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Abstract: The proper management of soil, in order to improve ecosystem services, requires knowledge
of how different fractions of carbon respond to land use/land cover changes. This study aimed to
evaluate the responses of total soil organic carbon, and its fractions, to reforestation age and land
use changes in an Ultisol in the Posses catchment, a pilot area of the Brazilian program of Payment
for Environmental Services, located in Southeastern Brazil. The study was conducted using field
plots with various treatments, including native forest, old and young reforestation, well-managed
pasture, subsistence farming, degraded pasture, and bare soil. Results showed that soil organic
carbon increased with reforestation age and that original soil carbon stocks were restored after eight
years of reforestation. Short-time pasture management increased the carbon pool by 10% compared
to degraded pasture. The Carbon Management Index (CMI) was able to distinguish the effects of
converting degraded pasture to either subsistence farming or bare soil. The CMI is a useful tool
for determining the effects of land use/land cover changes, reforestation age, and native forest
preservation on soil quality. Adequate management of soil fertilization is an immediate option for
restoring the quality of Ultisols under degraded pastures in the Posses sub-basin.

Keywords: soil carbon dynamic; environmental tradeoffs; soil quality; labile C

1. Introduction

There is valid concern about the impact of changes in land conditions on soil-provided
ecosystem services. Maintaining soil organic carbon (SOC) is crucial for ensuring soil,
water, and food security, as it plays a major role in regulating climate, water storage, water
supply, and biological activities [1,2]. Despite this, SOC has been significantly impacted
by land-use changes, such as agriculture replacing native vegetation and intensifying soil
management [3-5]. Although several studies have focused on the effects of reforestation on
SOC in tropical regions, there is a need to study the specificities of each tropical ecosystem
and land use scenario [6-9] to understand the dynamics of different organic C fractions in
soils as affected by land-use changes and reforestation age.

Land-use management is a crucial factor in soil C dynamics, particularly deforestation
and conversion of native forests to croplands or grasslands, and conversion of pastures to
croplands, which often results in a decline in SOC stocks. On the other hand, conversion
to pasture and better pasture management have been proposed as effective ways to store
atmospheric C in soils [2,4,9-13]. According to Araujo et al. [14], conversion of forests to
pastures affects soil chemical and physical properties, increases greenhouse gas emissions
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from forest burning, and alters C pool and fraction distribution in the soil. Studies have
shown that the conversion of native vegetation to agricultural land typically results in a
20-45% average loss of SOC in the top 0.30 m of soil [15-17].

According to Wei et al. [16], the largest decrease in SOC stocks occurs in temperate
regions (52%), followed by tropical regions (41%) and boreal regions (31%). In Brazil,
Cherubin et al. [4] found a decrease of 40% in natural SOC after conversion of tropical
rainforest to cropland. However, soil cultivation does not always lead to strong declines in
SOC, as practices such as no-tillage, agroforestry, organic agriculture, and well-managed
pastures have been successful in maintaining or increasing organic C in soils [2,5,17-23].
Furthermore, reforestation of degraded lands tends to restore SOC values in soils under
native vegetation [12,24-26].

Soil organic carbon (SOC) is the most complex and least understood component of
soils [27]. To study C dynamics in response to land use changes, Cambardella and Elliott [28]
proposed dividing SOC into two fractions with distinct residence times. The more recal-
citrant fraction, non-labile C (C from soil organic matter < 53 um in size), constitutes the
majority of SOC and is less affected by land use. A labile C fraction, on the other hand,
cycles faster in the soil and is more sensitive to soil management practices and recent land
use changes [2,5,29-31]. To assess soil quality and changes in response to land use, the
Carbon Management Index (CMI) has been widely adopted globally, incorporating both
total SOC and its lability [32]. This is especially relevant for the Brazilian Atlantic rainforest,
an important national biome that has seen a drastic reduction in native forest cover to less
than 8% of its original area over the past 500 years [33].

The growing need for carbon sequestration has led to increased efforts to monitor
the effects of land use changes on soil organic carbon (SOC) dynamics [34]. This need is
particularly pressing in tropical forests—such as the Brazilian rainforest—which not only
sequester large amounts of atmospheric carbon [35], but also store about 30% of the world’s
carbon in their soils, which is more than in the atmosphere [36,37].

To encourage the adoption of conservation practices, incentive programs have emerged
globally. One such program is the Low Carbon Emission Program—ABC Program, part
of Federal Law No. 12,187 [38], decreed by the Brazilian government, to encourage the
adoption of agricultural best practices, such as the recovery of degraded pastures and
reforestation, to reduce carbon emissions from agriculture. Another example is Payment for
Environmental Services (PES), a pioneering Brazilian program that is still being evaluated
in terms of its effectiveness in promoting ecosystem functions [39,40].

The CMI has great potential to be used in the calculation of financial
subsidies—currently, the amount paid for ecosystem services is determined without
technical-scientific criteria—and as a tool for monitoring the effects of land use changes
on soil quality and the improvements offered by the adoption of PES [41,42]. Despite the
presence of the PES program in Brazil, and the increasing need for carbon sequestration,
there have been few studies that evaluate the use of the Carbon Management Index (CMI)
as a response to changes in land use in the region. There is a knowledge gap in how these
changes in land use affect the soil’s capacity to store carbon and provide ecosystem services,
and this study aims to fill that gap by analyzing the changes in soil organic carbon over
time in response to these changes. The focus is on the replacement of degraded pasture
with reforestation and understanding the impact of these practices on soil quality and the
capacity of the soil to provide ecosystem services. Thus, the hypothesis being tested is that
short and mid-term reforestation and the replacement of degraded pasture can lead to an
increase in soil organic carbon levels and ecosystem functions.

Overall, the main objective of this study is to assess the impact of land use changes,
specifically reforestation and the replacement of degraded pasture, on the dynamics of total
soil carbon and its fractions in a pilot sub-basin of the Payment for Environmental Services
(PES) program in Brazil.
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2. Materials and Methods
2.1. Study Area

The study was conducted in the southeastern section of the Posses sub-basin, located
between latitudes 22°53/38" S to 22°49'53"” S and longitudes 46°15'45” W to 46°13'28"” W
in the State of Minas Gerais, Brazil (Figure 1). This sub-basin has a catchment area of
1250 ha, with altitude values ranging from 947 m to 1456 m. The climate of this region is
classified as Humid subtropical, with dry winter and temperate summer (Cwb) according to
Koppen classification, with an average annual air temperature of 16 °C and average annual
rainfall of 1450 mm [43]. This sub-basin is tributary of the Jaguari River and is associated
with the Greater Sao Paulo Water Conservation project [44,45], as the Jaguari River is
the main source of water for about 10 million inhabitants of the Sao Paulo metropolitan
area [44]. Furthermore, this study area has also served as testbed for the implementation
and assessment of a municipal initiative in Payments for Environmental Services [39].
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Figure 1. Map of the Posses sub-basin, a study area involved in the Greater Sao Paulo Water
Conservation project and the Brazilian program of Payment for Environmental Services. It is located
in the Municipality of Extrema, Minas Gerais, Brazil.

The dominant soil orders in the Possess sub-basin are Ultisols, Entisols, and Oxisols [46];
however, most soils are Typic Rhodudult [47]. Before implementation of the Greater Sao
Paulo Water Conservation project, the land use/land cover of the Possess sub-basin was
mainly pasture (Figure 2) [48-51], and it has slowly become more diverse by including
reserved areas for conservation purposes [39].
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Figure 2. Evolution of the Land Use/Land Cover (LULC) of the Posses sub-basin using data provided
by the MapBiomas project based on LANDSAT at a 30-m spatial resolution, built into a representative

one-year mosaic.

2.2. Land Use/Land Cover Treatments

This study is part of a long-term experiment conducted in 96 m? field plots located
in the southeastern region of the Possess sub-basin to assess the effects of LULC changes
on various soil parameters. A brief description of LULC treatments and the associated
management practices for each field plot is given in Table 1.

Most of the LULC experimental field plots were located near each other (Figure 3),
except for the reference area of native forest and the old reforested area, which were located
within 500 m of the other plots and in similar landscape positions.

2.3. Sampling and Laboratory Analyses

Soil sampling was performed in November 2014 to characterize the soil at three lo-
cations within each experimental plot at depths 0-0.05 m, 0.05-0.10 m, 0.10-0.20 m, and
0.20-0.30 m (Figure 4). Undisturbed samples were taken, using rings (0.067 m in diameter
and 0.081 m in height), to measure bulk density (Table 2) according to Blake and Hartge [52].
Particle size distribution was measured using the hydrometer method in composite sam-
ples for each plot (Table 3). Soils within the experimental plots were classified as Ultisols,
although occurrence of minor inclusions of Entisols were expected in regions of the LULC
with treatments: (a) Native Forest, and (b) Old Reforested Area [47]. A summary of the
methods involved in this work are presented in Figure 5.
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Table 1. Description of Land Use/Land Cover (LULC) treatments and associated management practices.

LULC Management Practices

The reference area. A pristine remain of the Atlantic Rainforest (Semideciduous Seasonal
Forest fragment) without any anthropogenic exploitation.
Reforestation set up in 2008, with Atlantic Rainforest species on degraded pasture
desiccated with glyphosate.

Reforestation set up in 2013, with Atlantic Rainforest species, in an area that had previously
been used for grazing (Brachiaria brizantha) for over 30 years. Previous management
practices included null fertilizer application and prescribed pasture burning. Remnants of
degraded pasture were desiccated with glyphosate prior set-up of the YR treatment.
Pasture of Brachiaria brizantha grown in the area for over 30 years. Since 2008, annual
Well-managed pasture (MP) fertilization has been 10 kg of NPK 4-14-8 per hectare. About six harvests are manually

made per year to simulate the extraction done by cattle.

Traditional system adopted by local farmers. Farming in rotation or in consortium (maize,
beans, pumpkin, jack-beans, fallow). Annual fertilization is 192 g of NPK 4-14-8 in the
planting hole, and two applications of 60 kg ha~! of urea. Manual hoeing is used to till the
fields, preparing planting holes and controlling weeds.

Pasture of Brachiaria brizantha grown in the area for over 30 years, without fertilization.

Native forest (NF)

Old reforestation (OR)

Young reforestation (YR)

Subsistence farming (SF)

Degraded pasture (DP) About six severe harvests per year followed by removal and prescribed burning of plant
residues to simulate the traditional practice adopted by local farmers.
Bare soil (BS) Soil maintained uncovered through manual weeding.

I @ Bare soil

® Degraded Pasture
MNative Forest
Old Reforested Area
Subsistence Farming
Well Managed Pasture
Young Reforested Area| |

Ceeooe

Figure 3. Localization of experimental field plots within the Posses sub-basin. Ground-level pho-
tographs show the following Land Use/Land Cover treatments: bare soil (A), subsistence farming (B),
degraded pasture (C), well-managed pasture (D), native forest (E), old reforestation (F), and young
reforestation (G).
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Figure 4. Schematic of a 96 m? experimental field plot in the Posses sub-basin showing an approxima-
tion of the sampling points. Soil samples were collected at depths 0-0.05 m, 0.05-0.10 m, 0.10-0.20 m,
and 0.20-0.30 m for soil characterization (November 2014), and C content measurements (April 2016).

Table 2. Bulk density values for each Land Use/Land Cover treatment at depths 0-0.10 m,

0.10-0.20 m, and 0.20-0.30 m.
Land Use/Land Cover Treatment
Soil Depth (m) Ccv
NF OR YR MP SF DP BS
Bulk Density (Mg m—3) %

0-0.10 1.08 1.18 1.11 1.12 1.19 1.06 1.20 452
0.10-0.20 1.22 1.17 1.21 1.20 1.14 1.16 1.11 4.75
0.20-0.30 1.16 1.13 1.12 1.11 1.14 1.09 1.15 5.24

NF: native forest; OR: old reforestation; YR: young reforestation; MP: well-managed pasture; SF: subsistence
farming; DP: degraded pasture; BS: bare soil.

Table 3. Soil texture data for each Land Use/Land Cover treatment at depths 0-0.05 m, 0.10 m,

0.10-0.20 m, and 0.20-0.30 m.
Land Use
Soil Depth (m)

NF OR YR MP SF DP BS

Sand (%)
0.0-0.05 39.8 30.7 22.2 21.2 21.2 19.1 21.8
0.05-0.10 41.6 29.8 21.7 20.5 20.9 21.8 20.7
0.10-0.20 41.7 30.4 20.1 20.1 17.5 17.1 15.9
0.20-0.30 40.4 29.9 18.4 16.5 15.0 16.4 14.8

Silt (%)

0.0-0.05 29.2 38.3 23.8 241 24.8 28.2 25.4
0.05-0.10 26.6 39.2 255 25.0 25.3 23.7 21.3
0.10-0.20 30.3 379 18.8 20.1 20.2 22.1 20.6
0.20-0.30 26.6 40.1 184 16.1 16.9 17.8 13.6

Clay (%)
0.0-0.05 31.0 31.0 54.0 54.8 54.0 52.7 52.8
0.05-0.10 31.8 31.0 52.8 54.5 53.8 54.5 58.0
0.10-0.20 28.0 31.8 61.2 59.8 62.3 60.8 63.5
0.20-0.30 33.0 30.0 63.2 67.3 68.2 65.8 71.7

NF: native forest; OR: old reforestation; YR: young reforestation; MP: well-managed pasture; SF: subsistence
farming; DP: degraded pasture; BS: bare soil.
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Figure 5. Flowchart summarizing the methodology used in this study.

Soil sampling for C content measurements occurred in April 2016. Three composite
samples per LULC treatment were collected at depths 0-0.05 m, 0.05-0.10 m, 0.10-0.20 m,
and 0.20-0.30 m (Figure 4). The soil samples were air dried, mixed, and sieved through a
2 mm mesh. The total organic C (TOC) was determined by wet oxidation methodology [53].
To compare treatments, C stocked in 0-0.30 m was computed as the weighed sum of C
stocked in each of the four sampled soil depths. Bulk density (Bd) values were used to
convert C contents to mass per soil area within each soil depth (Equation (1)). Due to the
size of the volumetric rings used to measure Bd (Table 2), the corresponding value of Bd at
depth 0.0-0.10 m was used to compute C stocks at depths 0-0.05 m and 0.05-0.10.

Cstocks (Mgha™')=TOC (gkg™") x Bd (Mgm™?) x Soil depth (cm) x 0.1 (1)

Labile C (LC) contents were determined using 50 g soil samples (<2 mm). Each sample
was dispersed with 200 mL of 0.1 mol L~! NaOH and shaken for 16 h. The soil suspension
was poured over a 53 um mesh under a flow of distilled water to ensure separation.
All material retained in the 53 um mesh was considered particulate organic matter [28].
Samples were oven-dried at 60 °C and the amount of soil organic carbon, assumed to be
LC, was quantified by wet oxidation method [53]. TOC and LC contents of each LULC
treatment were used to compute the C Management Index (CMI), using either NF or DP as
reference treatments (Equation (2)), C Pool Index (CPI) (Equation (3)), the Lability Index
(LI) (Equation (4)), and the C Lability (L) (Equation (5)) [32]:

CMI = CPI x LI x 100 @)

where:
CPI = TOCLULC treatment/ TOCreference (3)
LI = LLULC treatment/ Lreference (4)

L =LC/(TOC — LC) ®)
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2.4. Statistical Analysis

The statistical analyses were performed considering a completely randomized de-
sign. Treatment effects, within each soil depth, were analyzed using analysis of variance
(ANOVA), and mean comparisons consisted of the Scott-Knott test (p < 0.05), using the R
environment [54].

3. Results and Discussion
3.1. Effects of Reforestation Age and Land Use Changes on Total Soil Organic Carbon

The results showed a general trend of decreasing total organic C (TOC) content with
soil depth. This trend is in accordance with what other authors have reported [23,24,55].
The TOC contents in the OR treatment did not significantly differ from those measured in
the NF treatment and were consistently part of the same statistical group (Figure 6). Signifi-
cant differences in TOC values were, however, computed for other land use/land cover
treatments, with BS showing the lowest C accumulation. These results demonstrate that af-
ter eight years of reforestation using native vegetation species, it is possible to significantly
increase soil organic C contents. These findings are consistent with those of Shao et al. [56],
who observed a significant accumulation of TOC across a reforestation chronosequence.

Total organic C (gkg )

0 3 10 13 20 23 30
| | | | |
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o
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d
| a
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= a
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Figure 6. Total organic carbon (TOC) contents in an Ultisol submitted to different Land Use/Land
Cover treatments in the Posses sub-basin, Minas Gerais, Brazil. Different letters depict significant
differences among treatments within each soil depth according to the Scott-Knott test (p < 0.05).
NF: native forest; OR: old reforestation; YR: young reforestation; MP: well-managed pasture; SF:
subsistence farming; DP: degraded pasture; BS: bare soil.
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The contents of TOC in the topsoil layer of YR were the greatest. However, at depths
below 10 cm, TOC contents were significantly lower than OR and NF (Figure 6). This may
have been due to a high production of aerial dry matter, which accumulates at the soil
surface and is more susceptible to being incorporated into soil organic matter (SOM). It is
important to note that these results also take into account the effect of the biomass added
by the remnants of grass desiccated during set-up (Table 1). Given the early stages of tree
development, these remnants of grass are likely to be the main source of organic residues.
Depending on the quality of this SOM, it can be quickly decomposed—as with materials
rich in labile C (discussed in the next section)—and therefore not contribute significantly to
increasing soil C stocks (Figure 7). After 2.5 years of reforestation over degraded pasture
(i.e., YR treatment), the TOC accumulation was significant in the topsoil layer; however
the overall soil C stock was statistically lower than NF and OR (Figure 7). As observed
by Primieri et al. [57], soil C contents naturally vary with the amount of organic material
deposited in the soil and its rate of decomposition. This leads to significant variations in the
biomass deposited on forest soils. In plots where vegetation was already well established,
such as NF, biomass deposition tended to be more stable, and soil C increments were less
variable over time considering different age of reforestation. Therefore, reforestation of
degraded pasture areas can significantly increase TOC contents, after eight years, even at
depths > 0.10 m, and consequently the C stocks. These results support both hypotheses
that continuous deposition of organic inputs increases soil organic carbon [3], and that
below-ground roots contribute to the accumulation of carbon in soil, especially in deeper
layers [58,59]. Roots typically have a higher conversion rate of carbon added to the soil
organic pool compared to above-ground biomass [60,61], and thus are considered the main
source of organic matter input into the deepest soil layers [62].

75

60 1 — [

45 — ¢ ¢

30 -

15 -

Carbon stocks (Mg ha™!)

O T T T LI L
NF OR YR MP SF DP BS

Land Use/Land Cover Treatment

Figure 7. Soil C stocks in a 0.0 to 0.3 m Ultisol profile submitted to different Land Use/Land Cover
treatments in the Posses sub-basin, Minas Gerais, Brazil. Different letters depict significant differences
among treatments according to the Scott-Knott test (p < 0.05). NF: native forest; OR: old reforestation;
YR: young reforestation; MP: well-managed pasture; SF: subsistence farming; DP: degraded pasture;
BS: bare soil.

C stocks in the top 0.30 m of the soil profile were 51 Mg ha~! and 61 Mg ha~! for
treatments YR and OR, respectively (Figure 7). These values represent 21% and 51% greater
C stocked as compared to the degraded pasture (DP) treatment, over which the reforesta-
tions were established 2.5 years and 8 years, respectively, before C contents measurements
occurred. The increases of C stocks in YR (4.3 Mg ha=! yr~!) and OR (2.6 Mg ha~! yr1)
were higher than those reported by Mello et al. [63], who recorded values ranging from 0 to
1.63 Mg ha~! yr~! of C accumulated within the top 0.20 m of the soil in studies conducted
in the same Brazilian biome (i.e., Atlantic Forest). Thus, results showed that a new stage of
C equilibrium -within the top 0.30 m of the soil profile- can be achieved after 8 years of
reforestation of degraded soils utilizing native forest species.



Sustainability 2023, 15, 6863

10 of 17

Moreover, differences in TOC contents among degraded (DP) and well-managed (MP)
pasture treatments were not observed at any soil depth, while they were significantly lower
than NF except for depth 0.05-0.10 m (Figure 6). This can be a result of the removal of
biomass by grazing (MP) and burning (DP), as described in Table 1. Removal of biomass can
drastically decrease the amount of C to be incorporated as soil organic matter [64,65]. These
results are consistent with the findings of Souza et al. [66], who reported large losses of C
(about 33 Mg ha~! yr~!) due to intensive grazing. Conversely, high TOC contents measured
at 0.05-0.10 m (MP and DP statistically equal to NF) can be associated to the abundant and
aggressive radicular systems of grasses. Grass root residues may become mineralized as soil
organic carbon physically protected inside stable aggregates [31,67], since these treatments
were not plowed. Furthermore, C stocks in MP (0-0.3 m) were higher than in DP (Figure 7),
associated to a C storage rate of 2.1 Mg ha~! yr~! for MP (10% higher than the measured
C storage rate of DP). Therefore, adequate management practices of pasture areas (e.g.,
mineral fertilization) can promote C storage [3,11,65]. Carvalho et al. [18] found similar
C sequestration rates of 2.7 Mg ha~! yr~! in soils under degraded pastures converted to
well-managed pasture within the Atlantic Forest biome, and 2.7 to 6.0 Mg ha=! yr~! in
soils under well-managed pasture systems within the Amazon Forest biome.

Regarding the conversion of DP to either SF or BS, there were significant differences in
TOC contents among treatments in depths 0.05-0.20 m (SF < DP) and 0-0.20 m (BS < DP).
These results confirm that the conversion of pastures, even degraded ones, to cropland
leads to a decrease in TOC. Although incorporation of plant residues in soil after harvest
was performed in SF, TOC content within the topsoil layer (Figure 6), and C stocks (Figure 7)
were significantly lower than other treatments, except for DP and BS.

Considering that approximately 936 ha (78%) of the Posses sub-basin is under a
LULC of degraded pasture, achievement of the objectives of the ABC Program [38] and
the Brazilian PES [39,40] program is subject to the recovery of soil ecosystem functions
under degraded pastures. If adequate management practices of grazing areas occurred
(i-e., conversion from DP to MP), C stock rates of 1966 Mg yr~! in this sub-basin could be
expected. Well-managed pasture areas can store even more C in soils than areas under
native forest [68,69], providing additional benefits associated with improved ecosystem
functions (e.g., soil and water quality), and consequently reducing greenhouse gas emis-
sions [3]. Thus, adequate fertilization of DP areas can be an immediate option for recovering
ecosystem functions, as soils under conservationist management can promote high C se-
questration rates in a short period [18]. However, we must stress the importance of restoring
and maintaining native vegetation areas. Overall, these LULC treatments (OR and NF)
presented the highest C stocks in an Ultisol at the Posses sub-basin (Figure 7).

Based on an ecosystem services approach and considering that Ultisols at the Posses
sub-basin are highly suitable for grasslands [70], our results regarding the potential for C
sequestration in each system can serve as reference values for calculating payments for
environmental services (i.e., C storage is directly related to concomitant soil ecosystem
services). The valuation strategy could consider plant growth rate, plant height, number of
plants per area, or any other relevant factors that various stakeholders consider useful for
the decision-making and planning processes.

3.2. Effects of Reforestation Age and LULC Changes on Soil Carbon Quality

The quality of soil organic matter (SOM) can be associated with the portion of readily
available carbon for microorganisms to decompose, i.e., labile carbon (LC). Results of
LC contents across different LULC treatments are presented in Table 4. LC proved to be
more effective in distinguishing the LULC treatments than TOC contents and C stocks.
This outcome aligns well with earlier research that highlights the high sensitivity of LC to
changes in LULC, even over a short period of time [30,71]. Thus, the results of this study
lend further support to the notion that LC is a valuable indicator of soil quality and may be
a useful tool for evaluating the impact of LULC changes on soil health.
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Table 4. Labile carbon (LC) contents at different depths in an Ultisol submitted to different Land
Use/Land Cover (LULC) treatments in the Posses sub-basin, Minas Gerais, Brazil.

LULC Soil Depth (m)
Treatment 0-0.05 0.05-0.10 0.10-0.20 0.20-0.30
Labile C (g kg=1)

NF 243 a 2.15 a 1.74 a 1.03 a
OR 2.56 a 1.68 b 1.10 b 0.94 a
YR 248 a 1.46 b 1.07 b 1.02 a
MP 1.41 b 1.61 b 1.07 b 0.55 b
SF 0.48 d 0.69 c 0.53 c 0.33 c
DP 0.92 c 1.37 b 0.60 c 0.64 b
BS 0.31 d 0.44 c 0.28 d 0.22 c

CV (%) 16.9 15.8 9.7 19.1

Different letters indicate significant differences among treatments within each soil depth according to the Scott-
Knott test (p < 0.05). NF: native forest; OR: old reforestation; YR: young reforestation; MP: well-managed pasture;
SF: subsistence farming; DP: degraded pasture; BS: bare soil).

Ecosystem functions associated to C flows within the water-soil-plant system (e.g.,
biological activity, water and nutrient availability, aggregate structure and stability) require
an adequate amount of soil LC to ensure provision of various soil ecosystem services. LC
contents at different soil depths of treatment of NF is probably the best representation
of an adequate amount of LC (Table 4). In sequence, LC contents of treatments OR, YR,
MP, DP, SF and BS followed. The worst-case scenario was found under treatment BS
which involved plowing and continuous deterioration under subtropic climatic conditions.
Our findings were consistent with those reported by Carter et al. [72]. They found that
soils under pasture and forest LULC had higher levels of LC as compared to arable soils.
The continuous input of above and below-ground biomass and the improvement of soil
aggregation that provides physical protection to the SOC from fast decomposition are the
primary reasons for these findings [2,23,59,62]. Once organic matter saturates the bonding
surfaces of soil mineral colloids, additional C inputs must be stabilized, mainly in the LC
fraction [73-76]. These results indicate a high production of plant residues in treatments NF,
OR, and YR, together with a lower rate of decomposition and greater physical protection of
the SOC. The presence of higher levels of TOC (Figure 6) and C stocks (Figure 7) in the NF
and reforested treatments are likely to be associated to high LC contents as well [55,77].

Since LC is a fast-cycling fraction of organic carbon that responds rapidly to changes in
LULC [2,5,30], our results suggest that treatments that accumulated the least of LC were SF
and BS, in which almost all soil organic carbon is associated with soil minerals, as measured
by the difference between TOC and LC. However, low C stocks (Figure 7) and low biomass
yields (as confirmed by the low LC) in DP, SE, and BS indicate that soil under these LULC
are in an advanced stage of degradation, particularly in the upper soil layer (Table 4). The
lack of SOC replacement via plant residues in DP and BS, as well as soil plowing in SF and
BS, can further reduce soil quality over time, making soils more susceptible to external
impacts such as water erosion [72].

3.3. CMI Responses to Reforestation Age and LULC Changes

Weighted average values of total organic carbon (TOC) and labile carbon (LC) were
computed for the soil profile (0-0.30 m) to calculate C lability (L) (Table 5) and Carbon
Management Index (CMI) (Figure 8). C lability results indicated that LULC treatments
(NF > YR > OR = MP) in which soil conservation management practices are followed
presented high L values (>0.09). Conversely, degraded soil conditions are associated to
the lowest L values (<0.3) in LULC treatments DP and BS. These findings are consistent
with those presented by other studies in which the authors reported that soils under LULC
contributed the greatest with vegetative residues to soil organic carbon (SOC) present
high L values [55,77]. High L values indicate increased nutrient availability for plant
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growth and soil microbial activity, leading to improvements in soil aggregation, cation
exchange capacity, and soil pore distribution, among other ecosystem functions [75-79].
An intermediary condition was observed under treatment SE. Perhaps the frequency of soil
plowing accelerated the decomposition of stored SOC by oxidation after the breaking of
soil aggregates, thereby reducing the impact of organic inputs [23].

Table 5. Total Organic Carbon (TOC), Labile Carbon (LC), and Carbon Lability (L) in a 0-0.3 m Ultisol
profile submitted to different Land Use/Land Cover (LULC) treatments in the Posses sub-basin,
Minas Gerais, Brazil.

LULC Treatment TOC LC L (+SE)
gkg!
NF 17.91 1.84 0.11 (£0.019)
OR 18.11 1.57 0.09 (£0.004)
YR 16.09 1.51 0.10 (£0.003)
MP 14.20 1.16 0.09 (£0.011)
SF 11.83 0.88 0.08 (£0.004)
DP 13.68 0.51 0.04 (£0.010)
BS 10.62 0.31 0.03 (£0.002)

NF: native forest; OR: old reforestation; YR: young reforestation; MP: well-managed pasture; SF: subsistence
farming; DP: degraded pasture; BS: bare soil. Carbon Lability L = [LC/(TOC — LC)].

A OOR
OYR
oMP
B SF
B BS

B ——

—t—
——
=
0 50 100 150 200 250 300 350 400

CMI

Figure 8. Carbon Management Index (CMI) from a Southeastern Brazilian Ultisol under different
management systems using native forest (A) and degraded pasture (B) as reference treatments. OR:
old reforestation; YR: young reforestation; MP: well-managed pasture; SF: subsistence farming; BS:
bare soil.

CMI values computed using NF as reference treatment (Figure 8A) may suggest that
no positive effects were observed due to LULC treatments, since every CMI value was
<100 [32]. Although TOC seemed to be restored within eight years after converting a
degraded pasture area into a reforested area with native species (Figure 6), treatment OR
failed to achieve the C levels of NF (IMCogr,/NF < 100). This emphasizes the importance
of promoting the conservation of native forest areas in the sub-basin. Conversely, CMI
values computed using DP as reference treatment (Figure 8B) depict the outstanding effects
of reforestations.

Treatments OR and YR exhibited the highest values of CMI, followed by MP, which
confirms the positive impact of converting DP to better managed LULC treatments on soil
quality. These results also suggest that although YR had a greater annual input of plant
residues than OR (where L was YR > OR), the latter was more efficient in C recycling than
the former. According to Sahu et al. [8], high values of L indicate a predominance of C
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susceptible to decomposition by soil microorganisms (labile C). This supports the statement
that the soil under the treatment with the lowest L value (OR) has the highest C storage
capacity (most efficient SOC cycling). Nevertheless, the increase in CMI from YR to OR
indicates a tendency for C dynamics in reforestation to eventually match native forest con-
ditions, emphasizing the need for conservation practices that aim to bulk soil carbon while
ensuring a dynamic balance of this element in the environment. Contrarywise, the negative
effects of BS on SOC, and consequently soil quality, are evinced. Treatment SF is again in a
middle position regarding CMI, but it presents a trend towards decreasing soil quality as
compared to better-managed systems (e.g., MP, YR, and OR). These findings underscore the
importance of maintaining plant cover and correctly managing soil fertilization in pastures
to preserve soil quality [3,77], as well as the soil associated ecosystem functions that could
ensure the provision of relevant ecosystem services.

Comparing the results of CMI using different reference treatments highlights the
importance of selecting an appropriate reference system for CMI calculation to accurately
interpret the effects of LULC changes on soil quality. These findings are crucial because the
absence of native forests in a given area does not impede the calculation of CMI, and neither
does it prevent the use of this index as a tool to monitor LULC changes. Additionally,
the discussed results provide valuable insights regarding how to estimate the financial
return time based on the ecosystem services associated with the conversion of DP into a
well-managed LULC treatment such as MP or YR. The Posses sub-basin can still serve as a
testbed to assess the benefits of adopting a PES program, as well as studying the long-term
effects of LULC changes on a landscape scale.

4. Conclusions

The study investigated the effects of reforestation age and land use/land cover changes
on the dynamics of soil organic carbon. It was found that after eight years of reforestation
using native vegetation species, it is possible to significantly increase soil organic C contents.
Reforestation of degraded pasture areas can significantly increase TOC contents, even at
depths > 0.10 m, and consequently, the C stocks also. Moreover, it was observed that
removal of biomass by grazing and burning can drastically decrease the amount of C to be
incorporated as soil organic matter. Thus, adequate management practices of pasture areas,
conversion to reforested areas, and preservation of native forests can promote C storage.

Finally, usage of SOC parameters such as TOC, C lability, and CMI can serve as baseline
values for calculating payments for environmental services based on the ecosystem services
provided by a native forest (positive reference) or the absence of ecosystem services in a
degraded pasture (negative reference). Further research is recommended to assess what
valuation method of ecosystem services would be adequate for the local conditions of the
Posses sub-basin.
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