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Abstract

:

Pastures are of central importance in food production and provide multiple ecosystem services. The objective of this paper was to determine whether the intensification of pasture-based animal production systems, through practices such as fertilization and improved pasture species, has a higher capacity in the short-term (five years) to sequester carbon in the soil compared to (1) natural grassland without anthropogenic interactions, (2) natural grassland fertilized and overseeded with exotic species, and (3) annual pastures with frequent soil disturbance. The study assessed the organic carbon stock (OCS), total organic carbon (TOC), particle size, porosity, and density at different soil strata, as well as the root system and forage production. Forage dry matter (DM) production varied significantly with means ranging from 6615 to 13,000 kg ha–1 year–1 for natural grassland (NG) and permanent pasture (PP), respectively. Improved natural grassland (ING) and NG presented a higher density and root diameter than PP and annual pasture (AP). Forage systems significantly influenced soil porosity and density, with NG and ING showing lower soil densities and higher soil porosities. The OCS (0–100 cm) was similar between NG (270 Mg ha–1), ING (255 Mg ha–1), PP (274 Mg ha–1), and AP systems (256 Mg ha–1). Over a period of five years, the intensification of pasture-based animal production systems did not have a significant impact on OCS in the soils of a Brazilian subtropical highland.
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1. Introduction


Approximately one-third of the Earth’s surface is covered by grasslands [1], which have a significant impact on food production and the provision of ecosystem services such as aquifer protection, biodiversity preservation, tourism, and the regulation of biogeochemical cycles including nitrogen and carbon [2,3,4,5]. The scientific community has taken a keen interest in grasslands due to their potential as an important sink of atmospheric carbon. However, this function seems to be heavily dependent on the management practices applied to them [6].



Soils globally contain more carbon than the atmosphere (4000 Pg C vs. 740 Pg C), making them a critical component of the global carbon cycle and climate. Changes in soil carbon storage can significantly impact global warming potential and are influenced by both anthropogenic and nonanthropogenic factors [7,8,9,10]. The capacity of pasture soils to store carbon can be affected by soil management practices, fertilization, species diversity, the photosynthetic metabolism of plants, dry matter productivity, root systems, and defoliation regimes, among other anthropogenic factors. Nonanthropogenic factors, such as soil organic matter fractionation, altitude, and climate, also play a critical role in carbon sequestration [11,12].



The effective management of pasture environments can help mitigate global climate change. Intensifying animal production in pasture-based systems can lead to a favorable balance between emissions and soil carbon sequestration [6,7], since increasing soil pH [13] and applying fertilization [4] can enhance dry matter production, preserve soil structure, and result in a net positive balance between emissions and carbon sequestration [6,14].



This study hypothesized that the intensification of animal production systems based on permanent pastures has a greater potential, in the short-term, to increase carbon storage in the soil compared to natural pastures or those based on annual pastures. The objective was to determine whether the intensification of pasture-based animal production systems, through practices such as fertilization and improved pasture species, has a higher capacity in the short-term (five years) to sequester carbon in the soil compared to (1) natural grassland without anthropogenic interactions, (2) natural grassland fertilized and overseeded with exotic species, and (3) annual pastures with frequent soil disturbance.




2. Materials and Methods


The study was carried out between November 2019 and February 2021 at EPAGRI/Experimental Station, Lages, SC, Brazil (50.18° W, 27.47° S; 920 m altitude). The region has a humid mesothermal climate (Cfb) (Álvares et al., 2013), and the soil of the experimental area is classified as a typic aluminic humic Cambisol [15]. Figure 1 present the main climatic variables during the experimental period.



2.1. Experimental Treatments


The treatments consisted of four land use models for cattle farming (forage systems), each characterized by a progressive intensification process. Each forage system was replicated in four experimental units (EUs) ranging in size from 875 to 1800 m2. The grassland systems studied represented a gradient of increasing soil management intensification, as follows: (1) Natural grassland (NG), with no tillage and no fertilization for at least 40 years. The predominant species is Andropogon lateralis [16]; (2) Improved natural grassland (ING), under a no-till system, where the natural grassland was overseeded with Trifolium repens L., Festuca arundinacea Schreb., Lolium multiflorum Lam., Holcus lanatus L., with fertilization of nitrogen, phosphorus, and potassium (NPK) 9–32–12; 300 kg ha−1 applied in the summer and 200 kg ha−1 in the winter. Nitrogen fertilization was applied (400 kg ha−1 of urea) at the grass tillering stage during winter; (3) Permanent cultivated pasture (PP), under a no-till system, with an intercropping of Cynodon spp. and Trifolium repens and overseeding of Lolium multiflorum in the winter. Nitrogen fertilization of 400 kg ha−1 of urea was applied twice a year, NPK 9–32–12; 300 kg ha−1 in the summer and 200 kg ha−1 in the winter; (4) Annual-cultivated pasture (AP), in a conventional land-use system, with tillage before summer and winter sowing, where Pennisetum glaucum (L.) was seeded during the summer and L. multiflorum in the winter, with nitrogen fertilization (400 kg ha−1 of urea) applied twice a year, NPK 9–32–12; 300 kg ha−1 applied in the summer and 200 kg ha−1 in the winter.



The ING, PP, and AP systems were implemented in 2015, when the soil pH was corrected using dolomitic limestone to reach a base saturation of 70%. In the AP, one plowing, consisting of the turnover of the topsoil layer, and two harrowing practices were performed for every pasture sowing. Fertilization was performed on the same day, for the three managed systems (ING, PP, and AP), in each season. The grazing management in all pasture systems occurred similarly as described by [16,17].




2.2. Soil Assessment


Soil chemical attributes were evaluated at a depth of 0–10 cm and samples were collected on 17 January 2020 and 27 July 2020 (Table 1).



On 18 September 2020, trenches were dug to a depth of 100 cm to collect soil samples to analyze organic carbon content, density, porosity, and particle size. Two samples were taken from each system at depths in ranges of 0–5, 5–10, 10–20, 20–40, 40–60, and 60–100 cm per EU. The soil samples were prepared by dehydrating them in an oven at 60 °C, followed by grinding, sifting (using a 2 mm sieve), and removing any fragments of stems, stalks, and roots. The particle size composition was then determined using the pipette method, with a dispersion of 1 mol L−1 NaOH [18].



Soil samples were collected in duplicate at the center of each soil layer using steel rings with a height of 5 cm and an internal diameter of 6 cm [18]. Total porosity and microporosity were measured using the tension table method [18], while soil density was determined using the volumetric ring method [19]. Soil samples were prepared following the same methodology as the particle size analysis. The total organic carbon (TOC) content of three replicates of each soil layer was evaluated using acid digestion [20]. The total organic carbon stock (OCS) was then calculated by summing the carbon stocks per layer, computed as the equivalent soil mass, according to [21], with the soil mass of NG serving as a reference.




2.3. Pasture Assessments


For root evaluations, two 20 × 20 × 20 cm soil monoliths were taken per EU. The roots were separated from the soil by washing and then weighed and dried at room temperature in paper bags to determine the root weight (g m−2). Root length, diameter and volume were determined using a flatbed scanner specifically modified for root scanning (Epson Expression 10000 XL; Seiko Epson Corporation [SEKEY), Japan) and WinRhizo software (Regent Instruments Inc., Québec City, QC, Canada). The forage mass (FM) of each forage system was evaluated from 8 December 2019 to 7 December 2020 and was estimated in the same way in all systems using double sampling [22] from the systematic visual estimation of 20 samples per EU in both pre- and post-grazing systems. The FM was extrapolated to hectare (kg DM ha−1), calculated based on the dry matter of the cut of four samples paired using EUs during pre-and post-grazing. The cuts were performed above ground level by allocating 0.25 m2 frames, using scissors and a clipper machine. The samples were dried in a forced-air oven at 55 °C for 72 h to determine the dry matter. Regression equations of the estimated forage mass were constructed as a function of the forage mass obtained from the forage mass cuts (kg DM ha−1) to calibrate the visual estimations [16].



To determine the annual forage accumulation rates, we added the summer and winter production of the systems. Summer production was measured from the first summer grazing on 12 July 2019 to the post-grazing period of the last grazing in the subsequent autumn on 29 April 2020. Winter production was measured from the first winter grazing on 17 July 2020 to the post-grazing period of the last spring grazing on 9 December 2020. We calculated the forage accumulation (FA) for each season by subtracting the post-grazing forage mass of the previous grazing from the actual pre-grazing forage mass.




2.4. Statistical Analysis


Data were analyzed using R statistical software (R Core Team, 2021, Vienna, Austria) [23]. Before proceeding with the analysis of variance, homogeneity of variances and normality of residuals were tested. Since the systems’ spatial distribution was in adjacent areas and did not allow for complete randomization, we used a statistical model with repetitions nested in each system. Statistical analysis in the vertical soil profile was analyzed for each layer separately. In the analysis of TOC and OCS, clay was used as a co-variable since particle size directly relates to these parameters. Means were compared by using Tukey’s test (p < 0.05).





3. Results


3.1. Soil


In the top layer (0–5 cm), middle layer (10–20 cm), and deepest layer (60–100 cm) (Figure 2), the TOC concentration varied significantly among pasture production systems (p < 0.05). The superficial layers had higher TOC concentrations than the deeper ones. For the 0–5 cm and 10–20 cm layers, ING had the highest TOC concentrations, followed by AP, NG, and PP (Figure 2). In the deepest layer (60–100 cm), NG had the highest concentration, followed by PP, ING, and AP. The soil OCS parameter showed a statistically significant difference (p < 0.05) in the same layers as TOC (Figure 2). However, there were no significant differences (p > 0.05) between the pasture production systems for the TOC stocks from 0 to 100 cm (Figure 2).



We observed a significant difference in density and soil porosity across all soil layers, except for the depths of 40–60 cm for density and 20–40 and 40–60 cm for soil porosity (Figure 3). In general, PP had the highest density in the surface layers compared to NG but did not differ from the other systems. The soil density in NG increased in the deepest layers. ING had the highest total porosity overall, and PP had the lowest. The NG and AP systems had intermediate values for this variable.



The soil texture analysis revealed no significant differences (p < 0.05) between the systems, except for the silt content at a depth of 20–40 cm (refer to Table 2). The permanent pasture exhibited the lowest content among NG and ING in this layer, although it was not significantly different from AP.




3.2. Pasture


The highest root dry matter density (g m−3) was observed in NG, followed by PP and ING, while AP showed the lowest density. The mean root volume (cm3) significantly differed between the two groups, with AP and NG having greater root volumes than PP and ING. The forage production differed between systems, with PP producing the highest, followed by AP and ING, which were not significantly different from each other, and NG having the lowest yield (Table 3).





4. Discussion


Variations in SOC content often occur gradually, and the residence time of carbon in soils under pastures can range from one to one thousand years [4]. Substantial changes in SOC content were found by [24] after 30 years of studies comparing conventional and no-tillage systems. However, ref. [25] found no significant differences in a 12-year experiment, which they attributed to data variability and the residual effect of past land management practices. Moreover, ref. [26] evaluated changes in carbon stocks in an Ultisol of permanent pastures established for 2, 9, and 18 years and found no statistically significant variations compared to the original grassland. Similarly, ref. [27] observed no significant variation in SOC under natural grassland systems in the Argentinian Pampa during a 12-year trial, indicating that the studied soils were not sequestering carbon. In contrast, ref. [28] evaluated the effect of converting native grassland to cultivated pastures on soil carbon sequestration after 3 and 19 years of management and found a significant difference only after the longest implementation period (19 years). Hence, it is evident that the ability to change soil carbon storage is a result of the interaction between factors such as climate, time, and the cattle exploitation model [6,11,12].



In our experiment, nonanthropogenic factors may be primarily responsible for the lack of difference in soil organic carbon (SOC) among the soils studied. Climate is one of the most critical elements that affect the maintenance and storage of carbon in the soil [10,29] and the experiment was conducted in a humid mesothermal temperate climate [30] at an altitude higher than 900 m above sea level. Soils in this region are known for their high capacity for organic matter accumulation, which is converted into high carbon stocks due to the high precipitation and cold temperatures found at this altitude environment [31,32] and ref. [33] reported that the studied region’s soils have the largest carbon storage capacity in Brazil. It is possible that the local climate reduced the mineralization of soil organic matter, thereby maintaining similar carbon stocks between treatments, despite the seasonal soil disturbance in the AP treatment. Low temperatures limit microbial activity [31] which, in turn, affects the transformation or decomposition of organic matter into energy for microbes. This energy is released as CO2 through respiration, which is one of the primary drivers of soil carbon loss [34,35].



The lack of difference in SOC among the treatments may also be related to soil texture. Soil in the experimental area, specifically in the 0–20 cm layer, is composed of approximately 65% silt and clay (Table 2). Soils with a higher percentage of silt and clay provide chemical and physical protection to SOC, preventing microbial attack [31]. Due to the stability of the clay fraction, lower responses to soil management practices are observed in clayey soils with respect to carbon stocks [36].



As previously mentioned, changes in soil OCS occur slowly, even when the quantity is reduced or increased [9,10]. Therefore, fertilizers and liming and the use of permanent plant species can increase forage yields (see Table 3) and improve the productivity of shoots and roots [6,37], which may theoretically enhance soil carbon storage over a long period of time [13]. This improvement could be attributed to the higher carbon influx in these types of pasture systems (as shown in Table 3), providing a greater amount of high-quality carbon without soil disturbance. This, in turn, favors the formation of macroaggregates, leading to an increase in C stocks if mineralization is not increased.



The density of the soil is one of the factors used to calculate carbon stock. The difference in density observed in our study up to a depth of 40 cm may be attributed to the establishment methods of the production systems, particularly the mechanical pressures exerted by agricultural implements during soil tillage and sowing [38] and cattle trampling [39]. Cultivated permanent pastures presented the highest density, possibly due to machine traffic and a higher stocking rate due to greater forage productivity observed in this forage system (see Table 3) [39]. Although there was a significant difference at a depth of 60–100 cm, we cannot conclude that the management of productive systems had an influence on the density in this layer. The effects of agricultural mechanization on the soil are expressed in deeper layers than the effect of animal trampling; however, both are evident and increase over time [26,40]. Higher density values in deeper soil layers can also be explained by a reduction in organic matter or TOC contents [11,41], which is also observed in our data (see Figure 2 and Figure 3). In contrast, soil total porosity is inversely proportional to soil density [32], which is significantly modified by animal trampling and agricultural machinery. Importantly, the reported values exceed 0.06 m3 m−3, which is generally considered to be the threshold at which biological activity, gas exchanges, and the root growth of most crops are compromised [14,41]. Despite the slightly different results between exploitation models (especially PP), the density and porosity values were not significant enough to affect the global soil carbon stock among the different practices studied over the period.




5. Conclusions


Over a period of five years, the intensification of pasture-based animal production systems did not have a significant impact on OCS in soils of a Brazilian subtropical highland.
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Figure 1. Temperature and precipitation during the experimental period and 58-year historical averages from the EPAGRI Experimental Station, Lages (Epagri/Ciram). 
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Figure 2. Total organic carbon (TOC) (g kg−1) and organic carbon soil OCS (Mg ha−1) contents in the soil profile in different cattle pasture-based exploitation models. Natural grassland (NG); improved natural grassland (ING); permanent pasture (PP), and annual pasture (AP). Bars represent the minimum significant difference according to Tukey’s test (p < 0.05). 
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Figure 3. Soil density (g cm−3) and porosity (cm3 cm−3) down the soil profile in an improved natural grassland (ING), permanent pasture (PP), and annual pasture (AP) after five years of cultivation and a natural grassland (NG) with no anthropic management for 40 years. Bars represent the minimum significant difference according to Tukey’s test (p < 0.05). 
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Table 1. Soil chemical attributes under the evaluated systems: natural grassland (NG), improved natural grassland (ING), permanent pasture (PP), and annual pasture (AP).
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	System
	pH-H2O
	H + Al
	Base Saturation (%)
	Ca/Mg
	P

Mehlich−1 (mg dm–3)
	K

Mehlich−1 (mg dm–3)
	Ca

(cmolc dm–3)
	Mg

(cmolc dm–3)
	Al+3 (cmolc dm–3)
	CEC

(cmolc dm–3)





	NG
	5.29
	11.39
	14.76
	0.68
	10
	0.33
	0.66
	0.92
	1.42
	3.33



	ING
	6.20
	2.72
	85.30
	1.34
	18
	0.38
	9.01
	6.80
	0.00
	16.18



	PP
	6.13
	2.58
	83.12
	1.67
	16
	0.31
	7.85
	4.77
	0.00
	12.93



	AP
	6.16
	3.16
	81.53
	1.49
	16
	0.31
	8.13
	5.64
	0.00
	14.08
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Table 2. Percentages of sand, silt, and clay (%) in natural grassland (NG) without anthropic action for 40 years, improved natural grassland (ING), permanent pasture (PP), and annual pasture (AP) after five years of management. The means of the treatments followed by different letters indicate a statistically significant difference from each other based on Tukey’s test (p < 0.05).






Table 2. Percentages of sand, silt, and clay (%) in natural grassland (NG) without anthropic action for 40 years, improved natural grassland (ING), permanent pasture (PP), and annual pasture (AP) after five years of management. The means of the treatments followed by different letters indicate a statistically significant difference from each other based on Tukey’s test (p < 0.05).





	
System

	
Sand

	
Silt

	
Clay




	
%






	

	
0–10 cm layer




	
NG

	
34.96 ± 2.50

	
28.38 ± 5.89

	
36.65 ± 4.37




	
ING

	
29.46 ± 7.43

	
36.03 ± 4.48

	
34.50 ± 3.18




	
PP

	
42.90 ± 6.47

	
31.06 ± 7.37

	
26.04 ± 1.16




	
AP

	
32.82 ± 8.96

	
33.08 ± 5.87

	
34.10 ± 5.68




	

	
10–20 cm layer




	
NG

	
33.02 ± 7.03

	
36.67 ± 1.97

	
30.31 ± 7.02




	
ING

	
35.14 ± 10.83

	
35.83 ± 11.03

	
29.03 ± 5.99




	
PP

	
43.34 ± 1.73

	
33.03 ± 1.18

	
23.63 ± 2.35




	
AP

	
29.21 ± 8.55

	
38.59 ± 7.89

	
32.20 ± 1.24




	

	
20–40 cm layer




	
NG

	
31.26 ± 4.56

	
34.53 ± 6.23 a

	
34.21 ± 5.91




	
ING

	
28.02 ± 7.28

	
37.00 ± 5.05 a

	
34.98 ± 4.58




	
PP

	
38.21 ± 11.20

	
25.09 ± 4.32 b

	
36.67 ± 7.20




	
AP

	
33.89 ± 7.29

	
29.08 ± 4.86 ab

	
37.03 ± 2.60




	

	
40–60 cm layer




	
NG

	
30.91 ± 5.91

	
34.81 ± 6.23

	
34.28 ± 5.91




	
ING

	
33.13 ± 9.32

	
35.35 ± 4.09

	
31.52 ± 5.09




	
PP

	
40.10 ± 11.71

	
34.01 ± 6.21

	
25.89 ± 6.65




	
AP

	
28.68 ± 9.25

	
34.43 ± 6.62

	
36.89 ± 3.41




	

	
60–100 cm layer




	
NG

	
29.89 ± 5.91

	
34.59 ± 5.29

	
35.52 ± 1.46




	
ING

	
27.28 ± 8.82

	
39.27 ± 6.06

	
33.45 ± 3.94




	
PP

	
36.86 ± 10.07

	
28.30 ± 4.71

	
34.84 ± 7.70




	
AP

	
31.74 ± 7.24

	
27.90 ± 4.07

	
40.36 ± 3.60
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Table 3. Forage production (kg DM ha−1 year), root volume (cm3), and average root dry matter density (g m−2) in an improved natural grassland (ING), permanent pasture (PP), and annual pasture (AP) after five years of cultivation and a natural grassland (NG) without anthropic management for 40 years. The means of treatments followed by the same letter indicate no significant difference from each other according to Tukey’s test (p < 0.05). Lowercase letters are used to explain variation between systems.
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Parameter

	
NG

	
ING

	
PP

	
AP






	

	
Roots




	
Volume (cm3)

	
2.899.22 ± 649.08 a

	
1.476.61 ± 522.59 b

	
1.522.58 ± 534.58 b

	
3.416.10 ± 989.65 a




	
Dry matter density (g/m2)

	
292.44 ± 51.63 a

	
134.34 ± 57.76 b

	
162.08 ± 70.39 b

	
65.27 ± 19.89 c




	

	
Shoot




	
Forage accumulation

(kg MS·ha−1·year)

	
6.615 ± 1468 c

	
9.552 ± 563 b

	
13.044 ± 450 a

	
9.771 ± 805 b
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