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Abstract

:

Soil water repellency can significantly degrade its agricultural utility and bring about negative environmental consequences (i.e., reduced infiltration capacity, enhanced overland flow, increased erosion rates, and water infiltration occurred in irregular patterns). The presented study aimed to establish whether excluding albic Podzols from agricultural production and their spontaneous inhabitation by a pine tree stand affected their hydrophysical properties. Studies with the application of the water drop penetration time (WDPT) test showed that a change in the land use increased the potential water repellency of the surface layer (horizon A) and caused its changeover from strongly repellent class (Class 2) to extremely repellent (Class 5). The relationship between soil moisture content and wettability made it possible to determine the critical soil moisture content (CSMC) for the occurrence of the phenomenon of water repellency. It was confirmed that the CSMC value increased along with a change in use. For the site under arable use, it was 9–10 vol.%, whereas for the site formerly under arable use and currently covered predominantly by a pine tree stand, a value in the range of 14–16 vol.% was reached. A laboratory experiment on surface runoff of the soil formerly under arable use showed that over half of the rainfall may be transformed into surface runoff as a result of occurring water repellency. This means that exceeding the critical soil moisture content makes the recharge of soil retention difficult and may significantly influence the water balance of soil, as well as increasing its susceptibility to drought.
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1. Introduction


The amount of water which sandy soil can retain is low and results from the distribution of soil pores, which is dominated by large pores that do not contribute to water storage. This phenomenon is described by the soil water desorption curve. In soils characterized by a high contact angle, the London dispersion forces make the wetting of soil difficult to different degrees. As a result, full use may not be made of the potential retention ability of soil, seeing as how rainwater, instead of infiltrating, will gather on the surface of the soil and run off. In connection with the above, some researchers [1,2] treat soil water repellency (SWR) as one of the most important properties of soil, which determines its physical and chemical properties, and is decisive to its production and regulation functions. Water repellency may have significant agrohydrological consequences by increasing the susceptibility of soils to drought. The reasons behind water repellency are being identified to an increasingly wider extent and are related to the occurrence of organic carbon, especially humic and fulvic acids, as well as waxes and lipids of different origins [2,3,4,5,6]. Water repellency also occurs following forest fires and the burning of grasses [7,8,9,10,11] as well as soil contamination with crude oil derivatives [12,13,14,15]. Water repellency is of a seasonal nature and is strictly connected with soil moisture content [16,17,18,19,20,21]. Many authors [22,23,24,25,26,27] draw attention to the connection of water repellency with the type of soil use. A deciding factor when it comes to the ability of soil to absorb and retain rainwater is the wettability of the soil material, which depends on the level of humification of soil organic matter [28]. In Poland, a common phenomenon connected with political transformation is abandoning agricultural production on sandy soils characterized by low productivity [29]. These areas are intentionally afforested or, most often, become spontaneously covered by forest plants with a large share of pine trees.



The dimension of the agricultural areas abandoned or converted into production forests in Europe varies widely between scenarios [30]. According to intermediate scenarios in Verburg and Overmars [31], between 10 and 29 million ha of land will be released from agriculture between 2000 and 2030.



Water infrastructure (drainage system) for purposes of agricultural production undergoes fast degradation in these areas. As a result of changing agrohydrological conditions and the balance of organic substances, the areas that once had been an agricultural ecosystem undergo fast transformations, and soil properties may change the ecosystem services [32]. The complexity of the planning process is increasing, especially in the context of the sustainable use of forest resources and its adaptation to climate change [33,34]. To avoid further land degradation and promote land restoration, multifunctional use of land is needed within the boundaries of the soil–water system [35]. A robust soil–water system is essential for achieving most of the UN sustainable development goals [36,37], as interlinked goals. Moreover, sustainable solutions need to embed short-term management in long-term landscape planning in the direction of long-term sustainability. The aim of this study was to assess whether resigning from agricultural production on sandy (nutrient-poor) soil and the uncontrolled succession of a pine stand can significantly influence the shaping of hydrophysical properties of soil. Identification of the main parameters driving system dynamics is essential to solve land and water-management related problems [38].




2. Materials and Methods


2.1. Description of the Study Site


The study site is located in central Poland in the Mazowieckie Province, Stanisławów Commune. Sandy soils, mainly albic-Podzols [39] with a low production potential, are found here and are the reason behind the significant limitation or abandonment of agricultural production. This is, at the same time, influenced by the proximity of Warsaw, which is an attractive job market. Prior to ceasing plant production at the beginning of the 90s, mainly rye and potatoes had been grown here. Currently, part of the site is covered by self-sown Scots pine (Pinus sylvestris L.) 80%, silver birch (Betula pendula Roth) 15%, and aspen poplar (Populus tremula L.). Grasses, blackberry (Rubus L.), wood club-rush (Scirpus sylvaticus L.), and European goldenrod (Solidago virgaurea L.) are found in the poorly developed undergrowth. The drainage system has been overgrown and has undergone partial degradation. The land is flat, with local denivelations of approx. 5–10 cm. This leads to long-term high soil moisture content, usually in Spring, with the level of the water table at 5–10 cm below the surface in a formerly arable area. In the Summer, upon the falling of the water table, the soil becomes more susceptible to drought. On part of the site of the same soil unit, the land remains under arable use. The study was carried out at two points. The first was located in a formerly arable area (Site 1, N 52°28′28.21″ and E 21°21′72.78″), while the latter remains under active extensive agricultural use (Site 2, N 52°28′39.52″ and E 21°52′29.16″). All samples were collected from the top layer (horizon A, 0–10 cm) during a wet period at the beginning of April 2018. At this term, soil moisture content was approximately at the level of field capacity.




2.2. Evaluation of Soil Water Repellency


The soil water repellency (SWR) was determined using the water drop penetration time (WDPT) test. This test is the most widespread [5,16] and the most suitable [40] method, as it is relatively simple and cheap. In order to determine the potential SWR value, the soil samples were dried at room temperature (20 °C) to a constant weight. Triplicate samples of about 20 g of soil were placed in Petri dishes and 5 drops (the volume of water in a droplet was equal to 60 μL), using a standard medicine dropper, of distilled water were deposited onto smoothed soil samples. The sample surfaces were gently smoothed by hand for these tests. The median values of the WDPT test were used to assess the SWR class. The classification of SWR presented in Table 1 was proposed by Dekker and Jungerius [41] and comprises up to 5 classes, further subdividing the extremely repellent class into 2 classes [16]. In order to establish the relationship between soil moisture content and SWR, the WDPT test was performed for different moisture contents that had been adjusted by equilibrating the material at 7 pF levels (i.e., 2.0, 2.3, 2.7, 3.0, 3.3, 3.7, 4.2) in triplicate on undisturbed soil samples (100 cm3).




2.3. Determination of Basic Physical and Chemical Properties of Soil


The particle size distribution was assessed using the Bouyoucos method with modifications by Casagrande and Prószyński (the aerometric method) for particles smaller than 0.1 mm, and the sieve method for particles larger than 0.1 mm [42]. The bulk density was assessed by dividing the core samples at 105 °C. Measurement of this parameter was conducted in five replicates. Total porosity (p) was calculated as =1−ρbρs, where ρb is the dry bulk density of the soil (kg m−3) and ρs is the particle density assumed to be 2650 kg m−3. Soil pH was measured in a 1:5 soil:water suspension using a standard potentiometric method. Organic carbon content was determined using Tiurin’s method [43], with total carbon measured with the Kjeldahl method (Kjeltec–Tecator analyser). Measurements of pH, organic carbon, and total nitrogen were done in triplicates.




2.4. Determination of Soil Hydraulic Properties


Soil moisture retention characteristics were measured in a laboratory in triplicate on undisturbed soil samples (100 cm3) using a reference method [44]. The saturation of soil to its full water-holding capacity was carried out in laboratory for three days by gradually increasing the water table upwards from the bottom of each sample. The moisture content values of pF between 0.4 and 2.0 were determined in a standard sand box, whereas the amounts of water at pF 2.3, 2.7, 3.4, and 4.2 were measured in pressure chambers. Laboratory measured saturated hydraulic conductivity (Ks) was determined by the constant head method. Metal cores (7.3 cm diameter, 6 cm height) were used to collect undisturbed samples of soil. In the laboratory, the samples were saturated with water from bottom up (capillary rise) for 3 days prior to measurements. The amount of surface runoff was tested on disturbed samples in the laboratory, maintaining a bulk density (ρs) similar to the natural one. A rainfall intensity of 2 mm lasting 420 min., which corresponds to a total dose of 14 mm, at a terrain slope of 5‰, was simulated. Surface runoff was captured by an open drain located on the border of the tested microplot, perpendicularly to the slope. Next, water was directed to a measurement tank, where registration of the volume of surface runoff was carried out every 30 min.





3. Results


3.1. Basic Soil Properties


Basic physical and chemical properties of soil are presented in Table 2. According to the USDA classification [45], the analyzed soil was classified as fine sand. Soil bulk density and total porosity were practically the same at the post-arable site and the site remaining under extensive arable use. However, formerly arable land was characterized by a lower (pH = 4.7) than soil of the same complex still under cultivation (pH = 5.3). Soil organic carbon content also varied, amounting to 1.25% in the surface layer of formerly arable land (0–10 cm), as compared to cultivated soil (0.89%).




3.2. Saturated Hydraulic Conductivity and Water Retention


Samples taken from the surface layer of soil (genetic horizon A) were characterized by soil moisture content similar to that of field capacity at the time of sampling, at which the analyzed soil was wettable (Class 0). The obtained soil saturation was 0.98 ± 0.01 of total porosity. For Site 1, the average value of saturated hydraulic conductivity for n = 6 was Ks = 2.66 × 10−5 ± 0.45 × 10−5 ms−1 at a coefficient of variation v = 16.9%, and for site 2: Ks = 3.44 × 10−5 ± 0.66 × 10−5 ms−1, v = 19.2%. The obtained conductivity results were similar to those provided in literature for albic Podzols [46,47], and the coefficients of variation indicate low variability of data. Extensive research on the saturated soil conductivity under conditions of abandonment of agricultural use was conducted by Di Prima et al. [48] and methods, with a characterization based exclusively on a stabilized infiltration process, yielded also an appreciably low variability of the conductivity results. The pF curves measured for both sites (Figure 1), as well as saturated water conductivity Ks, did not vary by the manner of soil use. The total water content available to plants indicated from the retention curve was 0.13 cm3 cm−3.




3.3. Assessment of Soil Water Repellency


The basic statistic measures of potential water repellency for the n = 15 number of replicates are presented in Table 3. The median of measured WDPT values for Site 1 was 17,700 s, which classifies Site 1 as an extremely repellent class (Class 5). The measured extreme WDPT values were max = 19,200 s and WDPT min = 16,080 s, which also belong to Class 5. The median of measured WDPT values for Site 2 was 90 s, which classifies the soil as being strongly repellent (Class 2). The maximum value was 284 s which still was Class 2, while the minimum value of 38 s belongs to Class 1 (slightly water repellent).



The relationship between soil water potential (in terms of pF) and the share of WDPT classes found for the respective soil water potential is presented in Figure 2. With rising pressure heads, SWR increased significantly in both A horizons. In the case of low soil water tension up to field capacity on Site 1 and up to pF = 3.0 on Site 2, the soils were wettable. At higher pF the soil became increasingly repellent with decreasing soil moisture content.



The critical moisture content for repellency (CSMC), delivered from the relationship between WDPT and soil water potential, on the site formerly under arable use was 0.16–0.14 cm3 cm−3 which corresponds to pF = 2.3–2.7. At the same time, the value of CSMC for extensive arable use was 0.10–0.09 cm3 cm−3, which corresponds to a pF = 3.0–3.3.




3.4. Surface Runoff in Soil Formerly under Arable Use


Taking into account the extreme potential SWR of the Site 1 A horizon, surface runoff was analyzed with this material. A visualization of the wetting of the soil surface is presented in Figure 3. What is characteristic is the uneven wetting of the surface. Soil surfaces of high moisture content, from which surface runoff takes place, as well as completely dry surfaces are noticeable. The thickness of the wetted layer after completion of the experiment was approximately 5 mm, while the soil below was completely dry. The course of runoff during the experiment is presented in Figure 4. The measured total runoff was 6.72 mm, meaning that, of the total rainfall, the soil retained merely 48%. The obtained results of surface runoff confirm that high water repellency can significantly affect the agrohydrological regime. It can significantly decrease the amount of water available to plants, causing increased susceptibility to drought, accelerated mineralization of organic substances, and additional CO2 emissions [21,49].





4. Discussion


Global warming is causing severe soil droughts to occur more and more often in the continental climate [50,51,52]. Thus, risk connected with the occurrence of water repellency increases, especially in sandy soils. This contributes, especially, to increasing surface runoff and decreasing periodical soil water retention [53,54]. The degree of retention capabilities of forest soils are much less known than the retention of land used for agriculture [55,56]. On the other hand, pedotransfer functions have a local nature, as a result of which differences in precision of retention assessment may be significant [57]. Additionally, the development of a new methodology to compare the connectivity processes at the catchment with the pedon scale indicates the possibility of allowing inclusion of the absent micro-topographical information (e.g., [58]). Abandoning agricultural production on soils characterized by low productivity potential and their transformation into forests is economically and environmentally ratified, but should be preceded by an individual analysis of each case. The study site was characterized by a low nitrogen content, typical of albic Podzols. The soil organic content (SOC) content (1.25%) was significantly higher on the post-arable site, spontaneously afforested with a dominance of pine, in relation to cultivated soil (0.89%). Sibielec et al. [59], on the base of many-year studies, states that sandy soils in Poland contain SOC in a range from 1.01% to 2% in 63% of their data set. The C:N ratio for both sites was the same and amounted to 13.3–13.2, similar to average for sandy soils in Poland. Abandoning arable use along with changes in the air–water ratios lead resulted in a decrease in pH, from acidic to highly acidic. Afforestation with Pinus sylvestris (80%) also affected the SOC composition, enriching the soil in waxes [26,28]. Many authors (e.g., [17,18,60]) indicate waxes as one of the reasons for the water repellency of forest soils. The strongest SWR under thicker layers of litter was reported by Buczko et al. [17,61], and the authors [61] suggested that it is caused by the changing chemistry of the soil organic matter, along with depth, and/or varied bonding of this organic matter to the soil particles.



The deposit of organic matter in the soil on Site 1 is dominated by Pinus silvestris trees, its decomposition and penetration into A horizon is the most likely cause for the observed distinct water repellency, as indicated from the WDPT test. A very distinct difference in water repellency was; however, observed in the surface layer of soil between the two sites. The reduction in organic matter content due to soil tillage promotes the reduction in repellency by reducing the CSMC, beyond which hydrophobic soils become hydrophilic as well as persistence of water repellency [62]. Repellency on the post-arable site occurred during drought, that is at higher moisture content than on the site under arable use. Critical soil moisture content (CSMC) for the occurrence of water repellency in post-arable, afforested land was 0.14–0.16 cm cm−3, as compared to 0.09–0.10 cm cm−3 in arable soil. Here, increased CSMC and distinct increase in water repellency on the afforested post-arable site was classified in Class 5 (i.e., extremely repellent), while arable soil was found to fall into Class 2 (i.e., strongly water repellent).



In literature on the subject, variability in CSMC values can be found in relation to the type of soil (i.e., 2% for dune sand [63], 9.3%–15% for sand [64], 14%–27% for loamy sand [19], 3%4–38.5% for clayey peat [65], 41%–49% for moorsh formations, 64%–69% for alder peats, and 83%–86% in reed peats [20]). CSMC results obtained in this study confirm the reports presented by Ziogas et al. [64] for sandy soils.



On the other hand, in the analyzed case, increasing the values of CSMC and the high increase in water repellency occurred as a result of abandoning agricultural production and the succession of forest vegetation with a dominance of pine. The hydrological consequences of SWR have also been indicated by other authors [66,67,68,69,70,71,72]. According to studies of Butzen et al. [73] on coniferous forest sites in Germany, water repellency effects were an important factor triggering overland flow generation. For the post-agricultural site, from the experiment with simulated rainfall, a surface runoff of 50% was indicated. Despite simplifications in reflecting field conditions (e.g., the lack of vegetation), the obtained results indicate the direction of changes in the rainfall–runoff relationship when the phenomenon of water repellency occurs. Water repellency was characterized by seasonality, which was also observed by Buczko et al. [17,18], Leighton-Boyce et al. [26], and Hewelke et al. [11,15]. On the analyzed site, the soil was wettable in the period of early spring, whereas the phenomenon of water repellency occurred after a longer period without rainfall. The persistency and the severity of water repellency is decisive to the shaping of the dynamics of soil moisture content and requires further research.




5. Conclusions


The present study confirmed that abandoning arable use and allowing for spontaneous afforestation with the succession of pine had a negative influence on soil hydraulic properties. Changes in use led to a decrease in the CSMC and a significant increase in water repellency. The basic strategy of preventing water repellency, and its consequences, is maintaining an adequately high moisture content of soil. In the case of excluding land from agricultural production, its afforestation with a dominance of pine should not be allowed, and introducing, rather, a mixed stand of trees, appropriate for the soil type and climate conditions, should be considered. It should be kept in mind that progressing climate change and the increased frequency of the occurrence of soil droughts may lead to an increased significance of water repellency in the water management of soils. The overview of studies on water repellency, caused by both natural as well as anthropogenic factors, indicates that it ought to be treated as one of the indicators of soil quality, with the present work indicating the linkages of soil properties to ecosystem services and to UN sustainable goals for development.
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Figure 1. pF curves for post-arable land site (Site 1) and site under arable use (Site 2). 
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Figure 2. Soil water repellency, in terms of WDPT classes [16], of the A horizons of Site 1 and Site 2, as a function of soil water potential in terms of pF. 
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Figure 3. Visualization of wetted surface area over time during simulated rainfall, Site 1: (a) after 1 h; (b) after 2 h; (c) after 4 h; and (d) after 7 h. 
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Figure 4. Course of rainfall and surface runoff caused by soil water repellency (Site 1). 
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Table 1. Classification of soil water repellency using the water drop penetration time (WDPT) test., Dekker et al. [16,41].
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	Classification
	Threshold WDPT Test
	Class





	Hydrophilic
	≤5 s
	0



	Slightly water repellent
	5–60 s
	1



	Strongly water repellent
	60–600 s
	2



	Severely water repellent
	600 s–1 h
	3



	Extremely water repellent
	1–3 h
	4



	Extremely water repellent
	3–6 h
	5



	Extremely water repellent
	>6 h
	6
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Table 2. Basic properties of genetic horizon A (0–10 cm) of soil of the two study sites, (± = standard deviation).
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	Characteristic
	Site 1

Forest (after Arable Usage)
	Site 2

Extensive Arable Usage





	Sand (%)
	94
	94



	Silt (%)
	4
	4



	Clay (%)
	2
	2



	Soil bulk density, n = 5 (kg m−3)
	151040.1
	1490 ± 45.2



	Total porosity, n = 5 (%)
	43.01 ± 0.16
	43.8 ± 1.7



	Soil organic carbon n = 3 (%)
	1.25 ± 0.19
	0.89 ± 0.13



	Nitrogen total n = 3 (%)
	0.0939 ± 0.0007
	0.0676 ± 0.0003



	C:N
	13.3
	13.2



	pH (H20) n = 3 (−)
	4. 7 ± 0.1
	5.3 ± 0.1
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Table 3. Values of potential soil water repellency as derived from water drop penetration time (WDPT) test under forest following arable use (Site 1) and under arable use (Site 2), n = 15.
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	WDPT Characteristic
	Site 1
	Site 2





	Median (s)
	17,700
	90



	Average (s)
	17,760
	123



	Max (s)
	19,200
	284



	Min (s)
	16,080
	38



	Range (s)
	3120
	246
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