results can be used for 

diminishing environmental hazards. 

Keywords: mineral soils, organic soils, maize, mixed cereals, regression equations 

Introduction 

One of the major problems related to agricultural production effectiveness is to 

control soil acidification through properly conducted liming treatments. Arable soils in 

Poland are characterized by excessive acidification, which results not only from 

environmental reasons, but to a large extent from incompetent land use and insufficient 

use of calcium fertilizers (Filipek and Skowrońska, 2013). The most commonly used 
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nitrogen fertilizers causing soil acidity increase are ammonium sulphate and urea. 

Acidified soil prevents proper growth and development of crop plants and due to this 

yields obtained are much lower than potential ones (Siebielec et al., 2012; Tkaczyk and 

Bednarek, 2011). Improper identification of this problem can result in application of 

increased rates of mineral and organic fertilizers and this, in turn, has a very negative 

environmental impact. It leads not only to degradation of surface and groundwaters, but 

also to increased greenhouse gas emissions, both as a result of land use intensification 

and directly due to unfavorable soil pH. However, in the context of sustainable farming 

a farmer should take into consideration not only the short-term impact of agricultural 

practices used to increase profit, but also the long-term effect associated with climate 

change and soil degradation. Only such an approach can lead to the maintenance of 

farming profitability over the long term, both at the farm level and at the level of the 

entire region or country, while simultaneously providing environmental protection. It is 

also important that the soil content of mineral nitrogen (and other macro- and 

micronutrients) depends, among others, on soil physical and chemical properties, among 

which pH is one of the more important factors that modify the rate of conversion of this 

element (Burton and Prosser, 2001; De Boer and Kowalchuk, 2001; Skowron, 2004; 

Coyne and Frye, 2005). Low soil pH promotes the process of ammonification, while at 

higher pH the process of nitrification occurs more easily (Sapek, 1999; Kyveryga et al., 

2004). With a decrease in soil pH, an increase in the ammonium nitrogen content was 

noted (with its maximum value at a pH of 3.5), but at the same time a significant 

decrease in the nitrate nitrogen content. The content of the nitrate form of mineral 

nitrogen was found to be several times lower in soils with a pH close to 3.5 than in soils 

characterized by a pH of 7.5 (Skowron, 2004). Due to this, in acidic soils one should 

expect lower nitrate nitrogen losses caused by leaching, but at the same time worse 

supply of plants with this nutrient. Proper fertilizer management, which takes into 

account soil acidification, is possible by using precise agriculture systems that allow the 

spatial variation of soil physico-chemical properties and the relationships between these 

properties to be taken account of. Precise agriculture systems are based on both 

monitoring and environmental research regarding, among others, the effects of soil 

physical and chemical properties on macro- and micronutrient content in various 

ecosystems (Tkaczyk et al., 2017; 2018a; 2018b). Such research also allows to make an 

assessment of the effectiveness of treatments applied by using physical and 

mathematical models that describe the processes occurring in the soil-plant-atmosphere 

system (Walczak et al., 1997; Lamorski et al., 2013). Thanks to it, a farmer knows not 

only what treatments should be carried out in the field and when, but he can also 

forecast yields and ultimately - estimate profit. The change in local climate conditions 

due to global climate change is one of the yield-affecting factors that are more difficult 

to evaluate. Therefore, in this context studies on the impact of climate change on plant 

production which take into account various climate change scenarios (Pirttioja et al., 

2015; Fronzek et al., 2018), coupled with analysis of the effects of adaptation treatments 

(Ruiz-Ramos et al., 2018; Rodríguez et al., 2018), become extremely important. Soil 

biological activity (Wnuk et al., 2017; Gleń-Karolczyk et al., 2018; Walkiewicz et al., 

2018) and atmospheric conditions should also be included in the factors that determine 

the direction and rate of soil nitrogen conversion. Thanks to studies on the temporal and 

spatial variation of meteorological series from various climatic zones (Baranowski et 

al., 2015; Hoffmann et al., 2017; Krzyszczak et al., 2017a; 2017b; Krzyszczak et al., 

2018) and their prediction using statistical methods (Murat et al., 2018), not only can 
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the impact of climate change on agricultural production be evaluated, but we can also 

attempt to assess this impact on the soil content of macronutrients (nitrogen). 

Changes in the structure of precipitation, both its frequency and intensity, are 

observed as a result of climate change, which can strongly affect infiltration of mineral 

nitrogen contained in the soil water solution (Powlson, 1988; Trehan, 1996; Tremblay et 

al., 2001; Coyne and Frye, 2005) from the subsurface layer deeper into the soil profile. 

Some studies show that almost half of the mineral nitrogen contained in the 0-30 cm 

layer can migrate to the deeper layers due to leaching (Soon et al., 2001). Soil nitrogen 

leaching and penetration into groundwater are an unfavorable phenomenon (Paz and 

Ramos, 2004) having significant economic, production and environmental 

consequences (Soon et al., 2001). Monitoring of soil mineral nitrogen has been 

conducted in Poland for many years (Lipiński, 2010; Fotyma et al., 2010; Regulation, 

2002). This study attempted to identify the effects of factors such soil pH and land use 

on the content of nitrogen in the 60-90 cm soil layer, from which it can migrate to 

waters. Because soil mineral nitrogen content exhibits high temporal variability (Yu et 

al., 2003), with its maximum content in the soil during the spring period and the 

minimum content at the turn of August and September, which is a result of changes in 

the intensity of nitrification and enhanced nitrogen uptake by plants (Łoginow et al., 

1987), therefore the analysis was carried out for two sampling dates – spring and 

autumn. The study hypothesized that there would differences in the mineral nitrogen 

content beyond the reach of the main root system of crop plants in grassland and arable 

soils depending on selected soil properties and land use. The aim of this study was to 

evaluate mineral nitrogen content in grassland soils relative to other selected 

agricultural fodder crops depending on soil pH. 

Material and methods 

Soil samples analysis 

To evaluate soil mineral nitrogen content, soil samples were used which had been 

collected during environmental investigations conducted by the Regional Chemical and 

Agricultural Stations in agricultural farms across Poland. Soil samples were taken from 

60-90 cm layer using Egner stick of the length of 90 cm, from fields with a total area of 

not more than 4 ha. Each total sample (with a weight of about 200 g) consisted of 15-20 

primary samples collected from an area of not more than 100 m2. Samples were 

collected over the period 2010-2012 at two sampling dates – spring and autumn. Soil 

sampling in spring were conducted before applying fertilizers in February-April, 

whereas for sampling in autumn - after harvesting in September-October. 

The collected samples were transferred to the Laboratory in tightly sealed containers 

and they were kept at a constant controlled temperature of -18°C until the mineral 

nitrogen analysis was performed. The soil samples with natural moisture content (after 

defrosting) were subjected to extraction with a 1% potassium sulfate solution at a ratio 

of 1:10. In the extracts obtained, nitrate and ammonium nitrogen content was 

determined spectrophotometrically using a Skalar San Plus System auto-analyzer 

(according to the standard PN-R-04028:1997). Mineral nitrogen content, as total nitrate 

and ammonium nitrogen, was expressed in mg·kg-1 of dry matter of the soil sample 

(DM). The following parameters were also determined in the examined samples: dry 

matter content, soil organic carbon (Corg) using the Tiurin method (according to PN-ISO 

14235:2003), grain-size distribution using the laser method, and pH in 1 mol KCl dm-3. 
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Determination of dry matter was made using the gravimetric method after drying at 

105°C (according to PN-ISO 11465:1999). As the extraction of nitrate and ammonium 

is carried out in a fresh soil sample, obtained results are recalculated to the dry matter 

content using the empirical coefficient suitable for the soil of specific granulometric 

composition. Based on the analysis of organic matter and pH, soils were classified as 

mineral (up to 10%) or organic (over 10%) and were assigned to one of the following 

five soil pH classes (Pokojska, 2004; Gonet et al., 2015): very acidic soils (pH < 4.5), 

acidic soils (pH in the range between 4.6 and 5.5), slightly acidic soils (5.6 < pH < 6.5), 

neutral soils (6.6 < pH < 7.2), and alkaline soils (pH > 7.2). 

Sampling sites 

Because in the first year the geographical coordinates of the sampling sites were 

determined, in the next years soil sampling was carried out in the same fields. 

Determination of geographical coordinates of sampling sites was performed using GPS 

Pathfinder ProXT by Trimble (Westminster, CO 80021, USA, www.trimble.com). To 

verify the study hypothesis, the mineral nitrogen content and soil pH in the 60-90 cm 

layer sampled from soils under grasslands, maize and mixed cereal crops was evaluated 

(Table 1). The location of soil sampling sites is shown in Fig. 1. In the case of each site 

where the same crop was grown in successive years of the study, the average nitrogen 

content for the respective years was calculated. As far as sites located in grasslands are 

concerned, the same land use was continued throughout the entire study period and the 

average Nmin content was evaluated for the period 2010-2012. 

 

 

Figure 1. Location of soil sampling sites for a) grasslands on mineral soils; b) grasslands on 

organic soils; (c) maize; d) mixed cereals; in hydrographic areas of Poland 
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Table 1. Number of analyzed soil samples taken from the 60-90 cm soil layer in grasslands 

as well as in maize and mixed cereal crops on mineral and organic soils 

Crop type/land use Number of samples 

Grasslands on mineral soils 

Total 859 

Meadows 521 

Pastures 160 

Hay and pasture 84 

Alternate 98 

Grasslands on organic soils 

Total 167 

Meadows 111 

Pastures 17 

Hay and pasture 39 

Alternate 0 

Maize 826 

Mixed cereal 951 

 

 

Statistical analysis 

The mineral nitrogen content in the 60-90 cm layer under the soil surface was 

evaluated both as an annual average and separately for the spring and autumn dates, 

depending on the determined pH class and land use. The study results were analyzed 

using standard statistical methods. By assigning the selected sites to the specific factors, 

such as type of land use and acidification class, basic descriptive statistics - average 

value and standard deviations (SD) of mineral nitrogen content were calculated. 

Relationships between Nmin content and a specific factor were characterized by 

Pearson’s correlation coefficients. They were assessed statistically using the one-way 

non-orthogonal analysis of variance classification with Tukey confidence intervals (p = 

0.05). In order to predict potential losses, simple regression analysis was performed in 

the SAS v. 9.1 software and the linear regression coefficients calculated. Obtained 

linear equations describe the relationship between the soil pH and the Nmin content in 

the 60-90 cm soil layer for varying land use and the type of soil (mineral, organic). The 

goodness of fit of linear regression was evaluated using determination coefficients (R2). 

Results and discussion 

Mineral nitrogen content in the 60-90 cm soil layer was investigated taking into 

account the pH of mineral and organic soils. Regardless of the percentage of organic 

matter or land use, the amount of Nmin in the evaluated layer was dependent on pH (Fig. 

2). Increase of pH leads to changes in resource availability for microbes and alter their 

community structure, modifying their activity and C-use efficiency (Kennedy et al., 

2004; Grover et al., 2017). It was stated by Rousk et al. (2010) that the relative 

abundance and diversity of bacteria were positively related to pH. This effect impacts 

mineralisation process, leading to higher Nmin content in soils with higher pH. In our 

case higher Nmin content was detected in soils with a pH ranging 5.6-6.5, whereas its 

least amount in soils showing the highest acidification (pH below 4.5). A similar 

correlation was also found in the studies of Sapek and Kalińska (2004; 2007) and Sapek 

(2010). In their opinion, lower acidity reduces the release of the ammonium form of 

nitrogen and at the same time promotes nitrification and the release of the nitrate form 

of nitrogen. 
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Figure 2. Average mineral nitrogen Nmin content in the 60-90 cm soil layer depending on soil 

pH. DM stands for dry matter of the soil sample 

 

 

In the present study, the amount of Nmin clearly increased with increasing pH of 

mineral soils, regardless of crops grown, whereas in organic soils the largest amounts of 

Nmin were found in soil with a slightly acidic pH, followed by very acidic and acidic 

soils (Fig. 3). In soils with a pH above 6.5, the amount of Nmin in the 60-90 cm layer 

decreased. In organic soils significantly larger values of Nmin content in the 60-90 cm 

soil layer were observed, regardless of the land use or soil pH. Mineral nitrogen 

concentration in a specific soil layer reflects the balance of nitrogen on the one hand 

supplied with mineral and organic fertilisers, as well as released by microorganisms 

during mineralisation of organic matter, and on the other hand assimilated by plants, 

leached, denitrified or immobilised (Wong and Nortcliff, 1995). Recent study by Tian et 

al. (2017) shows that that both C and N mineralization rates in subsoil are significantly 

lower than in topsoil and that that net N mineralization in subsoil was limited by low 

amounts of labile C source (which provides energy) and degradable organic N (which 

provides material). Therefore, in mineral soils mineralization may be weaker than in 

organic soils due to limited C content, subsequently leading to significantly lower Nmin 

content in these soils. 

 

 

Figure 3. Average mineral nitrogen Nmin content in the 60-90 cm layer of mineral and organic 

soils depending on soil pH. DM stands for dry matter of the soil sample 

 

 

Generally, the mineral nitrogen content for the specific pH ranges was higher in 

spring, except for sites with a pH above 7.2 (Fig. 4). This applied to both mineral and 

organic soils, though as regards the latter ones with a neutral pH, a higher content was 

also found for the autumn sampling date. In the study of Arbačiauskas et al. (2014) for 
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Lithuanian agricultural lands the similar tendency was observed for 60-90 cm layer, 

regardless of different texture of subjected soils or nitrogen fertilisation rates. 

 

 

Figure 4. Average mineral nitrogen Nmin content in the 60-90 cm layer depending on sampling 

date and soil pH. DM stands for dry matter of the soil sample 

 

 

The highest mineral nitrogen losses as influenced by pH in mineral soils – as regards 

its content in the 60-90 cm layer – were observed in soils under maize crops, while 

slightly lower ones in soils under mixed cereals. In grasslands, this influence was 

clearly weaker (Fig. 5). Pietrzak et al. (2006) also demonstrated the effect of soil pH on 

mineral nitrogen leaching in permanent grasslands. They observed the concentration of 

the ammonium form to be higher by about 1.8 times and the concentration of the nitrate 

form by about 2.5 times in the soil solutions from limed fields compared to soil extracts 

from unlimed fields. 

 

 

Figure 5. Average mineral nitrogen Nmin content in the 60-90 cm layer of mineral soils 

depending on land use, sampling date, and soil pH. DM stands for dry matter of the soil sample 

 

 

In organic soils, an increase in Nmin content in the 60-90 cm layer under grasslands 

was noted both in spring and in autumn, but mostly to a pH of 6.5. Above this value, the 

amount of Nmin in the evaluated layer decreased, particularly in spring (Fig. 6). 

Nmin content in soils under grasslands was also modified by a higher soil pH and land 

use. This applied in particular to meadows (spring and autumn) and also pastures, 

predominantly at sites with a pH above 6.5, as well as to hay and pasture grasslands 

with a pH above 5.5 (Fig. 7). 
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On the other hand, a different situation was observed for Nmin content in organic soils 

– the highest content was found in soils with a slightly acidic pH, primarily in hay and 

pasture grasslands as well as in pastures. At a higher pH, the Nmin content was lower 

than in more strongly acidified soils (Fig. 8). 

 

 

Figure 6. Average mineral nitrogen Nmin content in the 60-90 cm layer of mineral and organic 

soils depending on sampling date and soil pH. DM stands for dry matter of the soil sample 

 

 

 

Figure 7. Average mineral nitrogen Nmin content in the 60-90 cm layer of mineral soils 

depending on grassland land use, sampling date, and soil pH. DM stands for dry matter of the 

soil sample 

 

 

 

Figure 8. Average mineral nitrogen Nmin content in the 60-90 cm layer of organic soils 

depending on grassland land use, sampling date, and soil pH. DM stands for dry matter of the 

soil sample 
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The obtained study results were confirmed statistically (Table 2, Figs. 9-12). A 

strong positive correlation was shown between soil pH and Nmin content in the 60-90 cm 

layer, predominantly for mineral soils, both in spring and in autumn. During the spring 

period, organic soils exhibited a negative relationship between soil pH and Nmin content, 

but in autumn this trend did not persist. In spring, in objects with higher pH, a smaller 

amount of Nmin in the 60-90 cm layer was found for organic soils, especially on 

meadows and hay and pastures. It means that the Nmin losses decreased with increasing 

pH. In organic soils the ammonium form predominated over nitrate form, and the lack 

of grazing, or partial grazing, contributed to a smaller extent to the amount of Nmin 

coming from animal waste. Sapek (2010) observed that the release of the ammonium 

nitrogen (N-NH4) was significantly reduced with decrease of the soil acidity. On the 

other hand, the lower acidity of the soil favored the nitrification and release of nitrate 

nitrogen (N-NO3). Similar conclusions were drawn by Skowron (2004), who observed 

that the content of active forms of nitrogen (N-NH4 and N-NO3) in the mineral soils 

depended highly on their pH. Acidification clearly contributed to the increase in the 

content of ammonium nitrogen, while the content of nitrate nitrogen increased with 

increasing pH. In these mineral soils, the nitrate form was also predominant over the 

ammonium form. But in organic soils this tendency is reversed. In soils under meadow 

land use, especially permanent grasslands, the sodding process and the way they are 

used, as well as fertilization, additionally shape the dynamics and course of nitrogen 

release from the soil. 

 
Table 2. Relationships between soil pH and mineral nitrogen Nmin content in the 60-90 cm 

soil layer expressed in terms of correlation coefficients with a breakdown into both land use 

and soil sampling date 

Land use 
Sampling date 

spring autumn 

Grasslands on mineral soils 0.97* 0.92* 

Meadows on mineral soils 0.95* 0.91* 

Pastures on mineral soils 0.97* 0.85* 

Hay and pasture grasslands on mineral soils 0.87* 0.84* 

Alternate grasslands on mineral soils 0.85* 0.80* 

Grasslands on organic soils -0.48* 0.48* 

Meadows on organic soils -0.51* 0.85* 

Pastures on organic soils 0.75* 0.78* 

Hay and pasture grasslands on organic soils -0.72* -0.83* 

Maize 0.98* 0.91* 

Mixed cereal 0.96* 0.98* 

Total soils 0.77* 0.90* 

Total mineral soils 0.99* 0.96* 

Total organic soils -0.48* 0.48* 

Total soils (on an annual basis) 0.85* 

Total mineral soils (on an annual basis) 0.99* 

Total organic soils (on an annual basis) -0.17* 

* correlation significant at significance level p = 0.05 

 

 

Additionally, the soil's abundance in organic matter can affect the efficiency of 

nitrogen mineralization (Sapek, 2010). As demonstrated by Hatch et al. (2002), nitrogen 

immobilization resulted from the increased activity of soil microorganisms. It should be 

emphasized that the organic carbon had contradictory influence on the nitrogen release 
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to the soil solution. The increase of the Corg content promotes the binding of nitrogen in 

the soil and reduces the solubility of its mineral forms. Smaller amounts of nitrate 

nitrogen may indicate a lower intensity of the nitrification process. In the soils with 

smaller humus content, the mineralization process is stronger than in the soils with a 

high content of organic carbon. In the study of Sapek and Kalińska (2004) the amount 

of N released in the process of mineralization in acid soil was 186.6 kg N·ha-1·year-1, 

whereas in the limed soil it was 164.1 kg N·ha-1·year-1. According to the same authors, 

the mineralization of nitrogen is more intensive in the summer months (May - July), 

which increases the release of mineral forms during and after the growing season, and 

results in increased leaching in autumn. Mineralization, as well as leaching, are also 

impacted by weather conditions, especially by air temperature and precipitation. 

In the case of maize and mixed cereal crops, on the other hand, the measurements 

made both in spring and in autumn confirmed significant positive relationships between 

pH and Nmin, with the value of correlation coefficient above 0.9. The highest negative 

correlation coefficients in spring and autumn were demonstrated for hay and pasture use 

on organic soils. The calculated coefficients of determination confirmed the significant 

effect of mineral soil pH on Nmin content, regardless of sampling date, both in 

grasslands and in soils under mixed cereal and maize crops. But pH could only slightly 

modify (by only 24%) the occurrence of nitrogen in the 60-90 cm layer of organic soil. 

 

 

Figure 9. Relationship between soil pH and average mineral nitrogen Nmin content in the 60-90 

cm layer of mineral soils under grasslands for spring and autumn soil sampling dates. DM 

stands for dry matter of the soil sample 

 

 

 

Figure 10. Relationship between soil pH and average mineral nitrogen Nmin content in the 60-

90 cm layer of organic soils under grasslands for spring and autumn soil sampling dates. DM 

stands for dry matter of the soil sample 
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Figure 11. Relationship between soil pH and average mineral nitrogen Nmin content in the 60-

90 cm layer of mineral soils under mixed cereals for spring and autumn soil sampling dates. 

DM stands for dry matter of the soil sample 

 

 

 

Figure 12. Relationship between soil pH and average mineral nitrogen Nmin content in the 60-

90 cm layer of mineral soils under maize for spring and autumn soil sampling dates. DM stands 

for dry matter of the soil sample 

 

 

Conclusions 

The results of this study confirm that there is a strong relationship between pH of the 

studied soils and Nmin, regardless of soil sampling date, use of the studied soils, or 

organic carbon content in them. In the case of samples collected in autumn, the 

correlation coefficient was usually positive and had a lower value than for samples 

collected in spring, for which, in turn, negative correlations (anticorrelations) were 

found more frequently. Only organic soils exhibited negative correlations, but at the 

same time these were one of the lowest correlation coefficients obtained. Mineral soils 

were characterized by a strongly positive relationship between pH and Nmin content. 

Land use did not cause significant differences in this relationship. The obtained results 

are extremely important from the utilitarian point of view because they can facilitate 

determining an optimal rate of mineral nitrogen in soils of varying pH. This may lead to 

reduction of leaching of nitrogen from topsoil and its infiltration to groundwater, as well 

as its emissions as NO2, which is a greenhouse gas with huge contribution to creating 

the greenhouse effect, and ultimately, to decrease the harmful impact of grasslands and 

agricultural crops on environment. 
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