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Abstract
The effects of a thinning treatment on soil respiration (Rs) were analysed in two dryland forest types with a Mediterranean 
climate in east Spain: a dry subhumid holm oak forest (Quercus ilex subsp. ballota) in La Hunde; a semiarid postfire regener-
ated Aleppo pine (Pinus halepensis) forest in Sierra Calderona. Two twin plots were established at each site: one was thinned 
and the other was the control. Rs, soil humidity and temperature were measured regularly in the field at nine points per plot 
distributed into three blocks along the slope for 3 years at HU and for 2 years at CA after forest treatment. Soil heterotrophic 
activity was measured in laboratory on soil samples obtained bimonthly from December 2012 to June 2013 at the HU site. 
Seasonal Rs distribution gave low values in winter, began to increase in spring before lowering as soil dried in summer. This 
scenario indicates that with a semiarid climate, soil respiration is controlled by both soil humidity and soil temperature. 
Throughout the study period, the mean Rs value in the HU C plot was 13% higher than at HU T, and was 26% higher at CA 
C than the corresponding CA T plot value, being the differences significantly higher in control plots during active growing 
periods. Soil microclimatic variables explain the biggest proportion of variability for Rs: soil temperature explained 24.1% 
of total variability for Rs in the dry subhumid forest; soil humidity accounted for 24.6% of total variability for Rs in the 
semiarid forest. As Mediterranean climates are characterised by wide interannual variability, Rs showed considerable vari-
ability over the years, which can mask the effect caused by thinning treatment.
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Introduction

The world’s forests store more than 80% of all terrestrial 
aboveground carbon, and more than 70% of all soil organic 
carbon (Dixon et al. 1994; Jandl et al. 2007). The carbon 
balance in an ecosystem is the net result of CO2 fixation 

by photosynthesis occurring aboveground and the release 
of carbon as CO2 from both above and belowground com-
partments. In forest ecosystems, the CO2 flux from the soil 
surface, or soil respiration (Rs), accounts for 30–80% of total 
ecosystem respiration (Davidson et al. 2006). The below-
ground carbon outputs are balanced by organic carbon inputs 
to soil via litterfall and annual root turnover, and by root exu-
dates (Ågren and Knecht 2001; Ukonmaanaho et al. 2008).

Rs is the sum of both soil autotrophic and heterotrophic 
respirations. Autotrophic respiration agents are roots and 
their associated mycorrhizae, whereas heterotrophic respi-
ration is performed by saprophytic fungi and bacteria, and 
also by soil meso- and macrofauna. The former is main-
tained by the current assimilates produced by photosynthe-
sis and root starch reserves at the beginning of the growing 
season (Högberg et al. 2001). The latter is maintained by 
the decomposition of organic debris on forest floors and 
stabilised organic matter on the ground. Estimates of root 
respiration contribution to total Rs range from 10–90% 
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(Hanson et al. 2000), and can seasonally vary between 
growing and non-growing periods (Högberg et al. 2001; 
Rey et al. 2003; Tang et al. 2005a).

Soil biological activity is controlled by environmental 
conditions, mainly temperature and water and substrate 
availability. In climate zones where biological activity 
is controlled by water availability, such as Mediterra-
nean ecosystems, it is necessary to understand the effect 
of water on Rs. The effect of soil humidity is complex 
because Rs is restricted by lack of water, but also by excess 
water as the latter induces oxygen deficiency, especially 
during high oxygen demand periods (Curtin et al. 2012).

Current climate evolution models estimate a tempera-
ture rise of around 3–4ºC in the Mediterranean Region 
in Europe, along with an expected drop in current annual 
precipitation of up to 20% (up to 50% less in summer) 
(Lindner et al. 2010). The Mediterranean Region is espe-
cially sensitive to climate change impacts given the high 
sensitivity of ecosystem productivity to water availabil-
ity. Cabon et al. (2018) warns about the rising vulner-
ability of oak coppices in Southern Europe to drought 
as a result of ongoing climate change. In this area, one 
research priority is to study how human intervention can 
mediate the adaptation of forests to environmental changes 
(Scarascia-Mugnozza et al. 2000; Lindner et al. 2010; del 
Campo et al. 2017). To detect and predict future changes 
in the forest ecosystem function, the patterns, controls 
and variability of forest productivity within and among 
stands must be better understood (Newman et al. 2006). 
Awareness of the impact of forest management on forest 
resilience against environmental changes has grown (Jandl 
et al. 2019).

Forest thinning, which is the most frequent forest man-
agement practice, increases forest productivity, but also 
helps to enhance ecosystem resilience (Millar et al. 2007; del 
Campo et al. 2019), increase water availability (Molina and 
del Campo 2012) or improve tree growth and vigour (Olivar 
et al. 2014). In semiarid areas, the idea of using thinning as 
an adaptation strategy to climate change is emerging as a 
means to improve forests’ resistance to climate change by 
decreasing water competition between the remaining stems. 
Several studies have analysed the effect of thinning on for-
est tolerance to drought (D’Amato et al. 2013; Cabon et al. 
2018; del Campo et al. 2019). When implementing hydrol-
ogy-oriented forest management, a shift in the paradigm of 
full canopy cover to medium covers occurs (40–50%). A 
previous work (del Campo et al. 2018) has shown that a 
reduced forest biomass in a Mediterranean climate signifi-
cantly increases net rainfall by reducing canopy intercep-
tion. Net water gain accumulates mainly on the forest floor 
and is lost from the soil surface by evaporation, which leads 
to more dynamic water content changes on the soil surface 
layer (del Campo et al. 2019).

Studies that examine soil CO2 flux patterns and mecha-
nisms in response to management practices are important as 
a means to enhance forest C sequestration (Peng et al. 2008). 
The carbon sequestration potential in forest land through 
forest management practices is estimated at 0.94–2.45 Pg C 
year−1 (Lal et al. 2018). Thinning practices can potentially 
influence soil respiration (autotrophic and heterotrophic res-
piration) by modifying root activity, labile organic C inputs, 
substrate availability, soil temperature and soil water content 
(Thibodeau et al. 2000; López et al. 2003; Xu et al. 2011; 
López-Serrano et al. 2016; Martínez-García et al. 2017).

Thinning strongly affects the forest carbon pools, since 
reduces the canopy structure and increases the amount of 
woody debris, which are normally scattered on the ground. 
The spatial pattern of litter has been largely influenced by the 
amount of downed woody debris and downed trees at sites 
(Martin and Timmer 2006). Notwithstanding, the effects of 
thinning on carbon fluxes are not so evident. Previous stud-
ies have reported contradictory effects of thinning on Rs. 
Toland and Zak (1994) found that daily rates of soil respira-
tion did not significant differ between intact and clear-cut 
plots; Striegl and Wickland (1998) reported a great reduc-
tion in soil respiration in the growing season after clear-cut, 
whereas Ohashi et al. (1999) reported soil respiration rates in 
the thinned section significantly higher. In recent years, the 
number of studies into forest thinning impacts on Rs in the 
Mediterranean Region has increased also with contrasting 
conclusions. Some authors have reported significantly higher 
Rs with thinning for the first year after treatment (Akburak 
and Makineci 2016; López-Serrano et al. 2016). In contrast, 
Tang et al. (2005b) observed a 13% reduction in total Rs 
after thinning. These authors suggested that this decrease 
could be associated with reduced root density. Other authors 
observed no effect of thinning on soil respiration (Campbell 
et al. 2009). Chang et al. (2016) indicated that Rs response 
to thinning was species-dependent with Rs responding less 
to thinning in deep-rooted species. The general review by 
Zhang et al. (2018) reported an initial increase in Rs after 
light or moderate thinning intensity in broadleaved or mixed 
forests. Afterwards, Rs gradually lowered to the original pre-
thinning level.

Soil respiration is very responsive to climate conditions. 
Although a quasi-general agreement has been reached for 
modelling the soil temperature effect on microbial activ-
ity using exponential functions or Q10 functions (Lloyd and 
Taylor 1994; Pang et al. 2013), the effect of water availabil-
ity on Rs does not show a similar pattern. Several types of 
relations have been proposed to model soil humidity effects 
on Rs (López-Serrano et al. 2016; Martínez-García et al. 
2017). It has also been shown that the relation between Rs 
and soil humidity is affected by soil properties (Moyano 
et al. 2012). Apart from this complexity, wetting pulses after 
dry periods trigger a burst of microbial activity as a result 
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of increased substrate availability after rewetting (Almagro 
et al. 2009; Lado-Monserrat et al. 2014).

A special characteristic of Mediterranean area is that for-
ests concentrate mainly in mountain areas with high slopes 
(Yaalon 1997). Slope and aspect angles induce great het-
erogeneity in soil properties along slopes, and increase Rs 
spatial variability (Xu and Qi 2001; Ohashi and Gyokusen 
2007). Topography strongly influences soil humidity by cre-
ating spatial patterns that influence Rs (Martin and Bolstad 
2009). The analysis of the spatial variability + topography 
interaction on soil CO2 emissions is essential for scaling up 
processes measured on small scales (plot) to an ecosystem 
scale.

This study is framed within an overall project that aims to 
evaluate the effects of adaptive forest management on water 
fluxes, growth dynamics, field CO2 flux and soil properties. 
Selective thinning was studied in two dryland forest types 
with a Mediterranean climate in east Spain as an adaptive 
measure to compensate for rainfall reduction (del Campo 
et al. 2019). Both forests differ in aridity and present two 
distinct dominant species: Quercus ilex spp. ballota at La 
Hunde and Pinus halepensis at Sierra Calderona. At both 
study sites, two twin plots were established: one was thinned 
and the other acted as a control. The present study offers 
experimental data showing the effects of management inten-
sity on soil respiration to better understand carbon–water 
coupling under forest treatments. Our hypothesis is that 
climatic conditions in the Mediterranean, especially water 
availability controls soil respiration. The high variability 
between years in water resources can control canopy cover 
evolution after thinning and the relative contribution of auto-
trophic and heterotrophic respiration and thus can mask a 
clear response of soil carbon fluxes to thinning. The aims 
of this study were to: (1) determine the influence of thin-
ning on soil respiration and microclimate; (2) compare thin-
ning effects on soil respiration among forests; (3) determine 
which factors affected soil respiration after thinning.

Material and methods

Study sites

This study was carried out in two different forested areas 
in east Spain with high tree density and fierce competition 
(del Campo et al. 2018). La Hunde (HU) site (39°04′50’’ 
N, 1°14′47′′ W, at 1090 m.a.s.l) is located near Ayora, SW 
Valencia (Spain) at the headwaters of the Rambla Espadilla 
catchment. The Calderona site (CA) (39°42′29″ N, 0°27′25″ 
W, at 790 m.a.s.l.) is located in the Sierra Calderona Natu-
ral Park, a mountain range that separates the basins of the 
Palancia and Turia rivers. Both sites differ not only in veg-
etation, but also in climate, rainfall annual distribution and 

soil characteristics (del Campo et al. 2018). At HU, 150 km 
inland, climate is continental with average annual precipi-
tation of 466 mm and mean annual temperature of 12.8 ºC, 
whereas the CA site has marked influence from the Mediter-
ranean Sea, which is 25 km away and has annual values of 
342 mm and 14 ºC for rainfall and mean temperature. Fol-
lowing the drylands classification according to the Aridity 
Index (UNEP, 1992), CA is defined as semiarid and presents 
drier conditions than HU, which has a dry subhumid climate.

HU presents a coppice oak and shrubland forest, devel-
oped as a result of traditional fuelwood harvesting that fell 
into disuse in the 1970s. The dominant species there is 
Quercus ilex ssp. ballota, with some Q. faginea and Pinus 
halepensis trees. The understory shrubs are mainly Junipe-
rus phoenicea and J. oxycedrus. Orientation is NW with a 
mean slope of 30% (Fig. 1a). In May 2012, two contiguous 
experimental plots (1,800 m2 each) were established: one 
without treatment (HU C) and the one subjected to thinning 
with shrub clearing treatment (HU T), where tree density 
reduction was 73% and the removed basal area was 41%. 
Trees were chosen in an attempt to achieve homogeneous 
spatial distribution in the whole plot. Timber was exported 
after treatment, but branches, twigs and leaves were cut 
down and ground into mulch in the thinned area. In sum-
mer 2013, some pines were ringed and later cut down in 
September 2013.

The CA plots were established in an Aleppo pine (Pinus 
halepensis Mill.) forest, which was regenerated after a wild-
fire in 1992. Spontaneous regeneration, together with lack of 
management, created highly dense pine saplings, with over 
15,000 trees/ha (del Campo et al. 2018). A thinning treat-
ment intervention was performed in the 8.3 ha of fired forest. 
Between January and October 2012, the overall area was 
thinned by cutting 94% of trees except in a plot (40 × 40 m) 
that was used as a control (CA C). Contiguously to this con-
trol plot, a treated plot (CA T) of similar size, was delimited 
(Fig. 1b). The basal removed area was 74%. Trees were cut 
down and ground into detritus to be scattered on the forest 
floor. Orientation is NW. The slope is not uniform (ranging 
from 19.6% to 40%), and is lower on the upper and lower 
hill parts, and higher in the central part. In both sites, three 
reiterations per treatment were established.

Soil characterisation

At the HU site, before thinning treatment (2 May, 2012), four 
points in the control plot and four points in the treated plot 
distributed along the slope were randomly selected. At each 
point, a metal frame (30 × 30 cm) was used to separately 
collect the litter layer, the humified organic layer underneath 
and the top mineral soil layer from 0–15 cm. Then, a soil 
probe was used to take samples from 15–30 cm and below 
30 cm whenever possible. Soil depth was around 40 cm at 
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the bottom of the slope but, as soil is very shallow in the 
upper slope part, organic matter was found to directly overlie 
rocks at some points. Samples were weighed and air-dried, 
weighed again before the different fractions were separated 
by sieving through a 2-mm mesh. The larger fraction was 
hand-separated into stones, roots, leaf debris, woody debris 
and miscellaneous organic fractions. Air-dry soil humidity 
in the fine fraction was determined in a subsample by dry-
ing at 105 ºC until constant weight. In the fine fraction, soil 
pH was determined in a 1:2.5 water suspension, inorganic 
carbonate content was established by the Bernard calcimeter 

method (MAPA, 1994), and total organic carbon (TOC) by 
the Walkley–Black method (Nelson and Sommers 1982). At 
the CA site, a similar scheme was performed after treatment 
in March 2013, with four points per plot distributed along 
the slope. All the material inside the frame was taken by 
separating the litter layer, humified organic layer and mineral 
soil from 0–5 cm. Deeper samples were taken with a 5-cm-
diameter helicoidal probe. Samples were separated and ana-
lysed similarly to those from the HU site. Soil characteristics 
are given in Tables 1 and 2. At HU, soil presents high stoni-
ness (> 50%), a high calcium carbonate content (18–36.4%) 

Fig. 1   Slope angle and aspect of (a) La Hunde C (control) and T (treated) plots and (b) Calderona C (control) and T (treated) plots
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and a basic pH (7.88–8.29). The CA soil presents less stoni-
ness, a higher calcium carbonate content (27.9–50.3%), 
lower total soil organic carbon levels and slightly higher pH 
values (8.24–8.51).

The forests present an organic horizon with different mor-
phology, whereas La Hunde shows a well-developed humi-
fied layer over the A horizon, in Calderona forest, where 
organic horizon was developed under an arid climate with P. 
halepensis as main species and possibly affected by the 1992 
fire, the organic horizon lack of humified layer, showing only 
a L layer composed of pinus needles and a thick F layer with 
partially decomposed vegetal material.

In the litter layer, oak leaves prevailed at HU vs. pine 
needles at CA (Table 2). At CA, where all the residue was 
left on soil, treatment increased the woody debris weight 
18-fold compared to the control plot.

Soil respiration

The experimental design was a complete block design 
following a stratified random sampling scheme (Pennock 
et al. 2008) with two treatments (thinning and untreated 
control). Both the thinned and control areas were split into 

three similar sized blocks from upslope to downslope. In 
the three previously defined blocks, three PVC collars 
(10 cm in diameter, 5 cm deep) were installed to meas-
ure the Rs efflux in the same place throughout the study. 
Collars were placed 3 cm into soil at each position. An 
EGM-4 environmental gas monitor (PP System Company, 
Amesbury, MA, USA) was used to measure periodically 
the CO2 efflux after the treatment until November 2014; 
and from November 2015 to the end of 2016. At the HU 
site, treatment was performed in May 2012 and respira-
tion measurements began in September 2012. At CA, Rs 
measurements began in July 2013.

Nearly, all our measurements were taken at midday, 
between 11:00 and 13:00 h GMT + 1, with a 1–2-month 
interval. Soil humidity and soil temperature were recorded 
simultaneously with Rs near collars from a depth of 
0–6 cm with an HH2 humidity meter and a WET-2 sensor 
(Delta-T Devices Ltd, UK). Air temperature measurements 
were taken above the canopy with T, RH sensors (Deca-
gon Devices, Pullman, USA), connected to a data-logging 
system (CR1000, Campbell Sci., UT, USA). Air data were 
recorded at 10-min time intervals.

Table 1   Soil characterisation at both experimental sites (La Hunde, 
HU; Calderona, CA). The forest floor is divided into litter layer and 
partially decomposed organic residues (L/F layer) fermentation and 

humified layer (H layer). Under the organic layer mineral soil was 
sampled at regular depths.

Values are mean ± standard deviation (n from 3 in the deepest layer to 8 in the surface layer). Sampling dates: HU, 2 May 2012; CA, 20 March, 
2013

Site Soil layer Stoniness (%) Humidity (%) Root weight (%) CaCO3 (%) pH TOC (%)

HU L/F layer 48.4 ± 10.7 23.2 ± 7.7
H layer 57.3 ± 7.8 20.5 ± 5.0 0.23 ± 0.20 18.0 ± 8.8 7.88 ± 0.14 11.9 ± 4.2
0–15 cm 64.3 ± 10.3 15.7 ± 3.2 0.40 ± 0.28 20.4 ± 6.4 8.06 ± 0.14 6.5 ± 2.9
15–30 cm 65.4 ± 14.5 11.9 ± 4.2 0.30 ± 0.31 28.4 ± 8.6 8.19 ± 0.12 5.4 ± 2.0
More than 30 cm 55.8 ± 5.1 15.3 ± 1.2 0.06 ± 0.10 36.4 ± 1.4 8.29 ± 0.09 2.5 ± 0.6

CA L/F layer 44.3 ± 21.7 31.3 ± 16.4 0
0–5 cm 33.7 ± 19.5 18.3 ± 4.4 0.16 ± 0.06 27.9 ± 11.0 8.24 ± 0.17 5.1 ± 2.3
5–20 cm 20.3 ± 18.1 19.9 ± 3.1 0.29 ± 0.13 34.2 ± 14.0 8.33 ± 0.17 2.3 ± 1.4
20–30 5.3 ± 4.8 19.6 ± 2.3 0.05 ± 0.04 39.6 ± 9.1 8.49 ± 0.06 1.0 ± 0.4
More than 30 cm 21.7 ± 4.3 12.3 ± 1.9 0.01 ± 0.01 50.3 ± 0.8 8.51 ± 0.00 0.6 ± 0.1

Table 2   Weight of organic matter > 2 mm (g/m2) on the organic horizon at both experimental sites (HU, La Hunde before treatment; Calderona 
after treatment, in the control CA C and the treated, CA T, plots).

Values are mean ± standard deviation (n from 4 in each CA plot to 8 for HU). Sampling dates: HU, 2 May, 2012; CA, 20 March, 2013

Site Plot Leaves (g/m2) Needles (g/m2) Woody debris (g/m2) Miscellane-
ous > 2 mm 
(g/m2)

HU 448 ± 301 401 ± 368 1260 ± 643
CA CA T 506 ± 609 2780 ± 2579 1825 ± 513

CA C 320 ± 385 159 ± 131 1573 ± 948
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Heterotrophic activity

Laboratory heterotrophic activity measurements were per-
formed on the soil samples taken from the surface mineral 
soil in HU plots. Soil sampling was conducted bimonthly 
from December 2012 and ended in June 2013 at the HU 
site. In each plot (HU C and HU T), nine samples were taken 
from 0–10 cm after removing the organic horizon. After 
being sieved through a 2-mm mesh, soil samples, were incu-
bated at 25 ºC and field humidity to analyse laboratory respi-
ration. A subsample of each sieved soil was dried to 105 ºC 
to determine gravimetric water content. The remainder was 
stored at 4 °C until respiration was measured. CO2 evolu-
tion was measured in sealed flasks with rubber septa by an 
infrared sensor PBI Dansensor, and was used as an indicator 
of heterotrophic activity (Ha) of surface mineral soil. The 
incubation flasks were aerated daily to prevent restriction 
in respiration by lack of oxygen. Heterotrophic activity is 
performed in altered soil samples and results are expressed 
in mass basis.

In these samples, water-soluble organic carbon (WSOC) 
was determined in the (1:2.5) aqueous soil extract obtained 
after 30  min of mechanical shaking, centrifugation at 
2,500 rpm for 5 min and filtration through Whatman 42 
paper filter. The WSOC in the extracts was estimated by 
K2Cr2O7 oxidation in concentrated H2SO4 (Yakovchenko 
and Sikora 1998).

Spatial distribution of forest floor depth

Spatial distribution of forest floor depth was characterised 
in January and February 2017 at the HU site and the CA 
site, respectively. In nine points per plot and close to each 
respiration collar, all the forest floor material was collected 
from an area covering 12 cm × 12 cm. Forest floor thickness 
was recorded at each point. After air drying, each sample 
was separated into different fractions: stones, roots, plant 
material over 4 mm and the fine fraction under 4 mm. These 
fractions were dried at 65 ºC for at least 48 h before being 
weighed. At each point, a mineral soil sample underneath 
was collected from 0–15 cm and sieved at 2 mm for routine 
analysis purposes. In these samples, roots were hand-sepa-
rated and root dry weight was recorded to gravimetrically 
obtain the proportion of roots.

Data analysis and statistics

Datasets were tested before analysing for normality, per-
forming the Kolmogorov–Smirnoff test and homogeneity 
of the variance (Levene’s test), and were log-transformed 
whenever necessary to improve normality and homoce-
dasticity. Thinning effects were assessed by comparing 
the T and C plots for soil respiration, soil humidity and 

temperature on each sampling date. When the distribu-
tion parameters were non-normally distributed, a one-way 
Kruskal–Wallis test was performed using treatment as the 
main factor. Differences at P < 0.05 were considered to 
be statistically significant. Slope effects were assessed 
by comparing the mean values among the three positions 
along the slope (1 ridgetop, 2 mid-slope, 3 bottom).

The effects of thinning treatment (T and C) and posi-
tion along the slope (1 ridgetop, 2 mid-slope, 3 bottom) on 
heterotrophic activity, soluble organic carbon (WSOC) and 
forest floor characteristics were analysed by a multifac-
tor ANOVA. The effects of humidity, spatial position and 
substrate availability on the Ha values were tested by an 
ANCOVA analysis using WSOC and humidity as covari-
ables. These statistical analyses were performed with Stat-
graphics Centurion XVII. When a significant interaction 
was found between explanatory variables, a separate one-
way ANOVA analysis with Fisher’s LSD post hoc test was 
performed.

The relations between field Rs and soil climate vari-
ables were investigated with the general linear model 
(GLM) proposed by Tang et al. (2005b), which has also 
been employed in other forest ecosystems (Olajuyigbe 
et al. 2012). A multivariate analysis with two independ-
ent variables (soil temperature and water content), and a 
categorical variable representing the interaction of treat-
ment and position along the slope, was performed. An 
exponential function was applied to model the regulatory 
effect of surface (0–6 cm depth), soil temperature (Ts, ºC) 
and humidity (θ, %) on Rs (Rs, µmol C m−2 s−1).

where �0, �1, �2 and �3 are fitting parameters. The equation 
can be log-transformed to a linear model:

where �0 is basal respiration, which is related to the decom-
posable substrate size. It is the value of Rs when β1 Ts = 0 or 
Ts = 0ºC and �2� + �3�

2 = 0.
β1 is related to temperature sensitivity factor Q10 as:

Q10 is defined as the increment in the Rs rate when 
soil temperature increases 10 ºC. To obtain more infor-
mation about the spatial pattern of Rs distribution along 
the slope and its interrelation with thinning treatment, 
a combined variable was defined with six levels (T1, 
T2, T3, C1, C2, C3), where 1, 2 and 3 represented the 
three identified slope strata (ridgetop, mid-slope, bot-
tom) in each plot. Differences in the Rs induced by 

(1)Rs = �0e
�1Tse�2�+�3�

2

(2)ln (Rs) = ln
(

�0
)

+ �1Ts + �2� + �3�
2

(3)�1 =
lnQ10

10
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changes in microclimatology and their interaction with 
the time elapsed after treatments were tested using the 
GLM analysis by taking the post-treatment period (short 
term, 1–2 years; mid-term, 3–4 years) and the block and 
treatment combination as factors, and soil temperature, 
humidity and squared humidity as covariables. This anal-
ysis was carried out with R 3.3.3 (R Development Core 
Team 2017).

Results

Soil respiration, soil temperature and soil humidity 
in the thinned and control plots

The Rs rate displayed significant seasonal variability. In 
the HU C plot (Fig. 2a), the maximum respiration rate 
5.06 ± 1.89 µmol C m−2 s−1 was recorded in September 2014 
and the minimum value of 0.65 ± 0.26 µmol C m−2 s−1 in 
January 2016. In the HU T plot, the maximum respiration 
value (5.58 ± 6.07 µmol C m−2 s−1) was recorded in the first 

**
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*
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Fig. 2   Seasonal variation in a soil respiration, Rs; b soil temperature; 
c soil humidity in La Hunde oak forest. Points represent the mean val-
ues and error bars standard deviation (n = 9). *, ** and *** significant 
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post-treatment year in September 2012 and the minimum 
one (0.61 ± 0.31 µmol C m−2 s−1) in January 2015. The HU 
T plot obtained significantly higher standard deviation val-
ues than the control in the first post-thinning year.

Soil temperature showed marked seasonal variation, with 
maximum values in July and minimum values in January 
(Fig. 2b). Soil humidity also had a strong seasonal compo-
nent (Fig. 2c) associated with rainfall, with maximum values 
in winter and minimum ones in summer. The changes in 
the rainfall pattern of the studied years vastly differed, with 
2013 and 2014 being very dry years (del Campo et al. 2018). 

In 2014, soil began to dry out in April and the dry period 
lasted until September. Conversely as 2012 and 2016 were 
wetter, surface horizon humidity remained high until the 
end of spring.

The maximum value of respiration rates at site CA were 
5.45 ± 1.63 µmol C m−2 s−1 in September 2014 in the CA 
T plot, and 6.26 ± 3.94 µmol C m−2 s−1 in November 2015 
in the CA C plot (Fig. 3a). The minimum respiration val-
ues were 0.56 ± 0.42 µmol C m−2 s−1 for the CA T plot and 
0.67 ± 0.47 µmol C m−2 s−1 for the CA C plot, both recorded 
in November 2013. As a general trend, the Rs at both study 
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Fig. 3   Seasonal variation in: a soil respiration, Rs; b soil tempera-
ture; c soil humidity in the Calderona pine forest. Points represent 
the mean values and error bars standard deviation (n = 9). *, ** and 

*** significant differences in the C (control) or T (thinning treatment) 
plots (p < 0.05, p < 0,01 and p < 0,001, respectively) (Rs data were 
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sites was low in winter due to low soil temperature, and 
began to increase in spring before lowering when soil dried 
in summer. Soil temperature and humidity (Fig. 3b,c) pre-
sented similar temporal variations to those of the HU plots.

The highest Rs values were obtained in September, which 
coincided with the first rains after summer drought, and 
lasted while soil temperature was over 10 ºC.

Thinning effect on soil respiration and microclimate. 
Comparison of forests

The mean Rs value in the HU C plot (2.17 ± 1.65 µmol C 
m−2 s−1) was 13% higher than that recorded in the HU T 
plot. In La Hunde forest, after treatment, soil respiration 
remained slightly higher in the treated plot until February 
2013, although differences were not statistically significant. 
Soil respiration was significantly higher in the control plot 
on four dates (17/07/2013, 27/11/2015, 26/06/16, 19/07/16), 
and three of these dates correspond to the beginning of sum-
mer, this being the active tree growth season. This effect 
was not observed in the driest year (2014), when respiration 
values were quite low.

Surface soil moisture was significantly higher in the con-
trol plot on five dates. Soil temperature was significantly 
higher in the control plot on eight dates, but differences 
between plots were usually very small.

In the CA forest, the mean Rs value was 2.71 ± 2.19 µmol 
C m−2 s−1 in CA C, which was 26% higher than the cor-
responding CA T plot value. Soil respiration was generally 
higher in the C plot, although these differences were signifi-
cant only on four dates recorded in autumn after summer 
drought.

Soil temperature was generally higher in the T plot, and 
this difference was significant on almost all the dates despite 
us also usually starting to measure in the T plot in this forest. 

In CA, the biggest differences in temperature between the 
treated and control plots appeared in spring following thin-
ning treatment.

Topographical effects

Topography differentially affected soil respiration in relation 
to treatment (Fig. 4). Soil respiration presented a thinning-
position interaction along the slope. In the thinned plot, soil 
respiration was higher in the mid-slope position at both sites. 
In the control plot of La Hunde forest, Rs was higher at the 
ridgetop and, in the control plot of the Calderona forest, Rs 
was significantly higher in the bottom position.

Regarding the topographical effect, a humidity gradient 
along the slope was found with higher soil humidity values 
in the bottom position (11.36% in CA T, 13.97% in CA C in 
the lower part vs. 7.11% and 7.50% in the upper part in of 
CA T and CA C, respectively). At the HU site, this gradient 
was significant only in the treated plot (Table 3). Topogra-
phy did not induce any significant effect on soil temperature.

Thinning and heterotrophic activity

In the samples used for the heterotrophic activity measure-
ments, mineral soil humidity ranged from 7.45 to 72.51 g 
water/100 g of dry soil, and was considerably higher than 
those values found in the bulk surface soil layer. With the 
ANCOVA analysis (Table 4), soil humidity explained 46.5% 
of the variability in the Ha rates, and substrate (WSOC) 
availability explained a further 13.7% of the variance in Ha.

The effect of thinning on Ha all along the topographical 
position (Fig. 5) showed distinctive behaviour between the 
control and treated plots, with a significant increase in het-
erotrophic activity, Ha, and water-soluble organic carbon, 
WSOC noted for the mid-slope block in the treated plot.
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Effect of thinning on the soil organic horizon

The mean organic horizon thickness and water depth values 
(Fig. 6a,b) were higher in HU than in CA, and wide variabil-
ity appeared between blocks. Thinning increased the organic 
layer depth due to the incorporation of chopped woody 
debris into the soil surface, and this effect was stronger in 

CA. The organic layer depth in the treated plot was deeper 
in the middle position at both sites, which indicates irregular 
debris distribution from the thinning treatment. The quantity 
of organic matter strongly impacted the water retained by 
the organic horizon (Fig. 6b). As the organic layer had a 
higher degree of humification in HU, it created favourable 
root growth conditions because it enhanced the root percent-
ages in this zone (Fig. 7). At HU, fine roots were also found 
in the organic horizon.

Influencing factors for variation in Rs

A general linear analysis was performed using the model 
proposed by Tang et al. (2005b) (Table 5). The variables 
that most significantly explained variation in Rs were soil 
temperature in the dry subhumid forest (the F-value was 310 
for HU) and soil humidity in the semiarid forest (F-value 
was 119 and 38 in CA for humidity and square humidity, 
respectively). The soil climatic variables accounted for the 
greatest percentage of total Rs variability: soil temperature 
explained 24.1% of total Rs variability in the dry subhu-
mid forest and soil humidity explained 24.6% of total Rs 

Table 3   Mean soil surface 
temperature, Ts, and soil surface 
humidity, Hs, in the thinned 
and control plots in different 
positions along the slope (1 
ridgetop, 2 mid-slope, 3 bottom) 
in treated, T, and control, C, 
plots.

Different letters indicate statistically significant mean differences (p < 0.05 in bold)

Site Block (slope 
position)

Temperature (ºC) Humidity (%)

T C T C

HU 1 11.57 ± 6.17 11.77 ± 6.07 12.95 ± 8.06a 16.29 ± 8.93
2 12.10 ± 6.18 12.05 ± 6.30 13.86 ± 9.52a 15.02 ± 8.27
3 11.61 ± 6.30 11.92 ± 5.61 17.57 ± 9.57b 16.93 ± 7.97

T C T C
CA 1 17.59 ± 6.41 16.82 ± 6.17 7.11 ± 6.94a 7.50 ± 6.26a

2 17.28 ± 5.98 15.63 ± 5.58 6.83 ± 6.95a 10.95 ± 7.27b
3 17.74 ± 6.59 15.31 ± 4.94 11.36 ± 7.72b 13.97 ± 7.85c

Table 4   The ANCOVA of heterotrophic activity, Ha (expressed as 
µmol kg−1 day−1), obtained by lab incubation with La Hunde samples 
at 25ºC vs. treatment, block, soil humidity and water-soluble organic 
carbon (WSOC)

% total variance 
explained by

F ratio P value

Effects
A. Treatment 1.5 4.89 0.030
B. Block 1.9 3.12 0.049
Interaction A*B 1.62 0.204
Covariables
Humidity 46.5 152.52 0.000
WSOC 13.7 44.88 0.000
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variability in the semiarid forest. The topographical effect 
was also very significant at both sites (F-value of 15.0 for 
HU and 5.1 for CA). Differences between sites were the 
significant effect of period after treatment on CA Rs, and the 
significant interaction between temperature sensitivity and 
treatment observed in HU. Otherwise, no other significant 
interactions were found at either site.

The position along the slope had significant effects on 
Rs, but gave contrasting results in plots T and C (Table 6). 

At both sites, the highest basal respiration ( �0) was found 
in the treated plot in the mid-slope position. The regression 
slopes in relation to soil humidity and square of soil humid-
ity were similar in both areas, and were also similar to the 
values reported by Tang et al. (2005a). In HU, significant 
differences in temperature sensitivity (obtained from  �1 
according to Eq. 3) between the HU C (Q10 = 2.67) and HU 
T plots (Q10 = equal to 2.08). The Q10 value in CA (1.87) 
indicates a lower temperature sensitivity in this site. Over-
all, the percentage of variance explained by the spatial and 
microclimate variables was higher than 41% in both areas.

Discussion

In 2012, thinning treatment was performed in two different 
Mediterranean forest stands to analyse thinning effects on 
forest resilience. Both stands are located in mountain areas 
with similar slopes and aspects, although the two forests’ 
climate characteristics and main species differed. Rs was 
measured from September 2012 to November 2014 and from 
November 2015 to December 2016 in HU, whereas in CA 
were performed also in two periods but the first one began 
in July 2013. The seasonal Rs distribution at both study 
sites gave low values in winter due to low soil temperatures, 
which began to rise in spring, but lowered as soil dried in 
summer. These findings indicate that with a semiarid cli-
mate, soil respiration is controlled by both soil humidity and 
soil temperature.

Our results revealed a general decrease in Rs in the 
thinned plots at both sites, although the effect of treatment 
on Rs was stronger in CA in the first year after thinning. In 
this same year (2012), Rs was higher in the HU T plot vs. 
HU C, but Rs was considerably lower in CA T than in CA 
C in 2013. Soil respiration was significantly higher in the 
control plot of the HU forest on four dates, three of which 
corresponded to the beginning of summer. At the CA site, 
the Rs in the control plot was significantly higher in autumn 
after summer drought, which indicates that root activity and 
autotrophic respiration brought about higher respiration rates 
in the control plots during active plant-growing periods.

Several reasons explain the differences in response 
to thinning between both forests. In HU, the silvicultural 
treatment was moderate (41% of the basal area removed) 
compared to CA (74% of the basal area removed). As Zhao 
et al. (2019) reported, thinning intensity is an important fac-
tor because after thinning, Rs only increase under light and 
in the moderate thinning treatments, probably due to the 
induced increased root activity, which cannot be compen-
sated by decreasing root density after intense thinning.

Thinning treatment was performed earlier at HU (May 
2012), and was done in November 2012 at CA. For this 
reason, tree responses to thinning during the growing 
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season began in 2012 for HU and in 2013 for CA. Both 
years vastly differed from a hydrological point of view. 
Species’ response to thinning also differed. Holm oak 
is a resprouting species with considerable belowground 
biomass, particularly after many years of coppicing in 
the past (Ducrey and Tunel 1992). After moderate thin-
ning in HU and good hydrological conditions, the canopy 
cover was highly dynamic; a more open canopy and less 
water competitiveness trigger the growth of not only the 
remaining trees, whose resprouting was notably enhanced 
by treatment, but also of understory brush (del Campo 
et al. 2018; 2019). In the CA forest where Aleppo pine 
is the main species, the increased growth of roots from 
the remaining trees during the next growing season after 
thinning was delayed because the year following treatment 
was extremely dry.

Thinning also change soil macroclimate. Soil moisture 
was generally higher in the C plot in both sites but signifi-
cant differences only appeared when soil was dry, and could 
be explained by the higher tree density in the C plot, which 
enhances shading and limits evaporation losses under high 
evaporative demand. As thinning represents a shift from a 
closed canopy in the control to a more opened ventilated 
forest structure, direct evaporation from soil is promoted by 
lowering surface water contents.

Regarding soil temperature in HU differences between 
plots were usually very small although soil temperature 
was significantly higher in the control plot in the autumn 
measurements, when soil cools, and could be due to an 
experimental artifice as measurements were normally taken 
firstly in the treated plot and then in the C plot. In CA, soil 
temperature was generally higher in the T plot, and this dif-
ference was significant on almost all the dates. In CA with 
the biggest differences in temperature between the treated 
and control plots appearing in the spring following thinning 
treatment. The contrast between both forests, with similar 
slopes and orientations, was due mainly to thinning inten-
sity, which was higher in CA. Both forests also differ in tree 
canopy structure between both oak and pine species, which 
induces changes in ground shading.

Many studies about thinning effects on Rs have been car-
ried out on gentle slopes (Tang et al. 2005b; Lopez-Serrano 
et al. 2016) or slopes are not reported in them (Cheng et al. 
2015). The wide diversity in soil properties on steep slopes 
leads to heterogeneity in chemical, structural and functional 
traits, which contributes to the spatial heterogeneity of Rs 
(Mallik and Hu 1997; Ma et al. 2004; Martin and Bolstad 
2009). We observed a marked interaction between position 
along the slope and silvicultural treatment, and not only in 
the total Rs measured under field conditions, but also in Ha 
under controlled laboratory conditions. When comparing 
position along the slope, the mid-slope block in the treated 

Table 5   Statistical significance 
(F ratio and P value) of the 
factors and variables implicated 
in Rs (log-transformed) in 
Calderona, CA and La Hunde, 
HU according to the GLM 
analysis. Factors are the block 
and treatment combination (T1, 
T2, T3, C1, C2, C3) and period 
after treatment.

The considered variables are surface soil humidity, square soil humidity and soil temperature (NS, not sig-
nificant)

Source of variation HU CA

df F ratio P value % 
explained 
variance

df F ratio P value % 
explained 
variance

Factors Combination 5 15.0  < 0.001 5.8 5 5.1  < 0.001 5.4
Period 1 1.2 NS 0.1 1 5.0 0.026 0.8

Variables Temperature 1 309.7  < 0.001 24.1 1 81.2  < 0.001 12.8
Humidity 1 85.0  < 0.001 6.6 1 119.1  < 0.001 18.7
Sq.humidity 1 85.7  < 0.001 6.7 1 37.6  < 0.001 5.9

Interactions TreatxTemp 1 10.2  < 0.001 0.8 1 0.1 NS
TreatxHumi 1 0.0 NS 1 0.2 NS
TreatxPeriod 1 0.2 NS 1 0 NS

Table 6   Mean basal respiration (β0) values for each slope position 
(control top, C1, control middle, C2, control bottom, C3, treated top, 
T1, treated middle, T2 and treated bottom, T3) at La Hunde (HU) 
and Calderona (CA) forests for the first period after treatment and the 
regression coefficients for temperature (β1), humidity (β2) and square 
humidity (β3)

Factor Plot Subplot HU CA

β0 C1 0.210 0.293
C2 0.148 0.268
C3 0.173 0.277
T1 0.196 0.286
T2 0.285 0.385
T3 0.202 0.185

β1 C 0.097 0.064
T 0.076 0.064

β2 0.1155 0.1181
β3 −0.0024 −0.0025
R2 0.4322 0.4174
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plots showed significantly higher Rs and Ha values. Other 
authors (Arias-Navarro et al. 2017) have found that posi-
tion along the slope has significant effects on soil CO2 or 
N2O fluxes, regardless of the effect of topography on soil 
microclimate variables. The study by Ohashi and Gyokusen 
(2007), who analysed the relation between Rs variability and 
slopes, showed a spatial pattern with higher values located 
in the mid- or upper slope part. Our experiment indicated 
that soil respiration significantly increased in the mid-slope 
position in the treated plots, probably in relation to either 
different species or residue covers along the slope, or the 
more soluble organic matter or nutrients being transported 
along the slope in the treated plots (Fang et al. 2009). An 
additional factor that increases variability is the influence of 
slope on microclimate conditions: under our climate condi-
tions, a humidity gradient appeared with drier conditions in 
the upper slope part.

We found that heterotrophic respiration measured in 
HU mineral soil is dependent on soil humidity and soluble 
organic carbon. These findings suggest that this soil organic 
matter fraction was an easily available substrate to soil 
microorganisms and is, thus, an important heterotrophic Rs 
component. Heterotrophic respiration is controlled mainly 
by climate and substrate availability, of which the latter very 
much depends on organic carbon accumulation in soil. One 
early thinning effect is an increasing amount of the woody 
debris normally scattered on the ground. In the HU area, 
litter layer presented a high degree of humification and con-
tributed to retain water by the organic horizon. After thin-
ning, the organic layer depth had a similar mean value in 
both HU C and HU T, but heterogeneity was greater in the 
treated plot with higher values in the mid-slope part. The 
organic residue left in soil after thinning treatment as coarse 
woody debris (CWD) brought about a temporal increase in 
dissolved organic carbon shortly after treatment in the HU 
plots (Bautista et al. 2015; Lull et al. 2020). This scenario 
indicates that residue may generate high biological activity 
areas by the release of carbon-rich dissolved organic matter 
(DOM) (Spears and Lajtha 2004; Goldin and Hutchinson 
2013). Conversely in the CA plots, the organic matter level 
that accumulated on the soil surface before the treatment 
was very low compared to HU probably due to this area was 
fired in 1992. It was reported that wild fires decreased litter 
layer leaving only one third to one half of the pre-fire content 
(Boerner 1983). As a consequence of the strong thinning 
treatment, the CA C plot had a litter layer that doubled in 
CA T after treatment in the treated plot.

It is well-known that soil temperature and moisture are 
two very important soil microclimate variables that influ-
ence Rs (Lloyd and Taylor 1994; Tang et al. 2005b; Inclán 
et al. 2010), and soil heterotrophic respiration especially 
responded well to climate soil conditions (Zhao et al. 2019). 
In our experiment, although both sites have a similar slope 

and aspect, the increased soil temperature reflected thinning 
intensity: thinning did not affect the soil temperature at the 
HU site, but increased the soil temperature in the CA T plot 
by about 1.5 degrees vs. the CA C plot. Similar positive 
effects of thinning on soil temperature have been reported 
by other authors (Bolat 2014; Akburak and Makineci 2016). 
In relation to surface soil humidity, thinning treatment 
increases net rainfall by reducing interception losses by tree 
canopies (del Campo et al. 2018), but also increases direct 
evaporation from the exposed soil surface. The overall thin-
ning effect at both sites favoured a reduction in surface soil 
humidity in summer under high evaporative demand condi-
tions. Recently, Zhao et al. (2019) reported how autotrophic 
and heterotrophic respirations respond to thinning intensity 
independently of one another, and how heterotrophic res-
piration was more responsive to soil humidity. Soil hetero-
trophic activity concentrates in a shallow layer, where water 
content quickly changes, which explains the response of 
heterotrophic respiration to water content. Autotrophic soil 
respiration depends on water root uptake from deeper layers 
(Chang et al. 2016; Puertes et al. 2019), which is why it is 
less sensitive to surface soil water content variations. The 
effect of humidity on the Rs rate may be attributed to het-
erotrophic microbial respiration, which is very sensitive to 
surface soil humidity. In water-limited ecosystems, drought 
controls Rs.

The effect of forest thinning on soil respiration is the 
combined result of reduced plant density, increased soil 
organic matter and changing soil temperature and water 
content due to both thinning and local climate conditions 
(Tang et al. 2005a). In the model proposed by Tang et al. 
(2005b), surface soil temperature and humidity explained a 
high percentage of Rs variability. In our study, the optimal 
model with all the statistically significant terms at p < 0.05 
accounted for more than 40% of Rs variability in an Aleppo 
pine forest and a holm oak forest, with climate variables 
explaining a high percentage of Rs variability. Soil tempera-
ture showed an exponential relation to Rs with adjusted Q10 
values ranging from 1.87 to 2.64, and greater temperature 
sensitivity in the HU plots, where Q10 was affected by silvi-
cultural treatment. The calculated Q10 values agree with the 
values often reported in the literature (Ohashi and Gyokusen 
2007; Inclán et al. 2010). Pang et al. (2013) also found that 
thinning altered Q10. As Q10 reflects the increased velocity 
of a reaction with a 10ºC increase in temperature, its value is 
determined not only by the speed of biochemical reactions, 
but also by increased microbial biomass. High Q10 values 
indicate full substrate availability when biomass increases 
(Davidson and Janssens 2006; Zhou et al. 2013). The effect 
of surface soil humidity on Rs was well-represented by a 
second-order polynomial model with microbial activity lim-
ited at a low soil humidity level, but also at a high humidity 
level due to oxygen deficiency.
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Several studies have revealed that litter heterotrophic 
respiration can be a primary source of C loss from forest 
ecosystems (Xiao et al. 2014; McElligott et al. 2017). Sev-
eral others have compared the heterotrophic and autotrophic 
components of Rs. In a mixed oak ecosystem, Rey et al. 
(2003) report a distribution of 54.9% Rs produced by soil 
organic matter decomposition on an annual basis, 21.9% 
from aboveground litter decomposition and 23.3% from 
rhizosphere respiration. We observed that the mean Rs val-
ues in the control plots were higher in the pine forest than in 
the oak forest. Fernández-Alonso et al. (2018), who worked 
with two similar forests, also obtained higher Rs values in 
a Scots pine forest than in a Pyrenean oak forest because 
of higher heterotrophic respiration values in pine forests. 
They also indicated that soil heterotrophic respiration was 
the most important component, which accounted for 76% 
for Pyrenean oak and 88% for Scots pine of Rs. Their study 
measured heterotrophic Rs in soil with a soil organic mat-
ter content that was approximately threefold higher in pine 
forests than in oak forests. At the CA site in our experiment, 
the organic horizon was composed of a shallow litter layer, 
whose main component was partially decomposed needles 
with a high C/N ratio, while mineral soil had a lower soil 
organic carbon content than the soil from HU. Thinning 
reduces soil autotrophic respiration, but temporary increase 
in litter respiration after thinning has been reported (Lago-
marsino et al. 2020). As soil heterotrophic respiration relies 
on substrate availability, its value depends not only on the 
actual forest composition, but on the entire cumulative car-
bon balance throughout the soil’s history.

Conclusions

Understanding the mechanisms that drive carbon loss from 
the soil surface is essential for ascertaining the impact of for-
est management on soil carbon sequestration. This work pre-
sents the complexity of the mechanisms that affect Rs spatial 
variability in Mediterranean mountain forest ecosystems.

The impact of forest thinning on the soil carbon balance 
depends on direct effects, such as reduced plant biomass and 
root respiration, increased plant residue and, hence, hetero-
trophic substrate respiration. Forest thinning also affects Rs, 
mainly due to indirect effects, e.g. changes in soil microcli-
mate conditions, which leads to a higher soil organic matter 
decomposition rate. As Mediterranean climates are charac-
terised by wide interannual variability, Rs shows consid-
erable variability among years, which can mask the effect 
caused by thinning treatment.

The analysis of spatio-temporal variability helped us to 
understand the effect of adaptive forest management on Rs. 
Further work needs to consider the relation between Rs and 

the many factors that influence substrate availability, species 
distribution and microclimate variables on abrupt slopes.
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