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Abstract

Grazing and silvopastoral systems represent effective strategies for enhancing soil organic carbon
(SOC) and total nitrogen (TN) availability in sodic soils. This study conducted a comprehensive
assessment over a 6-year period to evaluate alternative cattle production methods aimed at increasing
SOC and TN levels across various soil depths. Mineral-associated organic carbon (AOC) and particulate
organic carbon (POC) fractions were analyzed to elucidate the dynamics of SOC. The experimental plots,
totaling 9 hectares each, included pure pasture (PP), silvopastoral systems under tree canopy (SPS-UC),
and silvopastoral systems between tree canopies (SPS-BC), all cultivated with Chloris gayana cv Epica
INTA-Peman. Trees of Neltuma alba (syn. Prosopis alba) were planted in the silvopastoral area in 1998.
Statistical analyses focused on evaluating the impacts of these treatments, temporal effects, and their
interactions on SOC, POC, AOC, and TN across four measurement points. Significant differences were
observed in the distribution of SOC, POC, AOC, and TN between PP and SPS systems. Notably, SPS-BC
exhibited the lowest SOC and TN values. Both PP and SPS-UC showed increases in SOC within the top
50 cm of soil depth, primarily attributed to elevated AOC levels. These findings underscore the potential
of grazing and silvopastoral systems in increase soil fertility by increments in soil organic matter to
mitigate sodic soil limitations. Moreover, the study highlights the necessity for further research in
silvopastoral systems, with a high possibility in implementation for livestock production in Dry Chaco, to
investigate how different tree configurations influence SOC and TN dynamics in these soils.

1. Introduction

Soil salinization and alkalinization are significant threats to global soil resources and rank among the
most common processes of land degradation. Approximately 210 million hectares of soil worldwide are
classified as sodic or alkali (Levy and Shainberg 2005). In Argentina, saline and sodic conditions affect
about 8.5 million hectares, spanning both arid and semiarid environments. This makes Argentina the
country with the largest area of saline and sodic soil in South America, and the third largest globally,
following Russia and Australia. It is estimated that 53,139 hectares in Argentina are specifically
classified as sodic soils. The presence of sodium in these soils negatively impacts their infiltration
capacity, increases their susceptibility to water and wind erosion, and exposes more soil organic matter
to decomposition (Taleisnik and Lépez-Launestein 2011). Furthermore, there is documented evidence
showing that both salinization and sodification have occurred due to changes in land use and
deforestation in the Dry Chaco region of Argentina (Jobbagy et al. 2021; Maertens et al. 2022). For areas
with such soil limitations, which are prone to severe degradation, it is crucial to evaluate practices that
enhance production capacity while simultaneously improving soil conditions and reducing degradation
risks.

Sodic soils are marked by elevated pH levels throughout their profile, high exchangeable sodium content,
low organic matter, and sparse natural vegetation (Kaur et al. 2002). In these less fertile agricultural
regions, sustainable livestock production practices offer a viable alternative with notable environmental
and economic advantages (Singh 1995; Kaur et al. 2002). The introduction of perennial grasses,
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afforestation, agroforestry, and silvopastoral systems can enhance the biological, physical, and chemical
properties of sodic soils. These practices boost microbial activity, increase nitrogen availability, reduce
soil erosion, and promote the formation and sequestration of soil organic matter (Cardinael et al. 2017;
Godde et al. 2020; Fernandez et al. 2020).

Soil organic carbon (SOC) is crucial for maintaining soil resilience, supporting ecosystem services, and
mitigating climate change (Li et al. 2020). Increasing SOC stocks, or SOC sequestration, involves adding
soil organic matter (SOM), stabilizing SOM into long-lasting SOC pools, and conserving SOC by reducing
carbon loss pathways. Both aboveground and belowground biomass contribute to SOM, while microbial
interactions play a key role in either stabilizing SOM or causing its loss, as well as influencing
greenhouse gas emissions based on grazing and land management practices (Sarkar et al. 2020).

Quantifying both labile and recalcitrant SOC pools is crucial for understanding carbon storage,
stabilization, and retention mechanisms within the soil ecosystem (Zimmermann et al. 2007; Basak et al.
2021). The labile pool, characterized by shorter residence times and rapid oxidation, plays a significant
role in the soil food web, energy flow, and nutrient cycling. In contrast, the recalcitrant pool consists of
compounds that are physically and biochemically protected, decomposing slowly due to microbial
activity, thus having longer residency times and enhancing carbon sequestration (Zimmermann et al.
2007; Basak et al. 2021).

Gaining a deeper understanding of how different cattle production strategies impact sodic soils in the
Dry Chaco area, particularly regarding SOC and total nitrogen (tN) stocks and the dynamics of organic
carbon fractions, is vital for landowners. This knowledge is essential for the effective technical and
political implementation of sustainable land management practices. Furthermore, the insights generated
can inform the proper management of sodic soils to ensure sustainable cattle production strategies.

In this study, we evaluate the effects of different cattle production systems (silvopastoral vs. grazing) on
SOC and tN content at different soil depths in the Dry Chaco's sodic soils. We also assess whether these
management strategies influence SOC fractions, and thereby, the stability of SOC over time.

2. Material and Methods
2.1. Site

This study was conducted at the Animal Research Institute of Semiarid Chaco, located in Leales,
southeastern Tucumadn province, Argentina (27° 110 S and 65° 170 W, Fig. 1). The institute is situated in
the depressed saline plain area at an elevation of 335 meters above sea level. The region experiences a
subtropical sub-humid climate with a marked dry season from April to October. The mean annual
precipitation is 880 mm, concentrated mainly from October to March, and the mean annual temperature
ranges from 13°C in July to 25°C in January. The soil type falls under the Sub-group Fluvaquentic
Haplustolls of the Mollisols Order, according to the US Soil Taxonomy System (Soil Survey Staff 2014).
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The experiment was conducted in an 18-hectare field, with 9 hectares implemented as Silvopastoral
System (SPS) and the other remaining 9 hectares used as Grazing System (Pure Pasture - PP). The entire
area was cultivated with the African grass Chloris gayana cv Epica INTA-Peman in 2010. In the SPS,
Neltuma alba (syn. Prosopis alba) trees were planted in 1998, with an arrangement of 10 x 10 m that
resulted in a density of 100 trees/ha. Both systems were rotationally grazed by Braford heifers from June
of one year (average body weight of 160 kg) to March of the following year (average body weight of 280
kg), spanning a period of 10 months. During the winter and spring months (June to November), deferred
forage was utilized, supplemented with an energetic and proteic diet at a rate of 0.06% of body weight.
The length of stay in the paddocks during the winter period was determined based on forage availability.
In the summer period, the rotational grazing schedule was determined based on the accumulation of
growing degree days (GDD), with an optimal threshold of 400 GDD established for both systems
(Martinez Calsina et al. 2015).

2.2. Experimental design and soil samples

A completely randomized design was employed, with six paddocks established in each system. Soil
samples were collected at different depths: 0—20 cm, 20—50 cm, and 50—100 cm in March of 2011,
2013, 2015, and 2017. Six soil subsamples were collected per plot for each depth and combined to
obtain a composite sample for chemical determinations. The samples were air-dried and sieved through
a 2 mm mesh to separate plant material. Additionally, soil bulk density samples were taken at the same
times and depths using the cylinder method (Blake and Hartge, 1986). These samples were oven-dried at
105°C for 48 hours and weighed without coarse particles (> 2 mm). Bulk density (g cm~2) was calculated
as the ratio of the dry mass to the cylinder volume.

For the SPS, soil samples were taken at two sites: i) under the tree canopy and ii) in the equidistance of
four trees (i.e the site with less influence of trees). In consequence, the evaluated conditions
(treatments) were: 1) Pure pasture (PP), 2) Silvopastoral system under tree canopy (SPS-UC), and 3)
Silvopastoral system between tree canopies (SPS-BC).

2.3. Soil determinations

SOC and tN stocks were assessed in this study. SOC was determined using the wet oxidation method of
Walkley-Black (Nelson and Sommers 1982). Particulate organic carbon (POC) and mineral-associated
organic carbon (AOC) were determined by dispersion and sieving following the method of Cambardella
and Elliot (1992). The content of tN was determined using the Kjeldahl method (Bremmer and Mulvaney
1982).

To estimate SOC in tons per hectare, a volumetric conversion using bulk density and analyzed depth was
employed to determine the weight of the topsoil. The SOC content, expressed as a percentage, was then
converted to a measure of mass (Ellert and Bettany 1995). For the SPS plots, OC stocks were calculated
(Mg C ha-") by combining the SOC stocks under the tree canopy and between the tree canopies,
considering their respective relative surface areas (Cardinael et al. 2017).
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2.4. Statistical analyses

All graphics and statistical analyses were performed with R software version 4.2.2 (R Core Team 2022).
We assessed the effects of different conditions (treatment) on soil parameters at different soil depth
layers separately. The statistical analyses aimed to evaluate the significance of treatment, time, and their
interaction on SOC, POC, AOC, and tN over the four measurement periods (March 2011, 2013, 2015, and
2017).

A mixed-effects model was utilized, employing the 'Imer' function from the 'lme4' package in R (version
1.1, CRAN), with the following formula:

Imer(Soil indicator ~ Treatment * Time + (1 | EU), data = dataset_atdepthx)

Here, 'Soil indicator' represents the specific soil parameter being analyzed. A random effect for the
experimental unit (EU) was included to account for potential correlations within the data.

Finally, the overall stock of SOC and tN was compared before and after the complete experimental
period. We performed a one-way analysis of covariance (ANCOVA) to assess the impact of the
treatments (i.e., PP, SPS-UC, and SPS-BC). The dependent variable was the post-treatment content of soil
components (SOC or tN), measured at specific soil depths, with the covariate being the pre-treatment
assessment of the same variable.

3. Results

We fitted a linear mixed model using Restricted Maximum Likelihood estimation (REML) and the
nloptwrap optimizer to predict soil parameters based on Treatment and Time. The model was specified
as follows: Soil Parameter ~ Treatment * Time + (1|EU), where EU represents the experimental units
included as random effects. Soil parameters encompass measurements of SOC, its fractions POC and
AOC, and tN at various soil depths over multiple years. The estimates, confidence intervals, and p-values
for each fixed effect are summarized in Table 1. The model's intercept is reported alongside this section,
corresponding to the average score of responses for the PP treatment at the onset of the field
experiment measurements (i.e. Time = 0). Significance level was set at a = 0.05. Figure 1 represents the
scatterplots of data set with fixed-effects regression lines.

3.1. SOC and tN content at different depths

The fixed effects of the model demonstrated significant impacts on SOC measurements in the topsoil
layer (0-20 cm) (Fig. 14, top left). The model's overall explanatory power is substantial, with the portion

attributed to fixed effects alone (marginal R2) at 0.90. The model's intercept was 1.17 g 100 g~ ' soil
(95% CI[1.12,1.22]). Over time, SOC increased significantly for the baseline condition (beta =0.03 g 100

g'1 soily~ 1.95% CI1[0.02, 0.04]), showing no difference from the rate of change in SPS-UC. In contrast,
the interaction term SPS-BC:Time had an average value of -0.05 units compared to PP, representing a
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significant, steepest negative effect on SOC. This behavior can be also expressed in terms of average
rate of change in g C kg™ ! soil y™ .

Concerning tN (Fig. 1d, bottom left), the model's explanatory power related to fixed effects alone was
0.94, with an intercept at 0.09 g 100 g'1 soil (95% C1[0.09, 0.10]). Time demonstrated a statistically
significant positive effect (beta = 2.75e-03 g 100 g~ ' soil y™ '), fostering tN levels in both PP and SPS-UC
systems. However, the interaction term SPS-BC:Time had a contrasting negative impact (beta = -4.09e-

03 g 100 g~ ' soil y™ ') on the baseline condition, resulting in the lowest tN content at the end of the
experimental period.

At the intermediate soil layer (20—50 cm) for SOC, the model exhibited substantial explanatory power
(R2 =0.93). We observed significant differences in initial conditions between SPS-UC and SPS-BC
compared to PP, with average variations of 0.23 g 100 g™ ' soily"'and 0.17 g 100 g~ ' soil y ',
respectively. Time exhibited a positive, albeit more moderate, effect (beta=0.02 g 100 g~ ' soil y™ ).
Notably, the interactions of Treatment with Time revealed significant effects: SSP-UC demonstrated a
positive impact (beta =0.03 g 100 g~ ' soil y™ "), while SSP-BC exhibited a negative effect (beta = -0.03 g
100 g~ 'y~ 1) on SOC concentration, as compared to the slope fitted for PP (Fig. 1a, center). For tN, the
model's explanatory power related to the fixed effects alone (marginal R2) is 0.91. The model's intercept
is at 0.04 g 100 g~ " soil (95% CI [0.04, 0.05]). PP showed a consistent positive change over time (beta =
2.20e-03 g 100 g~ ' soil y™ 7). The interaction effects with Time were significant and varied for the other
treatments: SSP-UC:Time (beta = 1.65e-03 g 100 g~ ' soil y” ') indicated a strongest positive change,

whereas SPS-BC:Time (beta = -2.83e-03 g 100 g~ ! soil y~ ') demonstrated a negative change regarding
PP (Fig. 1d, center).

To deepest layer (50-100 cm), neither Treatment nor Time significantly influenced the measured
variables (SOC, POC, AOC, tN) based on the models fitted (Fig. 1a-e, right). For SOC, the linear mixed
model showed a marginal R2 of 0.13 and intercept at 0.31 g 100 g~ ! soil (95% CI [0.26, 0.36]). Regarding
POC, the marginal R2 was 0.26 and intercept at 0.12 g 100 g~ ' soil (95% CI [0.09, 0.14]). For AOC, the
model's marginal R2 was 0.10 and intercept at 0.20 g 100 g™ ' soil (95% CI [0.15, 0.24]). In the case of tN,
the marginal R2 was 0.07 and intercept at 0.02 g 100 g~ ' soil (95% CI [0.02, 0.03]).

3.2. Net change in SOC and tN stocks

We performed a one-way ANCOVA, examining the influence of the system (PP, SPS-UC, SPS-BC) on post-
treatment soil component content (SOC or tN) at a specific depth, using the pre-treatment assessment
as a covariate. A preliminary analysis examined the homogeneity-of-slopes assumption, checking if the
relationship between the covariate and the dependent variable differed significantly across various
combinations of soil components and depths. Results showed no significant differences in this
relationship based on the independent variable after comparison of nested models using the F test
(always P> 0.05). Figure 2 displays the results of separate ANCOVA analyses, examining the relationship
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between pre- and post-treatment concentrations of OC and tN at different soil depths. Each panel in the
figure corresponds to a distinct combination of soil depth and parameter, with data points representing
actual observations and lines depicting model fits. The presence of the dashed line, representing the
identity line, allows for the visual assessment of deviations. In the context of Fig. 2, if there is no
difference between pre and post values, one would expect the points to align along the identity line,
representing the scenario where x equals y.

Revisiting the previous point, ANCOVA was employed to examine outcomes associated with SOC and tN
concentrations, utilizing pre-treatment values and system as predictor variables. This analysis was
performed for each of the three soil depth layers. In the model for SOC at the topsoil layer (Fig. 2, upper
left panel), both the pre-treatment scores and the system were found to be significant (adjusted R2 =
0.96). Here, results highlight a direct but non-significant relationship between the pre- and post-treatment
(beta = 0.26, p = 0.25). The model indicated a significant positive effect of SPS-UC (beta=0.21g 100 g™’
soil, p = 0.027) and a significant negative effect of SPS-BC (beta =-0.19 g 100 g™ soil, p = 0.004)
compared to PP. Similarly, the impact of pre-treatment scores on post-treatment ones was found to be
non-significant (beta=0.17 g 100 g~ " soil, p = 0.57) in the model assessing SOC content at the
intermediate soil deep layer (adjusted R2 = 0.96). Here, the SPS-UC system demonstrated a significant
increase (beta=0.36 g 100 g~ soil, p = 4.3e-04) regarding PP. A comparable effect was also observed in
the model for SOC at the deepest soil layer (SPS-UC: beta =0.05 g 100 g~ ' soil, p = 6.3e-03). This last
model performed excellently well (adjusted R2 = 0.99) and retrieved a significant positive relationship
between pre- and post-treatment concentrations of SOC (beta =0.57, p = 1.5e-03).

In contrast to previous models, tN concentrations generally exhibit a negative yet non-significant
correlation between pre- and post-treatment observations (Fig. 2, right column). For the topsoil layer, the
ANCOVA model performed well (adjusted R2 = 0.97). The SPS-BC system had a significant positive

impact (beta = 0.03 g 100g soil’, p = 5.4e-03), while the SPS-EC system displayed a significant negative

effect (beta =-0.02 g 100g~ " soil, p = 4.1e-05) compared to PP. Moving on to the intermediate soil deep
layer, the ANCOVA model (adjusted R2 = 0.96) indicated the same trend of significant positive effect for

SPS-UC (beta = 0.03 g 100g soil’, p = 4.0e-4), and negative for SPS-BC (beta =-0.01 g 100g soil, p = 7.6e-
03). Finally, for the deepest soil layer, the ANCOVA model also performed well (adjusted R2 =0.91).
Again, SPS-UC displayed a significant positive effect (beta=0.01 g 100g soil’, p = 5.0e-04) whereas a
significant negative effect for the SPS-BC system (beta = -4.2e-03 g 100g soil’, p = 7.3e-03).

Between 2011 and 2017, throughout the duration of our experiment, the average SOC stock
accumulation showed notable variations (Fig. 2; Table 1).

3.3. SOC Dynamics: POC and AOC at different depths

For POC, the model revealed significant impacts of factors (Fig. 1b, left). Its total explanatory power was
substantial, with the portion related to fixed effects alone (marginal R2) at 0.48. The baseline scenario

scored an average of 0.63 g 100 g~ ' soil (95% CI [0.59, 0.69]), remaining stable over time. SPS-UC:Time
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(beta =-0.01 g 100 g~ " soil y™ ') and SPS-BC:Time (beta =-0.02 g 100 g~ ! soil y™ ') had statistically
significant negative effects. Regarding AOC (Fig. 1c, left), the model's explanatory power related to fixed
effects alone (marginal R2) was 0.93, with an intercept of 0.54 g 100 g™ ! soil (95% CI [0.50, 0.58]). AOC
increased significantly over time in the reference category PP (beta=0.02 g 100 g~ " soil y~ !, 95% CI
[0.01, 0.03]), similar to the effect observed in SPS-UC. In contrast, the rate of change for SPS-BC was
significantly lower than that of PP, with a difference of -0.03 units.

At 20-50 cm of soil depth, the model of POC demonstrated a strong explanatory power of 0.93. PP
exhibited consistent behavior over the years, while SPS-UC:Time showed a significant positive effect
(beta=0.03 g 100 g~ soil y_ ') and SPS-BC:Time exhibited a significant negative impact (beta =-0.01 g
100 g” ' soil y™ ") (Fig. 1b, center). For AOC, the model exhibited substantial explanatory power

(conditional R2 = 0.89). The model's intercept was found to be 0.25 g 100 g~ soil (95% CI [0.22, 0.28]). It
was observed that Treatment SPS-UC displayed a consistent positive trend over time, akin to PP,
indicating an increase of approximately 0.02 units per year. In contrast, the term SPS-BC:Time had a
significant negative effect (beta =-0.02 g 100 g~ ' soil y~ ), indicating no significant change over time in
comparison to the other treatments (Fig. 1c, center).

4. Discussion

The stratification patterns observed in SOC, POC, AOC, and tN distribution within grazing and
silvopastoral systems are attributed to increased inputs from aboveground and belowground sources,
root turnover, and reduced soil disturbance (Howlett et al. 2011; de Souza Almeida et al. 2021). During
the trial period, Silvopastoral Systems (SPS-UC and SPS-BC) showed the highest values of these
variables at soil depths of 0—-20 cm and 20-50 cm. This trend can be linked to the age and growth of
Neltuma alba (syn. Prosopis alba), planted in 1998, which by evaluation had matured over 14 years,
resulting in extensive aboveground and belowground development. The deeper, thicker roots facilitated
organic material incorporation into the soil (Valenzuela Que et al. 2022). Deep-rooted trees also
accessed soil nutrients, intercepted leached nutrients, promoted nutrient recycling (via litter and fine root
turnover), and enhanced nutrient use efficiency, contributing to system sustainability (Zhu et al. 2020;
Valenzuela Que et al. 2022). Additionally, native herbaceous species likely contributed residues to the
silvopastoral systems compared to tropical pasture (Chloris gayana cv Finecut), sown in 2010, a year
before initial sampling. Over subsequent years, increased litter deposition, root development, and
turnover contributed significantly to organic carbon dynamics (Battisti et al. 2018; de Abreu et al., 2020).
Systems with perennial pastures typically exhibit significant changes in organic matter during the first
three to five years after establishment, driven by root biomass and exudates supporting soil microbes
and organic matter formation (Sanford 2014).

Consistent with previous studies, the SPS-BC treatment showed the lowest SOC and tN values. This
could be due to soil C and N heterogeneity across distances from tree planting lines, and variations in
residue input quantity and quality (Upson et al. 2016; Guillot et al. 2019; de Abreu et al. 2020). Viruel et
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al. (2022) also found similar patterns in regional systems, linking differences between grass, tree rows,
and tree canopy to resource dynamics that create fertility islands and unique soil microenvironments
(Cubillos et al. 2016; Xu et al. 2017; Chandregowda et al. 2018). Microbial communities under tree
canopies regulate nutrient availability and facilitate soil processes, potentially influencing organic
material mineralization. Additionally, continuous grazing in tree rows (SPS-BC) may lead to mechanically
compacted clods that inadequately protect SOC, enhancing its mineralization from aggregates
(Kuzyakov 2002; Wiesmeier et al. 2012). Increased grazing pressure in grassy areas between trees could
further contribute to nutrient loss (Allington and Valone 2014; Magliano et al. 2017).

At depths of 50-100 cm, SPS-UC showed higher SOC and tN content, which remained stable across all
treatments over time. The elevated tN levels in SPS-UC at shallower depths could be attributed to
nitrogen-rich leaf deposition from Neltuma alba (syn. Prosopis alba), along with root recycling and
nodular nitrogen turnover from biological fixation (Burle et al. 2003; Banegas et al. 2019). The C:N ratio
values ranged from 11.9 to 13.7 across all depths and treatments (data not shown). Our findings
indicated a decreasing C:N ratio over time at depths of 0—20 cm and 20-50 cm, suggesting increased
carbon decomposition likely due to higher nitrogen inputs (Stevenson et al. 2023).

Understanding organic carbon fractions is crucial for elucidating organic matter formation and
stabilization dynamics (Villarino et al. 2021). In our study, the initial increase in SOC within the top 50 cm
of soil depth in SPS-UC and PP corresponded to gains in active organic carbon (AOC). Initially, at 0-20
cm depth, AOC comprised 45.6%, 55.6%, and 44.9% of SOC for PP, SPS-UC, and SPS-BC, respectively. By
the end of the evaluation, these proportions had increased to 51.1% for PP and 63.8% for SPS-UC, while
remaining constant at 46.1% for SPS-BC. Similarly, at 20—50 cm depth, these fractions were 48.7%,
46.7%, and 32% for PP, SPS-UC, and SPS-BC, respectively, increasing to 62.3%, 42.6%, and 38% by the
evaluation's end. Villarino et al. (2021) note that AOC persists relatively long in soil but requires
substantial nitrogen inputs for formation and has limited storage capacity. Under the tree canopy (SPS-
UC), the abundance of biomass inputs and nitrogen increase over time likely promote AOC formation,
thereby enhancing SOC content. Consistently, C4 et al. (2022) found that SOC sequestration in
silvopastoral systems is tied to organic matter inputs from litterfall, root exudation, and turnover beneath
tree canopies, fostering nutrient and organic matter accumulation and stimulating microbial activity.
Additionally, legume-grass associations in SPS-UC may alter litter carbon-to-nitrogen ratios, accelerating
decomposition rates, enhancing microbial activity efficiency, promoting nutrient cycling, and forming
more stable organic compounds (Cotrufo et al. 2013; Liang et al. 2017; Bai and Cotrufo 2022).

For PP, the observed increases in SOC can be attributed to several factors (Tonucci et al. 2011). Firstly,
grasses are known for their extensive root systems, which significantly contribute to soil carbon
accumulation. In grassland ecosystems, approximately 60% of net primary productivity is allocated
belowground (Bai and Cotrufo 2022). Banegas et al. (2020) reported root biomass values ranging from
14,747 to 15,408 kg ha™ ' in the upper 40 cm of soil under Chloris gayana cv Finecut. Fisher et al. (1994)
documented carbon sequestration rates by grasses ranging from 3to 14 Mg C ha™ 'y~ !, with 75% of this
carbon accumulating below 20 cm depth, where it is less susceptible to oxidation. Root carbon inputs
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are incorporated into SOC more effectively than aboveground inputs due to their chemical composition
and close interaction with soil microorganisms. On average, root carbon inputs exhibit a SOC
stabilization efficiency five times greater than aboveground carbon inputs (Bai and Cotrufo 2022).
Secondly, grass roots generally have faster turnover rates compared to tree roots (Fujisaka et al. 1998),
contributing to increased carbon accumulation in pasture soils (Tonucci et al. 2011). Some studies
suggest that plants allocating more carbon to roots play a crucial role in soil carbon sequestration,
particularly in the formation of active organic carbon (AOC) (Bai and Cotrufo 2022). Lastly, grassland-
derived soils are reported to have a higher potential for carbon stabilization, possibly because carbon
derived from pastures is rapidly associated with the fine soil fraction (Collins et al. 2000; Tonucci et al.
2011).

Conversely, the observed decline in SOC over time in SPS-BC was linked to decreases in particulate
organic carbon (POC) content in the top 50 cm of soil depth. POC forms through the fragmentation of
plant and microbial residues, consisting of lightweight fragments composed of large polymers. Its
presence in the soil is strongly influenced by residue quantity and decomposition rate (Carter et al. 1996;
Villarino et al. 2021; Bai and Cotrufo 2022). Consistent with this, SPS-BC exhibited lower grass
productivity and soil cover (data not shown), contributing to the decline in SOC observed.

Tree planting and silvopastoral systems are recognized as effective strategies for improving saline and
sodic soil conditions (Gupta et al. 2019; Sileshi et al. 2020). Introducing trees into vegetation
management in sodic areas offers several benefits. The deep root systems of trees contribute to
lowering the water table by absorbing water deeply, aiding in the gradual leaching of salts from the
topsoil. Combining trees with pasture enhances carbon input and promotes microbial activity, facilitating
the accumulation of soil organic carbon. Our study in the Dry Chaco region, which faces natural sodicity
and salinity limitations exacerbated by human activities like deforestation and inefficient water
management, consistently showed these beneficial effects. Implementing silvopastoral systems with
Neltuma alba (syn. Prosopis alba) emerges as a promising approach to restore and mitigate one of the
region's primary land degradation processes.

5. Conclusion

This study highlights the significant potential of grazing and silvopastoral systems for SOC and tN
sequestration within the 100 cm soil profile in sodic soils of Dry Chaco. The accumulation predominantly
occurred within the first 50 cm of soil in both systems. However, the distribution of SOC and tN in
silvopastoral systems varied based on the sample site, emphasizing the importance of site-specific
factors in influencing carbon and nitrogen dynamics. These findings underscore the potential of grazing
and silvopastoral systems to enhance soil fertility by increasing soil organic matter, thereby mitigating
the limitations of sodic soil. Moreover, the study highlights the need for further research into
silvopastoral for implementation in livestock production in the Dry Chaco. This research should focus on
how different tree configurations influence soil organic (SOC) and total Nitrogen (tN) dynamics,
ultimately improving land management practices for carbon and nitrogen sequestration in sodic soils.
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Figure 1

Scatterplots with fixed-effects regression lines. Panels are organized by soil components (rows) and soil
depths (columns). Lines and points of identical colors represent corresponding experimental systems.
PP: Pure Pasture; SPS-UC: Silvopastoral System Under Tree Canopy; SPS-BC: Silvopastoral System
Between Tree Canopies.

Page 16/18



1.6 / o =

[ ]
L 0.12
14
o® ......o
13| o 0.10
@
1.2 o %
% 1.1 2 o
@ 11 12 13 14 15 16 009 010 011 0.2
(@))
..E) 1.0 .——"’._' 0.08 ® e Treatments
[
2 09 0.07 - PP
8 o8 o6 -e= SPS-UC
— . # ®
& o7 5 = SPS-BC
£ o 0.05 o
o 06", ez | %
T 0.5 0.6 0.7 0.045 0.050 0.055 0.060 0.065
wn
o
a =] 0.035 °
0.40 / o ~—
0.030
0.35 ®
P &
0.30 / 0.025
(3 .00
—
0.25 o 0.020 |oe

025 030 035 040 045 0.02 0.03 0.04
Pre—treatment content (g/100g soil)

Figure 2

Relationship between pre- and post-treatment concentrations of soil parameters across various soil
depths. Outcomes of ANCOVA analysis segmented by soil components (Soil organic carbon to the left,
total nitrogen to the right) and the three levels of soil depth. Data points depict actual observations, while
lines represent the fits provided by the ANCOVA model. The dashed line indicates the identity line.
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Different treatments are distinguished by color. PP: Pure Pasture; SPS-UC: Silvopastoral System Under
Tree Canopy; SPS-BC: Silvopastoral System Between Tree Canopies.

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e TableTMainmanuscriptBanegasetal.xIsx

Page 18/18


https://assets-eu.researchsquare.com/files/rs-4888294/v1/e5373a6202d35798d6b5e638.xlsx

