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Abstract: Afforestation is a good strategy for climate change mitigation through increasing carbon
stocks. This study determined changes in soil respiration (SR) brought about by the afforestation
of high quality agricultural land in a temperate-humid region (Galicia, NW Spain), identified
the variables that explain the observed changes and determined the main factors regulating SR
temporal variation. Paired plots of fertile soils (cropped vs. afforested plots) were established in
two similar areas (Pontevea and Laraño) where afforestation with Populus x euroamericana (Dode)
Guinier was carried out in the same year. Different management practices and crop rotations were
used (maize–pasture, Laraño and maize–fallow, Pontevea). The SR was measured in situ with a
CO2 static chamber every 15 days (every month in winter) for 16 months; soil temperature (Ts) and
soil moisture content (W) were also measured. In both areas, significant differences (p < 0.05) in
SR between paired plots were related to soil organic C content and SR was mainly influenced by
Ts, except during the summer period where SR fluctuations were accompanied by W fluctuations.
These findings show that growing pasture crops on high quality land can prevent the loss of soil N
and C and probably improve the greenhouse gas balance in the system.

Keywords: soil respiration; CO2; organic carbon; afforestation; agriculture

1. Introduction

Within the context of climate change, a net reduction in the global emissions of green-
house gases (GHGs) to the atmosphere must be achieved; this particularly applies to
emissions of carbon dioxide (CO2), as the associated increase in the global mean tem-
perature will have irreversible consequences for the planet [1,2]. The current high mean
concentration of atmospheric CO2 is mainly due to the use of carbon© stocks. Thus, e.g., in-
creased soil organic matter (SOM) mineralization, which involves the transformation of
organic C compounds releasing nutrients and CO2, is largely a consequence of the con-
version of forest land to agricultural land [3–5]. Since 2016, the signatories of the Paris
Agreement have been working to reduce GHG emissions by 40% relative to 1990 levels. In
this respect, it is considered that agroforestry systems are a good option for climate change
mitigation, owing to their ability to increase C stock in the biosphere [6–8]. However, the
effects of afforestation on carbon sequestration vary widely because they depend on many
factors, including the physicochemical characteristics of the soil, the crop species planted
and the modification of soil characteristics brought about by land use change [5,9], which
leads to changes in the interactions between C and N in the soil [8,10], thus affecting its C
sequestration capacity.
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The soil stores two or three times more C than the atmosphere [11,12] and represents
the main reservoir of terrestrial carbon; the role of the soil in the global C balance therefore
depends on its potential to store C with a slow rate of change [11]. Only a small fraction
of the C that enters the soil is finally stored as total soil organic carbon (SOC), and most is
returned to the atmosphere via ecosystem respiration [11,13]. Ecosystem respiration mainly
(60%) consists of soil respiration (SR) [14]. In turn, SR comprises root respiration, soil fauna
and microbial respiration [15,16]. Root respiration contributes on average up to ~50% of
the total SR, although the proportion may vary between 10 and 95% depending on the
season and type of vegetation present [16,17].

Soil respiration, similar to any other process involving the emission of gas from the
soil, depends on various parameters, which can be grouped into two classes: those affecting
gas diffusion in the soil matrix and those related to the biological activity responsible for
this process. However, in this case, the most common parameters, such as soil temperature
(Ts) and water content (W), affect both types of processes and generally explain the seasonal
variations in SR [15]. On the one hand, the W determines the microbial activity and
related processes, and on the other, a high W reduces the effective porosity (available
pore space) [17]. High W close to saturation also strongly affects the availability of O2
and therefore the SR rate. The percentage of water-filled pore space (WFPS) is another
associated factor and is correlated with CO2 flux. In addition, increases in Ts cause increases
in microbial metabolism and therefore in SR rates. In the field, the effects of Ts and W
overlap, and clear linear correlations are not always observed [17]. This occurs because the
water acts both as a solvent for C and essential nutrients and also as a substrate for microbial
growth [15,17]. An increased water content therefore often leads to increased SR. Some
other soil parameters, such as texture and the proportion of stable aggregates, may also
affect SR; e.g., the C contained in soil aggregates is not available to microorganisms [17,18],
and therefore the SR is lower within the aggregates.

It is generally known that certain activities (silviculture/agriculture) lead to struc-
tural and chemical changes in the soil; however, it is not yet clear how these changes
affect SOC and SR [19]. In SOM depleted or degraded soils, SOC pools can be restored
through appropriate land use conversion and by adopting measures such as conservation
tillage, integrated nutrient management, use of crop rotations, including service crops,
and improved water use efficiency, amongst others [20]. In this respect, diverse authors
such as those of [21] have found that degraded pastures emit more CO2 and have lower
concentrations of SOM than managed pastures. On the other hand, afforestation is also
used as a mitigation mechanism because it leads to the storage of C in forest biomass and
also because of its effects on SOC [22]. However, some studies have demonstrated that
establishing forest plantations is not always the best method of increasing soil C stocks
and that the time that the land remains under a certain type of use is a major determining
factor. For example, in Eucalyptus plantations of 4 years, established in degraded pasture
land in the Brazilian savanna, CO2 emissions were higher (70%) than in other types of land
(savanna/pasture), and the loss of organic matter associated with the mineral fraction (the
least labile) in the pasture soil was not recovered by the afforestation [13]. Reference [23]
mentioned that in boreal and temperate forests, intensive timber harvesting with the re-
moval of harvest residues and stumps reduced soil C stocks and increased CO2 emissions
in light and moderate thinning treatments, while high stocking density and increased fertil-
ization or dominance of coniferous species increase soil C stocks. Reference [24] reported
some benefits of establishing a mosaic of vegetation in managing pasture on the sandy
soils of the Kalahari Desert, which were associated with increased concentrations of C and
N in the soils. The vegetation influences the SOC content and dynamics [17] through its
influence on microbial activity, so that both increases and decreases in SR are commonly
observed after afforestation [19].

In Europe, the massive afforestation promoted since 1990 by the Council of the Euro-
pean Union has mainly been applied to marginal land and using exotic species, selected
for their rapid growth (amongst other factors), under the assumption that this would
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lead to a rapid sequestration of C in the forest biomass. However, during this period, the
rural environment has been affected by various different factors, including changes in
productive systems and the economic structure and the abandonment of rural areas in
favour of large cities. As a result, in some areas, such as Galicia (NW Spain), afforestation
has often involved high quality agricultural land rather than marginal land. Most of the
transformed land has been afforested with different species of the genus Populus (exotic
species in the region) selected for their high productivity and versatility. Moreover, a high
proportion of the good quality land in Galicia is low-lying fertile land (subject to flooding),
where poplar species grow well. In the region, the agricultural management of land close
to rivers varies depending on the flood risk. Land at a high risk of flooding is often used to
produce forage crops (pastures), which are rotated with maize every two or three years,
and the land never lies fallow. On the other hand, in areas further away from water courses,
the land is cropped with maize in spring–summer, and then either potatoes are planted
or the land is allowed to lie fallow in winter. In both cases, the soils are heavily fertilized,
mainly with organic material such as slurry or manure [25]. In light of these changes in
forest plans, it is not clear whether the effect of afforestation on the C cycle was that which
was expected.

Despite the time that has passed since the programmes promoting afforestation were
implemented and the fact that high quality agricultural land was afforested for social and
economic reasons, little is known about the ecosystem C balance in high quality forest
soils [26]. Our research group has therefore initiated a wide-ranging project aimed at
evaluating the modifications in soil properties that determine the edaphic metabolism
(biochemical properties) as well as the modifications in the organic matter stocks and the
emission of greenhouse gases (GHGs) in afforested soils. During the project, various sites
were selected for establishing paired plots of high-quality land and afforested land in order
to carry out a series of parallel studies. The present paper reports the results of one of these
studies, carried out with the aims of identifying the changes in SR caused by afforestation
and determining which variables explain the observed change, fundamentally regarding
the prior land use. As the same sites have been used for various studies, the site and soil
characteristics are common to the different studies. For the present study, pairs of plots
(cropped vs. forest plots) were established on high quality land in similar areas where
afforestation was carried out in the same year (vegetation of the same age). As previously
indicated, the cropped plots are representative of different types of management and crop
rotations, both of which are typical of the region (maize—pasture of grasses and legumes,
and maize—fallow). The study hypotheses are as follows:

1. As changes in land use (cropped vs. forest) affect SOC dynamics, SR will also be
affected by change in the same direction.

2. Differences in the prior management of soils and in crop rotations (maize–pasture
legumes–fallow; maize–fallow) will affect differences in SR between pairs of plots.

3. Soil temperature (Ts) and moisture (water) content (W) affect the biological activity
and diffusion of gases in the soil, so that the variations in SR will mainly be associated
with individual variations in these parameters or their interactions.

2. Materials and Methods
2.1. Description of the Study Site

The study was carried out in two sites: Laraño (L), A Coruña, Spain (8◦30′50′′ W,
42◦48′50′′ N) and A Barca, Pontevea (P), A Coruña, Spain (8◦32′50′′ W 42◦45′17′′ N). Both
sites are located in alluvial plains where the land is considered high quality and suitable
for agriculture [27] (Figure 1). The Laraño site consists of a current floodplain of the river
Santa Lucía, located at a mean elevation of 78 m above sea level. The soil parent material
consists of sediments derived from schists and amphibolites: the soil is classified as a
humic fluvisol [28] and has a sandy loam texture, with 68% sand and 10% clay in the
upper 0–10 cm layer. The Pontevea site is characterised as a Würmiense alluvial terrace
and is located at 5 m above the current level of the river Ulla, with a mean elevation of
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28 m above sea level. The soil parent material consists of sediments derived from granites
and migmatites: the soil is classified as arenic fluvisol [28] and has a sandy loam texture,
with 72% sand and 8% clay in the upper 0–10 cm layer. In both sites, pairs of adjoining
plots representing contrasting land use (cropped forest) were used for the study. The
agricultural plots in both sites have been cultivated continuously for more than 100 years,
with a maize–pasture (grass–legume) rotation in Laraño (CT-L) and a maize–fallow rotation
in Pontevea (CT-P). In both cases, the plots are mainly fertilized with cow slurry, although
inorganic fertilizers (urea and NPK) and small amounts of liming agents (agricultural lime
or slaked lime) are also applied. The maize was sown between May and September in both
sites. In Laraño, the pasture legumes are harvested frequently, depending on the weather
conditions. The adjoining plots were afforested in 2000 with Populus x euroamericana (Dode)
Guinier (AF-L, Laraño and AF-P, Pontevea) and timber harvesting has not been carried out
in either site. A more detailed description of the study plots and management systems is
provided by [29].
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Figure 1. Location of the study sites.

2.2. Measurement of CO2 Flow

In each plot, the CO2 flux was measured in a closed soil respiration chamber fitted
to a portable infrared gas analyser (EGM-4, PP Systems) every 15 days (every month
in winter) during 21 months (October 2010–June 2012). The chamber used to measure
soil respiration has internal ventilation to ensure homogeneous air flow and to prevent
generation of pressure differences, which may cause changes in the CO2 flux. All leaves
were removed from the soil surface before the chamber was placed on the soil, and air
was then circulated between the chamber and the analyser. At each sampling time, the
CO2 flux (g CO2 m−2 h−1) was measured every hour between 08:00 and 18:00 h, at six
randomly selected replicate points each time, to enable calculation of the daily mean
value. Simultaneously, at each measurement point, the temperature was measured at the
soil surface (Ts), with a thermocouple probe (stem length 10 cm) (Hanna Instruments,
Woonsocket, RI, USA) inserted in the soil to a depth of 5 cm, once every hour at the same
random points in each plot where CO2 flux emission was measured.

2.3. Soil Parameters

At each sampling time, soil samples (0–10 cm) were obtained at each of the six random
points in each plot where CO2 flux was measured: the samples were mixed together
and homogenized to produce a single, composite sample for determination of the water
content (W) by the gravimetric method (drying at 105 ◦C for 24 h or until constant weight).
Bimonthly soil sampling (0–10 cm) was also carried out between July 2011 and July 2012.
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The bulk density was determined by the soil core method [30]. The total C content (wet
oxidation with potassium dichromate in strongly acid medium) and the total N content
(Kjeldahl digestion) and the pH in water and in 1 M KCl (soil/solution ratio, 1:2.5) were
determined according to the methods described by [31]. The particle size distribution
was determined after oxidation of the organic matter with hydrogen peroxide, with the
aid of a Robinson pipette and with Calgon as dispersant [31]. The texture class was
assigned according to the USDA soil textural classification [32]. The field capacity (FC)
was measured as the water retained by the soil at a pressure of −33 kPa, measured with a
Richards pressure membrane extraction apparatus and using undisturbed soil samples [31].
The labile C was determined after extraction with water (soil/water ratio 1:5) at room
temperature (20 ◦C, 30 min [33]), and the total C in the aqueous extract was measured after
oxidation with potassium dichromate in acid medium [31].

2.4. Climatological Data

Daily mean, maximum and minimum temperatures and precipitation were recorded at
two weather stations belonging to the Galician network (MeteoGalicia, Spain) and located
at sites close to the study plots (the Santiago de Compostela weather station for Pontevea
and the Sergude weather station, in Boqueixón, for Laraño).

The mean temperature from Laraño site during the study period was 12.8 ± 4.0 ◦C,
which is slightly lower than the annual mean value for the period 2000–2010 (Figure 2). The
monthly minimum temperature recorded during winter was 2–3 ◦C (February 2012) and
the monthly maximum temperature during summer, 25 ◦C (August 2011) (Figure 2). The
precipitation amount during the study period was 1843 mm, which is 76.5% higher than
the mean amount of precipitation for the ten-year period 2000–2010. At Pontevea site, the
mean temperature during the study period was 12.9 ± 3.9 ◦C, which is slightly lower than
the mean level for the period 2000–2010 (Figure 2). The monthly minimum temperature
recorded in winter was 2–3 ◦C (February 2012) and the monthly maximum temperature
recorded during summer was 25 ◦C (August 2011) (Figure 2). The precipitation amount
during the study period was 2137.2 mm, which is 67.6% higher than the ten-year period
2000–2010 (Figure 2).
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2.5. Statistical Analysis

The statistical analysis was conducted using Origin Pro software version 18.0, consid-
ering a significance level of α = 0.05. Descriptive analysis, tests of normality (Shapiro–Wilk)
and homoscedasticity (Fisher’s F test or Levene’s test) were applied to all data. t tests,
Wilcoxon signed-rank test or Kolmogorov–Smirnov test (non-parametric) were used to
detect any differences between group means, and the Welch–Satterthwaite test was used in
the absence of homoscedasticity. The dependence of SR on different factors (plots, sites)
was explored by one-factor ANOVA or Kruskall–Wallis test (non-parametric). Pearson’s or
Spearman’s correlations were used (as appropriate) to detect any significant linear correla-
tions between SR and the variables considered. Afterwards, a multiple linear regression
analysis was performed for SR and the independent variables (W/FC and Ts), considering
the different types of cover for both sites.

3. Results
3.1. Effect of Afforestation on Soil Characteristics

The cropped soils were characterised by similar acidity but differed in total C (Ct)
and N (Nt) contents, with lower values in Pontevea (Table 1), consistent with the fact that
the land in this site lies fallow during a large part of the year. Regarding the effect of
afforestation on the soil properties, there was a slight increase in soil pH (in H2O and KCl)
due to the afforestation in Laraño, but not in Pontevea (Table 1). The total C and N contents
were not greatly modified by afforestation in Laraño, and the C/N and labile C content only
increased slightly; the latter increased by 32% in AF-L and was less variable (% CV) than in
the soil in the respective cropped plot (Table 1). However, in Pontevea the afforestation led
to a significant increase in the values of the soil parameters related to the organic matter:
the increase was on average 63.3% for Ct, 47% for Nt, 14% for C/N and 141.5% for labile C.
Finally, a statistically significant difference between the pairs of plots in apparent density
was observed in both Laraño and Pontevea, with the lowest values in the afforested soils
(Table 1).

Table 1. Main soil physicochemical properties (0–10 cm) in the soils in afforested and agricultural plots
in both study sites. Maximum, minimum and mean (±standard deviation, SD) values determined
throughout the study period. Different letters indicate significant differences in mean values between
pairs of plots (p < 0.05).

Crop Soil Afforested Soil

Min Max Mean ± SD %CV Min Max Mean ± SD %CV

PONTEVEA SOIL
pH H2O 5.08 5.62 5.33 ± 0.18 A 3.3 5.26 5.46 5.40 ± 0.07 A 1.32
pH KCl 4.32 4.46 4.38 ± 0.05 A 1.1 4.27 4.45 4.33 ± 0.07 A 1.6

TOTAL C (%) 1.44 1.99 1.69 ± 0.18 A 10.6 2.4 3.26 2.75 ± 0.31 B 11.1
TOTAL N (%) 0.14 0.16 0.15 ± 0.01 A 5.1 0.21 0.24 0.22 ± 0.01 B 5.2

C/N 9 14 11 ± 2 A 14.4 11 15 13 ± 1 B 8.7
LABILE C (mg 100 g−1) 49 70 59 ± 8 A 13.3 116 177 142 ± 25 B 17.3

BULK DENSITY (g cm−3) 1.04 ± 0.02 A 0.95 ± 0.07 B

LARAñO SOIL
pH H2O 4.61 5.51 5.22 ± 0.34 A 6.6 5.81 6.07 5.95 ± 0.10 B 1.6
pH KCl 4.12 4.52 4.24 ± 0.13 A 3.2 4.76 5.06 4.89 ± 0.10 B 2.1

TOTAL C (%) 2.34 2.71 2.54 ± 0.12 A 4.8 2.28 3.09 2.57 ± 0.28 A 11.0
TOTAL N (%) 0.2 0.23 0.22 ± 0.01 A 4.4 0.19 0.23 0.20 ± 0.02 A 7.4

C/N 11 13 12 ± 1 A 4.7 12 14 13 ± 1 B 6.4
LABILE C (mg 100 g−1) 50 139 92 ± 27 A 28.8 101 134 121 ± 12 B 9.7

BULK DENSITY (g cm−3) 1.03 ± 0.02 A 0.96 ± 0.05 B
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3.2. Temporal and Spatial Variation in Soil Respiration

The mean variation in CO2 emissions in the four study plots is shown in Figure 3.
The times when fertilizer was added or when the grass was cut in the cropped plots and
the times when the understory was cleared in the afforested plots are indicated. Clear
seasonal variations in the SR rates were observed in both sites and in each plot (Figure 3).
In Pontevea, the SR decreased in both plots in the first few months of the study, particularly
in the cropped plots; minimum values were recorded in December 2010 in AF-P, January
2011 in CT-P and in February 2012 in both plots. In addition, decreases in SR observed in
April 2011 and May 2012 coincided with deep ploughing (to depths of between 30 and
50 cm). The same seasonal pattern of variation was observed in AF-P, where the intensity
of CO2 flow increased during hot periods and decreased during cold periods. However,
the SR also decreased during hot periods in 2011, one of which coincided with the cutting
and clearing of the understory, but which may have also been related to drought events
(Figures 2 and 3). In the following year (2012), the understory was cut but not cleared (the
cutting remains were left on the soil surface) and there was no immediate decrease in SR
(the measurements were then interrupted, preventing any examination of the variations
that may have occurred).
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Figure 3. Monthly average SR (g CO2 m−2 h−1) throughout the whole study period. Error bars
indicate standard deviations: (a) Pontevea site, AF-P: afforested plot, CT-P: cropped plot. (b) Laraño
site: AF-P: afforested plot, CT-P: cropped plot. Solid arrows indicate the date of fertilizer addition.
Dashed arrows indicate the times when the undergrowth was cut. Black squares indicate the time at
which the grass was cut in CT-L. * Indicates sowing times.

The SR rate was generally lower in CT-P than in AF-P, except at several specific
times when it was the same or even higher (possibly related to the preparation of the
soil for sowing and heat/drought events), and in November–December 2011, when it
was the same in both plots. The mean annual rate was significantly higher in AF-P
(0.576 ± 0.227 g CO2 m−2 h−1) than in CT-P (0.415 ± 0.243 g CO2 m−2 h−1 although
the difference was not very large even if it was significant (p < 0.05, Kruskall–Wallis
test). However, when the different soil cover types (fallow/maize) were considered, the
differences (p < 0.05, Kruskall–Wallis test) were more pronounced, as can be observed
in Figure 4, as the mean SR was lower in the fallow soil (0.324 ± 0.224 g CO2 m−2 h−1)
although with large variations (CV 69%). The mean SR was similar in the soil under maize
(0.557 ± 0.201 g CO2 m−2 h−1) to that in AF-P, although the coefficient of variation was
slightly lower than that in AF-P (36% vs. 39% CV).
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Figure 4. Mean SR rates (g CO2 m−2 h−1) in each plot throughout the study period. For the cropped
plots, the values are grouped according to the type of plant cover in each period (blue: Pontevea,
orange: Laraño).

Similar findings were obtained in the Laraño plots. Thus, the SR decreased between the
beginning of the study period and December in both plots, reaching the minimum values for
the entire study period. However, unlike in Pontevea, in Laraño, the SR rates were similar
in the cropped plot and the afforested plot throughout the winter. As occurred in Pontevea,
the other minimum SR value in Laraño occurred in the winter of the second year of the
study (2012). In CT-L, the SR increased after the grass cutting, after fertilizer application
and within 12 days after the maize sowing; although similar increases also occurred at the
same times in the afforested soil, they were less intense than in the cropped soil. Decreases
in the SR rates again coincided with ploughing prior to sowing, as observed in Pontevea. In
the afforested plot, the same seasonal pattern was observed and the mean monthly values
were slightly lower than in CT-L, except at a few specific times (between November and
February 2010 and between September and October 2011). The only time throughout the
whole study period that the understory was cut (July 2011), the remains were left on the soil
surface, and the SR values did not vary. In Laraño, the mean annual SR rate was statistically
significantly lower in AF-L than in CT-L (0.525 ± 0.214 vs. 0.651 ± 0.302 g CO2 m−2 h−1)
(p < 0.05; Kolmogorov–Smirnov test). When the different types of soil cover were considered
(pasture/maize), the differences in SR were notable; the mean value was higher in the soil
under maize (Figure 4) with a value of 0.807± 0.206 g CO2 m−2 h−1, whereas the mean
value in the soil under pasture was 0.582 ± 0.312 g CO2 m−2 h−1, which is similar to that
in the afforested soil. The SR values in the soil under pasture had the highest coefficient
of variation (CV 54%), whereas the lowest variation was recorded in the soil under maize
(CV 25%) and in the soil in the afforested plots (CV 41%), the value was intermediate and
similar to that in the Pontevea afforested plot.

3.3. Effect of Afforestation on Soil Respiration

The differences in SR between pairs of plots, or net CO2 emissions in the afforested
plots (Figure 5) were different in each site. In Pontevea, the values indicated a net emission
of CO2 due to a change from agricultural land use to forest use (Figure 5); negative
values were only recorded in April and at the end of July and some values close to zero
were recorded during the growth of the maize and during the second fallow period. By
contrast, during most of the study period in Laraño, the net CO2 emission from the forest
soil was negative, indicating that the afforestation led to a reduction in the CO2 emitted.
Positive values were only recorded between December 2010 and March 2011, and between
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September and November 2011 (winter and autumn, respectively) during periods when
the soil was under pasture, after the maize was harvested in the latter period.
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Figure 5. Net CO2 emissions from afforested soils in both study sites. Error bars indicate the standard
deviations (obtained from the standard deviation of the SR monthly average).

The effect of afforestation on SR was very different in both sites, reflecting the de-
pendence of this variable on prior land use and management. The percentage increase
or decrease in SR between paired plots (cropped vs. afforested) relative to the base value
(cropped plot) is shown for each period in Figure 6. In both cases and during the whole
study period when the soil was under fallow or pasture, the differences between the af-
forested and cropped plots were very similar. By contrast, during the growth of maize,
the net emission from the afforested soil was very variable relative to that in the cropped
plot and different from those in other periods. On average, in Pontevea, afforestation led
to a 36% increase in CO2 emissions relative to the cropped plot, whereas in Laraño, the
afforestation led to an average 19% decrease in CO2 emissions compared to the cropped
plot. The final period of study in Pontevea was not taken into account in reaching this
conclusion as it was very short (only two measurements, see Figure 3a). During the maize
growing period in Pontevea, the CO2 emissions decreased by 20% due to the afforestation,
whereas in Laraño, the emission increased by 7%.
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3.4. Temporal Variation in Soil Temperature and Moisture Content

For each soil, the water content values measured throughout the study period (W)
were expressed relative to the soil field capacity (W/FC), which enabled a comparison
between the different soils. Temporal variation was observed in both variables (Ts and
W/FC; Figure 7): in both sites and plots, the maximum temperatures were observed in
spring–summer, coinciding with a lower water content (~40% of W/FC), whereas the
minimum values occurred in winter, when the water content was the highest. In Pontevea,
the mean temperatures were 16.6 ± 6.6 ◦C in CT-P and 15.6 ± 4.4 ◦C in AF-P. On the other
hand, in Laraño, the mean soil temperatures were 18.4 ± 7.2 ◦C in CT-L and 15.6 ± 4.4 ◦C
in AF-L. The soil temperature was quite similar in both plots (cropped and afforested) but
slightly higher, on average, in the agricultural soil (p < 0.05, Welch two-sample test), and
the difference was greater in the fallow periods in Pontevea. In addition, differences in Ts
were observed between paired plots during the maize-growing season (spring–summer),
when the values were the highest in the cropped soil, which, in turn was slightly drier
(<40% W/FC) than the corresponding afforested soil (Figure 7). On the other hand, the
minimum temperatures were lower in the cropped plots (1.4 ◦C and 2.8 ◦C for Pontevea
and Laraño, respectively) than in the afforested plots (4.20 ◦C and 3.3 ◦C for Pontevea and
Laraño, respectively) (Figure 7). In other words, in both sites, and as expected, the variation
in Ts was greater in the agricultural than in the afforested plots.
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Figure 7. Mean monthly soil temperature (◦C) and soil water content as a percentage of the field
capacity (W/FC, %) in both sites during the whole study period. Error bars indicate standard
deviations: AF-P: afforested plot in Pontevea; CT-P: cropped plot in Pontevea; AF-L: afforested plot
in Laraño; CT-L: cropped plot in Laraño.

As previously mentioned, a seasonal pattern was also observed in the soil water con-
tent, with minimum values in summer (between 31.6 and 42.9% of the FC) and maximum
values during autumn–winter (between 118.56 and 164.45% of the FC). In Pontevea, the
mean W/FC values were 92.3 ± 36% and 74.3 ± 25% for AF and CT, respectively. Similar
values were observed in Laraño: 93.1± 28.6% and 78.5± 28.9% for AF and CT, respectively.
There were no significant differences in the mean values between the plots in each site
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(ANOVA test, p > 0.05). In particular, a greater difference in the water content of the soils
in both plots was observed during the fallow period. During this time, the water content
was always higher than the field capacity in the afforested soil, but not in the cropped soil,
in which it only exceeded 100% in some months (Nov–Feb). These differences decreased
during the maize-growing period; i.e., although the plant cover was different, the water
content was the same. By contrast, in Laraño, the variation in the water content in both
plots was similar, with slightly higher values in the afforested plot. However, the values
were scarcely lower than 100% in both plots during the pasture season and decreased to
almost half during spring and summer, which coincided with the maize-growing season.

3.5. Relationships between Soil Respiration and Soil Temperature and Moisture Content

Similar patterns of seasonal variation in soil respiration and soil temperature (SR and
Ts) were observed throughout the study period, which was confirmed by the significant
correlation between these variables (Figure 8). In all cases, the correlation was positive and
slightly lower in the agricultural soils, which may be associated with the alterations that
the soils underwent in relation to the management practices in each site (Figure 3). The
correlation between soil respiration and soil temperature was also highly significant in
the cropped plots in both sites during the first fallow period in CT-P (SR vs. Ts: r = 0.736,
p < 0.05) and during the two periods under pasture in Laraño (CT-L). The correlation
during the first period when the soil was under pasture in CT-L was higher (Pasture 1:
SR vs. Ts: r = 0.921, p < 0.01) than during the second period (Pasture 2: SR vs. Ts: r = 0.669,
p < 0.05). There were no significant correlations between SR and soil temperature during
the period when maize was sown in either of the sites.
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In Laraño, SR and W/FC were negatively correlated, which confirms the inverse
pattern of seasonal variation observed (Figures 3 and 7), especially in the cropped plot.
Considering the different types of cover in Laraño (Figure 9a) the correlations involving
water content (W/FC) increased and were positive when the soil was under maize and neg-
ative during the first period under pasture, but they were not significant during the second
period under pasture. The change in the slope of the relationship clearly occurred when
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the values were higher than 60% W/FC (Figure 9a). By contrast, in the afforested soil in the
same site (Figure 9b), the correlation was stronger (relative to the values shown in Figure 8)
upon excluding W/FC values which were lower than 60% (marked in green in Figure 9b).
In Pontevea, soil respiration and W/FC were not correlated in CT-P, considering the whole
study period (Figure 8). However, considering the different stages of the rotation (maize
and fallow) separately (Figure 9c), a significant correlation between these variables was
observed during the fallow period. As observed in Laraño, in AF-P, a stronger correlation
was obtained when the W/FC values lower than 60% were excluded from the analysis
(Figure 9d, excluded values marked in green). The results of the MLR analysis considering
the different cover types at both sites (Table S1 Supplementary Materials) are consistent
with these observations.
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Figure 9. Linear correlations between SR and W/FC. (a) Linear relationships in CT-L when the
soil was under pasture (Pasture 1) and when it was under maize. (b) Negative linear relationship
established in AF-L. (c) Linear relationship in CT-P when the soil was under fallow (Fallow-1) and
when it was under maize. (d) Negative linear relationship in AF-P. Data points (shown in green)
within the circle were excluded from the analysis. (* p < 0.05; ** p < 0.01, *** p < 0.001).

Consistent with the observations on soil water content, in the afforested plots in both
sites, the SR and WFPS were significantly negatively correlated. As the WFPS indicates
the percentage of pores filled with water, this result indicates that SR is higher when the
soil is more aerated. In Laraño, the correlation was stronger in the cropped plot than in
the afforested plot, while in Pontevea, these variables were only significantly correlated in
AF-P. Considering the changes in land use in CT-L, the opposite results were obtained: in
the soil under maize, the correlation between these two variables was positive (R = 0.770,
p < 0.05), but in the soil under pasture (pasture-1), the correlation was negative (R = −0.926,
p = 0.0001). By contrast, in CT-P, no significant correlation was detected upon considering
changes in land use (maize, fallow).

4. Discussion
4.1. Effect of Afforestation on Soil Respiration

The SR rates measured in the present study are within the range of those reported in
other studies involving temperate soils ([10], amongst many others), forest soils [11,34,35]
riparian soils [36], soils cropped with maize [37,38] and soils under pasture [37]. In addition,
the strong seasonal variation, with minimum values in autumn–winter and maximum
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values in spring–summer, is also consistent with previous reports [34,36,39,40] and is
associated with variations in soil temperature and moisture content. The characteristics
of both sites are similar and both have been planted with the same crop and tree species,
with afforestation carried out in the same year. However, the CO2 emissions from the
afforested soils to their respective cropped soils are very different, which can be attributed
to different land management practices affecting soil characteristics and microclimate and,
in turn, soil microbial activity [10,41]. Although this is not always the case [42,43], mean
SR rates are generally low in fallow soils [17]. However, SR rates in fallow soils of this
study are relatively high. This is probably due to the favourable climate of the region (mild
temperatures and abundant rainfall) which means that the soil is never bare, as even during
fallow periods when no crops are grown, the soils are covered with vegetation and are not
bare fallow soils.

The study findings show that, although the SR in the cropped soils may be higher or
lower than in the afforested soils at specific moments, the factors determining the annual
variations in CO2 emissions from the agricultural soils are generally soil moisture content,
temperature and organic matter content, especially the labile C content. Likewise, it
ap-pears that the variations in SR in the afforested soils are determined by the same factors.

Regarding the influence of afforestation on soil respiration, important differences were
observed between the two study sites. These differences can be attributed to the prior
management of the agricultural soils, which determine the modifications in CO2 emissions
after afforestation.

In Pontevea, the higher CO2 emissions from the afforested soil compared to the
agricultural soil can be attributed to root respiration, which is much higher in afforested
soils than in fallow soils and may represent up to 50% of the SR [44]. However, the
higher emissions can also be attributed to the increased microbial activity produced by
the continuous input of residues, which provide a source of available C [10,39]. In this
respect, in Pontevea, it was observed that the increase in Ct of more than 50% (caused by
afforestation) led to an increase in SR rates of at least 12.5% (Figure 10a). Likewise, when
the difference in labile C was greater than 85% in the afforested soil, the SR rates increased
by 30 and 90%, and no further increase in SR was observed when the labile C increased
further, by more than 185% (Figure 10b). Finally, when the difference in Nt between the
cropped and afforested soils was greater than 35%, the SR rates increased by 12 and 90%
(Figure 10c). The C/N ratio also increased in AF-P, but no direct effect on the CO2 flux was
observed. These results demonstrate that the higher emissions of CO2 from the afforested
soil are not due to a loss of C; on the contrary, the accumulation of SOC occurred as a result
of the long-term addition of leaf litter and root exudates, in addition to the reduction in soil
disturbance when the trees became established, as was also reported in other studies [10,19]
in which a strong correlation between SR and some soil properties, such as total C content,
inorganic N content and C/N ratio, among others, was observed.

Unlike in Pontevea, no significant changes in the soil properties were observed in
the plots in Laraño (Figure 10); the afforestation scarcely modified the Ct levels and no
differences were observed throughout the study when different crops were planted and/or
different cultivation management practices were carried out in the cropped plot. In this
site, the average difference in the labile C content between the afforested and cropped plots
was 25% and scarcely exceeded 50% during maize harvesting, when the differences in SR
between plots were high. After harvesting, the difference in the labile C content reached
166%; however, there were no differences in SR between plots. Finally, the variations in Nt
were almost non-existent, and the SR rates were lower in the afforested plots than in the
cropped plots. It therefore appears that, in this case, the differences in the mean SR rates
between the plots are due to the maize, which led to a significant increase in the CO2 flux
(Figure 3).
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The mean SR values obtained for each plot were used to estimate the mean annual
emissions of CO2 per unit of Ct (Table 2). The values were similar in the afforested soils
and lower than in the respective cropped soils. Moreover, we can also consider the annual
emissions when the soils are under the different types of soil cover considered in the study.
Thus, the highest annual emissions were from the soil under maize (assuming the presence
of the crop throughout the whole year). On the other hand, the annual emission estimated
for fallow soil was very low, being 18% lower than the emission from the afforested soil.
By contrast, the annual emission estimated for a soil under pasture was similar to that
from the respective afforested soil. These comparisons have led us to suggest that some
type of vegetation cover, i.e., service or cover crops, should be included in the rotation
to prevent the loss of N and C that generally occurs in bare or fallow soils. In recent
years, there has been an increase in interest in using these types of crops, owing to their
potential value as additional providers of ecosystem services in agricultural systems [45];
the results of the present study provide further relevant data in this respect. The results of
this study contribute to increasing the knowledge of GHG emissions from soils in relation
to different types of land management and land use. They also shed some light on the
potential effectiveness of measures (such as afforestation) taken to mitigate the effect of
GHGs on climate change. In temperate humid areas, such as the study area, afforestation
and permanent pasture can both similarly increase or maintain the organic C content of
high quality soils. Therefore, correct crop rotation management that includes long periods
under pasture could reduce GHG emissions, as the soils would act as atmospheric C sinks
during these periods.

Table 2. Annual CO2 emissions per unit of total carbon (Ct) (kg CO2 kg−1 Ct).

Study Plot
Annual CO2 Emissions (kg CO2 kg−1 Ct)

Vegetation Cover
Maize Fallow Pasture

AF-P 1.95 - - -
AF-L 1.88 - - -
CT-P 2.09 2.79 1.59 -
CT-L 2.18 2.71 - 1.94
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4.2. Relationship between Soil Respiration and Soil Temperature and Moisture Content

As expected, in both sites, the variation in Ts was higher in the cropped plots than in the
afforested soils, which can be attributed to the constant shade produced by the permanent
vegetation in forest soils [46]. In addition, this variation may affect the changes in SR
throughout the year in cropped soils, leading to a higher coefficient of variation. In all of
the plots, the SR was positively correlated with Ts, probably due to the increase in microbial
metabolism with temperature, especially when the moisture conditions were also optimal
for microbial development, as shown in previous studies [10,11,39,41]. By contrast, the soil
moisture content and water-filled pore space were generally negatively correlated with
SR in a similar way to that reported in diverse studies of soils under different vegetation,
such as paramo (treeless plateau), birch stands, pasture and pine stands [19], soils in
shelterbelts [10] and in cropped soils [39]. This correlation is associated with the decrease
in the diffusivity of gases in soil that is produced when the effective porosity decreases
and, as a consequence, the oxygen content of the soil also decreases [18,47,48]. The soils
under study here are floodplain fertile soils, and therefore, the moisture content should
not limit biological activity (the W/FC was higher than 50% throughout most of the study
period), whereas gas diffusivity may be a limiting factor. Thus, the seasonal variations in SR
were mainly associated with variations in Ts, except during the summer period, when the
soil water content fell below the mean value and therefore the importance of this variable
increased. During summer, the variations in SR were associated with this factor in both the
afforested and cropped soils, in which the moisture contents were similar, in terms of their
W/FC values (Figure 7). Therefore, the inverse relationship between the variables Ts and W
may be explained by the contrasting pattern observed, as mentioned for various ecosystems
in previous studies [39,47]. The contribution of these environmental drivers to soil CO2 flux
has been mathematically determined by several researchers using different sites and non-
linear models (usually exponential models). However, [49] mentioned that the best-fitting
models are dependent on the local environmental conditions, and the moisture content can
be expected to have significant effects above one-third of the water-holding capacity. This
may explain why the soil moisture content does not always improve the accuracy of the
models obtained.

In agricultural soils, a positive linear relationship between SR and W is often observed
during summer [44], as in the present study. During this period, when the maize is growing,
the root biomass and, therefore, the rhizosphere microbial biomass increase, and these must
consequently be the main factors involved in the change in the slope of the correlation line
between variables, although some authors mention that the change in the slope occurs
at 60% of the WFPS [11], whereas other authors report that it occurs at 45% [50]. In the
present study, the change from a positive to a negative slope occurred when the moisture
content was more than 60% of the FC or when the WFPS was greater than 35%. This is in
good agreement with the authors of [18], who indicate that for soils containing 10% clay,
such as those in the present study, the optimal moisture content when maximum SR rates
are reached is around 28%, quite similar to the value found in our study (85%–88% of the
W/FC in our study). The absence of correlations between the variables after the maize
was harvested may be due to the disturbance of the soil in each agricultural plot, which
generates strong variations in both the SR rates and in the soil parameters during the first
few months after harvesting.

5. Conclusions

Afforestation of maize cropland reduces CO2 emissions, independently of the type
of soil management used prior to planting the trees. The crop rotation including pasture
emits more CO2 throughout the year than the rotation including a fallow period, as the
in-crease in total and labile C generated by the roots and their exudates and by the litter
from vegetation leads to an increase in microbial activity and thus in the soil respiration
rate. However, the similarity in the CO2 emissions from the pasture and afforested plots
suggests that the afforestation of pastures does not affect soil Ct (total and labile) and
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that the influence of roots and organic matter inputs on soil respiration rates are similar
in both cases. These findings are important in relation to implementing measures aimed
at reducing the impact of anthropogenic activities on soil carbon as the establishment of
pastures, even in high quality land (as in the present case), as it prevents the loss of C (and
N) from the soil and possibly improves the GHG balance in the system.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f14051048/s1, Table S1: Multiple lineal regression analysis. CT-
P: agricultural plot in Pontevea; AF-P: afforested plot in Pontevea; AF-L: afforested plot in Laraño;
CT-L: agricultural plot in Laraño. N.A: Not applicable. Significance codes: ‘#’: 0.1; ‘*’: 0.05; ‘**’: 0.01.
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