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Abstract: Thinning is a practice that reduces competition for available soil resources, thereby pro-
moting vegetation growth and affecting soil, which is involved in important ecosystem processes.
Soil quality is directly influenced by various aspects such as ground cover, regional climate, and
local microclimate, which can further be modified by forest thinning. In this study, the effect of
tree thinning and climate on microbiological and enzymatic soil properties was investigated in an
Aleppo pine (Pinus halepensis M.) forest more than a decade after silvicultural treatments. The treat-
ments included were clear-felling (100% of mean basal area (BA) removed), moderate thinning (60%
BA removed), and control (no thinning). Soil organic carbon (SOC), water-soluble organic carbon
(WSOC), basal soil respiration (BSR), microbial biomass carbon (MBC), soil enzymes (f3-glucosidase,
acid phosphatase, urease, and dehydrogenase), general soil characteristics, soil temperature and
humidity, and precipitation were compared seasonally for over two years by analysis of variance and
multivariate analysis. Results showed that the effect of 60% thinning improved soil microbial and
enzymatic soil properties with variable results, mainly depending on soil organic matter content and
check for soil texture. SOC, WSOC, and MBC were highly correlated with BSR and enzymatic activities. The
updates main reason for the observed differences was water availability, despite a large seasonal variation. In
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conclusion, microbial activity was strongly affected by soil characteristics and climate, which in turn
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were influenced by the silvicultural treatments applied. Moderate thinning can be used as a useful
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Revised: 7 August 2023 The Aleppo pine (Pinus halepensis Miller) is the most widespread thermophilous pine
Accepted: 16 August 2023 species in the Mediterranean, preferentially growing near the coast but reaching altitudes
Published: 18 August 2023 of up to 2000 metres [1,2]. It can colonise abandoned fields, has excellent resistance to

adverse climatic (drought tolerant) and soil conditions, and can regenerate after fire [3-6]. It
typically grows in regions with high summer temperatures and low winter precipitation [7].
As such, it has been widely used in afforestation and reforestation programmes in arid and
semi-arid environments for many decades [8,9]. In fact, it is the most abundant pine species
in Spain, covering 2,066,306 ha (i.e., 11.37% of the Spanish forest area) [10]. Despite this, the
spread of Aleppo pine propagation has been questioned, given that areas dominated by
conditions of the Creative Commons LS Species in the Mediterranean basin often have low diversity [4,11], high fire risk (lack
Attribution (CC BY) license (https:/;  Of self-pruning of cones and branches, high resin content or fuel accumulation, increasing
creativecommons.org/ licenses /by / the likelihood of fires) [6,12], and high rainfall interception [13]. Excessive development
40/). of this species can also reduce shrub survival and growth through competition for water,
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nutrients, and light [14,15]. To address these problems, forest thinning has been described
as a silvicultural treatment that reduces tree density with the primary aim of improving the
growth, health, and value of the remaining trees by increasing water availability, light, and
nutrients [16]. Tree thinning reduces fuel loads, can improve pine growth [17], increases
stand heterogeneity [11], and can ameliorate drought stress [18]. However, opposite effects
have also been observed; for example, Nunes et al. [19] did not detect any effect of pine
thinning on the richness and diversity of understory plants.

Soil quality depends on its physical, chemical, and biological properties. It is consid-
ered that microbial communities and biochemical properties tend to react most rapidly to
changes in the external environment. Forest thinning involves opening the forest canopy,
which may affect microclimatic conditions, the amount of litter reaching the soil, the rate
of litter decomposition, the leaching of dissolved organic matter, and root density [20-22].
With regard to the latter, forest soils are important carbon (C) stores in different pools; 45%
of forest C is found as soil organic matter, and 11% as dead wood and litter [23]. It has been
described that forest thinning can affect nutrient mineralisation rates in the forest floor and
mineral soil, soil organic carbon (SOC) content, and also labile SOC fractions [24,25]. Many
studies have focused on the effects of thinning on SOC [26], but the results are still contro-
versial. Some authors have claimed that thinning decreases SOC [27]; however, others have
reported no change [26,28] or an increase [29]. Soil labile organic carbon is the fraction of
soil organic carbon that is degradable during microbial growth, has the fastest turnover
times [30], and is used as an indicator of microbial activity [24,31]. Soil labile organic
carbon pools include microbial biomass carbon (MBC), oxidisable C, and water-soluble
organic carbon (WSOC), and they can be used as energy for microbial activities. Thinning
also affects soil labile carbon pools, and also controversial results have been obtained [24].
Different studies have found that thinning increased labile organic carbon [32], decreased
it [33], or produced no effect [34]. Chen et al. [24] also found different results depending on
the fraction of labile organic carbon in the soil examined.

Soil microbial and biochemical parameters may reflect the status of soil biological
activity, which is responsible for the transformation of litter into soil organic matter, and
then for nutrient availability in forest ecosystems. Thinning can affect microbial communi-
ties (structure and activity) and enzyme activities [35]. Soil enzymes are involved in soil
microbial metabolism and in biogeochemical cycles, and together with other soil properties,
can be used to detect the effects of anthropogenic management, including forestry, and
to provide information on the ability of soils to carry out biogeochemical reactions [36].
Enzyme activity in soils depends on microbial and root activity, which is regulated by
moisture, temperature, and substrate quality [37,38]. Therefore, enzyme activity in soils
can change with climatic conditions [39,40]. Among the most studied enzymes associated
with changes in soil quality are oxidoreductases (e.g., dehydrogenases) and hydrolases
(e.g., B-glucosidase, acid phosphatase, or urease) because they are involved in the transfor-
mation of organic matter and participate in the release of C, nitrogen (N) and phosphorus
(P) [41,42]. Dehydrogenase is an intracellular enzyme, and its activity is an indicator of
oxidative metabolism in soil [43]; however, there is not always a direct correlation be-
tween its activity and oxygen consumption and microbial activity [36]. Soil ureases release
ammonium ions through urea hydrolysis and are essential for the hydrolysis of amino
compounds [44]. Cordero et al. [45] state that urease is widely considered to be a good
proxy for N mineralization, although urea is a very small fraction of soil organic N [36].
-Glucosidase is associated with the breakdown of labile cellulose and other carbohydrate
polymers [39] and thus with the C cycle. Phosphatase converts the complex organic forms
of P to assimilable P, releasing orthophosphate by hydrolysis of oxygen P bonds [46]. How-
ever, it has not always been possible to provide a straightforward interpretation of the
results obtained from soil enzyme studies [36].

The above-mentioned controversies for SOC, soil labile organic carbon, and enzymes
may be due to tree species, soil properties, climatic conditions, the intensity of thinning, re-
moval of understorey vegetation, season of soil sampling, the time elapsed since treatment,
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soil depth sampling, retention of thinned material on-site or its incorporation into the soil,
among others. It is important to conduct studies that determine seasonal variations in soil
microbial properties and soil enzyme activities in order to draw more reliable conclusions
about the effect of thinning on these soil parameters. Seasonal variation has been attributed
to microclimate, soil chemical factors, changes in organic matter quality, and substrate
availability. Based on the high variability observed in the literature on the effects of thinning
on biochemical, microbiological, and enzymatic quality indicators, the main objectives of
this study were: (1) to characterise the physico-chemical properties of the soils studied
eleven years after thinning; (2) to evaluate the potential impact of thinning and seasonal
variation on the soil microbial and enzymatic properties; and, (3) to study the relationships
between soil properties and soil microclimatic conditions. We hypothesised that thinning
would lead to positive changes in microbiological and enzymatic soil properties in the
long term.

2. Materials and Methods
2.1. Study Area and Forestry Treatments

The experimental area was located close to the Alto de la Montalbana (39°49'26” N,
1°05'47"” W, 980 m a.s.1.) in Tuéjar, the province of Valencia, eastern Spain (Figure 1). The
dominant species at the study site is Pinus halepensis M. and accompanying species are
Quercus coccifera, Juniperus oxycedrus, J[uniperus phoenicea, and Brachypodium retusum. There
is a scant presence of suppressed Quercus rotundifolia [21]. The predominant climate in
this region is Mediterranean, with seasonal rainfall mainly in spring and long dry spells
in summer. According to the World Reference Base for Soil Resources, the dominant
soils are mainly Rendzic Leptosols (i.e., very shallow soils with minimal development,
typically formed on hard rock or highly calcareous materials), although there can also be
formations of Albic Luvisols (i.e., typically developed in areas with little slope, dry and wet
seasonality, with a tendency to accumulate clay in the lower layers) and Calcaric Regosols
(i.e., poorly consolidated soils composed of fine material, with little organic matter, and
low water-holding capacity) [47].
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Figure 1. (a) Location map of experimental Blocks I, II, and III. (b—d) Photographs of 2009 of each of
the treatments TO (trees not thinned), T60 (60% thinning), and T100 (removal of all trees) belonging to
Block III.

The silvicultural treatments were carried out in the year 1998 on a mature pine forest
nearing the end of rotation (average tree age 55 years) [21] with a full thickness (forest cover
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> 80% and density of 900 trees/ha) with the aim of transforming a monospecific homoge-
neous Aleppo pine forest into a mixed holm oak and Aleppo pine forest. Treatment plots
of a minimum size of 30 x 30 m were randomly selected in three blocks and surrounded
by a 7.5 m radius to avoid edge effects. Each treatment consisted of three replicates, one
replicate per block. The three blocks were separated by less than 3 km and were assumed
to be comparable in terms of slope (< 5%), canopy cover, and climate. Three different forest
treatments were applied per block, i.e., no thinning (T0) (control), moderate thinning (60%
of mean basal area removed) (T60), and complete three removal (T100). In this study, the
results were evaluated a decade later in three seasons (spring, summer, and autumn) of the
years 2009 and 2010.

2.2. Microclimate in the Experimental Plots

The average monthly soil and ambient temperature, monthly precipitation, and aver-
age monthly ETP of the study years are shown in Figure 2. The incident precipitation and
ETP data represented in Figure 2 are the same for the three blocks.
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Figure 2. Climate conditions in the studied Block I (a), Block II (b), and Block III (c) for each treatment.
Data correspond to monthly average records of temperatures (climate-Tair and soil at 5 cm depth),
precipitation, and evapotranspiration (ETP). The arrows indicate the sampling dates for each season
(spring, summer, and autumn of 2009 and 2010). Treatments: no tree thinning (T0), 60% thinning
(T60), 100% thinning (T100).
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Precipitation and evapotranspiration (ETP) data were collected from a nearby weather
station (Chulilla, Valencia, Spain) using a pluviometer (ARG100, Campbell Scientific Inc.,
Logan, Utah, USA) and a datalogger (CR1000, Campbell Scientific Inc., Logan, UT, USA).
Continuous monitoring of the experimental plots was carried out using soil temperature
sensors at a depth of 5 cm (model ECT-S, Decagon Devices, Pullman, Washington, DC, USA)
with a data logger (EM50, Decagon Devices, Pullman, Washington, DC, USA) recording
data hourly. Ambient temperature was similarly recorded by a sensor (model RT-1, Decagon
Devices, Pullman, Washington, DC, USA) placed in Block II.

2.3. Soil Sampling

Soil samples were collected in the spring, summer, and autumn of 2009 and 2010 to
investigate the influence of climatic factors on the measured properties (except autumn
2009 in Block I). In each plot, three mineral soil samples were taken randomly from 0 to
10 cm after removing the organic horizon. The samples were transported to the laboratory
and sieved (2 mm mesh). A sub-sample of each sieved soil was air-dried to determine
general soil properties, and the remainder was stored at 4 °C for analysis of microbial and
enzymatic parameters. For all analytical tests, the average of two or three replicates per
sample was used, and data were expressed on an oven-dry weight basis.

2.4. Analysis of General Soil Properties

Soil water content was measured by the drying method (105 °C, to constant weight) [48].
Electrical conductivity (EC) [49] and pH were measured in a 1:2.5 (w/v) aqueous solution
using a conductivimeter (model, Crison, Barcelona, Spain) and pH meter (2001, Crison),
respectively. Cation exchange capacity (CEC) was determined by the ammonium acetate
extraction method at pH 7 [50]. Carbonate content was determined using Bernard’s cal-
cimeter. The texture was determined by the Bouyoucos method after pre-treatment with
hydrogen peroxide to remove organic matter. EC, pH, CEC, carbonates, and texture were
determined on samples collected in the summer of 2009. Soil water-holding capacity (WHC)
was determined on sieved samples and calculated from the amount of water retained by
the saturated soil without drainage at —20 kPa in Richard’s membrane plate extractor [51].
Soil oxidable organic carbon (SOC) was determined by wet oxidation with 1 N potassium
dichromate (K,Cr,O7) in an acid medium and evaluation of the dichromate excess with
0.5 N ferrous ammonium sulphate [52]. Water-soluble organic carbon (WSOC) was deter-
mined in the (1:2.5) aqueous extract of soils obtained after 30 min of mechanical shaking,
centrifugation at 2500 rpm for 5 min, and filtration through a Whatman 42 paper filter.
WSOC in the extracts was determined by oxidation of K,Cr,O7 in concentrated HySO4 [53].

2.5. Soil Respiration

Basal soil respiration (BSR) was measured on 10 g of fresh soil hydrated to 60% of its
WHC and incubated in hermetically sealed flasks in the dark at 25 °C for 14 days. The
CO; produced during incubation was collected in 2 mL of 1 M NaOH solution and titrated
with HCl after the addition of Cl,Ba to precipitate carbonates (modified from Aoyama and
Nagumo [54]).

2.6. Microbial Biomass Carbon

Microbial biomass carbon (MBC) was determined using the chloroform fumigation
extraction method [55], and the carbon extracted with 0.5 M K,50,4 was measured in the
same way as for WSOC. The difference in C concentration between fumigated and non-
fumigated extracts was expressed as microbial biomass C by multiplying by a factor (Kc)
of 0.38 [55].

2.7. Enzime Activity Measurements

Acid phosphatase (hereafter abbreviated as ‘PHOS’) activity was evaluated by spec-
trophotometry as the amount of p-nitrophenol (PNP) released from 1 g of fresh soil after
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incubation at 37 °C for 1 h with the substrate p-nitrophenyl phosphate in modified uni-
versal buffer (MUB) (pH 6.5). Then 0.5 M CaCl, was added, and the released PNP was
extracted with 0.5 M NaOH and filtered (Filter-Lab ref. 1246, Barcelona, Spain) [56].
3-glucosidase (GLUC) activity was determined as described for phosphomonoesterase
activity, except that the substrate was p-nitrophenyl-{3-d-glucopyranoside in MUB buffer
(pH 6) and the p-nitrophenol released was extracted with 0.1 M THAM-NaOH (pH 12) [57].
[-glucosidase activity was quantified by reference to a calibration curve constructed using
p-nitrophenol standards incubated with soil under the same conditions described above.

Urease (UREA) activity was determined as the amount of NH4* released from 2 g
of fresh soil after incubation with urea (6.4%) for 1.5 h at 37 °C in 0.2 M phosphate buffer
(pH 7) [58]; the released N-NH4" was determined in a flow injection analyser (FIAStar
5000, Foss 15 Tecator, Hogands, Sweden).

Dehydrogenase (DEHY) activity was determined using iodonitrotetrazolium violet
as substrate, incubated at pH 7.5 (1 M Tris—HCl buffer) and 40 °C for 1 h. The iodonitrote-
trazolium formazan (INTF) formed was extracted with a 1:1 (v:v) mixture of ethanol and
dimethylformamide and measured spectrophotometrically at 490 nm [59]. The activity was
quantified by reference to a calibration curve constructed using INTF standards incubated
with soil under the same conditions described above.

2.8. Statistical Analysis

The soil parameters studied were compared using a two-way analysis of variance
(ANOVA) with treatment and season as factors for each block. Post-hoc Tukey’s honestly
significant difference (HSD) multiple comparison test at p < 0.001, 0.01, or 0.05 was used
to determine significant differences. When needed, data were log (LOG10) or square
root (SQRT)-transformed prior to ANOVA to meet the conditions of normal distribution
and equal variance. Normality and homoscedasticity assumptions were tested using the
Shapiro-Wilk and Levene’s test at p < 0.05, respectively. In the same way, one-way ANOVA
was carried out on all the characteristics to assess the differences between treatments in
each block and seasonal differences for each treatment in each block. Multiple sample
comparisons of the variables tested were carried out using Spearman’s method with un-
transformed data using Principal Component Analysis (PCA) for comparisons with climate
variables (accumulated precipitation, average soil temperature and soil moisture at 5 cm
depth for the 15 days preceding each sampling) and matrix correlation with soil properties.
Data are presented as untransformed means and standard deviations. Statgraphics statisti-
cal software program (version XVIII, Statpoint Technologies, Inc., Warrenton, VA, USA)
was used for analysis.

3. Results
3.1. Soil Characteristics in the Experimental Blocks
3.1.1. Physico-Chemical Properties of Soils

The soil physico-chemical properties in each treatment and block are shown in Table 1.
Soil pH is considered to be a key variable as it affects a number of chemical reactions. Soil
pH values were slightly alkaline (7.25-8.14) except for treatment T100 in Block III, which
was 6.77. Electrical conductivity (EC) was lower in Block III with values below 0.3 dS m~!;
the average values in Blocks I and I were 0.59 and 0.64 dS m ™!, respectively. The texture is
directly related to WHC and CEC, with clay soils having the highest WHC and CEC. The
soils of Blocks I and II were more clayey than those of Block III. It should be noted that in
Block 111, soil from T60 had between 2.1 and 2.7-fold higher clay content than soils from T0
and T100, respectively. The experimental soils showed a high diversity in their physical
and chemical characteristics, typical of Mediterranean forests [60].
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Table 1. Soil chemical and physical properties for each block and treatment (TO—no trees thinning,
T60—thinning with 60% Basal Area removed, and T100—thinning at 100% BA removed). Data are
means and standard deviations of three samples taken in the summer of the first year of sampling.

Carbonates EC1:251 CEC? Sand Silt Clay

pH (gkg 1) (dS m-1) (cmolc kg-1) (%) (%) (%) Texture

TO  777+004a 10.06 + 1.11a 062+005a 4639+883a 1784+376a 41.16+430a 41.00+500a Silty clay
Blockl  T60  7.99+023a  21.83+14.68ab  059+0.09a 4335+619a 1935+893a 3898+544a 41.67+850a Clay

T100 8.02+0.12a 32.03+7.18 b 056+007a  3354+336a 19.08+889a 4159 +7.05a 3933+945a  Silty clay loam

TO  814+007b 4563 +7.83¢ 054+008a 3444+168a 3064+092a 3610+277a 3327+329a Clay loam
BlockIl T60  7.88+0.16a 515+ 1.80a 064+0.10ab 37.88+508a 2334+558a 38.13+£820a 3853+693a Clay loam

T100 801+0.1lab  28.00+539b 075+011b  41.11+56la 2782+56la 3658+139a 35.60+572a Clay loam

TO  725+025b 055 + 0.05a 028+017a  19.63+420a 79.84+327b  982+156a  1033+252a Sandy loam
BlockIll T60  7.83+0.15¢ 518+ 1.35b 030+003a  3448+334b 5056 +4.18a 21.114+1.06b 2833+5.13b  Sandy clay loam

T1I00 677 +0.13a 056 + 0.10 a 017+40.02a 2196+145a 6558+878a 21.08+565b 1333+6.11a Sandy loam

1 EC: electrical conductivity. CEC: cation exchange capacity. Different lower case letters indicate significant
differences between the treatments in each block at p < 0.05.

3.1.2. Soil Water-Holding Capacity

Soil water-holding capacity is known as the total amount of water that a soil can hold
after excess water has been drained. Figure 3a shows the means and standard deviations for
each treatment, season, and block for WHC. We found insignificant seasonal variations in
Block I. The significant differences in Block II were related to the first summer; however, we
did not find a decrease in SOC that could explain the lower values of WHC at this sampling
date (Tables A1 and A2). Small differences found between seasons were attributed to the
variability of the forest soil itself. Block III was very different from the previous two; in
fact, the global values were quantitatively lower in Block III than in the other two blocks.
These differences can be explained by the different textures, as Block III has a higher sand
content (Table 1). This significantly reduces its water-holding capacity from about 1.2 to
1.5-fold. This is evident from the correlation between the two variables, WHC and clay
content (R? = 0.87) (Figure 3b). Moreover, WHC was higher in T60 of Block III (24.14% on
average), compared to TO (13.01%) and T100 (16.34%) of this block.

TO0 Te60 T100 T0 T60 T100 TO0 Te60 T100

0 20 40 60

Block I Block I Block IIT Clay (%)
B Spring @ESummer M Autumn

(a) (b)

Figure 3. (a) Cumulative bar graphs showing soil water-holding capacity (WHC) for each Block (I,

II, and III), year-season (spring, summer, and autumn), and silvicultural treatment (TO—no trees
thinning, T60—thinning at 60%, and T100—thinning at 100%). Results are shown as means +
standard deviations with three sample points for each combination of treatments per season (n = 3).
For each block, two-way ANOVA global comparisons were made between treatments (including all
seasons for each treatment) or between seasons (including all treatments for each season). Two-way
ANOVA factors and interaction factors details (F, df, and p-value) are indicated in Table A1. Different
letters between treatments (top letters) or seasons (side letters) indicate significant differences at
p < 0.05 (*), 0.01 (**), or 0.001 (***); not significant (ns). (b) Linear regression between WHC and the
soil clay content of the three blocks and applied treatments (n = 9).
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3.2. Seasonal Variation of Soil Labile Organic Carbon Fractions and Basal Soil Respiration

Results on the seasonal variation of SOC and soil labile organic carbon fractions
(WSOC and MBC) and soil respiration for each treatment, season, and block are shown
in Figure 4, Tables A1 and A2. SOC content and WSOC (i.e., its soluble fraction) are
seasonal-cumulative shown in Figure 4a,b. As shown, the seasonal pattern by block for
both parameters was very similar, although the behaviour was different when comparing
the three blocks. In Block I, SOC and WSOC decreased significantly (about 0.2 and 0.3-fold,
respectively) with overall tree thinning (T100), with significant seasonal changes. The
results in block II differed from Block I. In Block II, the observed differences were not
significant for SOC; however, WSOC was significantly higher in treatment T100, which
could be explained by higher solar radiation on the soil (i.e., Figure 2 shows that the
higher temperatures registered in T100 were significantly higher for all sampling periods
compared to TO and T60), as seasonal significant differences were mainly observed in both
summers. However, Block IIl had much higher values in T60, which is explained by the
fact that the soil in this treatment has more clay, which changes the soil’s capacity to store
organic matter.

The activity of BSR (i.e., the CO, generated by the metabolic activities of soil organisms)
and MBC (i.e., quantifiable soil labile carbon fraction from soil microbial biomass) and their
variations based on the different blocks, treatments, and seasons are shown in Figure 3c,d,
respectively. As shown, the evolution pattern is practically identical to that of SOC and
WSOC. This shows that these characteristics are strongly correlated with the activity of the
microorganisms. It can be noted that the seasonal differences of BSR found in T60 of Block
I with respect to TO and T100 were higher (about 1.6-1.8-fold) than the rest of the studied
parameters.

3.3. Seasonal Variation of the Soil Enzyme Parameters for Each Treatment

The results of the seasonal variation of the enzymes (3-glucosidase, acid phosphatase,
urease, and dehydrogenase as a function of each silvicultural treatment applied and each
block are shown in Figure 5, Tables A3 and A4. [-glucosidase is responsible for the
degradation of low molecular weight carbohydrates in soils, resulting in the production
of sugars after their hydrolysis. Figure 5a shows that only Block III was affected by the
treatments, with T60 having the highest enzymatic activity, followed by T100. As mentioned
above, for other soil parameters, this may be due to the textural properties and higher SOC
content of the soil at T60. Maximum differences in this Block III were produced in both
autumns, being 1.4-1.5-fold higher in T60 compared to TO. In the seasonal comparison,
Blocks I and I showed values that were double or almost double compared to Block IIL This
could be due to the considerable differences in soil physico-chemical properties reported in
Blocks I and II compared to Block III. As can be observed, the soils with higher sand content
showed a reduced enzymatic activity, which could be due to lower substrate availability
and WHC.

The results of the seasonal evolution of acid phosphatase activity are shown in
Figure 5b. Phosphatases convert organic phosphorus in the soil into assimilable forms
(phosphate ions) for microbes and plants. As it can be observed, a lower cover, which
implies a higher incident solar radiation on the soil, a lower input of C to the soil in the
form of litterfall, and a higher decomposition activity of soil microorganisms seem to be
associated with a higher enzymatic activity considering that treatments T60 and T100
showed higher activity (approx. 1.3-fold) both in Block II (clay loam texture) and in Block
III (sandy loam texture) (except for Block I where the differences between treatments were
not significant). At the seasonal level, there was a high variability, although the highest
levels of enzymatic activities occurred in the first summer and second autumn.
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Figure 4. Cumulative bar graphs showing the quantification of the studied microbial parameters SOC
(soil organic carbon) (a), WSOC (water-soluble organic carbon) (b), BSR (basal soil respiration) (c),
and MBC (microbial biomass carbon) (d) for each Block (I, II, and III), year-season (spring, summer,
and autumn), and silvicultural treatment (TO—no trees thinning, T60—thinning at 60%, and T100—
thinning at 100%). Results are shown as means + standard deviations with three sample points
for each combination of treatments per season (n = 3). For each block, two-way ANOVA global
comparisons were made between treatments (including all seasons for each treatment) or between
seasons (including all treatments for each season). Two-way ANOVA factors and interaction factors
details (F, df, and p-value) are indicated in Table A1. Different letters between treatments (top letters)
or seasons (side letters) indicate significant differences at p < 0.05 (*), 0.01 (**), or 0.001 (***); not
significant (ns).

Urease activity is shown in Figure 5c. Urease is an enzyme that catalyses the hydrolysis
of urea to CO, and ammonia. The pattern of its evolution based on the treatments applied
showed a pattern similar to that seen for the enzymes 3-glucosidase and acid phosphatase,
although T60 was highlighted as being significantly higher in Block III at about 1.4-fold.
Seasonally, the enzymatic activity for urease was very uneven, with no clear association
between seasons and dynamics shown.

Dehydrogenase activity is represented in Figure 5d. This enzyme is important in min-
eralisation processes because it is required in the early stages of oxidation (i.e., breakdown)
of organic matter. Unlike the other three, it is not released into the environment but remains
within the microorganisms. The evolution of this enzyme follows a remarkably similar
pattern to the other three in terms of blocks, and treatments applied, and seasonality but
with significantly greater differences. In Block II, T100 had a higher enzymatic activity,
about 1.2-fold higher than T0 and T60. Higher enzymatic activity values may be related to
higher soil humidity. Block I also showed no significant differences between treatments
either. T60 was found to be more active in Block III, which has a more clayey texture than
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the other two treatments. Seasonally, the first summer in this Block III had the lowest
enzymatic activity, where soil samples were taken later when the soil was warmer.
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Figure 5. Cumulative bar graphs showing the quantification of the studied enzymatic parameters
-glucosidase (a), acid phosphatase (b), urease (c), and dehydrogenase (d) for each Block (I, I, and III),
year-season (spring, summer, and autumn), and silvicultural treatment (TO—no trees thinning, T60—
thinning at 60%, and T100—thinning at 100%). Results are shown as means =+ standard deviations
with three sample points for each combination of treatments per season (n = 3). For each block,
two-way ANOVA global comparisons were made between treatments (including all seasons for each
treatment) or between seasons (including all treatments for each season). Two-way ANOVA factors
and interaction factors details (F, df, and p-value) are indicated in Table A3. Different letters between
treatments (top letters) or seasons (side letters) indicate significant differences at p < 0.05 (*), 0.01 (**),
or 0.001 (***); not significant (ns).

3.4. Principal Component Analysis (PCA) Correlations between Microbial and Enzymatic Soil
Properties and Climate

The Spearman method was used to perform a PCA on each block, including SOC,
WSOC, WHC, microbiological properties (BSR and MBC), enzymatic soil enzymatic ac-
tivities (GLUC, PHOS, UREA, and DEHY), and climatic variables (temperature at 5 cm
depth-Temp, soil moisture at 5 cm depth-Hum, and precipitation-Precip) (Figure 6). The
factorial inertia of the combinations of variables corresponding to the silvicultural treat-
ments (T0, T60, and T100) and the three seasons (spring, summer, and autumn) was also
included.
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Figure 6. Principal component analysis biplot correlations between soil microbial, enzymatic, and
climatic parameters for each studied Block I (a), I (b), and III (c). Soil water-holding capacity (WHC),
soil organic carbon (SOC), water-soluble organic carbon (WSOC), and soil microbial and enzymatic
parameters (basal soil respiration (BSR), microbial biomass carbon (MBC), 3-glucosidase (GLUC),
acid phosphatase (PHOS), urease (UREA), dehydrogenase (DEHY)) are indicated in red. Soil climate
parameters from the 15 days prior to each sampling are shown in black as average soil temperature
at 5 cm depth (Temp), average soil humidity at 5 cm depth (Hum), and accumulated precipitation
(Precip). Each square represents the correlation power for each combination of the season (P-spring,
S-summer, A-autumn) and silvicultural treatment applied (T0-no trees thinning, T60-thinning at 60%,
and T100-thinning at 100%). The highlighted areas correspond to high correlations found between
the different treatments applied for each season (spring-green, summer-yellow, and autumn-blue).
Data were analysed using the Spearman method on untransformed data.
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The biplot (F1, F2) with the components that explained 70.3% of the variability of the
parameters studied in Block I is shown in Figure 6a. The climatic variables with the greatest
inertia on the F1 component (explaining 41.01% of the variability) were Precip and Hum,
while the other variables with the greatest inertia on this component were WSOC, BSR, SOC,
and PHOS. According to Spearman, Hum was only significantly and positively correlated
with Precip (r = 0.93) and GLUC (r = 0.62), while Precip was also negatively correlated
with WSOC (r = —0.58). In other words, higher humidity and precipitation had a negative
effect on WSOC and a positive effect on GLUC. The F2 component (which explained 29.32%
of the variability) had the greatest inertia compared to Temp, WHC, GLUC, and DEHY.
The Spearman correlation with Temp was only significant for WSOC (r = 0.75) (positive)
and GLUC (r = —0.63) (negative). Regarding the result of the combination of season and
treatment factors, S1 and P1 (1st year) were better correlated with Temp (in fact, they were
the seasons in which the highest temperatures were recorded), and spring and summer of
the second year (P2 and S2) were more correlated with Hum and Precip (in these seasons
the highest soil moisture and rainfall were recorded). No clear differences were observed
between most of the treatments applied, which were highly correlated with the climatic
conditions of each season. The greatest differences were observed in T100 in the autumn
of the second year (A2T100), where a lower correlation was observed with Temp and a
higher one with Hum and Precip, explained by the higher rainfall in the second year and
the complete removal of all the pines.

According to the PCA for Block II (Figure 6b), which was performed similarly to Block
I, the first two components account for 57.1% of the variability. In the first component,
F1 (30.46%), the variables with higher inertia were SOC, BSR, WHC, PHOS, and MBC.
F2 (26.64%) was the component with the highest inertia on the climatic variables Precip
and Hum (positive values on the ordinate axis), Temp (negative values on the ordinate
axis), and GLUC. According to Spearman, Temp was significantly correlated with WHC
(r = —0.65), BSR (r = —0.48) and UREA (r = 0.48). Hum was significantly correlated with
Precip (r = 0.69) and MBC (r = —0.60), and Precip with WSOC (r = —0.48) and GLUC
(r=0.73). As in Block I, high temperatures were associated with the summer and spring of
the first year (51 and P1), while humidity and precipitation were associated with P2 and S2.
Regarding the treatments applied, it can be observed that T100 was more associated with
high humidity and precipitation, as observed in Block I. Thus, there was a clear influence
of seasonality in the treatments. In both summers, T60 had a high correlation with TO,
indicating that these experimental plots had very similar climatic behaviour.

In the PCA performed on the results of Block III (Figure 6c¢), the first two components
explained 68.2% of the observed variability. The F1 (48.05%) had more inertia on the
variables SOC, MBC, WHC, BSR, GLUC, PHOS, WSOC, and DEHY, while the F2 (20.17%)
had more inertia on Hum and Precip. Temp had more inertia on a third component (square
cosine of the variable equal to 0.33, with 0.31 being the value obtained for the F2 component),
which had more inertia on UREA. In terms of significant Spearman correlations, Precip
was positively correlated with Hum (r = 0.49). The climatic variables were not significantly
correlated by Spearman with the microbiological and enzymatic parameters analysed in
Block III (i.e., in spite of the ANOVAs carried out by season being significant in some cases).
This indicates that there were variables other than the climatic ones (i.e., soil properties)
that were more influential in the observed changes. In this block, a high correlation of
T60 in different seasons was observed with the microbiological and enzymatic parameters,
indicating the positive effect of thinning.

3.5. Relationships between Microbial and Enzymatic Variables and Soil Characteristics

The spearman rank correlation matrix is shown in Table 2. We found that there was
a strong positive correlation between WHC and the other parameters, except for SAND,
which had a negative correlation. The correlations between the different enzymes also
show a strong positive correlation with the other parameters, although SAND also had a
negative correlation. Regarding the general soil parameters, there was a higher correlation
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(e.g., > 0.5) with the parameters related to microbiological activity. However, it can be
observed that the soil characteristics influenced, to a greater or lesser extent, the evolution
of the microbial and enzymatic parameters studied. It is noteworthy that SAND had a
negative correlation with all the parameters studied; this explains the different behaviour of
Block III, which had a sandier texture, compared to Blocks I and II, which were more clayey.
In fact, CLAY was positively correlated with all the parameters studied and, to a greater
extent, with WHC, SOC, BSR, and GLUC. Among the highest correlations (i.e., greater than
or close to 0.7) stands out WHC with SOC (0.86), BSR (0.79), MBC (0.64), GLUC (0.75), and
general soil parameters—especially relevant with SILT (0.69) and CLAY (0.71). SOC was
highly correlated with WSOC (0.68), BSR (0.85), MBC (0.67), GLUC (0.71), SILT (0.71) and
CLAY (0.75). BSR correlated to a higher degree with GLUC (0.66), SILT (0.62) and CLAY
(0.66). Based on the correlations obtained, the enzymatic activity was less influenced by the
soil parameters, with correlations generally lower than 0.5, being negative for SAND. In
fact, there was a higher correlation between GLUC and parameters such as WHC (0.75),
SOC (0.71), and BSR (0.63). PHOS and UREA correlated better with SOC (0.57 and 0.64,
respectively) and BSR (0.56 and 0.53, respectively). In contrast, DEHY was more highly
correlated with WHC (0.55).
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Table 2. Spearman’s correlation matrix of microbial, enzymatic, and soil properties analysed, including all Blocks (I, II, and III), seasons (spring, summer, and

autumn), and silvicultural treatments applied (T0—no trees thinning, T60—thinning at 60%, and T100—thinning at 100%).

SOC
WSOC
BSR
MBC
GLUC
PHOS
UREA
DEHY

EC
CEC
SAND
SILT
CLAY

WHC
0.86 **
0.58 **
0.79 **
0.64 **
0.75 **
0.48 **
0.52 **
0.55 **
0.59 **
0.73 **
0.65 **

0.69 **
0.71 **

SOC
0.68 **
0.85 **
0.67 **
0.72 **
0.57 **
0.64 **
0.42 **
0.54 **
0.67 **
0.68 **

0.71 **
0.75 **

WSOC
0.66 **
0.48 **
0.35 **
0.44 **
0.49 **
ns

0.36 **
0.52 **
0.55 **

—0.52 **
0.50 **
0.53 **

BSR
0.72 **
0.63 **
0.56 **
0.53 **
0.38 **
0.43 **
0.58 **
0.66 **

0.62 **
0.66 **

MBC
0.46 **
0.33 **
0.48 **
0.45 **
0.47 **
0.51 **
0.46 **
—0.48 **
0.49 **
0.49 **

GLUC
0.54 **
0.50 **
0.63 **
0.51 **
0.57 **
0.49 **

0.62 **
0.62 **

PHOS
0.51 **
0.28 **
ns

0.28 **
0.35 **
—0.35 **
0.34 **
0.36 **

UREA
0.33 **
0.31 **
0.45 **
0.39 **
—0.50 **
0.50 **
0.47 **

DEHY
0.38 ** pH

0.40 ** 0.52 ** CE

0.33 ** 0.23* 0.77 * CEC
—027%  —046* SAND
0.28 ** 0.52 ** 0.70 **

0.28 ** 0.47 ** 0.73 ** 0.81 **

Confidence level: ns, *, and ** correspond to not significant or significant results at p < 0.01 or 0.001, respectively. Colour scale from red (1) to blue (—1). Abbreviations: Soil water-holding
capacity (WHC), soil organic carbon (SOC), water-soluble organic carbon (WSOC), basal soil respiration (BSR), microbial biomass carbon (MBC), 3-glucosidase (GLUC), acid phosphatase
(PHOS), urease (UREA), dehydrogenase (DEHY), electrical conductivity (EC), cation exchange capacity (CEC).
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4. Discussion

Forest thinning is a technique often used in the Mediterranean region to increase
resource availability by allowing more tree and shrub growth [17,19]. By improving the
availability of water and nutrients, proper forest thinning can help combat desertifica-
tion [61,62]. In this study, after a decade of thinning in the experimental plots, it was
possible to confirm that the removal of trees had a direct influence on the microbiological
processes occurring in the soil. The effects of shelterwood intensity thinning (60%) and
complete removal of pine trees were compared with those of unaltered plots. Several
different soil physical (texture and WHC), chemical (pH, carbonates, EC, CEC, SOC, and
WSOC), and biological (microbial and enzymatic) parameters were evaluated seasonally
(i.e., including climate as a variable). A multivariate approach was applied owing to the
fact that soil quality cannot be assessed by simply evaluating one of the physical, chemical,
or biological parameters due to the complexity and site-specificity of soils [63,64]. In fact,
to determine soil quality, a representative set of significant data consisting of soil variables
comprising soil chemical, physical and biological parameters is usually chosen [65,66].

As results, the soils in this study had a pH between about 6.8 and 8.1, which is typical
of Mediterranean areas [60]. Texture analysis revealed a difference between Blocks I and II,
which had a higher presence of clay and silt, and Block III, which was sandier. Different
textures confer different physico-chemical properties to soils [67-69]; in fact, a smaller
particle size implies a larger reaction surface, affecting processes such as cation exchange
capacity (i.e., higher nutrient adsorption), water retention capacity (i.e., smaller pore size),
oxygen availability for microorganisms (i.e., less O, availability), capacity to store organic
carbon, or higher plasticity and cohesion [70]. The texture-related WHC parameter was
higher in Blocks I and II. In contrast, Block III had lower WHC values (i.e., indicating lower
water availability) and was higher in the moderate thinning plot (T60) due to clay and
SOC content. In related research, thinning by 50% improved the growth and water use
efficiency of Aleppo pine, suggesting a reduction in drought stress [61]. This is explained
by a reduction in climate dependence (i.e., a reduction in the resources competition) which
favours conditions for shrub development, especially in arid and semi-arid regions [71]. In
fact, the establishment and survival of Pinus pinaster seedlings, as well as early primary and
secondary growth, were both strongly and weakly positively influenced by thinning [72].
Centenaro et al. [73] found that thinning intensity and topography accounted for most of
the total variance in understory species composition in a Mediterranean pine forest, with
18% and 16%, respectively.

Increasing forest productivity through thinning can increase C inputs to soils through
the decomposition of organic matter, although the effects depend on various aspects such as
practices (i.e., thinning intensity), growth conditions, climate, or time for resilience [74,75].
Although organic matter increases the WHC of mineral soils, the effects depend on soil char-
acteristics or texture [76]. SOC and WSOC content (i.e., the fraction of organic carbon that
is soluble in water) is used as quality indices that determine the degree of decomposition
of organic matter and its utilisation by microorganisms (i.e., higher levels are associated
with increased microbial activity) [77]. In fact, Zhang et al. [78] reported that thinning
improved SOC stability by affecting the amount of soil bacterial and fungal necromass
C in the soil. However, several studies have found that heavy thinning reduces litterfall
and consequently the different fractions of organic carbon [27,79]. In fact, it is reported
that intensive thinning dramatically reduced organic carbon in mineral soils 0-5 years
after harvest but recovered after 6-20 years, considering recovery times of up to 50-70
years in spodosol forest soils [80]. Also, a larger canopy (i.e., broadleaved and mixed
forests) correlates with a high input of organic matter to the forest floor, but coniferous
forests produced the most recalcitrant litter of low quality (i.e., in terms of organic matter
supply) [26]. The decomposition of organic matter in these latter situations (including
Aleppo pine) is greatly influenced by abiotic factors, such as solar radiation or precipita-
tion, conditioned by the intensity of thinning [33]. It was observed that the clayey soils
(Blocks I and II) have higher SOC and WSOC levels than Block III, which is attributed to
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a higher organic matter storage capacity due to the different texture (i.e., the following
correlation was found: Clay (%) = 5.43 SOC (%) + 5.24, R? = 0.93). In fact, soil texture is
considered an indicator of soil quality, growth, and activity of microbial biomass [69,81].
Seasonally, it was observed that at higher temperatures (i.e., first summer), the levels of
oxidable organic carbon were higher; this is attributed to a higher activity associated with
temperature. In fact, drought increased dissolved organic C accumulation due to slower
mineralisation and higher stability of dissolved organic matter [82]; and lower C leaching
has also been reported in drier periods [77]. However, as SOC and WSOC are dependent on
many factors, unpredictable results are usually found in different studies. In fact, mineral
soils showed less variation in organic C than forest soils, which in most cases was not
significant and dependent mainly on species composition, soil taxonomic order and time
since thinning [26,33,80]. Our results were mixed, as no significant difference was found
under clayey soils (Blocks I and II), but a positive significant effect was found under sandier
soils (Block III). This was explained by the positive effects of long-term moderate thinning,
which improves the C content of poorer soils.

BSR (i.e., heterotrophic respiration performed mainly by saprophytic fungi and bac-
teria through decomposition of organic debris) and MBC (i.e., the C content measure of
soil organic matter life, such as bacteria and fungi) showed a similar pattern to that of SOC
and WSOC, confirming that the labile fractions of soil organic matter are the substrates for
microbial activity (i.e., this was confirmed by Spearman correlations) and are viable quality
indicators of microbial activity. In addition, the thinning effects of T60 were remarkably
higher in Block III (i.e., BSR and MBC levels were comparable to those found in Blocks I
and II), indicating its positive effects on microbial activity; T60 in Blocks I and II was very
similar to T0, indicating that these experimental plots behaved similarly climatically. Some
studies, such as Vinhal-Freitas et al. [69], highlighted the importance of texture, as heavy-
textured soils have higher levels of microbial activity and carbon content than light-textured
soils within the same soil class, achieving significantly higher levels of BSR and MBC; in
agreement with our results. Das et al. [83] analysed data from all publications between
1989 and 2022 and showed that (1) MBC was positively correlated with high temperatures
and negatively correlated with high soil humidity, and (2) MBC was positively correlated
with levels of SOC and BSR; also in agreement with our results by multivariate analysis.
Wang et al. [84] also reported that reduced soil moisture and microbial biomass C were the
main regulators of the decrease in soil respiration. Our results showed a high Spearman’s
correlation between WSOC, SOC, and BSR, with the component having higher inertia over
soil temperature, and a high correlation was also found between WHC and BSR (although
we did not observe a clear correlation between soil moisture and precipitation with BSR). In
fact, the effect of forest thinning on soil respiration is the consequence of a combination of
reduced root respiration, increased soil organic matter, and fluctuations in soil temperature
and moisture caused by both thinning and interannual climate variability [85-87].

Enzymes are classically used as quality indicators of soil microbial activity [63,88-90].
In this study, the levels of three extracellular enzymes (i.e., 3-glucosidase, urease, and
phosphatase) and another intracellular (i.e., dehydrogenase) were measured. Exocellular
hydrolytic enzymes decompose organic matter and release nutrients into the soil solution,
where they can be used by microorganisms and plant growth [69]. These extracellular
activities are highly dependent on temperature, humidity, pH, substrate availability, and the
chemical characteristics of the surface layer [91,92]. In fact, as a result, 3-glucosidase was
positively correlated with soil moisture (r = 0.62) and negatively correlated with tempera-
ture (r = —0.63) in Block I, and positively correlated with precipitation (r = 0.73) in Block II.
3-glucosidase is produced by microbial communities for cellulose degradation, converting
oligosaccharides to glucose [93]. Anaerobic fungi have very strong cellulolytic activity and
are, therefore, efficient cellulose degraders [94]. This may explain the high levels of this en-
zyme at high soil moisture (i.e., less O, available for aerobic microorganisms). This enzyme
is also produced by thermophilic microorganisms, which explains the lower dependence
on soil temperature [95]. The lower levels found in Block III are explained by the poorer
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soil quality, which causes a decrease in the diversity and abundance of microorganisms [63].
In fact, all the enzymes studied were significantly Spearman’s positively correlated with
clay and negatively correlated with sand. Although T60 in Block III showed higher levels
of 3-glucosidase, the changes observed in this enzyme could not be entirely explained
by the influence of thinning (i.e., this was also applicable to the other three enzymes).
Soil microorganisms and plants secrete extracellular enzymes (i.e., phosphatases) to break
down organic P in soils into readily available Pi [96]. Acid-phosphatase did not correlate
well with the climatic parameters analysed. This could be explained by the fact that soil
microorganisms mainly produce alkaline phosphatases, whereas acid phosphatases are
mainly found in the rhizosphere (i.e., as root exudates) [97]; and our sampling was not
focused only on the rhizosphere soil. In addition, due to the limited bioavailable P in
soils, soil microorganisms often experience P starvation conditions as their metabolism is
limited [81]. These factors explain why the levels in the three blocks were comparatively of
the same order (except TO in Block III, with about 1.3 to 1.4-fold significantly lower levels).
Urease is produced by microorganisms to degrade urea (i.e., releasing NH3 and CO,) [45].
Our results showed that urease was significantly correlated with soil temperature in Block
II, but seasonal differences were not constant. By treatment, the seasonal pattern of urease
was very close to that of 3-glucosidase; this is in agreement with the results obtained by
Vinhal-freitas et al. [69], who demonstrated the existence of a high correlation with soil
texture, although not always a significant correlation was found [98]. Urease activity was
also positively correlated with SOC, N, and soil moisture [99,100]; we agree for SOC (i.e.,
this may partly explain the higher results for T60 in Block III). Dehydrogenase is suggested
as a more reliable sign of microbial activity because it is located at the intracellular level in
microorganisms [101]. In the soil environment, this enzyme can be significantly affected by
a number of environmental factors, including soil moisture, oxygen availability, oxidation-
reduction potential, pH, organic matter content, depth of soil profile, temperature, season,
heavy metal contamination and soil fertilizer or pesticide use [102]. As a result, significant
seasonal differences were found with respect to the first summer (as indicated hotter and
drier) with lower values; in fact, in Block I, dehydrogenase activity has more inertia over
the axis correlated with higher soil humidities and precipitation. Despite the variability in
the results found, the levels with T60 in Block III were significant (i.e., about 1.4 to 1.6-fold
higher than T0 and T100), explained by the beneficial long-term effects of thinning, which
increases the organic residues and consequently the supply of organic matter to the soil.
Discrepancies found between seasons could be due to the fact that the levels of dehydroge-
nase analysed in the soil do not always correlate with microbial activity [103]. Nannipieri
et al. [36] explain that catalytic enzymes of biological origin which are no longer regulated
or associated with living cells can be immobilised on clay minerals, humic substances, or
organo-mineral complexes but remain inactive. Also, a significant proportion of the activity
could be attributed to enzymes in the soil matrix that have certainly been present for many
years. Nevertheless, our results showed correlation between all the enzymes studied and
most of the soil parameters analysed, with the exception of sand content, confirming the
close connection between soil properties and the activity of microbial organisms.

5. Conclusions

The microbial and enzymatic quality indicators studied revealed that the effects of
long-term thinning showed variable results depending on soil characteristics and climate.
The values of water-holding capacity and soil organic carbon in its different forms were
higher in the more clayey soils. In fact, sand content was negatively correlated with all
the parameters analysed. Therefore, poorer soils have a reduced retention of organic
matter, high leaching, and a limited holding capacity of different chemical forms. All
microbiological and enzymatic parameters were correlated, indicating that soil properties,
climate, thinning intensity, or a combination of these factors influenced them to varying
degrees. In fact, although high correlations were found, it is difficult or impossible to
determine the extent to which each of these variables influenced the other. The most
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striking finding is that moderate thinning had a significant positive long-term effect on
soil parameters, with greater differences in poorer soils. The climate was a determining
variable based on its seasonality, but its influence was not always well correlated with soil
parameters, although it was undoubtedly crucial in the seasonal shifts of each variable
as deduced from the multivariate analysis, which was primarily conditioned by water
availability. Despite the discrepancy of the existing results in the literature, we conclude
that thinning is an invasive technique that, in the short term, generally leads to deterioration
of the microbiological and enzymatic activity of the soil, requiring a more or less long
period of resilience for its recovery; and that in the long term, at moderate levels, it can be
beneficial by favouring soil properties in the Mediterranean region. By promoting microbial
activity, moderate thinning is a tool that, when utilised properly in forest management
programs, can enhance the nutrients and resources available to plants, assisting vegetation
restoration and high-quality forestry.
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Appendix A

Table A1. Summary of two-way ANOVA for the soil water-holding capacity (WHC), soil organic
carbon (SOC), water-soluble organic carbon (WSOC), and microbial soil parameters (basal soil
respiration—BSR and microbial biomass carbon—MBC) tested in each block using treatment (T) or
season (S) as factors and their interactions (T x S) in terms of F, df, and p-value.

Factor/Interaction

Parameter 2 Treatment (T) Season (S) TxS Residuals
Block F af p-Value! F af p-Value ! F af p-Value ! af
WHC I 3.43 2 0.0455 * 2.14 4 0.0999 ns 0.63 8 0.7430 ns 30
(non- I 6.82 2 0.0031 ** 3.81 5 0.0072 ** 0.55 10 0.8445 ns 36
transformed) 11 44.01 2 <0.0001 *** 5.52 5 0.0007 *** 134 10 0.2474 ns 36
SOC 1 4.63 2 0.0177 * 5.67 4 0.0016 ** 0.83 8 0.5857 ns 30
(LOG10- I 3.09 2 0.0576 ns 0.81 5 0.5512 ns 0.62 10 0.7905 ns 36
transformed) 111 58.27 2 <0.0001 *** 1.56 5 0.1974 ns 0.95 10 0.5007 ns 36
WSOC I 357 2 0.0406 * 20.30 4 <0.0001 *** 0.63 8 0.7480 ns 30
(SQRT- 1I 6.01 2 0.0056 ** 10.13 5 <0.0007 *** 1.1 10 0.3875 ns 36
transformed) 11T 35.90 2 <0.0001 *** 722 5 0.0001 *** 2.3 10 0.0328 * 36
BSR I 6.49 2 0.0046 ** 7.45 4 0.0003 *** 1.20 8 0.3337 ns 30
(LOG10- I 3.01 2 0.0617 ns 10.35 5 <0.0001 *** 1.34 10 0.2479 ns 36
transformed) 111 84.86 2 <0.0001 *** 3.84 5 0.0068 ** 1.94 10 0.0710 ns 36
MBC 1 4.79 2 0.0157 * 25.02 4 <0.0007 *** 1.21 8 0.3258 ns 30
(SQRT- 1I 6.62 2 0.0036 ** 9.12 5 <0.0001 *** 0.53 10 0.8594 ns 36
transformed) it 39.09 2 <0.0001 *** 3.98 5 0.0056 ** 1.94 10 0.0713 ns 36

1 Level of significance: not significant (ns) or significant results at p < 0.05 (*), 0.01 (**), or 0.001 (***). 21L0G10 or
SQORT transformations were used to meet normality and homoscedasticity requirements.
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Table A2. Results of means and standard deviations (n = 3) for soil water-holding capacity (WHC),
soil organic carbon (SOC), water-soluble organic carbon (WSOC), and soil microbial parameters
(basal soil respiration—BSR and microbial biomass carbon—MBC) tested in each block. Different
letters in a column (superscript letters) or row (normal letters) indicate the presence of significant
statistical differences by one-way ANOVA followed by post-hoc Tukey-HSD means comparison with
treatment (T) or season (S) as factors.

Parameter 2 Treatment Spring 1st Summer 1st Autumn 1st Spring 2nd Summer 2nd Autumn 2nd scll
T0 3262 + 6.01 3841 +325 - 36.64 + 2.82 34.84+ 178 34.48 + 4.89 b ns
Block 1 T60 33.03 + 411 35.16 + 4.84 - 34.87 + 2.64 33.40 + 073 36.95 + 096 P ns
T100 30.07 + 071 33.94 + 342 - 3497 +1.19 32.73 +2.68 3045 + 2439 ns
TclL! ns ns - ns ns .
TO 3813 +595ab 2778 +3822b 5 28.13 £ 23 ab 3211 + 824 ab 30.96 + 1.71 3 ab 37.36 £ 4.37b *
Block IT T60 3217+ 6883 b 2544+021%a 33.84 + 214 ab 30.56 + 3.07 ab 29.49 + 8.89 3 ab 3331+ 434b *
WHC T100 4083 +382P b 3176 £ 7990 a 35.28 4+ 298 ab 35.88 + 3.09 ab 37.15+ 5210 ab 39.01 +228b *
TClL 1 * * ns ns * ns
T0 13.08 + 5.23 10.63 + 4.372 16.6 +1972 1279 + 4272 11.92 + 1.672 13.06 + 0.86 2 ns
Block Il T60 26.69 + 6.49 b 20.10 +2.82P ab 288+ 1.98b ab 2434 +3.02P ab 18.06 +3.07P a 2725 +231P ab -
T100 15.32 4 2.95 18.09 + 4.02 2P 192 +5.172 19.7 + 2.23b 9.24+£2912 165+532 ns
el ns
T0 645+ 1444 a 96.68 +19.93 b - 65.46 + 6.48 ab 62,00 +12.73 a 66.76 +29.223b ab »
Block I T60 60.62 + 15.05 ab 82.11+193b - 63.58 + 6.94 ab 57.7 + 48a 82.39 + 15.63P ab *
T100 45.26 + 096 a 7947 + 2024 b - 6247 +7.99 ab 4950 + 13.35 ab 49.36 +3.13% ab
TCL! ns ns ns ns *
T0 55.78 + 15.09 59.40 + 9.89 4147 + 61 53.77 + 13.16 4406 + 752 61.19 + 14.47 ns
Block I T60 45.81 +17.99 49.14 +3.92 55.91 + 13.37 60.09 +2.18 43.96 + 6.68 55.02 + 16.96 ns
soc oc T100 5471+ 543 75.70 + 16,59 59.87 + 11.67 46.77 +14.37 57.98 + 10.82 6154 + 31.59 ns
TCl 1 ns ns ns ns ns ns
T0 12.85 +3.972 997 + 2272 10.09 +0.33 2 1250 + 3432 12.41 + 1462 1356 +2.672 ns
Block III T60 47.48 + 24.81 P 33.03 +6.94P 40.08 + 6.74 P 46.34 + 2055 24.66 + 24P 52,03 + 15.78 b ns
T100 21.08 + 6,263 2036 +2242 15.8 + 856 19.41 +2.982 13.40 + 4,922 1877 + 12363 ns
el
T0 22310 + 51142 532.31 + 108.81 b - 167.48 + 20.66 a 304.87 + 97.15 ab 160.15 + 93.82a
Block I T60 211.35 + 6451 a 465.69 +197.45b - 125.13 + 20.07a 239.78 + 57.8 ab 228,55+ 96.5a
oc T100 180.38 + 19.23a 374.07 +111.7b - 119.29 + 52.55a 232.86 + 6697 ab 100.69 + 13.06a
TCl ! ns ns ns ns ns
Block IT T0 18071 + 32.63 ab 22278 426143 b 112.93 + 24.61a 136.89 + 80.27 a 144.77 + 39.93 ab 17440 + 51.14 ab
T60 255.93 + 97.78 23459 + 659530 a 157.61 + 48.98 ab 101.20 + 20.67 a 208.13 + 59.6 ab 188.65 + 37.96 ab
WSOC T100 269.83 + 12.28 be 361.18 + 72.92€ ¢ 155.47 + 30.51 ab 147.06 + 25.58 a 246.20 + 54.67 abe 163.72 + 50.04 ab
TC1! ns * ns ns ns ns
Block I T0 7466 + 22.833 66.98 4+ 19.743 8557 42592 14250 + 4032 120.2 + 33.933b 7061 + 1153 ns
T60 17241 4+ 93.18P a 17558 4 57.99 P ab 163.94+ 9710 a 254,00 + 54.53P b 15123 + 6710 ab 150.59 + 25.79 P a “
T100 516 +1023% a 160.94 + 31.93 3P ab 58.12 420553 a 140.34 + 4533 b 7533 +39.713 ab 69.82+12.823 a *
el
Block T TO 2648 £3.6430 2 4615 +£9193P b - 3597 +3.673P ab 3275 +2393b ab 31.62 + 13.06 3 ab -
T60 2933 +523P a 5197 +19.32P b - 29.97 + 473 ab 27.6 + 6.6 ab 41.90 +13.19P ab
T100 2447 427132 3751+8133b - 28.71 4+ 0.673 ab 2361+ 1563 a 2127 +3.033 ab
el l . - . . .
Block IT TO 25.96 + 5.9 ab 25.18 + 1.09 ab 1813+ 1.98a 25.14 +10.29 ab 19.36 + 1.31a 39.14+92b
T60 23.19 +7.79 ab 24.1 +2.09 ab 2797 +7.72a 24.35 + 3.45 ab 16.99 +2.18 2 41.07 £12.07b
BSR T100 2722 +043a 37.71 +11.84ab 2544 +575a 31.14 + 3.08 ab 20.09 +1.69 36.93 +439b
TCIL 1 ns ns ns ns ns ns
Block ITT T0 48941612 815+ 1,613 740672 833 +2872 525 +0.823 638 +1.052 ns
T60 3134 + 16,08 P 2241 +3.11° 312 +249P 2471 + 887 1634 +3.52b 35.73 + 936 P ns
T100 716 +2.142 19.64 +5.78b 104 +3992 13.89 + 6.6 3 828 4 4.632 893 +2932 ns
TCL 1 P *hk e e Fres okt
Block I T0 630.28 + 51.81a 434,05 + 35382 - 572.92 + 126.66 a 398.88 + 51.052 232.75 £ 43273 b
T60 648.47 +219.19b 491.88 -+ 183.09 ab - 768.48 + 60.94 b 492.76 + 43.26 ab 38713 +3145P 2
T100 615.33 + 67.42b 520,47 + 70.74 b - 660.39 + 103.37 b 563.75 + 130.52 b 24211 + 167430 o
TCL! ns ns ns ns *
Block IT T0 483.1 + 15635 ab 617.93 +126.75b 467.19 + 103.6 b 493.33 + 255.47 ab 239.77 + 32.87a 447.04 + 24339 ab
T60 373.8 + 84.87 ab 526,97 + 3412 b 641.98 + 24654 b 456.88 + 96.39 ab 218.6 + 85.57 a 562.05 + 76.75 b
MBC T100 552.98 + 83.29 ab 834.96 + 323.17b 708.25 + 14635 b 681.87 + 13021 b 29213 + 121.8a 67381 + 134.62b
TCL! ns ns ns ns ns ns
Block ITT T0 148.14 + 51,63 11053 + 38.48 262.51 + 45062 177.9 + 70.643 140.06 + 35.54 3 133.85 + 38.26 ns
b
T60 755.95 + 423.05 b 32749 +91.74P ab 68226 + 121.05P b 416.36 iab141'23 314.49 + 86.94P a 508.77 + 3026 P ab *
T100 339.86 £ 105.64 2 378.95 + 131.84 b 2729 + 144472 274.42 + 78,01 b 148.33 + 79.51 ab 209.23 £ 102.902 ns
rerl

I Confidence level: ns, *, **, and *** correspond to not significant or significant results at p < 0.05, 0.01 or 0.001,
respectively. 2 LOG10 (SOC and BSR) or SQRT (WSOC and MBC) transformations were used to meet normality
and homoscedasticity requirements.
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Table A3. Summary of two-way ANOVA for the soil enzymatic parameters ([3-glucosidase, acid
phosphatase, urease, and dehydrogenase) tested in each block with treatment (T) or season (S) as
factors and their interactions (T x S) in terms of F, df, and p-value.

Factor/Interaction
Parameter 2 Treatment (T) Season (S) TxS Residuals
Block F df p-Value ! F df p-Value ! F df p-Value ! df
. I 2.47 2 0.1012 ns 29.05 4 <0.0007 *** 1.34 8 0.2626 ns 30
-glucosidase .
(SQRT-transformed) II 3.17 2 0.0539 ns 6.21 5 0.0003 0.76 10 0.6632 ns 36
I 13.48 2 <0.0001 *** 4.84 5 0.0017 ** 0.87 10 0.5689 ns 36
. 1 1.70 2 0.1998 ns 6.80 4 0.0005 *** 0.67 8 0.7101 ns 30
Acid phosphatase . -
(SQR- transformed) I 7.88 2 0.0014 5.03 5 0.0014 0.38 10 0.9472 ns 36
111 14.03 2 <0.0007 *** 592 5 0.0004 *** 1.36 10 0.2358 ns 36
Urease 1 0.22 2 0.8025 ns 3.12 4 0.0293 * 2.29 8 0.0477 * 30
(non-transformed) II 8.29 2 0.0011 ** 3.42 5 0.0125* 1.48 10 0.1864 ns 36
111 5.69 2 0.0071 ** 8.15 5 <0.0001 *** 0.97 10 0.4853 ns 36
I 1.47 2 0.2463 ns 92.05 4 <0.0007 *** 1.11 8 0.3841 ns 30
Dehydrogenase . wxx
(SORT-transformed) II 4.60 2 0.0167 6.38 5 0.0002 0.54 10 0.8491 ns 36
111 32.04 2 <0.0001 *** 8.4 5 <0.0001 *** 0.74 10 0.6847 ns 36
1 Level of significance: ns, *, **, and *** correspond to not significant or significant results at p < 0.05, 0.01, or 0.001,
respectively. 2 LOG10 or SQRT transformations were used to meet normality and homoscedasticity requirements.
Table A4. Results of means and standard deviations (n = 3) for the soil enzymatic parameters (j3-
glucosidase, acid phosphatase, urease, and dehydrogenase) tested in each block. Different letters in a
column (superscript letters) or a row (normal letters) indicate the presence of significant statistical
differences by one-way ANOVA followed by post-hoc Tukey-HSD means comparison with treatment
(T) or season (S) as factors.
Parameter 2 Treatment Spring 1st Summer 1st Autumn 1st Spring 2nd Summer 2nd Autumn 2nd scLl
TO 0.78 £ 0.228 a 126 £023b - 1.6 £ 0.27 be 1.28 £+ 0.35 be 216+ 0.13¢ o
T60 0.75+0.282a 1.28 £+ 0.47 ab - 1.92£0.2bc 1.9 £0.27 be 214+030c¢ ok
Block T100 071400402 149 +025b - 234+ 0.82b 196 + 026 b 196 +022b
TclLl! ns ns ns ns ns
TO 1.23 £ 0.35 ab 0.86 + 0.38 ab 0854+ 0.35a 1.42 + 0.68 ab 1.11 £ 0.40 ab 210+ 0.89b o
. T60 0.95 + 0.43 ab 096+ 0.27a 1.02 £0.36a 173 £052b 1.51 +0.18 ab 140 £0.69b *»*
B-Glucosidase Block Il T100 127 +0.15ab 125+ 0.27ab 094 +0.162a 2,05 +012ab 1.87 + 0.87 ab 214 4£035b wax
TCL! ns ns ns ns ns ns
0 05340172 ab 02540187 049 %009 ab 044 £ 0127 ab 0.67 40117 ab 05640112 w
Block Il T60 094+04bab 049+0.15Pa 099+ 043P ab 0.95+0.36° ab 091+013P b 1284009 b -
T100 067 +0.13P 052+033P 044 +0.172b 0.79 + 0.06 2P 0.75 + 0.26 P 0.76 + 0.39 b ns
TclL ! * Ak Ak = * ok
Block I 0 25+05a 3.62+063ab - 2,858 + 031 ab 3.545+ 085 ab 389+ 144D -
T60 219+06a 397+ 164ab - 2535+ 021 ab 2,981 + 041 ab 470 +0.64b
T100 226+042a 3.67+120b - 2487 + 007 ab 2.490 + 056 ab 3.14+060b -
TcLl! ns ns ns ns ns
Block II TO 173 £0.622 ab 23740849 ab 116 £0412a 186+1.172a 23141372 ab 3.37+125b e
Phosphatase T60 243407720 ap 259 40392 ap 222401220 o 1650492 a 248+ 058P ab 342+184b *
T100 3.02+£0.24b ab 3.61+042b ab 214 +052ba 252+046P a 361 +0.58P ab 415+ 1.06b -
Tl . « . . . ns
Block 1T 0 217+026%b 0.69+015%a 16+062ab 157+ 0742 ab 146 + 0472 ab 217+07%ab
T60 405+174Pb 2024074 a 245+ 0.6P ab 258+ 0750 ab 213 +0.162 ab 37+053bab -
T100 348 +0.372b 2,98 + 0.81 2P 1.93 + 14230 2,09 + 0.36 2P 255+ 098P 2.89 + 0.28 2D ns
Tcrl - P . . . -
Block I TO 5.04 4 0.85 5.6 £1.56 - 4.75 £ 0.82 43+£1.63 5.76 £ 0.69 ns
T60 333+102a 629+ 193ab - 412+097 ab 3.59 + 107 ab 751+2b -
T100 474+059 5.62+ 0.81 - 496+ 0.64 6.31+229 475+0.33 ns
TcL! ns ns ns ns ns
Block IT TO 3.85 0.7 ab 482+119b 3.18 £ 1462 ab 41441772 ab 31141242 ab 193 +1.18a *
Usease T60 405131 3.86+0.22 558 £2723b 3.71+0972 3.98 + 1.66 30 374+134 ns
T100 475+ 047 ab 596+178b 563 +094b ab 63940695 b 64+03Pab 252+13a -
TClL! ns ns * * = ns
Block 1T 0 401+038%b 3.11+1.06ab 1.08+0.38a 2,05+ 1.06 ab 147 + 0.64 ab 249+0.992 ab
Te0 659+507b ¢ 3.46 + 0.89 abc 117 £0.04a 4.07 +1.27 abc 2.57 + 045 ab 6.45 +0.83P be
T100 4.89 +1.08 ab b 412 +1.69 ab 1.29+115a 2.64 +123ab 099+ 042a 2.87 +£1.862 ab o

TClL! * ns ns ns ns *
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Table A4. Cont.

Parameter 2 Treatment Spring 1st Summer 1st Autumn 1st Spring 2nd Summer 2nd Autumn 2nd scLl
Block T TO 0.09+0.02a 0.16 + 0.07b 041+0.1¢c 04+001c 023+ 0.04b
T60 0.08+0.01a 023+005b 046 +0.05d 035 + 0.05 cd 0.3+ 0.03be
T100 0.08+0.03a 021+006b 045 +0.03d 041 +0.05 cd 0.29 + 0.02 b
TCLl ns ns ns ns ns
Block IT T0 032+ 0.11ab 016 +0.07a 034+0.1b 0334 0.14b 033 + 0.08 ab 027 +0.08 ab
Dehydrogenas T60 035+ 0.14ab 0.16 +0.06 a 051 +0.13b 032 +0.05 ab 027 +0.01 ab 022 +0.13ab
chydrogenase T100 044 +0.18 ab 026+0.17a 044 +0.04b 048 +0.12 ab 04+ 0.14 ab 034 +0.02 ab
TClLl ns ns ns ns ns ns
Block ITT TO 0.15+0.042 ab 0.08 4 0.002 a 0.2140022b 0.12 4 0.06 @ ab 0.17 £ 0.03 2 ab 0.1140.022 ab
T60 054 +03P b 0.18+0.05Pa 038+£0.09P b 029 +£0.15P ab 035 +0.02P ab 0.27 +0.02° ab e
T100 0254 0.06 ab 012 +0.023P o 029 +0112P b 0.15 +0.052P ab 0.18 +0.052P ab 015 + 0.053P ab *
renl

I Confidence level: ns, *, **, and *** correspond to not significant or significant results at p < 0.05, 0.01, or 0.001,
respectively. 2 SQRT transformations (excluded urease) were used to meet normality and homoscedasticity
requirements.
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