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Abstract:



In this work, we studied the effects of centenary Scots pine (Pinus sylvestris L.) afforestation on topsoil properties conducted in a deforested area that was previously occupied by a natural European beech (Fagus sylvatica L.) forest. Organic layers and topsoil Ah mineral horizons (0–10 cm) were sampled in the Scots pine and European beech forests of Moncayo Natural Park (north-eastern Spain). The physical (stoniness, aggregate stability, and water repellency persistence and intensity), chemical (total organic C, total N, C/N, pH, and exchangeable Ca2+, Mg2+, Na+, K+, Al3+, and Fe3+), and physicochemical (cation exchange capacity) properties of soil were analyzed. Total organic C and N were also obtained for litter samples. The studied topsoils shared a series of common properties, such as a high stoniness and aggregate stability, very low base content, high cation exchange capacity, and extreme acidity. Soils that developed under the pinewood showed a higher soil water repellency intensity. However, K+ content was significantly higher in the beechwood soil. In both forest types, total organic C and N were similar in topsoil and litter (Hemimoder type), although C and N were pooled in different O-layers. Results indicate that pine afforestation in a deforested area was an adequate measure for soil protection since it did not show significant differences in the long term (ca. 100 years) compared to the nearby natural beech stands.
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1. Introduction


Afforestation has historically been the main measure applied in Spain for soil protection [1,2]. Scots pine (Pinus sylvestris L.) is one of the most commonly used afforestation species due to its ecological plasticity [3]. In Spain, Scots pine covers up to one million hectares [4], more than one-third of which has been planted [5]. Nevertheless, the long-term effects of pine reforestations on soil properties have not been extensively studied [1].



Literature regarding the pine afforestation conducted in Moncayo Natural Park is scarce. García-Manrique [6] reported that in the late 19th century, uncontrolled logging for coal production reduced the population of European beech (Fagus sylvatica L.) forests in Moncayo Natural Park, nearly causing its disappearance and dramatically increasing soil loss. In order to reduce erosion rates and protect the soil, Scots pine afforestation was initiated in 1895 [7] in the areas in which the European beech had been removed.



The establishment of vegetation in deforested areas may improve soil properties [1]. However, the set of processes that characterize the interaction between plants and soil is complex. Vegetation influences soil properties by, among other factors, the variable amount and composition of soil organic matter (SOM) contributions, hence driving soil nutrient cycling [8]. Therefore, the introduction of pine forests in deforested areas that were formerly covered by beech stands may induce changes in soil properties [9] as biomass production, and its decomposition is different for each species [8]. Some studies have shown a higher accumulation of C and N in the litter of pine forests, but better integration of these in the mineral soil of beech forests [9,10,11,12]. Nevertheless, Leuschner et al. [9], 51–128 years after the afforestation with Scots pine, detected a 50–80% decrease in organic C and N down to a 60 cm depth compared to soils below the original beech forests. Berthrong et al. [13] also showed decreases in C (15%) and N (20%) content in mineral horizons after a global meta-analysis considering the effects of pine afforestation on soils. Many studies have also remarked on the acidifying effect of coniferous afforestation [9,12,13,14], and highly heterogeneous results have been reported regarding the effects of pine introduction on soil cation pools. Berthrong et al. [13] observed a decrease in Ca2+ (−31%) and Mg2+ (−23%) content after afforestation, although a remarkable increase in Na+ (+71%) took place. On the other hand, Prietzel et al. [14] pointed out a depletion in Ca2+ (−2 to 16%), Mg2+ (−31 to 40%), and K+ (−6 to 28%) with pine reforestation in degraded forests. Leuschner et al. [9] obtained similar results, illustrating that soils which developed under natural beech forests showed between a 50% and 90% higher cation content as compared to areas with introduced Scots pine. On the contrary, Carceller [15] observed no significant differences in cation pools between forest types in Moncayo Natural Park, although beechwood soils presented a trend of higher cation content. For these reasons, it is of special interest to study the changes that afforestation can induce on topsoil properties to assess the sustainability of this practice.



The objective of this study was to analyze the changes in litter accumulation and selected physical and chemical soil properties after the afforestation of Scots pine that took place ca. 100 years ago in an area previously covered by a natural European beech forest in Moncayo Natural Park (north-eastern Spain). In this way, we aimed to assess the sustainability of this practice in the long term from the point of view of soil.




2. Material and Methods


2.1. Study Site


The study area is located in Moncayo Natural Park (Iberian Range, NE-Spain 41°47′ N, 1°48′ W) at altitudes between 1360 and 1475 m.a.s.l. (Figure 1), including the mature natural European beech (Fagus sylvatica L.) and the 100-year old afforested Scots pine (Pinus sylvestris L.) forests (Figure 2). Beech forest understory is mainly composed of Vaccinum myrtillus L. and Erica arborea L., while Ilex aquifolium L. and Deschampsia flexuosa L. can also be found in the pine forest. Mean annual precipitation (MAP) is around 1060 mm and mean annual temperature (MAT) is 9.2 °C according to data obtained in previous studies [16,17]. The soil moisture regime can be interpreted as udic and the temperature regime as mesic [18]. Soils are developed over quartzitic sandstones (Lower Triassic) and are classified as Typic Haplorthod by the Soil Survey Staff [18], and as Albic Podzol (beech forest) and Skeletic Podzol (pine forest) according to the IUSS Working Group WRB [19]. Topsoils present a series of common properties such as high stoniness, a sandy loam or loamy texture, a high cation exchange capacity, a very low base content, and extreme acidity.


Figure 1. Location of the study area in Moncayo Natural Park (Zaragoza, north-eastern Spain). Round green signs refer to the beechwood sampling points and the red square symbols correspond to the pinewood sampling points.
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Figure 2. Overview of Moncayo Natural Park showing the two sampled forest types: European beech forest in light green (front) and Scots pine forest in dark green (back).
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2.2. Sampling and Laboratory Analysis


Sampling was conducted in September 2014, following north-east oriented rectilinear slopes with a similar inclination (20%). The first 10 cm of mineral Ah horizons were sampled using steel cylinders with five replicates per forest type (afforested Scots pine and natural European beech forest as a control) following a linear transect at the same topographical level (Figure 1). Additionally, in each of the sampling points, organic layers were also collected in a 30 × 30 cm surface and their thickness was measured.



Litter and topsoil samples were air-dried at room temperature until reaching a constant weight. Then, the different organic layers were described and categorized according to their morphology following the classification key proposed by Zanella et al. [20]. Soil samples were weighed after drying in order to obtain the bulk density (BD) and sieved through a 2 mm mesh separating the gravel (>2 mm) from the fine earth (<2 mm) from which the stoniness percentage was calculated (w w−1).



Litter and soil subsamples were ground to fine powder and homogenized using an agate mortar with liquid nitrogen for total C and N determination by an elemental analyzer (Flash 2000 Elemental Analyzer, Thermo Scientific, Waltham, MA, USA). Given the absence of inorganic C in the parent material composition, all C analyzed corresponds to total organic C (TOC). TOC and N stocks were calculated considering the TOC concentration, bulk density, layer thickness, and stoniness (in soil samples) of each sample. Soil actual pH was determined by potentiometric measurements of a 1:2.5 (w v−1) suspension of soil and distilled water [21]. We also determined the potential pH using 1M KCl instead of water, which may give an indication of the active plus exchangeable acidity [21]. Exchangeable base cations (Ca2+, Mg2+, Na+, and K+) were extracted by 1M ammonium acetate (AcONH4) solution at pH 7 [22] and determined by complexometry (Ca2+, Mg2+) and flame photometry (Na+, K+). Exchangeable Al+3 and Fe3+ forms were extracted by a 1 M KCl solution [22] and determined by inductively coupled plasma optical emission spectrometry (ICP-OES). Cation exchange capacity (CEC) was determined by NH4+ retention after leaching with a neutral solution of 1 M AcONH4 [23].



Soil aggregate stability (SAS) was assessed by the wet-sieving method [24] on 1–2 mm diameter aggregates. Soil water repellency (SWR) persistence was determined by the water drop penetration time (WDPT) method, laying eight drops of distilled water per sample using a hypodermic syringe and recording the time required for their complete infiltration into the soil [25]. SWR intensity was obtained by the ethanol percentage test (EPT) method, consisting of applying droplets of ethanol solutions with an increasing concentration on the soil surface; accepting the value of the lowest concentration that required <3 s to infiltrate into the soil [25].




2.3. Data Analysis


In order to identify the differences in the studied soil properties between forest types (pinewood and beechwood) for each O-layer and Ah horizon, one-way ANOVA tests were used. A normal distribution of values was verified by a Kolmogorov-Smirnov test. The degree of linear association among variables was evaluated by the Pearson correlation coefficient. Correlation coefficients (r) presented in the text are statistically significant at p < 0.05 (*) and p < 0.01 (**). These analyses were performed using StatView for Windows version 5.0.1 (SAS Institute, Cary, NC, USA). We also conducted a principal component analysis (PCA) to identify further relationships between soil properties, using the Pearson correlation matrix and a Varimax rotation with Kaiser normalization, with XLSTAT software.





3. Results and Discussion


3.1. Organic Layers Morphology and Classification


In the natural European beech forest, the uppermost organic layer (OL) showed a thickness range from 1 to 4 cm and mainly consisted of recently deposited litter that had not undergone considerable physical transformation (Figure 3a,b). Beneath this layer, we found thin (1–2 cm) zoogenically fragmented litter layers (rzoOF) mainly composed of fragmented materials of a recognizable foliar origin. Below, thicker layers (2–5 cm) of well-decomposed litter (mzoOF) were observed. On the other hand, the Scots pine forest showed a different O-layer morphology (Figure 3c,d). Pinewood OL-layers tended to be thinner (1–2 cm) than those of beechwood. However, pinewood rzoOF horizons were significantly thicker (4–10 cm) and showed a high density of fungal mycelia. Pinewood mzoOF layers presented a similar thickness to those of beechwood and varied between 1 and 6 cm. The total litter accumulation in the beechwood was between 5 and 10 cm, whereas in the pinewood, it was 7–15 cm. Increasing litter accumulation under coniferous forest is a common result reported in the literature [9,26,27,28]. This is related to the coniferous biomass chemical composition, rich in compounds that are difficult to decompose, which results in thicker O-layers [11]. The sequence of O-layers observed under both forest types could be classified as Hemimoder, according to Zanella et al. [20]. Hemimoders are humus systems in which biological activity and organic matter mineralization are limited by environmental constraints such as low temperatures and/or acidic conditions [29].


Figure 3. Morphology of the organic layers observed in the European beech (a,b) and the Scots pine (c,d) forests.
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3.2. Litter and Topsoil C and N Stocks


Pinewood OL-layers showed higher TOC (6.27 ± 1.62 Mg ha−1) and N (0.131 ± 0.027 Mg ha−1) stocks than those of beechwood, which were 1.54 ± 0.88 Mg ha−1 and 0.049 ± 0.029 Mg ha−1, respectively (Figure 4a,b). TOC and N stocks in the pinewood rOF-layers (60.68 ± 21.0 and 2.24 ± 0.76 Mg ha−1, respectively) were also higher than those in the beech forest, where TOC was 4.69 ± 1.23 Mg ha−1 and N was 0.179 ± 0.051 Mg ha−1. On the contrary, in the mOF-layers, higher TOC and N stocks were detected for beechwood (68.5 ± 36.3 and 2.99 ± 1.64 Mg ha−1) than for pinewood (2.18 ± 1.60 and 0.080 ± 0.055 Mg ha−1). Despite the gross accumulation of TOC and N in litter being similar between the two forest types, the difference lies in the O-layer type in which SOM is pooled. In the pinewood, the highest SOM accumulation was detected in the rzoOF-layers, whereas in the beechwood, it was in the mzoOF-layers. This indicates that litter in the pinewood is accumulated as physically fragmented vegetal remains in the shape of rzoOF layers, and litter in the beechwood is more easily processed by biota and accumulated in OF horizons dominated by fine organic remains (mzoOF). Differences in litter degradation could be attributed to the higher C/N ratio (Figure 4c) of pine OL litter (47.6 ± 8.0) as compared to beech (22.2 ± 3.8) since climatic conditions and soils are similar in both forests.


Figure 4. Total organic carbon (TOC) stocks (a), N stocks (b), and soil C/N ratios (c) for the observed organic layers (OL, rzoOF, mzoOF) and mineral topsoil (Ah 0–10 cm). Small letters above the bars indicate differences between forest types for each horizon at p <0.05 (ANOVA tests).



[image: Forests 09 00343 g004]






Topsoil Ah (0–10 cm) horizons in both forest types contained high TOC stocks, 24.9 ± 12.5 Mg ha−1 (beechwood) and 26.4 ± 7.8 Mg ha−1 (pinewood), and did not show significant differences between forests. Topsoil N content also showed no changes between forest types, and its values were 1.00 ± 0.67 Mg ha−1 for beech and 1.12 ± 0.26 Mg ha−1 for pine forests. The soil TOC and N results are in line with previous work [11,15], but do not match the remarkable decrease in C content observed by Leuschner et al. [9] and Berthrong et al. [13] for Scots pine afforestation in beech forests. These studies were carried out in areas where the plantations had been harvested or had a cultivation history prior to afforestation, which could explain the differences compared to our study.




3.3. Soil Chemical Properties


Both the actual pH (H2O) and potential pH (KCl) were very low (Table 1) and no significant differences were detected between forest types. However, the actual pH in the pinewood soil samples was slightly more acidic (4.1 ± 0.4) than that of beech samples (4.6 ± 0.5). Soil acidity is related to the acid bedrock material and the percolating climate and additionally, in the case of the pinewood, to the possible acidifying effect of pine needles [9,12,13,14]. The values obtained in the present study are slightly different from those previously reported by Carceller and Vallejo [12] for Moncayo Natural Park, which indicated significant soil acidification in the pinewood as compared to the original beech forest.


Table 1. Topsoil chemical properties of Ah horizons (0–10 cm). Total organic C (TOC), total N, soil C/N ratio, exchangeable basic cations (Ca2+, Mg2+, Na+, K+), exchangeable acid cations (Fe3+, Al3+), sum of basic (Σb) and acid (Σa) cations, cation exchange capacity (CEC), bases (Vb), and acid (Va) saturation. Values are expressed as mean ± standard deviation (n = 5). p indicates the p-value obtained from the one-way ANOVA test and significant differences (p < 0.05) are marked with *.





	Soil Properties
	Beechwood
	Pinewood
	p





	pH-H2O
	4.6 ± 0.5
	4.1 ± 0.4
	0.1670



	pH-KCl
	3.6 ± 0.6
	3.1 ± 0.3
	0.1316



	Ca2+ (cmol+ kg−1)
	5.99 ± 3.34
	4.35 ± 2.49
	0.4025



	Mg2+ (cmol+ kg−1)
	1.29 ± 0.84
	1.03 ± 0.68
	0.6079



	Na+ (cmol+ kg−1)
	0.18 ± 0.07
	0.19 ± 0.09
	0.8452



	K+ (cmol+ kg−1)
	0.39 ± 0.11
	0.16 ± 0.05
	0.0355 *



	Σb (cmol+ kg−1)
	7.75 ± 4.23
	5.72 ± 3.02
	0.4082



	Al3+-KCl (cmol+ kg−1)
	0.37 ± 0.38
	0.90 ± 0.46
	0.0817



	Fe3+-KCl (cmol+ kg−1)
	0.01 ± 0.01
	0.04 ± 0.04
	0.1496



	Σa (cmol+ kg−1)
	0.38 ± 0.39
	0.93 ± 0.48
	0.0799



	CEC (cmol+ kg−1)
	16.4 ± 3.68
	17.0 ± 5.30
	0.8436



	Vb (%)
	46.9 ± 22.5
	33.0 ± 9.75
	0.2428



	Va (%)
	2.57 ± 2.65
	6.06 ± 3.15
	0.0950









Among the studied cation contents, Ca2+ was the predominant one (Table 2), followed by Mg2+ and, to a lesser extent, Al3+ and K+, while Fe3+ content was negligible in both forest type soil samples. No significant differences in cation content were seen between forests, except for K+, which was significantly higher (p = 0.0355 *) under beech cover (0.39 ± 0.11 cmol+ kg−1) than under pine (0.16 ± 0.05 cmol+ kg−1) and could be related to the K+ richness in the beech leaf composition [15]. On the other hand, differences were observed in the cation abundance sequences, with Ca2+ > Mg2+ > K+ > Al3+ > Na+ > Fe3+ for the beechwood and Ca2+ > Mg2+ > Al3+ > Na+ > K+ > Fe3+ for the pinewood. These results are contrary to the remarkable decrease in the base cation pool surrogated to the vegetation shift to Scots pine reported in previous work in diverse environments [9,13,14]. The Al3+ content showed no differences between the two forest types (0.37 ± 0.38 and 0.90 ± 0.46 cmol+ kg−1 for beech and pine, respectively); however, the obtained values are close to significance (p = 0.0817) and higher for the pine samples. Additionally, a negative significant correlation was found between Al3+ content and actual pH (r = −0.668 *) and potential pH (r = −0.899 **), explaining the trend of more acidic soils under pine. This trend could also be explained by the significant positive correlation observed between total base cations and actual pH (r = 0.782 **) and potential pH (r = 0.926 **). In both forest types, the base saturation (Vb) was lower than 50%, and was slightly higher in the beechwood; Carceller [15] indicated that the exchange complex in Moncayo soils was saturated by acid cations, especially Al3+, contrary to the data obtained in the present study. However, this difference could be related to the elevation at which soils were sampled, since Carceller [15] worked at 1580–1600 m.a.s.l. and Badía et al. [10] indicated increasing Al3+ content with altitude in the Moncayo massif.


Table 2. Topsoil physical properties of Ah horizons (0–10 cm): stoniness, soil aggregate stability (SAS), water drop penetration time (WDPT), and ethanol percentage test (EPT). Values are expressed as mean ± standard deviation (n = 5). p indicates p-value obtained from the one-way ANOVA test and significant differences (p < 0.05) are marked with *.





	Soil Properties
	Beechwood
	Pinewood
	p





	Stoniness (%)
	71.5 ± 11.4
	73.9 ± 6.3
	0.6913



	SAS (%)
	93.6 ± 1.2
	93.7 ± 2.9
	0.9187



	WDPT (s)
	28.7 ± 33.5
	1244 ± 1584
	0.1004



	EPT (% ethanol)
	4.00 ± 2.24
	12.7 ± 7.2
	0.0319 *










3.4. Soil Physical Properties


All the studied topsoils (0–10 cm) showed high stoniness (Table 2) as a consequence of coarse colluvium accumulation and the quartzitic bedrock. The topsoil aggregate stability (SAS) was very high as the obtained values were near 94%, and similarly to Hobbie et al. [8], no differences were observed based on the forest species. The measure of soil water repellency (SWR) persistence yielded a variety of results. SWR persistence [25] in the beechwood ranged from wettable to strong water repellency, and in the pinewood, from slight to extreme water repellency. Although the differences in SWR persistence between forest types were not statistically significant, a trend toward extreme SWR was observed in the pinewood. This variability was also reported by Buczko et al. [30] and Butzen et al. [31] for soils developed under Fagus sylvatica and Pinus sylvestris forests. However, SWR intensity (EPT) in the topsoil that developed under pinewood was severe and significantly higher than under beech cover, which showed slight intensity. Similar results were reported by Butzen et al. [31], who pointed out that soils developed under coniferous species are generally more water-repellent than those below broadleaf forests and could be due to, among other factors, the higher lipid content [32], as was observed in the Moncayo Natural Park pine litter [33].



The aforementioned trends and differences detected in the topsoil properties are graphically represented in the PCA obtained from the entire data set (Figure 5). Two big clusters can be defined when taking into account the distribution of the field replicates for the pinewood and beechwood (n = 5 for each forest type) and their analysed soil properties. Data are mainly distributed according to pH-related properties such as base saturation, which was higher in the beechwood. On the other hand, the pinewood samples are grouped by higher acid saturation and SWR, although most of these differences are not statistically significant.


Figure 5. Principal component analysis (PCA) of the soil samples (a) and soil properties (b). In figure b), the abbreviations refer to: Soil Aggregate Stability (SAS), Water Drop Penetration Time (WDPT) and Ethanol Percentage Test (EPT), actual pH (pH-H2O) and potential pH (pH-KCl), total organic C (TOC), total N (N), soil C/N ratio (C/N), exchangeable basic cations (Ca2+, Mg2+, Na+, K+), exchangeable acid cations (Fe3+, Al3+), sum of basic (Σb) and acid (Σa) cations, cation exchange capacity (CEC), bases (Vb), and acid (Va) saturation.
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4. Conclusions


After 100 years of Scots pine afforestation in a deforested area previously populated by a natural European beech forest, no differences were observed in the aggregate stability, TOC, total N, pH, and base content of topsoil Ah horizons. However, topsoils under pine showed a strong SWR intensity, while under the natural beech, slight SWR was found. In the pinewood, a higher Al3+ content was found, whereas the K+ content was significantly higher under beech, which modified the exchangeable cation sequence: Ca2+ > Mg2+ > K+ > Al3+ > Na+ > Fe3+ for the beechwood and Ca2+ > Mg2+ > Al3+ > Na+ > K+ > Fe3+ for the pinewood. Organic layers under both forest types are classified as Hemimoder and both stored similar amounts of organic C and total N, although they were pooled in different O-layers. These results suggest the afforestation with Scots pine in a deforested area is a suitable measure for soil protection since it does not show significant differences in the long term (ca. 100 years) as compared to the nearby natural European beech forests.
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