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Abstract 16 

In forest ecosystems, a variety of abiotic and biotic soil forming factors drives soil organic matter 17 

(SOM) and nutrients cycling with a profitable outcome on climate change mitigation. As a 18 

consequence, type and intensity of forest management, through its impact on carbon (C) and 19 

nutrient soil stocks, can be considered as an additional soil forming force. In this study, we 20 

investigated the influence of the coppice conversion into high forest on pedogenesis and on soil C 21 

and nutrient (N, P, Ca, Mg, and K) stocks, fifty years later the beginning of the conversion-cycle. 22 

The trial was established in a Turkey oak forest historically managed under the coppice system in 23 

central Italy. Specifically, we considered tree population density (natural evolution – control, 24 

moderate thinning, heavy thinning) where soil samples were collected according to genetic horizon 25 

to estimate C, N, and P stocks both in the forest floor and at fixed depth intervals (0-30, 30-50 and 26 

50-75 cm). Further, the stocks of exchangeable Ca, Mg, and K were also assessed for the mineral 27 

layers. The results showed that litter and the upper layer of mineral soil (0-30 cm) contained a 28 

similar quantity of C (about 74-83 Mgha-1), independently of the trials and no differences were 29 

observed also in the whole soil stocks (about 192-213 Mg ha-1). The comparison of the mean stocks 30 

calculated per 1-cm of thickness of organic (O), organo-mineral (OM), and mineral (M) layers, 31 

although it did not display any difference among trials (excepted for P and Mg), showed a similar 32 

capability of the organo-mineral horizons to store C and nutrients compared with the organic ones 33 

(e.g., about 6-12 Mg ha-1, 0.3-0.5 Mg ha-1 and 0.5-1.5 kg ha-1 for C, N and P, respectively). Our 34 

findings showed that thinning operated on Turkey oak coppice did not affect soil capacity to store C 35 

and nutrients. These results suggested that the forest ecosystem itself is the main soil forming force 36 

and this is consistent with the target of adopting forest management able to control the global C 37 

cycle through the storage of SOM in the mineral soil rather than in forest floor, where SOM 38 

turnover is faster. 39 

Keywords: forest soil, organic matter, rock fragments, pedogenetic horizons, coppice conversion 40 

into high forest, sustainable forest management 41 

42 



1. Introduction 43 

Soil organic matter (SOM) plays key roles in terrestrial ecosystems, where it is involved in many 44 

processes of soil conservation. SOM is fundamental in stabilizing soil structures and reducing soil 45 

erosion, improving water-holding capacity, and releasing nutrients to plants, microorganisms, and 46 

soil fauna (Bot and Benites, 2005; Canedoli et al., 2020). In forest soils, the input of organic matter 47 

depends on litter production, mortality of fine roots, roots exudates, and shoots residues (Lehmann 48 

et al., 2015; Diao et al., 2020; Wu et al., 2020). Thus, depending on the interaction among the main 49 

soil forming forces (parent material, climate, living organisms, relief, and time; Jenny, 1941), a 50 

vastity of physicochemical and biological processes affects the transformation of plant-derived 51 

organic materials in SOM. During this transformation, SOM is stabilized by the formation of 52 

organo-metallic complexes with di- and trivalent cations (Kaiser et al., 2016), the formation of 53 

organo-mineral complexes with clay minerals (Kögel-Knabner et al., 2008, Barré et al., 2014; 54 

Gartzia-Bengoetxea et al., 2020), and the occlusion within aggregates (Schrumpf et al., 2013), 55 

favouring its preservation in the soil. Therefore, plant species, soil properties, and their interactions 56 

play a key role in determining the soil organic C (SOC) stock and, due to SOM elemental content, 57 

also in the biogeochemical cycles of nutrients like N, P, Ca, Mg, and K (Tiessen et al., 1994). For 58 

instance, estimations indicate that the mean world soil content to 1-m depth is 1462-1548 Pg for 59 

organic C and 133-140 Pg for total N (Batjes, 1996), more than the global content obtained 60 

combining vegetation and atmosphere (Lehmann et al., 2015; Mayer et al., 2020). 61 

In forest ecosystems, forest management may impact on SOC and nutrient stock. In their review, 62 

Mayer et al. (2020) reported that management practices like site preparation, harvesting operations, 63 

removal of harvest residues, and removal of litter and biomass for fodder, fuel, or animal bedding 64 

have a negative impact on SOC stock capacity. Conversely, N addition, introduction of N-fixing 65 

plants, and herbivory regulation have a positive impact on SOC storage. Other practices like 66 

management of tree species diversity and periodical thinnings over the whole stand lifespan that are  67 

used to manage tree population density in high forest [which consists in a stand of trees, generally 68 

originated from seed , that develop a high, closed canopy (SAF, 2008)] and in the conversion into 69 

high forest of coppice systems  seem not to interfere with the soil capacity to stock organic C under 70 

both broadleaves and conifers (Bravo-Oviedo et al., 2015; Prasad Dangal et al., 2017; Zhang et al., 71 

2018; Mayer et al., 2020). 72 

Coppicing represents the oldest form of systematic and sustainable use of forests. It is a very 73 

flexible system that requires a low energy input and has been adapted and modified according to the 74 

needs of rural societies, to whom coppice forests deliver small size wood primarily for energy 75 

(firewood and charcoal), agriculture, and small scale businesses. As a matter of fact, coppice forests 76 

characterize the European landscapes, especially in mountainous areas of central, east and southern 77 



Europe. Due to rural migration and technical and economic restrictions, most of the coppice forests 78 

are today neglected or abandoned, representing a significantly underused natural resource (Unrau et 79 

al., 2018). In Italy, coppice forests cover 3.663 million hectares (Mairota et al., 2018)) and both 80 

evergreen and deciduous Quercus spp. make a significant share of the total cover (nearly 1.6 81 

million ha). Following the crisis of the firewood and charcoal system, the conversion of coppices 82 

into high-forests is considered a sustainable forest management in many countries (Fabbio, 2016; 83 

Fabbio and Cutini, 2017; Cutini et al., 2021) due to the low-frequency soil disturbance that would 84 

favour the storage of SOC (Hölscher et al., 2001; Marchi et al., 2016). Therefore, the link between 85 

forest management and soil properties, with its specific capacity to determine SOC stock and 86 

climate change mitigation, has fostered a number of scientific researches (e.g., Caddeo et al., 2019; 87 

Zhang et al., 2019; Zhao et al., 2019; Lee et al., 2020), but scarce has been the interest on the effect 88 

of forest management on the soil stock of nutrients like N, P, Ca, Mg, and K, whose abundance and 89 

availability is key to soil fertility and biomass production.  90 

The aim of this work was to assess the role of thinning performed for the conversion of a coppice 91 

forest into high forest on soil C, N, available P, and exchangeable Ca, Mg, and K stocks. The effect 92 

of periodical thinning vs no silvicultural intervention (namely, natural evolution following the 93 

suspension of periodical harvestings) was investigated in a Turkey oak (Quercus cerris L.) stand 94 

under conversion into high forest and managed as coppice up to 1949 (last coppicing).  95 

To test the hypothesis that different forest managements can affect soil C and nutrients stocks, and 96 

to investigate on the contribution of each horizon to the whole soil stocks, we estimated: i) C, N, 97 

and P stored in the genetic horizons (ranked in organic, organo-mineral and mineral horizons) and 98 

at fixed depth intervals (0-30, 30-50, and 50-75 cm); and ii) exchangeable Ca, Mg, and K stored in 99 

the mineral soil (organo-mineral and mineral horizons) and at fixed depth intervals (0-30, 30-50, 100 

and 50-75 cm). 101 

 102 

2. Materials and Methods 103 

2.1. Environmental and historical background 104 

The study was conducted in the Natural Reserve of Monterufoli-Caselli forest, Tuscany, Italy (Fig. 105 

1), a Natura 2000 Site (SPA-SAC IT5170008 Complesso di Monterufoli). The whole reserve covers 106 

a gentle hilly environment and extends for 4,828 ha within altitudes spanning between 100 and 560 107 

m. The mean annual precipitation is 750 mm and the mean annual air temperature is 13.5 °C. 108 

Geology of the area is rather complex being dominated by serpentinite and polygenic breccias 109 

(Paleocene), followed by calcareous sandstone interbedded with limestone (Cretaceous), pelitic 110 

marine sediments (Pliocene), silty-clay schists (Cretaceous), and quartzous sandstone interbedded 111 



with arenaceous limestone (Paleocene). The area was heavily influenced by human activities since 112 

ancient times. Central Italy, and especially Tuscany, was subject to an intense mining activity 113 

during Bronze and Iron ages. As reported by Cartocci et al. (2007), Tuscany can be considered one 114 

of the most important ancient metallurgical districts of Italy, with several active mining centres 115 

since the Iron Age. In the study area, considerable was the production of iron, pyrite, base metals, 116 

silver, antimony, mercury, and gold for millennia (Chiarantini et al., 2018). Because of this activity, 117 

there was the need of fuel for metal smelting, with the consequent exploitation of forests (especially 118 

oak forests of Quercus cerris L., Quercus pubescens Willd., and others) for charcoal production 119 

(Carrari et al., 2017).  120 

 121 

2.2. Study area 122 

The study was run in a long-term monitoring area located within the Caselli Forest. Forest stands 123 

consisted of Turkey oak (Quercus cerris L.) for about 90%, with broadleaves like Fraxinus spp., 124 

Ulmus spp., Ostrya spp., and Quercus ilex L. as subsidiary species. Under the coppice system, in 125 

Italy Turkey oak cover ≈675,000 ha, i.e. the 18.4% of coppice forests (Manetti et al., 2020). Leaf 126 

area index (LAI) ranged from 4.3 to 5.2 (Cutini, 1996). Here, last coppicing was performed in 1949; 127 

then, in 1969, a long-term experiment aimed at comparing the periodical thinning of standing crop 128 

vs its natural evolutive pattern to achieve coppice conversion into high forest was established. The 129 

main goal of the experiment was to verify stand dynamics as for its structural-compositional 130 

arrangement and functional traits of tree biomass. The treatments on the ground were the full 131 

release of the dominated layer, moderate thinning (MT) and heavy thinning (HT) with an average 132 

release of 1500 and 1100 stems ha-1 in the dominant layer, respectively. The coppice under natural 133 

evolution, in absence of any practice, was considered as control (CTR); here, the average full tree 134 

density was 4269 ha-1 (Fabbio and Amorini, 2006; Manetti and Gugliotta, 2006). Each trial was 135 

repeated four times according to a randomized blocks design. Within plots of several thousands of 136 

m2, we selected a survey area of 900 m2 all within a NNE-NNW exposure on slopes roughly 137 

ranging from 10 to 20% (Table S1, Supplementary Materials). A second thinning was implemented 138 

in 1989 releasing 715 and 1036 shoots ha-1 in HT and MT, respectively. Average stem density 139 

decreased to 3589 ha-1 in CTR. The arrangement of stand structure following the applied 140 

silviculture was a two-storied stand: the dominant layer mainly made of Turkey oak, and the 141 

dominated layer made the set of subsidiary broadleaved species.  142 

Other inventories were performed in 1998 and 2004. In 2004, there were 578 shoots ha-1 in the 143 

dominant layer of HT and 869 shoots ha-1 in MT. Average full stem density was 3417 ha-1 in CTR. 144 

Main stand parameters are summarized in Table 1.  145 



 146 

2.3. Sampling sites and soil sampling 147 

The study site spanned from 337 to 345 m above sea level, on soil formed on calcareous sandstone 148 

interbedded with limestone. In each of the four plots of the three trials, in 2017 a survey was run to 149 

evaluate the spatial variability of surface stoniness, rock outcrops, slope, micro-topography, 150 

dominant vegetation, and understorey to select the location where to dig a soil profile. Then, a total 151 

of 12 profiles (1 profile • 4 plots • 3 trials) representative of each plot conditions were opened 152 

within locations with 12-15% slope and 90-95% soil cover. In each plot the soil profile was dug at 153 

≈1 m from the stem (downslope position) of one of the oldest trees and until the depth of ≈1 m, 154 

except for lithic contact. For each profile, the organic horizons forming the forest floor were 155 

morphologically described per Baize et al. (2008) and sampled in an area of about 3 m2 around the 156 

profile. The mineral soil was morphologically described per Schoeneberger et al. (2012) and 157 

sampled by genetic horizons. Soil morphologies provided of understorey composition (Frati et al., 158 

2021) are reported in Table S1 of Supplementary Material. During the field operations, the collected 159 

samples were stored in a refrigerated bag and, once in the laboratory, they were allowed to air-dry. 160 

Thus, the mineral samples were sieved at 2 mm to separate the fine earth (< 2-mm fraction) from 161 

the skeleton (> 2-mm fraction).  162 

 163 

2.4. Laboratory analysis 164 

The bulk density of both fine earth and skeleton of each horizon was determined by soil cylinders. 165 

Specifically, two horizontal soil cores were collected from each mineral horizon by using cylinders 166 

of 503 cm3 (height: 10.8 cm; diameter: 7.7 cm). In the laboratory, the collected sample was sieved 167 

at 2 mm and the volume of the skeletal particles was determined by water displacement after the 168 

particles were water-saturated (Corti et al., 1998). The volume of the fine earth was obtained by 169 

subtracting that of the skeletal particles from the total volume of the cylinder. Both fine earth and 170 

skeleton were then heated at 105°C and weighed. The content of large cobbles was estimated by the 171 

“percent of area covered” figure reported in Schoeneberger et al. (2012), and their bulk density 172 

determined as mentioned above. For the organic horizons, the bulk density was estimated by 173 

pedotransfer functions (De Nicola et al., 2014), which have been tested by other researcher in 174 

various Italian contexts (Brenna et al., 2010; Garlato et al., 2009a, b; Guermandi et al., 2013). These 175 

equations provide bulk density as a function of the percentage of estimated organic matter (OM = 2 176 

● organic C) as follows:  177 

1. For OM > 30%: bulk density (g cm-3) = 0.00589 ● organic C + 0.554;  178 

2. For OM = 30–15%: bulk density (g cm-3) = 0.00745 ● organic C + 0.593; 179 



3. For OM < 15%: bulk density (g cm-3) = 0.00797 ● organic C + 0.553. 180 

Aliquots of 20 g of fine earth were used to determine the particle-size analysis after they were 181 

maintained submerged in deionised water for 24 h; sand was retrieved by wet sieving at 0.053 mm, 182 

while silt and clay were obtained by sedimentation. All the following analyses were performed on 183 

both fine earth and skeleton. The pH values were determined potentiometrically in water after one 184 

night of solid:liquid contact at 1:2.5 w:v ratio for the mineral samples and 1:8 w:v ratio for the 185 

organic samples (Cardelli et al., 2019). Total organic carbon (TOC) was estimated by K-dichromate 186 

digestion, heating the suspension at 180 °C for 30 minutes (Nelson and Sommers, 1996). Water-187 

extractable organic matter (WEOM) was extracted after one night of the 1:10 solid:liquid 188 

suspension in an orbital shaker at 140 rpm and filtered through a Whatman 42 filters (Agnelli et al., 189 

2014). The organic C content of the extract (WEOC, water-extractable organic carbon) was 190 

determined by titration (Nelson and Sommers, 1996). Total N (TN) was measured by a dry 191 

combustion analyser (EA-1110, Carlo Erba Instruments, Milan, Italy), while available P (Pav) was 192 

determined following the Olsen et al. (1954) method. Exchangeable Ca, Mg, and K were displaced 193 

by a 0.2 M BaCl2 solution (solid:liquid ratio 1:10) and extracted after 10 min of shaking (Corti et 194 

al., 1997). The obtained suspensions were centrifuged and filtered through Whatman 42 filters. 195 

Elements were determined by atomic absorption with a Shimadzu AA-6300 spectrophotometer 196 

(Tokyo, Japan). For the skeletal fraction, pH, Pav, and exchangeable Ca, Mg, and K were 197 

determined on unground fragments, while TOC, WEOC, and TN were measured on ground aliquots 198 

(Ugolini et al. 1996; Corti et al., 1997; Corti et al., 2002).  199 

 200 

2.5. Stock calculation 201 

Soil rock fragments can contain considerable amounts of nutrients (Ugolini et al., 1996). In 202 

particular, as pointed out by Corti et al. (2002) and Cuniglio et al. (2009), calcareous skeleton may 203 

represent a large reservoir of C, N, and nutrient cations. Thus, considering the soil as made of fine 204 

earth only may result in significant overestimations of the soil nutrient budget. Therefore, C and 205 

nutrients (N, P, Ca, Mg, K) stocks were calculated for each genetic horizon taking into 206 

consideration both fine earth and skeleton contributions.  207 

The amount of element stored in the fine earth and skeleton was calculated as following (De Nicola 208 

et al., 2014):  209 

 210 

 211 

ES = EC ● BD ● TH ● CC           (1) 212 

 213 



where ES is the element stock (in Mg ha-1 for C, N, and exchangeable Ca, Mg, and K; in kg ha-1 for 214 

Pav), EC is the element concentration (g kg-1 for C and N; mg kg-1 for Pav and exchangeable Ca, Mg, 215 

and K), BD is the bulk density (kg dm-3), TH is the horizon thickness (cm), and CC is the 216 

coefficient applied to normalize the units of measure (10-1 for C, N and Pav; 10-4 for exchangeable 217 

Ca, Mg, and K). 218 

Thus, the total C and nutrient stored in each genetic horizon were determined as the weighed mean 219 

for the fine earth and skeleton contents: 220 

 221 

ESTOT = [(ESfe ● FE%) + (ESsk ● SK%)] / 100                                                                           (2) 222 

 223 

where ESTOT is the total amount of element stored in the genetic horizon (in Mg ha-1 for C, N, and 224 

exchangeable Ca, Mg, and K; in kg ha-1 for Pav), ESfe is the amount of element contained in the fine 225 

earth, FE% is the percentage of fine earth content in the horizon, ESsk is the amount of element 226 

contained in the skeleton, SK% is the percentage of skeleton content in the horizon.  227 

For each element, the amount stored by 1-cm thickness of the organic, organo-mineral, and mineral 228 

horizons was also calculated. 229 

 230 

2.6. Statistical analysis 231 

Because of the soil variability, profiles showed slight differences in the sequence of horizons. Thus, 232 

genetic horizons were grouped into soil layers based on their nature: forest floor (OLn, OLv, OFr, 233 

and OH horizons), organo-mineral (A and AB horizons), and mineral (Bw, Bg, BC, and Cr 234 

horizons). Properties of the soil layers were obtained by calculating the weighed mean of each 235 

property based upon the thickness of each horizon. The element stocks for the 0-30, 30-50, and 50-236 

75 cm of soil were calculated considering the thicknesses of the organo-mineral and mineral soil 237 

horizons. To highlight differences in C and nutrient stocks, one-way ANOVA was performed along 238 

the soil layers and among soils under different forest managements. Prior to ANOVA, normality 239 

and homoscedasticity of the dataset were assessed using Shapiro-Wilk statistical test and by 240 

Levene's test at 5% significance level, respectively. Assumptions were not violated and Tukey's 241 

Honest Significant Difference (HSD) test with P≤0.05 was used to compare differences among 242 

means. Results of ANOVA (F value and significance level), showing the influence of management 243 

and depth on physical and chemical properties and elements stock in the surveyed soils are reported 244 

in Table S5 a/b of Supplementary Materials. 245 

 246 

3. Results 247 



3.1. Soil morphology, and physical and chemical properties in the three forest trials 248 

Properties of the experimental site were similar in the three forest trials. 249 

All the soils were classified as Humustepts (Soil Survey Staff, 2014). Soil morphology organized in 250 

soil layers is reported in Table 2 and Table S1 of Supplementary Material. The litter layer was on 251 

average 2 to 5 cm thick and was mainly made by Turkey oak leaves and branch fragments. Organo-252 

minerals horizons showed a thickness spanning from 2 to 6 cm thick, and the soil structure was 253 

moderately to well-developed, in form of crumbs or subangular blocks; in the area massively 254 

frequented by wild boars (MT), the structure was platy. Mineral horizons showed poorly to well-255 

developed structure mainly made of subangular and angular blocks. Gley B horizons (Bg) indicate 256 

periodical soil water saturation (Soil Survey Staff, 2014). The skeleton content in the three trials 257 

ranged from 0 to 50-60%, with the greatest contents in depth (Table 2).  258 

The soil pH was sub-acid (ranging between 5.69 and 6.15), with no significant difference among 259 

layers and trials (Table 3). The particle-size distribution showed a coarser texture in the organo-260 

mineral horizons (loam to sandy-loam textures) than in the mineral ones (silty clay and clay loam). 261 

No statistically significant difference (P>0.05) among the trials was observed. As expected, the 262 

largest contents of TOC, WEOC, TN, and Pav were in the litter and showed a decreasing trend with 263 

depth. Among the trials, no difference occurred for TOC, WEOC, and TN, whereas the organo-264 

mineral horizons of HT displayed the highest Pav concentrations. The WEOC/TOC ratio showed 265 

very high values with respect to other reports (Corvasce et al., 2006; De Feudis et al., 2017), with 266 

statistically significant differences only in the MT trial, where the mineral horizons displayed the 267 

highest value. The C/N ratio showed a significantly decreasing trend with depth in all the trials, 268 

with no significant difference among them (Table 3, S2 and S3 of Supplementary Material for fine 269 

earth and skeleton data, respectively). 270 

 271 

3.2. C and nutrient stocks in the three forest trials 272 

In the three trials, litter and the upper 0-30 cm mineral layer contained similar quantity of C, which 273 

was higher than in the 30-50 and 50-75 cm mineral layers (Table 4). Other differences among litter 274 

and mineral layers were observed for TN in CTR, exchangeable Ca in HT, and K in HT and MT, 275 

always with the highest stock in the 0-30 cm layer. However, the stock of all elements showed no 276 

statistical difference among the trials. The contribution of the skeleton to the element stocks was 277 

negligible or null for C, TN, and Pav, but ranged from ≈1.5 to ≈11% for exchangeable K, and from 278 

≈27 to ≈63% for exchangeable Ca and Mg (Table 4 and Table S4 of Supplementary Material).  279 

The amount of the elements stored by 1-cm thickness of the organic, organo-mineral, and mineral 280 

horizons in the three trials is reported in Fig. 2. The quantity of C, TN, and Pav stored in 1 cm of 281 



litter was often similar to that of the organo-mineral horizons (except for Pav in CTR), and from 282 

three- to ten-fold higher than that of the mineral horizons (except for TN in CTR, where no 283 

significant difference was observed). For the exchangeable Ca, Mg, and K, the stock capacity of 1 284 

cm of organo-mineral horizons was generally greater than in the mineral horizons but because the 285 

samples were small (Webster, 2001), the differences were not statistically significant except for Ca 286 

in MT, Mg in HT, and K in both HT and MT, where the variability was proportionally less than in 287 

the other cases. Contrasting the stock capacity per 1-cm thickness among the different trials, only 288 

Pav and exchangeable Mg showed significant differences, with the highest contents of the two 289 

elements in the organo-mineral horizons of HT (Table 3).  290 

 291 

4. Discussion  292 

4.1. Effect of thinning on soil morphology and physicochemical properties 293 

The effect of thinning on the main pedological features appeared negligible in the studied forest. In 294 

the topsoil, which is the soil portion most sensitive to disturbances and management practices (Song 295 

et al., 2005), the effect of thinning could have been masked by the wild boar activity. In our case, 296 

the topsoil mixing due to wild boars seemed to have not substantially affected the soil morphology, 297 

probably because all trials have been characterized over time by their presence, albeit with different 298 

intensities.  299 

Although the soils developed from calcareous parent material, the soil profiles displayed sub-acid 300 

pH values, indicating that soils have been subjected to a heavy decarbonation induced by several 301 

acidification processes (Haynes, 1990; Richter et al., 2007; Lemanceau et al., 2009; Chapin et al., 302 

2011; Cocco et al., 2013; Corti et al., 2019). Because of this, and the long time needed to dissolve 303 

all carbonates (Cocco et al., 2013), these soils can be considered as highly weathered (e.g., 304 

Sundquist and Visser, 2003) and, consequently, it was not expected that the forest thinning could 305 

induce marked changes on soil pH in 50 years. Moreover, even when carbonates have been 306 

dissolved, acidification is buffered by clay and organic matter (Brady and Weil, 2017), which 307 

contribute to reduce pH changes. The soil texture is a parameter not responding quickly to 308 

environmental changes; in fact, it is similar for all the trials. Along the profiles, the texture was finer 309 

at depth than at the surface probably for the occurrence of lessivage, a process that requires long 310 

time to produce differences in terms of soil texture and drainage (Buurman et al., 1998; Quénard et 311 

al., 2011; Calabrese et al., 2018). 312 

The decreasing of TOC, TN, and Pav with depth is a common trend in soil and especially in forest 313 

soils, where the majority of the biomass produced is added in form of litter (Mason and Zanner, 314 

2005). While TOC and TN were not affected by thinning, as they respond slowly to changes (Bai et 315 

al., 2017), the different Pav content in the organo-mineral and mineral horizons of the three trials 316 



were considered an effect of the forest thinning. In fact, working on soils under Fagus sylvatica 317 

forests, Cardelli et al. (2019) reported that P liberation and activity of enzymes involved in the P 318 

cycle are higher in the organo-mineral (A) than in the organic (O) horizons because of the major 319 

content of decaying SOM and the consequently greater availability of P-bearing substances like 320 

nucleic acids, carbohydrates, proteins, and fatty acids. The major reduction of the canopy density in 321 

HT might have enhanced SOM degradation through the increased solar radiation and temperature 322 

(e.g., Gressel et al., 1996; Scharenbroch and Bockeim, 2007; Cheng et al., 2021)), with the 323 

subsequent higher release of P.  324 

The WEOM content and the WEOM/TOC ratio did not change among the trials. This behaviour 325 

was unexpected because WEOM, which is composed of easily degradable molecules that represent 326 

the main C and energy source for the soil microbial community (De Feudis et al., 2019), is 327 

considered as an indicator of microbial activity (Gutiérrez-Girón et al., 2015), very sensitive to 328 

disturbances and management (Chantigny, 2003). However, since the WEOM is released following 329 

SOM mineralization (Bartos et al., 2020) and the two thinning intensities did not produce different 330 

litter thicknesses (Table 2) and soil TOC and TN concentrations (Table 3) in respect to the control, 331 

it would justify the similar WEOC contents and WEOC/TOC ratios found among the trials. 332 

Throughout the profiles, the decreasing content of WEOC and the parallel increase of WEOC/TOC 333 

ratio (statistically significant only in MT) confirmed the importance of this soluble fraction as 334 

energetic substrate for the organisms harbouring the deeper soil horizons.  The increase of the 335 

WEOC/TOC ratio in the mineral layers, where the clay content is the highest, could be also due to 336 

adsorption of organics on the clay mineral lattices, with the formation of mobile organo-mineral 337 

complexes (Corvasce et al., 2006).  338 

The magnitude of the values of the C/N ratio for the three trials agreed with those reported in other 339 

studies conducted on Mediterranean forests ( Corral-Fernández et al., 2013; Cools et al., 2014). The 340 

decreasing trend of the C/N ratio with depth is a common trend in forest soils, where the litter is 341 

made by less degraded (and with higher C/N ratio) biomass than the organic molecules translocated 342 

into the deeper soil horizons after SOM decaying (Marinari et al., 2021).  343 

 344 

4.2. Effect of thinning on the stocks of C and nutrients  345 

In all the trials, SOC stock is similar in both litter (with a general thickness of 6-10 cm) and 0-30 346 

cm layer, while the SOC stored below 30 cm depth amounted to 54-69% of that in the upper layer. 347 

The large amount of C stored in the sub-superficial mineral soil has a basic ecological relevance due 348 

to the role of forest soils as C sink and, hence, in the climate change mitigation. In the mineral 349 

layers, SOM is stabilized and protected from degradation (e.g., Ono et al., 2013; Yao et al., 2019) 350 



mostly because of clay minerals associations and oxygen limitation (e.g., Wattel-Koekkoek et al., 351 

2003; Kleber, 2010). As a consequence, with increasing depth the C turnover rate slows down and 352 

the mean residence time of SOM (e.g., Trumbore, 2000; Wang and Chang, 2001) and decaying 353 

roots (e.g., Agnelli et al., 2014) tend to increase.  354 

Regarding the different stocks observed along the depth for TN (in CTR) and exchangeable Ca (in 355 

HT) and K (in HT and MT), they appeared not related with the amount of roots or with the presence 356 

of leguminous species in the understorey that could have enriched the soil of N (Table S1 of 357 

Supplementary Materials). The knowledge on the influence of thinning on the stock of elements in 358 

the different layers along the soil depth is scarce but, working on a multi-centennial holm oak 359 

(Quercus ilex L.) forest in a pedoclimatic condition similar to that of our trials, Agnelli et al. (2016) 360 

found that many soil features, especially those not directly linked to the microbial activity, were 361 

rather homogeneous for each soil depth because of the long lasting pedogenesis. Since our trials 362 

were established under a forest cover as old as at least three millennia, we believe that, especially 363 

for exchangeable Ca and K, differences derived from spatial differences of parent material and 364 

skeleton content rather than to thinning experimentation started ≈50 years before this study. 365 

The three trials showed no significant effect for none of the four (in case of C, N, and Pav stocks) or 366 

three (for exchangeable Ca, Mg, and K) layers considered. Thinning has been reported not to be 367 

able to produce changes on the organic C (and N) stock in naturally settled broadleaves and conifers 368 

stands (e.g., Bravo-Oviedo et al., 2015; Bai et al., 2017; Prasad Dangal et al., 2017; Zhang et al., 369 

2018; Mayer et al., 2020).  Opposite results were found in planted forests. For example, in their 370 

review Gong et al. (2021) took into consideration 77 articles on the effect of forest thinning on SOC 371 

stocks in the 0–30 cm mineral soil thickness across planted forests in China and concluded that a 372 

moderate thinning significantly increased SOC stocks with respect to both no-thinning and heavy 373 

thinning. Instead, working in a Picea crassifolia Kom. plantations, He et al. (2018) observed a 374 

decrease of the C stock with increasing thinning intensity, with a parallel increase of soil water 375 

storage. These reports reinforced the hypothesis that thinning cannot affect the stock of C and other 376 

elements in soils with long forest cover history, where pedogenesis has heavily homogenized the 377 

soil profile.  378 

The 1-cm stock values confirmed that the organic and the organo-mineral horizons are able to stock 379 

similar amounts of C, TN, and Pav, while more in depth this ability is minor. While the 380 

concentration of C and TN in the organic and organo-mineral horizons was ascribed to their 381 

richness of SOM, the large concentration of Pav was attributed to the degradation of SOM, which 382 

released P from the organic structures (e.g., Pistocchi et al., 2018; Ni et al., 2021). With respect to 1 383 

cm of mineral horizons, the ability of 1 cm of organo-mineral horizons to stock nutrient cations was 384 



statistically significant only for Ca in MT, Mg in HT, and K in HT and MT, but a generalized trend 385 

was observed in all cases, even though the differences were not significant because the samples 386 

were relatively small. In all these cases, the differences were attributed to the relatively fast SOM 387 

degradation occurring in the organo-mineral horizons (e.g., Pistocchi et al., 2018; Wang et al., 388 

2019). 389 

When contrasting the 1-cm stock capacity among the trials, thinning appeared to have an effect only 390 

on Pav and exchangeable Mg, which assumed the highest values in the organo-mineral horizons of 391 

HT. Also in this case, although not significant, the same appeared true at least for the potentially 392 

available Ca, while for the exchangeable K differences were probably disturbed by spatial 393 

variability of parent material and skeleton contribution. However, since a more intense thinning is 394 

expected to induce a diffuse higher soil water storage because of the resulted lower canopy density 395 

(He et al., 2018), it is probable that a larger water availability in the organic and organo-mineral 396 

horizons favoured a greater SOM mineralization with consequent release of nutrients (e.g., 397 

Vesterdal et al., 1995; Prescott, 2002; Chiti et al., 2015; Gross et al., 2018). 398 

 399 

5. Conclusions 400 

The soil physicochemical parameters and the stock of C and nutrients in the litter and in the 0-30, 401 

30-50, and 50-75 cm layers under a multi-millennial Turkey oak forest cover, appeared slightly 402 

influenced by thinnings operated along the last 50 years. This result, which contradicts our research 403 

hypothesis, was achieved considering the contribution of the skeletal fraction that, especially in 404 

depth, was present in a considerable amount. The only parameters that appeared to be more affected 405 

by thinning were Pav and exchangeable Mg. The more intense thinning was able to increase the 1-406 

cm storage of the organo-mineral horizons via a major SOM mineralization. Our results contrast 407 

with those reported for recently (decades) planted forests, especially if plantation occurs in former 408 

cultivated fields, where thinning has tangible effects on element storage. This is equivalent to 409 

saying that, after about three millennia of Turkey oak forest use, both forest cover and human 410 

activity are the main soil forming forces.  411 

Our study also showed that organo-mineral and mineral horizons under the Turkey oak forest are 412 

able to store an amount of SOM similar to the litter layers. Since the SOM contained into the 413 

organo-mineral and mineral horizons has higher recalcitrance and, consequently, is less involved in 414 

the C turnover processes than that of the forest floor, it is mandatory to adopt forest managements 415 

strategies able to increase SOM in depth rather than in the superficial organic horizons, to affect 416 

positively the global C cycle.  417 



Finally, considering that i) coppice stands under conversion into high forest via natural evolution 418 

and by means of periodical thinnings appeared to be equal as for soil ecosystem properties 50 years 419 

later, and that ii) the latter option is more profitable for environmental, socio-economic issues and 420 

recreational purposes, thinning implementation can be considered as a valuable solution, among the 421 

different and complementary strategies on the floor, to manage nowadays the original coppice area.  422 

 423 

Acknowledgements 424 

We are indebted to Leonardo Tonveronachi for his help during the field activities. 425 

 426 

Funding: This work was supported by European project FutureForCoppices LIFE14 427 

ENV/IT/000514. 428 

 429 

References 430 

Agnelli, A., Massaccesi, L., De Feudis, M., Cocco, S., Courchesne, F., Corti, G., 2016. Holm oak 431 

(Quercus ilex L.) rhizosphere affects limestone-derived soil under a multi-centennial forest. Plant 432 

and soil. 400, 297-314. https://doi.org/10.1007/s11104-015-2732-x 433 

Agnelli, A., Bol, R., Trumbore, S.E., Dixon, L., Cocco, S., Corti, G., 2014. Carbon and nitrogen in 434 

soil and vine roots in harrowed and grass-covered vineyards. Agric. Ecosyst. Environ. 193, 70–435 

82. https://doi.org/10.1016/j.agee.2014.04.023 436 

Bai, S.H., Dempsey, R., Reverchon, F., Blumfield, T. J., Ryan, S., Cernusak, L. A., 2017. Effects of 437 

forest thinning on soil-plant carbon and nitrogen dynamics. Plant Soil 411, 437–449. 438 

https://doi.org/10.1007/s11104-016-3052-5 439 

Baize, D., Girard, M.C., 2008. Référentiel Pedologique, Edition Quæ. Association francaise pour 440 

l'etude du sol (Afes), Versailles, France.  441 

Barré, P., Fernandez-Ugalde, O., Virto, I., Velde, B., Chenu, C., 2014. Impact of phyllosilicate 442 

mineralogy on organic carbon stabilization in soils: Incomplete knowledge and exciting 443 

prospects. Geoderma 235–236, 382–395. https://doi.org/10.1016/j.geoderma.2014.07.029 444 

Bartos, A., Szymański, W., Klimek, M., 2020. Impact of conventional agriculture on the 445 

concentration and quality of water-extractable organic matter (WEOM) in the surface horizons 446 

of Retisols—A case study from the Carpathian Foothills in Poland. Soil and Tillage Research, 447 

204. https://doi.org/10.1016/j.still.2020.104750. 448 

Batjes, N.H., 1996. Total carbon and nitrogen in the soils of the world. Eur. J. Soil Sci. 449 

https://doi.org/10.1111/ejss.12114_2 450 

Bot, A., Benites, J., 2005. The Importance of Soil Organic Matter: Key to Drought-resistant Soil 451 



and Sustained Food Production, ed. Food and Agriculture Organization of the United Nation 452 

(FAO), Rome. 453 

Brady, N.C., Weil, R.R., 2017. The Nature and Properties of Soils. Fifteenth ed. Upper Saddle 454 

River, New Jork. https://doi.org/10.2136/sssaj2016.0005br 455 

Bravo-Oviedo, A., Ruiz-Peinado, R., Modrego, P., Alonso, R., Montero, G., 2015. Forest thinning 456 

impact on carbon stock and soil condition in Southern European populations of P. sylvestris L. 457 

For. Ecol. Manag. 357, 259–267. https://doi.org/10.1016/j.foreco.2015.08.005 458 

Brenna, S., Rocca, A., Sciaccaluga, M., Valagussa, M., 2010. Sistema di Monitoraggio della Qualità 459 

dei Suoli di Lombardia, Sperimentazione condotta nell'ambito del progetto di ricerca n. 1032 460 

“Sistema di monitoraggio della qualità dei suoli di Lombardia”. “Foto a cura di: Marco 461 

Sciaccaluga, Alberto Rocca. - SOILQUALIMON” (d.g.r. 22 marzo 2006 n. VIII/2182 – 462 

Programma di attività 2006). Quaderni della Ricerca n. 110 - maggio 2010. Regione Lombardia - 463 

Direzione Generale Agricoltura U.O. – Ente regionale per i servizi all'agricoltura e alle foreste. 464 

Buurman, P., Jongmans, A.G., PiPujol, M.D., 1998. Clay illuviation and mechanical clay 465 

infiltration — Is there a difference? Quat. Int. 51–52, 66–69. https://doi.org/10.1016/S1040-466 

6182(98)90225-7 467 

Caddeo, A., Marras, S., Sallustio, L., Spano, D., Sirca, C., 2019. Soil organic carbon in Italian 468 

forests and agroecosystems: Estimating current stock and future changes with a spatial modelling 469 

approach. Agric. For. Meteorol. 278, 107654. 470 

https://doi.org/10.1016/J.AGRFORMET.2019.107654 471 

Calabrese, S., Richter, D. D., & Porporato, A. M.,2018. The formation of clay-enriched horizons by 472 

lessivage. Geophysical Research Letters, 45, 7588– 7595. 473 

https://doi.org/10.1029/2018GL078778 474 

Canedoli, C., Ferrè, C., Abu El Khair, D., Comolli, R., Liga, C., Mazzucchelli, F., Proietto, A., 475 

Rota, N., Colombo, G., Bassano, B., Viterbi, R., Padoa-Schioppa, E., 2020. Evaluation of 476 

ecosystem services in a protected mountain area: Soil organic carbon stock and biodiversity in 477 

alpine forests and grasslands. Ecosyst. Serv. 44, 101135. 478 

https://doi.org/10.1016/j.ecoser.2020.101135 479 

Cardelli, V., De Feudis, M., Fornasier, F., Massaccesi, L., Cocco, S., Agnelli, A., Weindorf, D.C., 480 

Corti, G., 2019. Changes of topsoil under Fagus sylvatica along a small latitudinal-altitudinal 481 

gradient. Geoderma 344, 164–178. https://doi.org/10.1016/J.GEODERMA.2019.01.043 482 

Carrari, E., Ampoorter, E., Bottalico, F., Chirici, G., Coppi, A., Travaglini, D., Verheyen, K., Selvi, 483 

F., 2017. The old charcoal kiln sites in Central Italian forest landscapes. Quat. Int. 458, 214–223. 484 

https://doi.org/10.1016/j.quaint.2016.10.027 485 

https://doi.org/10.1016/j.foreco.2015.08.005


Cartocci, A., Fedi, M.E., Taccetti, F., Benvenuti, M., Chiarantini, L., Guideri, S., 2007. Study of a 486 

metallurgical site in Tuscany (Italy) by radiocarbon dating. Nucl. Instruments Methods Phys. 487 

Res. Sect. B Beam Interact. with Mater. Atoms 259, 384–387. 488 

https://doi.org/10.1016/j.nimb.2007.01.183 489 

Chantigny, M. H., 2003. Dissolved and water-extractable organic matter in soils: a review on the 490 

influence of land use and management practices, Geoderma 113, issues 3–4, 357-380. 491 

https://doi.org/10.1016/S0016-7061(02)00370-1. 492 

Chapin, F.S. III; Matson, P.A., Mooney, H.A., 2011. Principles of Terrestrial Ecosystem Ecology. 493 

Springer, Heidelberg, Germany. 494 

Cheng, X., Han, H., Zhu, J., Peng, X., Li, B., Liu, H., Epstein, H.E., 2021. Forest thinning and 495 

organic matter manipulation drives changes in soil respiration in a Larix principis-rupprechtii 496 

plantation in China. Soil Tillage Res. 211, 104996. https://doi.org/10.1016/j.still.2021.104996 497 

Chiarantini, L., Benvenuti, M., Costagliola, P., Dini, A., Firmati, M., Guideri, S., Villa, I.M., 498 

Corretti, A., 2018. Copper metallurgy in ancient Etruria (southern Tuscany, Italy) at the Bronze-499 

Iron Age transition: a lead isotope provenance study. J. Archaeol. Sci. Reports 19, 11–23. 500 

https://doi.org/10.1016/j.jasrep.2018.02.005 501 

Chiti T., Sirca C., Rodeghiero M., Spano D., Valentini R. (2015) Soil Carbon Stocks and Fluxes. In: 502 

Valentini R., Miglietta F. (eds) The Greenhouse Gas Balance of Italy. Environmental Science 503 

and Engineering. Springer, Berlin, Heidelberg. https://doi.org/10.1007/978-3-642-32424-6_8 504 

Cocco, S., Agnelli, A., Gobran, G.R., Corti, G., 2013. Changes induced by the roots of Erica 505 

arborea L. to create a suitable environment in a soil developed from alkaline and fine-textured 506 

marine sediments. Plant Soil 368, 297–313. https://doi.org/10.1007/s11104-012-1501-3 507 

Cools, N., Vesterdal, L., De Vos, B., Vanguelova, E., Hansen, K., 2014. Tree species is the major 508 

factor explaining C: N ratios in European forest soils. For. Ecol. Manage. 311, 3–16. 509 

https://doi.org/10.1016/j.foreco.2013.06.047 510 

Corral-Fernández, R., Parras-Alcántara, L., Lozano-García, B., 2013. Stratification ratio of soil 511 

organic C, N and C:N in Mediterranean evergreen oak woodland with conventional and organic 512 

tillage. Agric. Ecosyst. Environ. 164, 252–259. https://doi.org/10.1016/J.AGEE.2012.11.002 513 

Corti, G., Agnelli, A., Cocco, S., Cardelli, V., Masse, J., Courchesne, F., 2019. Soil affects 514 

throughfall and stemflow under Turkey oak (Quercus cerris L.). Geoderma 333, 43–56. 515 

https://doi.org/10.1016/J.GEODERMA.2018.07.010 516 

Corti, G., Agnelli, A., Ugolini, F.C., 1997. Release of Al by hydroxy-interlayered vermiculite and 517 

hydroxy-interlayered smectite during determination of cation exchange capacity in fine earth and 518 

rock fragments fractions. Eur. J. Soil Sci. 48, 249–262. https://doi.org/10.1111/j.1365-519 



2389.1997.tb00545.x 520 

Corti, G., Ugolini, F.C., Agnelli, A., 1998. Classing the soil skeleton (greater than two millimeters): 521 

Proposed ppproach and procedure. Soil Sci. Soc. Am. J. 62, 1620–1629. 522 

https://doi.org/10.2136/sssaj1998.03615995006200060020x 523 

Corti, G., Ugolini, F.C., Agnelli, A., Certini, G., Cuniglio, R., Berna, F., Fernández Sanjurjo, M.J., 524 

2002. The soil skeleton, a forgotten pool of carbon and nitrogen in soil. Eur. J. Soil Sci. 53, 283–525 

298. https://doi.org/10.1046/j.1365-2389.2002.00442.x 526 

Corvasce, M., Zsolnay, A., D’Orazio, V., Lopez, R., Miano, T.M., 2006. Characterization of water 527 

extractable organic matter in a deep soil profile. Chemosphere 62, 1583–1590. 528 

https://doi.org/10.1016/J.CHEMOSPHERE.2005.07.065 529 

Cuniglio, R., Corti, G., Agnelli, A., 2009. Rock fragments evolution and nutrients release in 530 

vineyard soils developed on a thinly layered limestone (Tuscany, Italy). Geoderma 148, 375–531 

383. https://doi.org/10.1016/J.GEODERMA.2008.11.005 532 

Cutini A., 1996. The influence of drought and thinning on leaf area index estimates from canopy 533 

transmittance method. Annales des Sciences Forestieres 53 (2-3): 595 – 603. 534 

Cutini, A., Ferretti, M., Bertini, G., Brunialti, G., Bagella, S., Chianucci, F., Fabbio, G., Fratini, R., 535 

Riccioli, F., Caddeo, C., Calderisi, M., Chiucci, B., Corradini, S., Cristofolini, F., Di Salvatore, 536 

U., Ferrara, C., Frati, L., Landi, S., Marchino, L., Patteri, G., Piovosi, M., Roggero, P.P., 537 

Seddaiu, G., Gottardini, E., 2021. Testing an expanded set of sustainable forest management 538 

indicators in Mediterranean coppice area. Ecological Indicators. 130, 108040. 539 

https://doi.org/10.1016/j.ecolind.2021.108040 540 

De Feudis, M., Cardelli, V., Massaccesi, L., Hofmann, D., Berns, A.E., Bol, R., Cocco, S., Corti, 541 

G., Agnelli, A., 2017. Altitude affects the quality of the water-extractable organic matter 542 

(WEOM) from rhizosphere and bulk soil in European beech forests. Geoderma 302, 6–13. 543 

https://doi.org/10.1016/j.geoderma.2017.04.015 544 

De Feudis, M., Cardelli, V., Massaccesi, L., Trumbore, S.E., Vittori Antisari, L., Cocco, S., Corti, 545 

G., Agnelli, A., 2019. Small altitudinal change and rhizosphere affect the SOM light fractions 546 

but not the heavy fraction in European beech forest soil. Catena 181, 104091. 547 

https://doi.org/10.1016/j.catena.2019.104091 548 

De Nicola, C., Zanella, A., Testi, A., Fanelli, G., Pignatti, S., 2014. Humus forms in a 549 

Mediterranean area (Castelporziano Reserve, Rome, Italy): classification, functioning and 550 

organic carbon storage. Geoderma 235–236, 90-99. 551 

https://doi.org/10.1016/j.geoderma.2014.06.033. 552 

Diao, M., Yang, K., Zhu, J., Li, M., Xu, S., 2020. Native broad-leaved tree species play key roles on 553 

https://doi.org/10.1016/j.ecolind.2021.108040
https://doi.org/10.1016/j.catena.2019.104091


maintaining soil chemical and microbial properties in a temperate secondary forest, Northeast 554 

China. Forest Ecology and Management. 462, 117971. 555 

https://doi.org/10.1016/j.foreco.2020.117971 556 

Fabbio, G., 2016. Coppice forests, or the changeable aspect of things, a review. Annuals of 557 

Silvicultural Research. 40, 108-132. http://dx.doi.org/10.12899/asr-1286 558 

Fabbio, G., Amorini, E., 2006. Avviamento ad altofusto e dinamica naturale nei cedui a prevalenza 559 

di cerro. Risultati di una prova sperimentale a 35 anni dalla sua impostazione. Il protocollo di 560 

Caselli (Pisa). Ann. Ist. Sper. di Selvic. 33, 79–104. https://journals-561 

crea.4science.it/index.php/asr/issue/viewIssue/154/8 562 

Fabbio, G, Cutini, A, 2017. Il ceduo oggi: quale gestione oltre le definizioni? Forest@ - Journal of 563 

Silviculture and Forest Ecology, Volume 14, Pages 257-274. https://doi.org/10.3832/efor2562-564 

014 565 

Frati, L., Brunialti, G., Landi, S., Filigheddu, R., Bagella, S., 2021. Exploring the biodiversity of 566 

key groups in coppice forests (Central Italy): the relationship among vascular plants, epiphytic 567 

lichens, and wood-decaying fungi. Plant Biosystems, 1-12. 568 

Garlato, A., Obber, S., Vinci, I., Mancabelli, A., Parisi, A., Sartori, G., 2009a. La determinazione 569 

dello stock di carbonio nei suoli del Trentino a partire dalla banca dati della carta dei suoli alla 570 

scala 1:250.000. Museo Tridentino di Scienze Naturali. Trento Studi Trent Sci Nat 85, 157–160. 571 

Garlato, A., Obber, S., Vinci, I., Sartori, G., Manni, G., 2009b. Stock attuale di carbonio organico 572 

nei suoli di montagna del Veneto. Museo Tridentino di Scienze Naturali. Trento Studi Trent Sci 573 

Nat 85, 69–8. 574 

Gartzia-Bengoetxea, N., Virto, I., Arias-González, A., Enrique, A., Fernández-Ugalde, O., Barré, 575 

P., 2020. Mineral control of organic carbon storage in acid temperate forest soils in the Basque 576 

Country. Geoderma 358, 113998. https://doi.org/10.1016/j.geoderma.2019.113998 577 

Gong, C., Tan, Q., Liu, G., Xu, M., 2021. Forest thinning increases soil carbon stocks in China. 578 

Forest Ecology and Management 482, 118812. https://doi.org/10.1016/j.foreco.2020.118812 579 

Gressel, N., McColl, J.G., Preston, C.M., Newman, R.H., Powers, R.F., 1996. Linkages between 580 

phosphorus transformations and carbon decomposition in a forest soil. Biogeochemistry 33, 97–581 

123. https://doi.org/10.1007/BF02181034 582 

Gross, C.D., James, J.N., Turnblom, E.C., Harrison, R.B., 2018. Thinning treatments reduce deep 583 

soil carbon and nitrogen stocks in a Coastal Pacific Northwest forest. Forests 9, 238. 584 

https://doi.org/10.3390/f9050238 585 

Guermandi, M., Marchi, N., Tarocco, P., Calzolari, C., Ungaro, F., Villani, I., 2013. Siti locali 586 

rappresentativi dei suoli della pianura e della collina Emiliano-Romagnola. In: Emilia-Romagna, 587 

https://doi.org/10.1016/j.geoderma.2019.113998
https://doi.org/10.3390/f9050238


Regione (Ed.), Servizio Geologico, Sismico e dei Suoli. IRPI CNR, Provincia di Ferrara (41 pp.). 588 

Gutiérrez-Girón, A., Díaz-Pinés, E., Rubio, A., Gavilán, R.G., 2015. Both altitude and vegetation 589 

affect temperature sensitivity of soil organic matter decomposition in Mediterranean high 590 

mountain soils. Geoderma 237–238, 1–8. https://doi.org/10.1016/j.geoderma.2014.08.005 591 

Haynes, R.J. 1990. Active ion uptake and maintenance of cation‐anion balance: A critical 592 

examination of their role in regulating rhizosphere pH. Plant Soil, 126: 247–264. 593 

He, Z., Fang, S., Chen, L., Du, J., Zhu, X., Lin, P., 2018. Spatial patterns in natural Picea 594 

crassifolia forests of northwestern China, as basis for close-to-nature forestry. Journal of 595 

Mountain Science 15, 1909-1919. https://doi.org/10.1007/s11629-016-3998-z 596 

Hölscher, D., Schade, E., Leuschner, C., 2001. Effects of coppicing in temperate deciduous forests 597 

on ecosystem nutrient pools and soil fertility. Basic Appl. Ecol. 2, 155–164. 598 

https://doi.org/10.1078/1439-1791-00046 599 

Jenny, H., 1941. Factors of Soil Formation. McGraw-Hill. 600 

Kaiser, M., Zederer, D.P., Ellerbrock, R.H., Sommer, M., Ludwig, B., 2016. Effects of mineral 601 

characteristics on content, composition, and stability of organic matter fractions separated from 602 

seven forest topsoils of different pedogenesis. Geoderma 263, 1–7. 603 

https://doi.org/10.1016/j.geoderma.2015.08.029 604 

Kleber M., 2010. What is recalcitrant soil organic matter?. Environmental Chemistry 7, 320-332. 605 

https://doi.org/10.1071/EN10006 606 

Kögel-Knabner, I., Ekschmitt, K., Flessa, H., Guggenberger, G., Matzner, E., Marschner, B. and 607 

von Lützow, M., 2008. An integrative approach of organic matter stabilization in temperate soils: 608 

Linking chemistry, physics, and biology. Z. Pflanzenernähr. Bodenk., 171, 5-13. 609 

https://doi.org/10.1002/jpln.200700215  610 

Lee, J.H., Lee, J.G., Jeong, S.T., Gwon, H.S., Kim, P.J., Kim, G.W., 2020. Straw recycling in rice 611 

paddy: Trade-off between greenhouse gas emission and soil carbon stock increase. Soil Tillage 612 

Res. 199, 104598. https://doi.org/10.1016/J.STILL.2020.104598 613 

Lehmann, J., Kleber, M., 2015. The contentious nature of soil organic matter. Nature 528, 60-68. 614 

https://doi.org/10.1038/nature16069 615 

Lemanceau, P., Bauer, P., Kraemer, S., Briat, J.-F., 2009. Iron dynamics in the rhizosphere as a case 616 

study for analyzing interactions between soils, plants and microbes. Plant Soil 321, 513–535. 617 

https://doi.org/10.1007/s11104-009-0039-5 618 

Mairota, P., Neri, F., Travaglini, D., Picchio, R., Terzuolo, P. G., Piussi P., Marchi, M., 2018. 619 

Chapter 6 “Thirty-Five Countries”. In A. Unrau, G. Becker, R. Spinelli, D. Lazdina, N. 620 

Magagnotti, V.N. Nicolescu, P. Buckley, D. Bartlett, P.D. Kofman (Eds.), Coppice Forests in 621 



Europe (pp. 269-282). Freiburg i. Br., Germany: Albert Ludwig University of Freiburg. 622 

Manetti, M.C., Becagli, C., Bertini, G., Cantiani, P., Marchi, M., Pelleri, F., Sansone, D., Fabbio, 623 

G., 2020. The conversion into high forest of Turkey oak coppice stands: methods, silviculture 624 

and perspectives. iForest 13: 309-317. - doi: 10.3832/ifor3483-013 625 

Manetti, M.C., Gugliotta, O.I., 2006. Effetto del trattamento di avviamento ad altofusto sulla 626 

diversità specifica e strutturale delle specie legnose in un ceduo di cerro. Ann. Ist. Sper. di 627 

Selvic. 33, 105-114. https://journals-crea.4science.it/index.php/asr/issue/viewIssue/154/8 628 

Marchi, E., Picchio, R., Mederski, P.S., Vusić, D., Perugini, M., Venanzi, R., 2016. Impact of 629 

silvicultural treatment and forest operation on soil and regeneration in Mediterranean Turkey oak 630 

(Quercus cerris L.) coppice with standards. Ecol. Eng. 95, 475–484. 631 

https://doi.org/10.1016/j.ecoleng.2016.06.084 632 

Marinari, S., Marabottinia, R., Falsone, G., Vianello, G., Vittori Antisari, L., Agnelli, A., 633 

Massaccesi, L., Cocco, S., Cardelli, V., Serrani, D., Corti, G., 2021. Mineral weathering and 634 

lessivage affect microbial community and enzyme activity in mountain soils. Appl. Soil Ecol. 635 

167, 104024. https://doi.org/10.1016/j.apsoil.2021.104024 636 

Mason, J.A., Zanner, C.W., 2005. Grassland Soils. Encycl. Soils Environ. 4, 138–145. 637 

https://doi.org/10.1016/B0-12-348530-4/00028-X 638 

Mayer, M., Prescott, C.E., Abaker, W.E.A., Augusto, L., Cécillon, L., Ferreira, G.W.D., James, J., 639 

Jandl, R., Katzensteiner, K., Laclau, J.P., Laganière, J., Nouvellon, Y., Paré, D., Stanturf, J.A., 640 

Vanguelova, E.I., Vesterdal, L., 2020. Tamm review: Influence of forest management activities 641 

on soil organic carbon stocks: A knowledge synthesis. For. Ecol. Manage. 466, 118127. 642 

https://doi.org/https://doi.org/10.1016/j.foreco.2020.118127 643 

Nelson, D.W., Sommers, L.E., 1996. Total Carbon, Organic Carbon, and Organic Matter, in Sparks, 644 

D., Page, A., Helmke, P., Loeppert, R.H., Soltanpour, P.N. Tabatabai, M.A., Johnston, C.T., 645 

Sumner, M.E. (Eds.), Methods of Soil Analysis. SSSA Book Series. 646 

https://doi.org/10.2136/sssabookser5.3.c34 647 

Ni, X., Lin, C., Chen, G., Xie, J., Yang, Z., Liu, X., Xiong, D., Xu, C., Yue, K., Wu, F., Yang, Y., 648 

2021. Decline in nutrient inputs from litterfall following forest plantation in subtropical China. 649 

Forest Ecol. and Manag., 496, 119445. https://doi.org/10.1016/j.foreco.2021.119445. 650 

Olsen, S.R., Cole, C.V., Watanabe, F.S. and Dean, L.A. 1954. Estimation of available phosphorus 651 

in soils by extraction with sodium bicarbonate, USDA. Circular 939 652 

Ono, K., Hiradate, S., Morita S., Hirai, K., 2013. Fate of organic carbon during decomposition of 653 

different litter types in Japan. Biogeochem. 112, 7-12. https://doi.org/10.1007/s10533-011-9682-654 

z 655 

https://doi.org/10.1016/j.ecoleng.2016.06.084
https://www.sciencedirect.com/science/article/pii/S092913932100144X#!
https://www.sciencedirect.com/science/article/pii/S092913932100144X#!
https://doi.org/10.1016/j.apsoil.2021.104024


Pistocchi, C., Mészáros, É., Tamburini, F., Frossard, E., Bünemann, E.K., 2018. Biological 656 

processes dominate phosphorus dynamics under low phosphorus availability in organic horizons 657 

of temperate forest soils. Soil Biol. Biochem. 126, 64–75. 658 

https://doi.org/10.1016/j.soilbio.2018.08.013 659 

Prasad Dangal, S., Kumar Das, A., Shyam Krishna, P., 2017. Effectiveness of management 660 

interventions on forest carbon stock in planted forests in Nepal. J. Environ. Manage. 661 

https://doi.org/10.1016/j.jenvman.2017.03.056 662 

Prescott, C.E., 2002. The influence of the forest canopy on nutrient cycling. Tree Physiol. 22, 1193–663 

1200. https://doi.org/10.1093/treephys/22.15-16.1193 664 

Quénard, L., Samouëlian, A., Laroche, B., Cornu, S., 2011. Lessivage as a major process of soil 665 

formation: A revisitation of existing data. Geoderma 167–168, 135–147. 666 

https://doi.org/10.1016/J.GEODERMA.2011.07.031 667 

Richter, D. de B., Oh, N.H., Fimmen, R., Jackson, J., 2007. The Rhizosphere and Soil Formation. 668 

Rhizosph. 179-IN2. https://doi.org/10.1016/B978-012088775-0/50010-0 669 

Scharenbroch, B.C., Bockheim, J.G., 2007. Impacts of forest gaps on soil properties and processes 670 

in old growth northern hardwood-hemlock forests. Plant and Soil. 294, 219-233. 671 

https://doi.org/10.1007/s11104-007-9248-y 672 

Schoeneberger, P.J., Wysocki, D.A., Benham, E.C., Soil Survay Staff., 2012. Field Book for 673 

Describing and Sampling Soils, Version 3.0. https://doi.org/10.1038/258254a0 674 

Schrumpf, M., Kaiser, K., Guggenberger, G., Persson, T., Kögel-Knabner, I., Schulze, E.D., 2013. 675 

Storage and stability of organic carbon in soils as related to depth, occlusion within aggregates, 676 

and attachment to minerals. Biogeosciences 10, 1675–1691. https://doi.org/10.5194/bg-10-1675- 677 

Society of American Foresters (SAF), 2008. Dictionary of Forestry. Retrieved 1 February 2015. 678 

http://dictionaryofforestry.org/dict/term/forest_management 679 

Soil Survey Staff, 2014. Keys to Soil Taxonomy, 12th edition. USDA–Natural Resources 680 

Conservation Service, Washington. 681 

Song, G., Li, L., Pan, G., Zhang, Q., 2005. Topsoil organic carbon storage of China and its loss by 682 

cultivation. Biogeochemistry 74, 47–62. https://doi.org/10.1007/s10533-004-2222-3 683 

Sundquist, E.T., Visser, K., 2003. 8.09 - The Geologic History of the Carbon Cycle. Treatise on 684 

Geochemistry. Pergamon (Ed.), 8-9, 425-472. US Geological Survey, Woods Hole, MA, United 685 

States. https://doi.org/10.1021/j100244a025 686 

Tiessen, H., Cuevas, E., Chacon, P., 1994. The role of soil organic matter in sustaining soil fertility. 687 

Nature 371, 783–785. https://doi.org/10.1038/371783a0 688 

Trumbore, S. 2000. Age of soil organic matter and soil respiration: radiocarbon constraints on 689 



belowground C dynamics. Belowground Processes and Global Change 10, 399-411. 690 

Ugolini, F.C., Corti, G., Agnelli, A., Piccardi, F., 1996. Mineralogical, physical, and chemical 691 

properties of rock fragments in soil. Soil Sci. 161, 521-542. https://doi.org/10.1097/00010694-692 

199608000-00007 693 

Unrau, A., Becker, G., Spinelli, R., Lazdina, D., Magagnotti, N., Nicolescu, V.-N., Buckley P., 694 

Bartlett D, Kofman, P. D.. (Eds.). 2018. Coppice Forests in Europe. EuroCoppice COST Action. 695 

Albert Ludwig University of Freiburg, Germany. Retrieved from 696 

https://www.eurocoppice.unifreiburg.de/coppice-forests-in-europe. 697 

Vesterdal, L., Dalsgaard, M., Felby, C., Raulund-Rasmussen, K., Jørgensen, B.B., 1995. Effects of 698 

thinning and soil properties on accumulation of carbon, nitrogen and phosphorus in the forest 699 

floor of Norway spruce stands. For. Ecol. Manage. 77, 1–10. https://doi.org/10.1016/0378-700 

1127(95)03579-Y 701 

Wang, L., Amelung, W., Prietzel, J., Willbold, S., 2019. Transformation of organic phosphorus 702 

compounds during 1500 years of organic soil formation in Bavarian Alpine forests – A 31P 703 

NMR study. Geoderma, 340, 192-205. https://doi.org/10.1016/j.geoderma.2019.01.029 704 

Wang, M.C., Chang, S.H., 2001. Mean residence times and characteristics of humic substances 705 

extracted from a Taiwan soil. Can. J. Soil Sci. 81, 299-307. 706 

Wattel-Koekkoek, E.J.W., Buurman, P., van der Plicht, J., Wattel, E., van Breemen, N., 2003. Mean 707 

residence time of soil organic matter associated with kaolinite and smectite. Eur. J. Soil Sci. 54, 708 

1-10. 709 

Webster, R., 2001. Statistics to support soil research and their presentation. European Journal of 710 

Soil Science. 52, 331-340. https://doi.org/10.1046/j.1365-2389.2001.00383.x 711 

Wu, J., Zeng, H., Zhao, F., Chen, C., Liu, W., Yang, B., Zhang, W., 2020. Recognizing the role of 712 

plant species composition in the modification of soil nutrients and water in rubber agroforestry 713 

systems. Sci. Total Environ. 723, 138042. https://doi.org/10.1016/j.scitotenv.2020.138042 714 

Yao, S., Zhang, Y.L., Han, Y., Han, X.Z., Mao, J.D., Zhang, B., 2019. Labile and recalcitrant 715 

components of organic matter of a Mollisol changed with land use and plant litter management: 716 

An advanced 13C NMR study. Sci. of The Total Environ., 660, 1-10. 717 

https://doi.org/10.1016/j.scitotenv.2018.12.403 718 

Zhang, H., Deng, Q., Hui, D., Wu, J., Xiong, X., Zhao, J., Zhao, M., Chu, G., Zhou, G., Zhang, D., 719 

2019. Recovery in soil carbon stock but reduction in carbon stabilization after 56-year forest 720 

restoration in degraded tropical lands. For. Ecol. Manage. 441, 1–8. 721 

https://doi.org/10.1016/J.FORECO.2019.03.037 722 

Zhang, X., Guan, D., Li, W., Sun, D., Jin, C., Yuan, F., Wang, A., Wu, J., 2018. The effects of 723 

http://dx.doi.org/10.1097/00010694-199608000-00007
http://dx.doi.org/10.1097/00010694-199608000-00007


forest thinning on soil carbon stocks and dynamics: A meta-analysis. For. Ecol. Manage. 429, 724 

36–43. https://doi.org/10.1016/j.foreco.2018.06.027 725 

Zhao, Q., Bai, J., Wang, X., Zhang, W., Huang, Y., Wang, L., Gao, Y., 2019. Soil organic carbon 726 

content and stock in wetlands with different hydrologic conditions in the Yellow River Delta, 727 

China. Ecohydrol. Hydrobiol. 20, 537-547. https://doi.org/10.1016/J.ECOHYD.2019.10.008 728 

 729 

https://doi.org/10.1016/J.ECOHYD.2019.10.008

