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Abstract Research evaluating the impact of sil-
vopastoral systems on physical and biological prop-
erties of Amazonian soils is scarce. Thus, this study
aimed to compare the soil carbon storage potential
and physical and chemical soil properties of silvopas-
toral systems (SPS) and conventional pastoral sys-
tems (CPS) in the San Martin region of Peru. Using
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the Walkley and Black method, we analyzed soil
organic matter at two different depths (0—15 cm and
15-30 cm). In addition, bulk density, soil moisture,
total porosity, and mechanical resistance were meas-
ured in both systems. The highest (P <0.05) carbon
stocks were reported at 0—15 cm of depth with val-
ues of 31.4 Mg ha™! and 34.4 Mg ha™' for CPS and
SPS, respectively. At 15-30 cm depth, the total car-
bon stock was higher for SPS, with 29.12 Mg ha™!,
than for CPS, which had 26.4 Mg ha~'. Despite the
absence of statistically significant differences, soil
carbon stocks were higher in SPS. No significant
differences in soil moisture were found between sys-
tems, although soil moisture was slightly greater in
SPS than CPS (28 and 25%, respectively). The CPS
had 59% of the total porosity, which was higher than
the SPS. Mechanical resistance was lower in SPS
(2.15 kg/cm?) than in CPS (2.33 kg/cm?) at 10 cm of
depth. These results indicated that the SPS has the
potential to store more carbon and improve physical
and chemical traits in the soil than the CPS.

Keywords Pasture - Silvopasture - Soil carbon -
Cattle
Introduction

The growing human population and subsequent
demand for agricultural products has accelerated
land use change and degradation (Borrelli et al.
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«Fig. 1 Location map of soil collection points in Cufiumbuqui
district. The orange dots next to the letters represent the col-
lection points. The black area on the map represents the San
Martin region of Peru, while the white dots within this area
indicate the specific study zone. (Color figure online)

2017; Winkler et al. 2021). It is estimated that at
least 70 Mkm?, or>50% of the Earth’s ice-free land
area (Hooke and Martin-Duque JF 2012), have been
directly modified by humans. Degraded lands, or
those in which deteriorating soil properties impact
function, comprise approximately 24% of the global
land area (35 Mkm?, Smith et al. 2016).

In the Peruvian Amazon, there are 9.6 million
deforested hectares, of which only 1.9 million are
used for agriculture and livestock production. The
rest is underutilized, abandoned, and degraded with
depleted soil carbon stocks. In addition, lands in agri-
cultural production produce one-third to one-half of
what they could produce if they were well managed
(Dourojeanni 2022).

The IV National Agricultural Census in Peru doc-
umented 358,270.00 ha in pasture for livestock pro-
duction (INEI 2012). Overstocking and overgrazing
are common challenges in these areas. In addition,
Amazonian cattle ranchers lack access to appropriate
cattle breeds, technologies, and pasture management
plans (Basilio and Malpartida 2022). All this causes
the pastures to deteriorate rapidly, accelerating soil
degradation processes (Alegre et al. 2019; Douro-
jeanni 2022).

Environmental, geological, and biotic factors such
as the composition and density of plant and animal
species (Fernandez et al. 2013) have a direct influ-
ence on soil carbon reserves (Vesterdal et al. 2013).
Anthropogenic activities have a significant effect on
the rate of change in soil organic carbon (SOC) stock
(Don et al. 2011), and land use conversion is a sig-
nificant factor in the change of SOC stock and global
CO, emissions (IPCC 2014). Del Galdo et al. (2003)
demonstrated that soils from annual agricultural crop-
lands had 48% lower SOC content in the 10 cm soil
layer compared to soils on lands that had been con-
verted from annual cropland to permanent grassland
or following afforestation.

Silvopastoral systems (SPS) are an alternative land
use practice that integrates agricultural production
with provisioning of ecosystem services, including
carbon sequestration (Contreras-Santos et al. 2020).

These systems reduce soil degradation through the
incorporation of organic matter from cattle manure
and plant litter that accumulates on the soil surface,
improving the soil as a carbon sink (Alegre et al.
2019). In addition, SPS improve the nutritive qual-
ity of the pasture, reducing enteric methane emis-
sions from cattle and allowing natural regeneration in
degraded areas (Ibrahim et al. 2007).

The San Martin Amazon region has 70,000 hec-
tares of pasture, affirming the great potential of the
region for pasture livestock production. However,
this activity has generated a high rate of deforesta-
tion. Therefore, the implementation of SPS has been
a production option under an integrated management
system that is socially, ecologically, and economically
sustainable (Roque-Alcarraz et al. 2022).

Aligned with appropriate management practices,
the tree, shrub, and herbaceous component of SPS
can result in increased contributions of biomass and
soil cover, which promotes nutrient cycling, biologi-
cal activity, C sequestration, and soil storage (Olaya-
Montes et al. 2020). Increasing SOC fostered by plant
biomass (above and below ground) can improve the
physical properties and processes of the soil (Vazquez
et al. 2020), thereby promoting the growth of plants
that might otherwise be restricted by compaction
caused by animal trampling (Batista et al. 2019).

When conventional pastoral systems (CPS), are
converted to SPS, the physical characteristics of the
soil may improve (Polanfa-Hincapié et al. 2021).
Soil bulk density decreases and organic matter
increases due to the decomposition of the litter and
the intense root turnover (Junior et al. 2014), subse-
quently minimizing soil compaction (Martinkoski
et al. 2017).

In the Amazonian region, few studies have evalu-
ated carbon stocks and soil properties in SPS. There-
fore, this study had two objectives: (1) to determine
the soil carbon stock potential, and physical and
chemical soil properties of conventional pastoral sys-
tems (CPS) compared with SPS at two depths in the
San Martin region; and (2) to evaluate the potential
of SPS for generating ecosystem services, such as
carbon sequestration, while sustaining agricultural
production.
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Materials and methods
Site and systems description

The experiment was conducted on 22 farms located
in the district of Cufiumbuqui, in the region of San
Martin, Peru (Fig. 1). This district is 200 m above sea
level and has seasonal temperatures, relative humid-
ity, and rainfall monthly (average of dry and wet
rainy season) of 27.5 °C, 73.5%, 42 mm, respectively
(Fig. 2). In addition, the district of Cufiumbuqui in
the San Martin region is characterized by a tropical
climate of rainy, semi-warm, and humid savannah,
classified as a tropical dry forest ecosystem (Hold-
ridge 1967). The data were collected in the dry sea-
son (July 2022).

Twenty-two farms (11 CPS and 11 SPS) were ran-
domly selected from a pre-selection list of 72 farms
from Cufiumbuqui that had been categorized follow-
ing site visits. The criterion for defining CPS was the
presence of pastures as a monoculture, with less than
15% tree cover, and SPS were pastures with tree and
shrub cover exceeding 15% of the area devoted to cat-
tle production.

Both livestock systems shared characteristics,
including herd genotype, a cross of the Gyr breed
with Holstein, Jersey, Brown Swiss, and Brahman,
among others; the Brachiaria brizantha grass varie-
ties Marandd, Xaraés, and Mulato were the primary
forage source. The principal tree species identified
in the SPS were Cecropia membranacea, Vochysia
vismiifolia, Ceratonia siliqua, Manilkara bidentata,
Juniperus thurifera, and Macrolobium acaciaefolium,
with Gliricidia sepium and Erythrina poeppigiana

representing the principal shrubs. A small number of
dispersed trees, including Inga edulis, Guazuma ulmi-
folia, and Barbeyana cogniaux, were identified in the
CPS.

Assessment of the soil physical and chemical
properties

In both systems studied, the physical soil properties
were analyzed. The soil analysis methods used are
outlined in Table 1. The physical properties included
bulk density (g/cm3), soil texture, moisture content
(%), total porosity (%), and mechanical resistance
(kg/cm2). Carbon stocks (t/ha) were determined by
the Walkley and Black method. Soil organic matter
fractionation was determined by extraction in alka-
line medium and then separation in acid medium of
labile sources (fulvic and humic acid) and recalcitrant
(humins) (McLauchlan and Hobbie 2004). These
parameters were analyzed at the Soil, Plant, and
Water Analysis Laboratory of the La Molina National
Agrarian University (UNALM) in Lima, Peru.

Source: Bazan (2017)

At each soil collection point (Fig. 2), four soil sam-
ples were extracted from two pits, two at 0—15 cm and
the two others at 15-30 cm deep. Soil samples were
collected randomly under the treetops, while in oth-
ers areas were collected in open fields. Bulk density,
mechanical resistance of the soil, and other chemi-
cal properties listed in Table 1 were analyzed at each
sampling site for each depth. The soil degradation or
enhancement status was evaluated based on the differ-
ences in C stocks.
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Table 1 Methodologies for soil physical and chemical analysis

Indicators Methods

Physical

Soil texture
2004).

Bulk density (g/cm?®)

% sand, silt, and clay—Through a granulometric analysis (Rucks et al.

Using cylinders of known volume to extract undisturbed soil. Twenty-

four hours of stove drying at 105 °C to measure dry soil and % of soil

moisture.

Total Porosity (%)

Mechanical Resistance (kg/ cm?)
Chemical

Organic matter (OM) in %

Calculated with bulk density and particle density (2.65 g/cm®)
Pocket soil penetrometer

Walkley and Black method (Walkley and Black 1934). The carbon content

was obtained by dividing OM by the humification factor of 1.724.

Fractionation of organic matter in humic, fulvic, and
humin acids to determine the quality of organic
sources.

Extraction in alkaline medium and then separation in acid medium of labile
(fulvic and humic acid) and recalcitrant (humins) sources (McLauchlan
and Hobbie 2004)

Using a metal cylinder with a known volume
of 100 cm?, two samples were obtained from each
horizon of the soil profile to determine the bulk
density (BD, g/cm®, Nachtergaele et al. 2023). Wet
weights of soils were recorded before it has been
dried in an oven for 48 h at 105 °C; after this pro-
cedure, dry weights were recorded. Finally, the BD
was calculated by dividing the data for the dry soil
mass by the cylinder’s volume.

The mechanical resistance (MR, kg/cmz) was
measured using a manual pocket penetrometer at
six intervals ranging from 5 to 30 cm deep of soil
surface according methodology described by Dane
and Top (2002). The soil moisture (H, %) of the
same sample used for BD was assessed using the
gravimetric approach (Porta et al. 2003). Soil car-
bon content was obtained by dividing the organic
matter content by the humification factor of 1.724
(Walkley and Black 1934) and calculated with the
bulk density and depth sampled and expressed in t
C ha™! for each of the two depths.

Additionally, the chemical fractionation of
organic matter was done by sequentially separat-
ing humic substances based on how well they dis-
solved in acidic and alkaline media. This proce-
dure allowed the quantification of the carbon in
humic acids (CAH), fulvic acids, and non-humic
substances (CNH+FAF), using the methodology
described by Walkley and Black (1934).

Statistical design

A randomized complete block design with a facto-
rial 2 X2 arrangement was used. The SPS and CPS
were replicated eleven times (each farm represented
a replicate). The first factor was the livestock sys-
tem (SPS and CPS), and the second was the sam-
pling depth (0—15 cm and 15-30 cm). The data were
analyzed using PROC MIXED from SAS (SAS for
Windows V 9.4). Analysis of variance (ANOVA)
was applied to each of the evaluated parameters.
Means were compared using the SAS PDIFF pro-
cedure adjusted for Tukey’s test. Differences were
declared significant at P <0.05.

Results
Soil texture

There was no significant effect for soil texture at
0-15 cm in SPS and CPS. From 15-30 cm there
was a small but significant effect with sand and clay.
At this depth, the soil had greater percent clay in
the SPS than in the CPS, while the CPS had greater
percent sand than SPS (Table 2).

@ Springer
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Carbon stock in SPS and CPS

There were no significant differences between
SPS and CPS carbon reserves; however, independ-
ent of the system, the greatest carbon accumula-
tion was found at 0-15 cm depth with values of
32.9 Mg C ha™!. The average carbon content of the
SPS was 29.19 Mg C ha™! compared to 26.40 t C ha™!
for the CPS (Table 2).

Soil moisture and total porosity

No interaction was found between soil depth X live-
stock system (Table 2). Even though no significant
differences were found in moisture for each system
(P=0.4320) and depth (P=0.3356), a numerical dif-
ference was evident, being greater in the SPS than in
the CPS, at 0-15 and 15-30 cm depth (28 and 27%,
respectively).

There was no interaction (P> 0.05) between total
porosity and depth. However, total porosity was sig-
nificantly different between systems, and also signifi-
cantly different between the 0—15 cm and 15-30 cm
depths. Table 2 demonstrates that 58% of the pores
are located within the first 15 cm of soil surface,
which is greater (P <0.05) than the 56% estimated at
30 cm. The CPS had 59% of the total porosity, which
was greater (P <0.05) than the SPS.

Bulk density (BD)

Table 2 demonstrates that the soil bulk density was
greater (P <0.05) at 15-30 cm than at 0—15 cm depth.
The data demonstrates that the SPS soils had higher
BD levels (P <0.05) than CPS soils.

Organic matter (OM)

There were significant differences observed between
both systems within the 0-15 cm range. However,
during the 15-30 cm range, the CPS system dem-
onstrated greater concentration over the SPS system
(Table 2).

Chemical fractionation of OM
There was an interaction (P<0.05) between Sys-

tem X Depth for the humin percentages (Table 2).
The CPS at 15-30 cm has the maximum humin

concentration at 3.1%, surpassing the SPS at the same
depth and at 0-15 cm. There were no significant dif-
ferences between SPS and CPS for fulvic and humic
acids. The highest humic acid content (0.77%) was
found in the top 15 cm of soil, while fulvic acids were
found at 15-30 cm depth (Table 2).

Mechanical resistance

There was an interaction between System X Depth to
mechanical resistance as an indicator of soil com-
paction, shown in Fig. 3. The SPS exhibited a lower
mechanical resistance at 10 and 15 cm than the CPS.

Discussion

Agroforestry, including silvopasture, has been iden-
tified as an important land use strategy for increas-
ing soil and vegetation carbon stocks and mitigating
climate change (Chapman et al. 2020). Silvopastoral
systems can affect soil properties, increasing carbon
in soil organic matter (SOM) through litter decom-
position following leaf deposition. This turns more
stable the granulometric fractions (silt+clay) of soil
organic matter, confirming the importance of the silt
and clay fractions for the aggregation of SOM (Guar-
diola et al. 2017) and physical protection of soil C.
This effect was observed in our study, where SPS
improved the clay percentage in 15-30 cm depth. In
addition, according to de Souza Almeida et al. (2021)
the lower C retention in sand is influenced by soil
texture and the greater protective effect of the C by

P=0.0453
& 2354
E
2
Sn 2.30
I~
=
3 225
=
x
£ 2204
2 —e—CPS
—= 215
g - & =5PS
5 2.10
=
[}
§ 2.05
5 10 15 20 25 30
Depth (cm)

Fig. 3 Soil mechanical resistance (kg/crnz) in the soil of
two livestock systems. CPS=Conventional pastoral system,
SPS =Silvopastoral system. *Indicate interaction (P <0.05)
between livestock system and depth at the 5% level of signifi-
cance
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silt+clay. The lowest C content associated with sand
is found in SPS. Soils that store more carbon have a
more clayey silt texture and this is usually related to
the effect of SPS, which during its implementation
increased the C content of the soil by 7% in relation
to native vegetation (de Souza Almeida et al. 2021).

The contribution of SPS on soil carbon stock is
confirmed as well by Contreras-Santos et al. (2020)
who reported that SPS accumulate between 60.6 and
65.1 Mg ha™! of organic carbon in the soil, compared
to typical treeless grazing systems, which accumulate
just 28.3 Mg ha™! of C. Similarly, Rojas et al. (2009)
obtained values of 121.7 and 121.2 Mg ha™! of C
for silvopastoral systems with Pithecellobium saman
and Diphysa robinioides associated with B. brizan-
tha, respectively, in comparison to 87.7 Mg ha™! of
C for B. brizantha monoculture pasture. In this study,
although we did not observe a significant difference
in the soil carbon stock between systems, there is evi-
dence of a greater stock potential for the SPS. This
may be attributed to the decomposition of tree leaves
deposited in the soil, transforming over time into soil
aggregates that are distributed in the fractions of soil
organic matter.

A number of studies have documented a significant
improvement in soil carbon stocks in SPS compared
to CPS (Junior et al. 2014; Martinkoski et al. 2017,
Alegre et al. 2019; Contreras-Santos et al. 2020;
Polania-Hincapié et al. 2021; Roque-Alcarraz et al.
2022). In our study, no significant differences were
found in the carbon stock between systems, which
may be due to the presence of trees on farms cat-
egorized as CPS. Although tree cover was restricted
to less than 15% of the total area of the farm, this
minimal presence of trees could have increased the
levels of carbon in soil layers. This is confirmed by
Morales-Ruiz et al. (2021) who mentions that scat-
tered trees and SPS with defined tree arrangements
store more aboveground biomass and soil organic car-
bon than open pasturelands.

On the other hand, carbon varies greatly in soil
layers and this is associated with soil texture and
the roots of herbaceous, shrubby and tree plants.
This is confirmed by Rojas et al. (2009) who dem-
onstrated that the depth considerably influenced
the organic carbon content of the soil, with the first
20 cm in both silvopastoral and conventional sys-
tems having the highest organic carbon content.
On average, 55% of the soil’s total carbon is in the

@ Springer

top 20 cm, compared to 25% and 20% at depths of
20 to 40 cm and 40 to 60 cm, respectively. Vasquez
et al. (2020) discovered that at a depth of 0 to 15 cm,
it was substantially greater than at a depth of 15 to
30 cm; in the first depth (0-15 cm), averages ranged
from 108.85 to 76.73 Mg ha~! of C, while in the sec-
ond depth (15-30 cm), averages ranged from 40.20
to 24.57 Mg ha™! of C. According to Ibrahim et al.
(2007), soil carbon varies with depth and depends on
the type of soil, its organic matter content, and the
decomposition rate. The results obtained in this essay
concur with these findings.

The increased soil moisture in SPS reported in this
study is likely attributed to the function of tree shade
in preventing soil moisture loss (da Silva et al. 2021).
The low moisture obtained in both systems may be
due to the scant precipitation reported during the sea-
son of data collection (July, Fig. 1). Due to the high
likelihood of senescent material on the soil’s surface,
the moisture percentage was greater at the top 15 cm
than at 30 cm. In addition, Bucheli et al. (2013) note
that tree species composition influences soil moisture,
and the SPS had a different tree composition than the
CPS.

The SPS appeared to have more moisture than the
CPS, so it was anticipated that these sites would have
larger pores. However, the SPS exhibited smaller
pores. This is likely due to the fact that pore spaces
may be filled with water, making them inaccessible
for ventilation and soil moisture retention. In addi-
tion, certain soils have a denser, more compact struc-
ture that restricts the quantity of available pore space
Hao et al. (2007). This information correlates with
the higher apparent density and reduced total porosity
of the SPS studied.

In addition, according to Sanchez (2021), the low
bulk density values of the soil are influenced by high
moisture contents and senescent material, such as tree
leaf litter and pasture roots that accumulate in the
superficial layer. Furthermore, Donoso (1994), indi-
cates that pores with excellent drainage, aeration, and
water infiltration have low BD values. Similarly, our
results concur with Nachtergaele et al. (2023), which
recommends that soils have a BD between 1.1 and
1.2 g/cm®. Regardless of system type, the lowest BD
was discovered at depths between O and 15 cm, pos-
sibly due to the porous space, well-aerated soils, and
the accumulation of plant remains on the soil surface
(Alegre et al. 2017).
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According to Junet et al. (2013), soil organic C is
present between 20 and 100 cm deep. The soil organic
matter is a heterogeneous mixture of organic com-
pounds of various origins. Humins is the most stable
fraction of soil organic matter and is considered the
most resistant to microbial attack, as it is less active
than humic acids and has lost a portion of the reac-
tive groups (carboxyls and phenols) responsible for
ionic exchange and the formation of stable aggregates
(Conti and Giuffre 2011 as cited by Rios et al. 2016).
The low microbial biomass in CPS may not be suf-
ficient for humins degradation and carbon utilization.

The fraction of organic matter that is the most
stable contains humic acids. It is the fraction that
has the highest ionic exchange capacity and plays a
significant role in the formation of stable aggregates
by acting as a binder for the particles, and it is typi-
cally found in the top O to 15 cm of the soil, as in
this study. In contrast, fulvic acids have the lowest
molecular weight and the highest solubility; in gen-
eral, they contain a greater proportion of aliphatic
compounds than humic acids and humins (Rios et al.
2016). These characteristics make them more suscep-
tible to washing and loss via diffusion in the profile
following rain events. Fulvic acids are carried from
the most superficial layers to deeper layers, with the
deepest values found at a depth of 15 to 30 cm on
this study. While this investigation did not identify
any disparities in fulvic acid between the two sys-
tems, another investigation conducted by Loss et al.
(2014) observed that SPS had a positive impact on
the proportions of both fulvic acid and humic acid.
The effect can be linked to the accumulation of
organic matter from fallen leaves and the release of
organic compounds by grassroots into the soil, known
as rhizodeposition. The deposition of organic mate-
rial with a high carbon-to-nitrogen ratio promotes
the process of humidification of soil organic matter
(SOM) and subsequently leads to the accumulation
of organic matter in protected compartments, as noted
by da Silva et al. (2020) and Lima et al. (2008).

The first 10 to 15 cm of the SPS in this study
exhibited less mechanical resistance, most likely
due to the contribution of leaf litter, moisture, and
porous spaces. Between 20 and 30 cm, the mechani-
cal resistance of both systems is comparable. This is
likely due to soil moisture. Although the BD of the
CPS was lower than that of the SPS, compaction
typically results from an increase in BD due to the

pressure exerted by cattle, which can lead to degrada-
tion of soil structure by decreasing aggregate stability
(Sanchez 2021).

The classification criterion utilized for the SPS and
CPS was based on the proportion of tree cover inside
the livestock area, with a threshold of greater than
15% for SPS and less than 15% for CPS. The limited
statistical differences between the SPS and CPS sites
may be attributable to the existence of trees inside the
CPS, which can influence the levels of organic matter,
bulk density (BD), organic carbon, and mechanical
resistance through the shading impact exerted by the
scattered trees. This outcome aligns with expectations
for a SPS. This finding may indicate that even a lim-
ited presence of trees has the potential to modify the
physical properties of soil, facilitating the soil carbon
sequestration.

Conclusions

The carbon reserves in both the SPS and CPS live-
stock systems were found to be greatest at a soil depth
of 0-15 cm.

The SPS soils (1.19 g/cm3) had lower bulk den-
sity than the CPS (1.06 g/cm?) but lower mechanical
resistance in the upper soil layers (2.15 kg/cm?), pos-
sibly allowing for increased water storage.

The chemical fractions of organic matter have a
strong relationship with soil layers and fractions such
as humin are susceptible to the effects that livestock
systems can provide.

The absence of notable distinctions of carbon stock
and some physical and chemical soil traits among
systems may be attributed to soil heterogeneity within
sites and the influence of scattered trees in the CPS.
However, the numerical values among systems indi-
cated that the SPS has the potential to store more car-
bon and improve physical and chemical traits in the
soil than the CPS.

Despite not finding significant differences between
the CPS and SPS in soil carbon stocks, it was evident
that both systems can have an influence on the physi-
cal parameters of the soil, such as organic matter and
on the fractions of organic matter, bulk density, soil
texture, and mechanical resistance. The present study
demonstrated that SPS probably influences the per-
centage of clay in the soil and causes the soil to have
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lower mechanical resistance in the first layers of the
soil.
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