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Abstract: 32 

Coppicing consists of periodically cutting back tree stems to ground level to stimulate the 33 

growth of multiple stems from the stool. This practice decreases aboveground (litter) and 34 

belowground (roots, root exudates and soil biota) inputs of organic matter to the soil, which 35 

thus becomes impoverished. In Central Europe, many coppiced forests were abandoned at the 36 

beginning of the last century due to a decline in the demand for charcoal and wood. This was 37 

assumed to enable the forests to recover and their characteristics to approach those of 38 

unmanaged forest (high forest). Likewise, the increased inputs to the soil should have been 39 

accompanied by increased organic matter accumulation and modification of the size and 40 

activity of soil microbial communities, thus enhancing soil recovery. However, most studies 41 

on abandoned coppiced forest have focused on forest recovery, and soil recovery has 42 

generally been overlooked. With the aim of filling this gap, this study investigated the effect 43 

of coppicing abandonment on soil recovery by analysing the changes in soil enzyme 44 

activities. Two differently managed sessile oak forests (former coppice forest, abandoned 45 

more than 90 years ago, and an undisturbed sessile oak forest were selected for study. The 46 

analytical data were compared to assess the degree of soil recovery in the abandoned coppice 47 

forest. Soil organic matter content was (two times higher in the high forest soil than in the 48 

abandoned-coppice soil, suggesting that organic matter depletion due the past coppicing is a 49 

long-term effect. All of the enzyme activities were also two times higher in the high forest soil 50 

than in the abandoned coppice forest soil. However, the specific enzyme activities (enzyme 51 

per total organic C) were similar in both types of soil. This indicates that although recovery of 52 

soil metabolic activity is also a slow process, it is faster than recovery of soil organic matter.  53 
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1.  Introduction 57 

 58 

Forest management practices have direct impacts on forest ecology as well as on aboveground 59 

and belowground live biomass (Marshall, 2000). Practices such as biomass harvesting modify 60 

litter quality and quantity and lead to nutrient depletion. These practices may also influence 61 

the soil water holding capacity and, therefore, water availability, which is one of the main 62 

factors controlling plant and microbial processes (Hassett and Zak, 2005).  63 

Coppicing is the earliest form of regular forest management. This practice consists of 64 

periodically (typically every 20 to 40 years in sessile oak forests of Quercus petraea) cutting 65 

trees to ground level or above the level of browsing to produce shoots, which are later 66 

harvested for a variety of uses depending on the tree species (Sjölund and Jump, 2015). In 67 

contrast to forest originated by germination of seeds or planting seedlings (high forest), 68 

coppice forest develops from vegetative reproduction by re-growth of the cut stems (Sjölund 69 

and Jump, 2015). This type of management practice was applied in many oak forests in 70 

Central and South European countries during several centuries (Müllerová et al., 2015)  71 

However, at the beginning of the 20th century, coppice oak forests in Central Europe were 72 

abandoned as a result of the increased use of fossil fuels and the decline in the demand for 73 

wood and charcoal (Salomón et al., 2017). Most coppiced oak forests were then converted 74 

into something resembling high forests by singling out one or two large trunks (Müllerová et 75 

al., 2014; Stojanović et al., 2017a), prolonging the usual rotation period and producing a more 76 

uniform canopy structure (so-called stored coppice) (Altman et al, 2013, Martin et al., 2018). 77 

Abandonment of coppice management was expected to have positive effects on site and tree 78 

quality and forest structure (Salomón et al., 2017).  79 
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Forest harvesting practices such as coppicing reduce aboveground (litter) and belowground 80 

(plant roots, plant and root exudates and soil biota –including soil microorganisms, arthropods 81 

and annelids) inputs of organic matter (Marshall, 2000; Salomon et al., 2017; Berhongaray et 82 

al., 2019). This decreases the soil organic matter content, which may have adverse effects on 83 

many different soil properties, as well as on the size, composition and activity of the soil 84 

microbial community (e.g. Menyailo et al., 2002; Grayston and Prescott, 2005, Pignataro et 85 

al., 2012). However, once forest harvesting has ceased as a result of coppicing abandonment, 86 

the increased inputs of litter, plant remains and root exudates to the soil are expected to 87 

increase soil organic matter accumulation and modify decomposition processes in the medium 88 

to long term. This would in turn, affect the soil microbial communities and their activities, 89 

including hydrolytic and oxidative enzyme activities, which should recover from the negative 90 

effects of coppicing and therefore tend to approach the levels found in high forests i.e. the 91 

levels found in the forest soils not affected by coppicing (Gil-Sotres et al., 2005; He et al., 92 

2017). 93 

Soil biological and biochemical properties are sensitive to natural and anthropogenic 94 

disturbances and respond rapidly to the changes produced. They are often considered the best 95 

indicators of soil quality or soil functioning i.e. “the capacity of a soil to function within 96 

ecosystem and land-use boundaries to sustain biological productivity, maintain environmental 97 

quality, and promote plant and animal health” (Doran and Zeiss, 2000; Ritz et al., 2012 98 

Sánchez-Rodríguez et al., 2019), and they are therefore also indicators of soil degradation and 99 

recovery (Trasar-Cepeda et al., 2008a). Soil biochemical and biological indicators include soil 100 

properties that are directly related to the number and activity of soil microbiota (the microbial 101 

community composition, oxidoreductase activities, microbial biomass, etc.) as well as 102 

properties related to organic matter decomposition and the cycling of bio-elements (C, N, P, 103 

and S), i.e. the activities of hydrolytic enzymes such as β-glucosidase, invertase, CM-104 
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cellulase, urease, acid phosphatase and arylsulphatase (Gil-Sotres et al., 2005). Soil recovery 105 

can thus be considered to be the restoration and improvement in soil biochemical and 106 

biological properties to a level that enables the soils to correctly perform all functions 107 

associated with good quality soil (de Forges et al., 2018).  108 

Although coppicing was abandoned in Central Europe at the beginning of the 20th century, 109 

most published studies involving sessile oak forests have focused on the effects of aged 110 

coppice on variables including nutrient availability under the managed stands, soil pH, tree 111 

physiology and forest structure (Montes et al., 2004; Pyttel et al., 2015; Salomón et al., 2017; 112 

Stojanović et al., 2017a,b). However, biochemical and biological properties have generally 113 

been overlooked in most studies on abandoned coppice forests, and therefore little is known 114 

about the effects of abandonment of coppicing on those properties. 115 

In recent years the possibility of re-introducing harvesting and coppicing with the aim of 116 

meeting increased demands for renewable energy or enhancing C sequestration has been 117 

suggested. This has been brought about by the European Union’s goal to obtain about 20% of 118 

energy from renewable resources by 2020 (European Union, 2009). However, before applying 119 

this type of measure, the long-term effect of these forest management practices must be 120 

established in order to avoid re-introducing an environmentally unfriendly management 121 

practice. In this study we used enzyme activities as indicators of the long-term soil recovery 122 

in abandoned (more than a century ago) coppiced sessile oak forest (Quercus petraea (Matt.), 123 

Liebl.), with the aim of determining whether coppicing abandonment promotes soil recovery. 124 

We collected soil samples from two differently managed sessile oak (Quercus petraea) 125 

forests: a forest in which coppice management was abandoned more than 90 years ago 126 

(abandoned coppice) and an undisturbed sessile oak forest (high forest). The samples were 127 

analysed to determine the activities of several hydrolytic enzymes associated with C, N, P, 128 

and S cycling and dehydrogenase activity (an oxidoreductase enzyme associated with organic 129 
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matter decomposition and microbial activity). The enzyme activities in the two types of soil 130 

were then compared. As the high sessile oak forest developed naturally and was not managed, 131 

the soil is expected to be of maximum quality (Gil-Sotres at al., 2005). After abandonment of 132 

coppicing at the beginning of the 20th century, no forests remained under active coppicing in 133 

the region (Müllerová et al., 2014; Madera et al., 2017). However, evaluating the extent to 134 

which the levels of organic matter and enzyme activities of abandoned coppice forest soils 135 

approach those of high forest soils (undisturbed sessile oak forest) will enable assessment of 136 

the degree of recovery of the soils after abandonment of coppice management. 137 

Given the increased input of organic matter (plant and root remains, root exudates, etc.) to the 138 

soil after coppice abandonment, we hypothesized the following: i) abandonment of coppicing 139 

will have positive impacts on soil functioning; ii) as soil enzyme activities respond rapidly to 140 

any changes in soil performance, recovery of soil in abandoned coppice forest will be 141 

indicated by modifications in soil enzymatic activities in the soils; iii) as abandoned coppice 142 

forest soils recover, the enzyme activities and organic matter content will tend to approach the 143 

values observed in high forest soils (high quality soils).  144 

 145 

2. Materials and methods 146 

2.1. Study area 147 

We selected two forest sites dominated by sessile oak (Quercus petraea (Matt.), Liebl.) 148 

vegetation, 3 km apart from each other and located in South Moravia (Southeastern Czech 149 

Republic).   150 

The first study site (high forest) is a high sessile oak stand (49° 16' 42"N, 16° 37' 30"E, 151 

elevation 420 m), established at the end of 19th century and allowed to develop spontaneously 152 

(I. Březina, pers. comm.). In 2015 the stand density was 483 stems ha-1, the basal area, 24.9 153 

m2 ha-1, and the dominant height, 22.2 m. The maximal stand leaf area index (LAI), estimated 154 
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in summer 2016 after full leaf expansion, was 4.6 (Table 1) (Stojanović, 2017; Stojanović et 155 

al., 2017a). 156 

The second study site (coppice forest) is a coppiced sessile oak stand (49° 14' 47"N, 16° 36' 157 

09"E, elevation 360) that had been managed by coppicing in the 18th and 19th centuries 158 

(Kadavý et al., 2011) with a rotation period of 30-40 years (Vrška et al., 2016). The last cut 159 

was applied at the beginning of the twentieth century (i.e. before coppicing was abandoned), 160 

when the stand was thinned to remove small, weak and poor-quality trees. The stand then 161 

remained unmanaged, which led to establishment of a single storey forest with a structure 162 

resembling that of high forest (Kadavý et al., 2011). In 2015 the stand density was 699 stems 163 

ha-1, the basal area, 31.1 m2 ha-1, and the dominant height, 17.3 m. The LAI, estimated in 164 

summer 2016 after full leaf expansion, was 4 (Table 1) (Stojanović, 2017; Stojanović et al., 165 

2017a). 166 

The soils in both sites are acidic Cambisols (ISSS Working Group, R.B., 1998) developed 167 

from granodiorite (Němeček, 2001). Climatic data for both sites were measured at the nearest 168 

meteorological station and provided by the Czech Hydrometeorological Institute (CHMI, 169 

2016)..At both sites, the average annual precipitation ranges from 500 to 550 mm and the 170 

mean annual temperature is 8.5 ºC (Fig. 1).. The mean temperature was 4 ºC during the day of 171 

the first sampling in April 2016 and 27 ºC during the day of the second sampling period in 172 

August 2016 (see below).  173 

 174 

2.2. Soil sampling. 175 

Six plots (25 m × 25 m) were established in the study sites (i.e. three plots per site). After 176 

litter was removed (Štursová and Baldrian., 2010; Arévalo-Gardini et al., 2015), soil samples 177 

were randomly collected from the H, O, and Ah horizons (0-1.5, 1.5-2.5 and 2.5-8 cm, 178 

respectively) separated according to their morphological characteristics. Five points were 179 
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identified in each plot, and five samples were collected from each point in each plot at the 180 

different depths. The twenty-five soil samples from each depth in each plot were then 181 

combined to produce one composite sample per soil depth for each plot. The composite soil 182 

samples were sieved through a 2 mm mesh sieve and stored at 4 °C until analysis. In all cases 183 

one subsample of the soil was air-dried for characterisation of chemical and physico-chemical 184 

properties (total organic C, total N, total P, pH, electrical conductivity); part of the dried 185 

sample was ground for analysis of total organic C and N contents. 186 

Soil samples were collected in April and August 2016 in order to investigate the variability in 187 

soil enzyme activities and verify whether the differences between the soils under the two 188 

types of management were due to seasonal influences or whether they stabilised over time.  189 

 190 

2.3. Analytical methods  191 

2.3.1. Soil chemical and physico-chemical properties 192 

Soil pH and electrical conductivity (EC) were measured in a soil: water suspension (1 part soil 193 

to 2 parts pure water) according to Hanlon and Bartos (1993). The soil water content was 194 

measured using a moisture analyser (Sartorius MA 30, Sartorius Weighing Technology 195 

GmbH, and Gottingen, Germany). The total organic carbon (TC) and total nitrogen (TN) 196 

contents were determined in air-dried, ground samples by potassium dichromate oxidation in 197 

acid medium and Kjeldahl digestion respectively, following the methods described by 198 

Guitián-Ojea and Carballas-Fernández (1976). The soils did not contain any inorganic C 199 

(given the parent material and the low pH), and all of the C measured by dichromate oxidation 200 

was therefore organic C. The total phosphorus (TP) content was measured using an X-ray 201 

fluorescence Spectro Xepos analyser (Spectro Analytical Instruments, Kleve, Germany). 202 

 203 

2.3.2. Soil enzyme activities 204 
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Dehydrogenase (DHA) activity was determined according to the method of Camiña et al. 205 

(1998). Briefly, fresh soil equivalent to 1 g of dry soil was mixed with 1.5 ml of Tris-HCl 206 

buffer (1 M, pH 7.5) and 2 ml of 0.5% INT (2-p-iodopheynel-3-p-nitrophenyl-5- 207 

phenyltetrazolium). After the sample was incubated for 1 h at 40 °C in darkness, 10 ml of 1:1 208 

ethanol:N,N-dimethylformamide (ethanol:DMF) was added, and the mixture was held in the 209 

dark for 10 min at room temperature before being filtered. Absorbance of the clear 210 

supernatant was measured at 490 nm. The activity was quantified by reference to a calibration 211 

curve constructed using iodonitrotetrazolium formazan (INTF) standards incubated with soil 212 

under the same conditions described as above and expressed as µmol INTF formed g-1 h-1. 213 

Arylsulfatase, acid phosphatase, and β- glucosidase activities were determined by incubation 214 

of the soil samples with a specific enzyme substrate containing a p-nitrophenyl moiety. The 215 

amount of p-nitrophenol released as a result of enzymatic hydrolysis was measured 216 

spectrophotometrically at 400 nm and quantified by reference to a calibration curve 217 

constructed using p-nitrophenol standards incubated with soil under the same conditions as 218 

the samples. The enzyme activities are expressed as µmol p-nitrophenol released g-1 h-1. The 219 

arylsulphatase (ArylsA) activity was determined according to Tabatabai and Bremner 220 

(1970a), with some modifications. Briefly, fresh soil equivalent to 1 g of dry soil was 221 

incubated with acetate buffer (0.5 M, pH 5.8) and 5 mM p-nitrophenyl sulphate. The samples 222 

were incubated for 1 h at 37 °C, and 2 M CaCl2 and 0.2 M NaOH were added. The samples 223 

were filtered, and the absorbance of the clear supernatant was measured at 400 nm. Acid 224 

phosphatase (AcidpA) activity was determined according to Tabatabai and Bremner (1969), 225 

as modified by Saá et al. (1993). Briefly, fresh soil equivalent to 1 g dry soil was mixed with 226 

16 mM p-nitrophenyl phosphate and with modified universal buffer (MUB) and 0.5 M HCl 227 

(to bring the reaction mixture to pH 5.5) (Trasar-Cepeda et al., 1985; Trasar-Cepeda and Gil-228 

Sotres, 1988). The mixture was incubated at 37 °C for 30 minutes before 2 M CaCl2 was 229 
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added, and the p-nitrophenol released was then extracted with 0.2 M NaOH. The β-230 

glucosidase (ß-glucA) activity was determined as described for acid phosphatase activity, 231 

except that p-nitrophenyl-β-glucopyranoside (25 mM) was used as substrate, the pH of the 232 

reaction mixture was pH 5.0, the incubation time was 1 h and the released p-nitrophenol was 233 

extracted with THAM- NaOH (0.1 M, pH 12) (Eivazi and Tabatabai, 1988).  234 

Invertase activity was determined according to Schinner and von Mersi (1990). The activity is 235 

expressed as µmol glucose released g-1 h-1. 236 

Urease activity was determined according to Nannipieri et al. (1980). Briefly, fresh soil 237 

equivalent to 1 g dry soil was incubated with 6.4% urea as substrate and phosphate buffer (0.2 238 

M, pH 8.0, to bring the reaction mixture to pH 7.0 or slightly above 7.0). The sample was 239 

incubated for 1.5 h at 37 °C, and the NH4
+ released was measured with an ammonia electrode. 240 

The activity is expressed as µmol NH3 released g-1 h-1. 241 

 242 

All enzyme activities were determined in triplicate. The mean values ± standard deviation of 243 

the three determinations for each variable analysed and for each depth, study site and 244 

sampling period are shown for each soil sample. All values are expressed on an oven-dry (105 245 

°C) soil weight basis. 246 

 247 

2.4. Statistical analysis 248 

Repeated measure ANOVA and a Tukey’s Post Hoc test were used to examine the differences 249 

between the different study sites in the variables considered in the different soil horizons. The 250 

variations in all parameters within each forest at both sampling times were also analysed to 251 

determine any differences between the soils in relation to soil properties and enzyme 252 

activities. The same tests were used to determine the differences in enzymatic activities per 253 
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unit of C. Differences were considered significant at P< 0.05. Both types of analysis were 254 

implemented using SPSS statistics software.  255 

 256 

3. Results 257 

3.1 Soil chemical and physico-chemical properties 258 

All soil samples were acidic (pH 4.32 5.65), and in all cases the pH decreased with soil depth. 259 

The pH values were slightly lower in the soil under the coppice forests than in the soil under 260 

the high forest, although the differences were not statistically significant between the two 261 

forests in April and in August (Fig. 2, Table 2). In the coppice and high forest stands, all of 262 

the chemical properties considered, as well as EC and soil moisture, decreased markedly 263 

throughout the profile, particularly in April (relative to August). In both the high and coppiced 264 

stands, and in both April and in August, the C/N ratio varied slightly, as it decreased from the 265 

H to O horizon, but then increased again in the Ah soil horizon to similar or higher values 266 

than in the surface layer (Fig. 2).  267 

All of the chemical properties (C, N, P and EC were significantly higher in the high forest soil 268 

than in the coppice forest soil (Fig. 2). For all depths and both sampling times, the mean total 269 

organic C and N contents were at least two times higher in the high forest soil than in the 270 

coppice forest soil. The total P content and electrical conductivity were also higher in the high 271 

forest soil than in the coppice forest soil, but the differences between both stands were smaller 272 

than for total C and N, especially in August (Fig. 2, Table 2). The C/N ratio was similar in 273 

both stands, in both April and August; likewise, in both stands the C/N ratio did not differ 274 

significantly in relation to sampling time. In both stands, the soil moisture was significantly 275 

higher in April than in August; moreover, in August the moisture content was significantly 276 

higher in the high forest soil than in the coppice forest soil, while in April, and except for the 277 
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deepest layer, the soil water content was similar in both types of stand (Fig. 2, Table 1S, Table 278 

2S).  279 

 280 

3.2 Soil enzyme activities 281 

As observed for the soil chemical properties, the enzyme activities also varied widely between 282 

the soils and between depths of the two differently managed forests (Fig. 3). Similarly to the 283 

soil organic matter content, the soil enzyme activities were at least two times higher in the 284 

high forest soil than in the coppice forest soil (Fig. 3), and the differences between both stands 285 

were always statistically significant (Table 3). 286 

Furthermore, in both types of forest, the activities of all enzymes decreased significantly with 287 

depth, and the decrease in the soil under high forest was generally more pronounced than the 288 

decrease in the soil under coppice forest (Fig. 3, Table 3).  289 

Except for dehydrogenase and arylsulphatase, the enzyme activities in the upper two layers of 290 

the soil under high forest were generally significantly higher in August than in April. In the 291 

Ah horizon, the activities were similar at both sampling times, except for urease activity, 292 

which was significantly higher in August than in April. By contrast, in the abandoned coppice 293 

forest soil, the enzyme activities were similar in April and August, except for urease in the O 294 

horizon and arylsulphatase in the Ah soil horizon, which were significantly higher in August 295 

than in April (Fig. 3Table 3S, Table 4S).  296 

 297 

3.3 Specific enzyme activities 298 

The differences observed between the two types of soil when considering the absolute values 299 

of soil enzyme activities disappeared when the specific enzyme activities (expressed per 300 

organic C unit), were considered (Fig. 4, Table 5S). This was observed for all soil enzymes, 301 

soil depths and time of the year when the samples were collected (Fig. 4, Table 5S).   302 



13 
 

 303 

4. Discussion 304 

The study findings clearly showed differences in enzyme activity between two sites in the 305 

forest harvesting and clear-cutting management practices. Soil microbes play a key role in soil 306 

ecosystems and maintain the main ecological processes that are critical for ecosystem 307 

functioning and therefore for biodegradation processes and nutrient cycling (Zeller et al., 308 

2008). The structure and diversity of microbial communities can be affected by both land use 309 

and management practices (Acosta-Martínez and Harmel, 2006; Jangid et al., 2008; Bissett et 310 

al., 2011). These practices can modify the microbial community composition by altering 311 

factors that strongly affect soil microorganisms, such as organic matter content, soil pH, soil 312 

moisture and temperature (Jones et al., 2003; Pignataro et al., 2012).  313 

Except for the C/N ratio, all of the chemical and physico-chemical properties and the enzyme 314 

activities investigated decreased with soil depth, as generally reported for many variables in 315 

different types of forest soils, including chemical properties (Allison et al., 2007; Högberg et 316 

al., 2007; Kahle et al., 2010; Miltner, 2016), enzyme activities (Trasar-Cepeda et al. 2000; 317 

Wittmann et al. 2004; Šnajdr et al., 2008) and microbial populations (Allison et al. 2007; 318 

Šnajdr et al. 2008; Baldrian et al. 2012).  319 

In the present study, the forest soils under both types of management were acidic, although 320 

the pH was slightly lower in the soil under the abandoned coppiced forest soil than in the high 321 

forest soil. Forest harvesting has been shown to lead to soil acidification (Vanguelova et al., 322 

2010, Vanguelova et al., 2017), and therefore the lower pH values in the abandoned coppice 323 

stand may be related to past management. However, the fact that the upper soil layer (5.50 324 

and 5.70 in high and coppiced stands, respectively) in both types of forest stand was less 325 

acidic than the deeper layers does not support this explanation, as the upper layer of coppice 326 

forest should be more acidic and of similar pH to the underlying soil layers.  327 
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Total organic matter content (total organic C and total N) was much higher in the high forest 328 

soil than in the coppice forest soil. Thus, in both April and August the total C and N contents 329 

in coppice forest soil were two times lower than in the high forest soil, for all three horizons 330 

of soil analysed (Fig. 2, Table 1S, Table 2S). Depletion of organic matter content in the 331 

coppiced forest as a consequence of stem harvesting and the decrease in organic remains 332 

reaching the soil above and belowground has been reported by several researchers (e.g. 333 

Hölscher et al., 2001; Tipping et al., 2016; Pyttel et al., 2015). In the present study, although 334 

coppicing was abandoned almost a century ago, the organic matter in the soil under the 335 

coppice forests is still around half that in high forest. Thus, despite the increased input of 336 

organic matter from litter fall, root exudates and root remains etc., the recovery of the soil 337 

organic matter after coppice abandonment is clearly very slow and far from complete, even 338 

after this length of time. Thus, full recovery of the organic matter content of these highly 339 

disturbed soils (as indicated by the low organic matter content) may take a very long time. 340 

In the high forest, the values of the chemical properties were generally higher in August than 341 

in April. Likewise, all enzyme activities, except dehydrogenase activity, were higher in 342 

August than in April; the values of the invertase, urease and acid phosphomonoesterase 343 

activities were particularly high in August. The pattern in the coppice forest differed from that 344 

in the high forest, as in general chemical properties and enzyme activities were not 345 

significantly different in the soil samples collected in April and in August. The decrease in 346 

soil nutrient contents that occurs in spring is usually related to the start of the growing season, 347 

when nutrient uptake by the plants increases and the levels in soil then decrease (Tang et al., 348 

2013). However, this does not explain why the decrease in nutrients was lower in high forest 349 

than in coppice forest. The stand density, basal area and maximal stand leaf area were higher 350 

in the latter (Table 1), which was therefore expected to have the highest nutritional needs. The 351 

difference between the two types of stands is probably more closely related to the higher 352 
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organic matter content of the high forest stand and the greater increase in microbial activity 353 

when the temperature and moisture conditions are optimal. In August, all the enzymatic 354 

activities increased in high forest, particularly the invertase, urease and acid 355 

phosphomonoesterase activities (Fig. 3, Table 3S, Table 4S), three hydrolytic enzymes that 356 

act during the final stages of the decomposition of organic residues, thereby releasing 357 

nutrients ready to be taken by plants and microorganisms. In the coppice forest there was no 358 

statistically significant difference in enzyme activity relative to that of the soil samples 359 

collected in April. In addition to nutrient release, an increase in microbial activity related to 360 

favourable climatic factors (amount of precipitation, evapotranspiration and the annual 361 

temperature) has also been reported in previous studies (Baldrian et al., 2010; Baldrian et al., 362 

2013). However, higher activity has generally been reported in spring than in summer 363 

(Sardans et al., 2008, Veeraragavan et al., 2018), as summer drought can counteract 364 

favourable temperature conditions. On the day of sampling in April the temperature was 4 ºC, 365 

while in August it was 27 ºC and therefore much more favourable for microbial activity. On 366 

the other hand, although the soil moisture content was higher in April than in August (Fig. 2, 367 

Table 1S, Table 2S), moisture was probably not a limiting factor for the enzyme activities, as 368 

none of the enzyme activities were significantly correlated with soil moisture (data not 369 

shown). This shows the lack of any relationship (and therefore dependence) between enzyme 370 

activity and soil water content.  371 

The organic matter content of the high forest soil was always more than twice that in the 372 

coppice forest soil (Fig. 2). Forest management, especially clear cutting or forest biomass 373 

harvesting, may alter the soil carbon balance via different mechanisms, such as modification 374 

of the quantity and quality of organic matter inputs through reduction of the above ground 375 

phytomass and changes in soil microbial community composition (Johnson and Curtis, 2001; 376 

Ushio, 2008; Nave et al., 2010). Moreover, forest harvesting affects the carbon dynamics and 377 
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processing in the managed stands and may produce a twofold reduction in the long-term 378 

carbon sequestration in soils relative to unmanaged forests (Noormets et al., 2015). Finally, 379 

the physical disturbance of soil during harvesting by mixing the litter layer with surface soil 380 

results in a high level of redistribution of carbon between different pools and accelerates 381 

carbon loss (Vacca et al., 2017). On the other hand, all enzyme activities investigated were 382 

two times higher in the high forest soil than in the coppice forest soil, independently of the 383 

soil depth and the time of the year (Fig. 3). This suggests that the decrease in organic matter 384 

content during coppicing is associated with a reduction in soil enzyme activity, similarly to 385 

previous findings related to forest harvesting (Waldrop et al., 2003; Hassett and Zak, 2005) 386 

and attributed to the decrease in plant litter inputs and the increased rate of decomposition of 387 

the organic matter due to the increased temperature after coppicing (Deckmyn et al., 2004). 388 

This situation leads to a decrease in the availability of substrates and in labile organic 389 

compounds (Wittmann et al., 2004) and therefore to changes in microbial community 390 

composition and activity, which may affect soil enzyme activities in two ways. First, there 391 

may be a direct effect due to the decrease in enzyme production by soil microorganisms and 392 

therefore, in enzyme activity. Second, the lower accumulation of soil organic matter may also 393 

be accompanied by a decrease in bonding of exocellular enzymes to humified organic matter 394 

(humic colloids) to form humic-enzyme complexes (Trasar-Cepeda et al., 2008b), a 395 

mechanism that preserves a high enzyme potential of soils and thus prevents the need for 396 

continuous enzyme production (Burns, 1982; Trasar-Cepeda et al., 2008a). This mechanism is 397 

further confirmed by the strong correlation between total organic C content and all the studied 398 

enzyme activities (data not shown). The disparity in the organic matter content and the 399 

enzyme activities between the two forest soils almost one century after the abandonment of 400 

coppicing clearly indicates that the recovery of coppice forest soils occurs very slowly. 401 



17 
 

The large reduction in soil organic matter and substrate availability caused by coppicing 402 

appears to be the main reason for the differences in enzymatic activity between the two sites. 403 

Nevertheless, the absolute values of enzymatic activities do not provide a clear picture of the 404 

influence of coppice abandonment on soil recovery because it is not clear whether the 405 

differences between the two sites are related to the soil organic matter content or to real 406 

differences in enzymatic activity. To overcome this problem and to enable comparison of the 407 

soils under the differently managed forests, the specific enzyme activity (i.e. the enzyme 408 

activity per unit of organic C content) can be used. This parameter has been widely used to  409 

provide information about the production and/or stabilization of enzymes (Taylor et al., 2002; 410 

Allison et al., 2007; Trasar-Cepeda et al., 2008a, b). It also provides information about the 411 

metabolic activity of the soils, which can thus be estimated independently of the organic 412 

matter content. When the specific enzyme activity was considered, the differences in the 413 

activities of the soils under the two management types almost disappeared (Fig. 4, Table 4S 414 

44). Thus, for each soil layer, and with the exception of ß-glucosidase/C in the H (0-1.5 cm) 415 

and acid phosphomonoesterase/C in the O horizon, the specific activities of the soils under 416 

high forest and those under coppice forest can be considered equal, as the slight differences 417 

between both are not statistically significant (Fig. 4). The similar specific enzyme activity 418 

levels in the coppice soils and in the soils under high forest suggest that, coppice 419 

abandonment has led to the recovery of soil metabolic activity, as once standardised in 420 

relation to organic C content, the enzyme activity was very similar in each of the soils.   These 421 

findings confirm that specific enzyme activities rather than absolute values should be used to 422 

assess the effect of management practices that result in different organic matter contents of 423 

the soils.  424 

 425 

5. Conclusions 426 
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In conclusion, complete recovery of the forest soil, and especially the soil organic matter 427 

content, takes a very long time after coppicing abandonment, as demonstrated by the fact that 428 

even after more than 90 years since coppice abandonment, the organic matter content and the 429 

enzyme activities are still two times lower in the coppice forest soil that in the undisturbed 430 

(high) forest soil.  431 

The similarity in the patterns of specific enzyme activities in the two forest soils suggest that 432 

the functionality of the soil under the abandoned coppice stand is recovering, but has not yet 433 

reached the optimal level, i.e. the level of the undisturbed sessile oak forest soil.  434 

Finally, on the basis of the study results, the possibility of re-introducing harvesting and 435 

coppicing with the aim of meeting increased demands for renewable energy or enhancing C 436 

sequestration must be considered with caution, since these forest management practices do not 437 

appear to be environmentally friendly, at least in the short term. 438 
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Table 2. Repeated measure ANOVA of the influence of forest management (F), soil horizon (H), and sampling time (T), and their 

interactions, on different physico-chemical properties of the soils 

 
pH TC TN C/N P Water content EC 

F p F p F p F p F p F     p           F       p  

Forest      (F) 67.88 0.000 58.30 0.000 71.16 0.000 1.41 0.247 48.82 0.000 166.97 0.000 102.55 0.005 

Horizon (H) 1510.70 0.000 62.77 0.000 65.46 0.000 29.91 0.000 85.74 0.000 247.64 0.000 526.94 0.000 

Time       (T) 77.74 0.000 3.92 0.059 5.77 0.024 0.055 0.816 4.78 0.000 53241.3 0.000 210.81 0.000 

H * F 1.44 0.255 12.00 0.000 12.73 0.000 0.106 0.899 9.52 0.001 1.32 0.248 3.22 0.058 

H * T 2.96 0.071 1.71 0.203 0.195 0.824 4.41 0.023 1.52 0.238 35.29 0.000 13.43 0.000 

F * T 0.816 0.375 0.932 0.344 2.11 0.159 0.250 0.621 13.73 0.001 34.18 0.000 1.23 0.277 

H * F * T 0.236 0.792 0.475 0-627 0.927 0.410 1.53 0.237 1.15 0.331 24.20 0.000 4.50 0.022 

Differences are statistically significant at (P< 0.05). 
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Table 3. Repeated measure ANOVA of the influence of forest management (F), soil horizon (H), and sampling time (T), and their 

interactions, on the different enzyme activities  

 Dehydrogenase β-glucosidase Invertase Urease Acid phosphatase Arylsulphatase 

F p F p F p F p F p F p 

Forest      (F) 33.03 0.000 103.07 0.000 85.86 0.000 76.94 0.000 115.08 0.000 72.96 0.000 

Horizon (H) 31.59 0.000 108.82 0.000 81.39 0.000 70.04 0.000 134.91 0.000 69.43 0.000 

Time       (T) 2.28 0.143 8.39 0.008 23.25 0.000 47.20 0.000 14.24 0.001 11.76 0.002 

H * F 8.74 0.001 37.85 0.000 11.25 0.000 13.84 0.000 34.34 0.000 11.78 0.000 

H * T 0.69 0.508 1.304 0.290 1.67 0.208 6.80 0.005 1.65 0.213 0.578 0.568 

F * T 2.41 0.133 4.82 0.038 7.98 0.009 25.01 0.000 5.02 0.035 1.25 0.274 

H * F * T 0.32 0.725 2.15 0.138 2.66 0.090 1.815 0.184 1.47 0.249 0.858 0.437 

 Differences are statistically significant at (P< 0.05). 
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Table 4. Repeated measure ANOVA with the influence of forest management (F), soil horizons (H), and sampling times (T), and their 

interactions with the specific enzyme activities (enzyme activity/C). 

  

Enzyme activities/C 

 

Dehydrogenase β-glucosidase Invertase Urease Acid phosphatase Arylsulphatase 

 

F p F p F p F P F p F p 

Forest      (F) 0.341 0.565 0.340 0.565 0.047 0.831 0.146 0.706 1.041 0.318 0.083 0.775 

Horizons (H) 2.929 0.073 13.705 0.000 11.286 0.000 12.424 0.000 18.158 0.000 12.178 0.000 

Time       (T) 0.088 0.796 2.239 0.148 12.859 0.001 60.149 0.000 3.177 0.087 8.812 0.007 

H * F 0.308 0.738 3.740 0.039 0.881 0.427 2.821 0.079 2.183 0.135 0.122 0.886 

H * T 2.613 0.094 7.623 0.003 9.873 0.001 19.966 0.000 7.349 0.003 4.876 0.017 

F * T 1.306 0.094 0.016 0.901 0.001 0.981 4.985 0.035 0.046 0.831 0.514 0.480 

H * F * T 0.641 0.536 0.406 0.671 0.641 0.535 0.633 0.540 0.012 0.988 0.375 0.691 

 Differences are statistically significant at (P≤ 0.05). 
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