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Abstract: The high-Andean grasslands of Peru provide a wide range of goods and services, not
only locally, but also regionally and globally. However, land-use change and global warming are
threatening these ecosystems, of which soil organic carbon (SOC) is a key element affecting their
sustainability. In this study, we have analyzed the variation of SOC stocks to a depth of 20 cm
in 16 paired cropland and grassland sites located in the Sullccapallcca stream micro-watershed
(elevation > 3600 m.a.s.l., Ayacucho, Peru). We have also analyzed the environmental controls on
the SOC stocks and their variation with land-use change. We found that the studied high-Andean
grasslands store high SOC contents (247 Tn SOC ha~'), whose spatial variability was partially
explained by the slope of the terrain (r? = 0.26, p < 0.05). Despite the higher NDVI, the conversion of
these grasslands into croplands decreased the SOC stock by 39 Tn SOC ha~! on average, a decrease
that was more pronounced when the initial SOC content of the grassland was higher (r*> = 0.60,
p <0.05). This study provides the first evidence of the effects of land-use change on the SOC in the
region, although the mechanisms involved still need to be investigated.
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1. Introduction

The high-Andean grasslands of South America are important ecosystems because they
support the livelihoods of many people who base their economies and development on the
many goods and services that they provide. These ecosystems are also affected by climate
change and the expansion of the agricultural frontier [1], largely due to growing local and
global demand for food. In fact, the region has a medium-to-high conservation priority due
to its vulnerability to rapid anthropogenic disturbances [2,3]. In turn, land-use change can
lead to losses in agricultural productivity, affecting the livelihoods and vulnerabilities of
families in the region [4]. The Huanta province in the department of Ayacucho (Peru) is
not exempt from this trend, where the conversion of native grasslands to croplands can
have negative impacts on ecosystem services [5]. For example, between 2000 and 2010, the
agricultural area increased almost threefold in the region, mainly at the expense of the area
with native vegetation [6]. In particular, soil organic carbon (SOC) is a key element of these
ecosystems, as it contributes to several ecological processes, such as the following: soil
water dynamics, nutrient storage, and the regulation of climatological processes, among
others [7,8]. In this sense, in this paper, we study the variation of SOC stocks in cropland
soils in the high-Andean systems of Peru, using native grasslands as reference sites, a topic
that has not yet been addressed in the region.
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High-Andean grasslands play an important role in the carbon cycle, as they store large
amounts of SOC [9]. It is also important to note that SOC is the largest terrestrial carbon
pool, far exceeding that of the atmosphere [10]. From the perspective of the productive
capacity of agro-ecosystems, SOC storage is a key element to consider for their long-
term sustainability [11]. However, several studies in different regions of the world show
that the SOC content of agricultural lands decreases significantly compared to that of
natural ecosystems [12]. Furthermore, the loss of SOC leads to the degradation of the
soil structure, infiltration capacity, and primary productivity, which, in turn, leads to soil
infertility, changes in the hydrological cycle, and even climatological changes [8,12]. Despite
the above-mentioned importance of high-Andean ecosystems, there are no studies that
quantify the change in SOC stocks when native grasslands are replaced by croplands, an
aspect that may be influenced by the difficulty of access to field studies in the area [9].
Knowing how SOC stocks change in response to land-use change and their environmental
controls is important for predicting the effects of these transformations and to support
land-use planning and management activities that minimize the impact on this resource.

The amount of organic carbon stored in the soil of a given ecosystem results from
the balance between carbon inputs and outputs to the soil reservoir. While net primary
productivity is the main pathway of carbon input to the soil, heterotrophic respiration
is the main output pathway; however, soil erosion may also be important under certain
circumstances [13]. SOC stocks are generally influenced by precipitation, through its effect
on primary productivity, and by temperature, through its effect on microbial decomposition
rates [14,15]. SOC stocks are also affected by soil texture, through its influence on organic
matter stabilization, and by topography, through its influence on water movement and
erosion [16]. Changes in land use, such as the replacement of native grassland by annual
crops, often alter the balance between the carbon inputs and outputs to the soil pool, which
can affect the SOC stocks. Land-use change can affect this balance between inputs and
outputs through a number of mechanisms, such as altering microclimatic conditions [17,18],
causing changes in the microbial community [19], or altering the quantity and quality of
organic detritus [20], among others.

The main goal of this work was to study the variation in SOC storage as a consequence
of the replacement of native grasslands by traditional crops in high-Andean systems
(>3600 m.a.s.l.) in Peru. Based on previous work, we hypothesized that this land-use
change would result in a significant loss of SOC, which may compromise the productivity
of the agricultural systems in the long term. For this purpose, soil sampling was carried out
at 16 paired sites (croplands and reference grasslands) distributed in the micro-watershed
where the rural population of Canrao is located (Huanta Province, Peru). The simultaneous
and contiguous availability of these two situations allowed us to apply a space-for-time
substitution approach, whereby the native grassland was considered as the original sit-
uation before the land-use change [21]. The soil was sampled to a depth of 20 cm for
organic carbon analysis and the soil bulk density was also determined at each sampling
point. This information was complemented by a satellite analysis based on the NDVI
index, which has been widely associated with the aboveground primary productivity of
the native vegetation [22,23] and the yield of traditional crops (e.g., maize, soybean, and
wheat) [24-26]. Regression analyses between biophysical variables (slope, altitude, and
NDVI) and SOC stock were also carried out to analyze the controls of this variable. While
the general topic of this paper has been extensively covered in the literature, it should be
noted that there is a lack of precedents for this type of study in the region, therefore, this is
the first article focusing on the effects of land-use change on SOC content.

2. Materials and Methods
2.1. Study Area
The study area was located in the micro-watershed of the Sullccapallcca stream, near

the village of Canrao, Huanta province, Ayacucho department (Peru) (Figure 1). It is
representative of the high-Andean ecosystems, and it covers an area of 211 km?. The
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average altitude of the micro-watershed is 3929 m.a.s.l., and it varies between 4230 and
3628 m.a.s.l. [27]. The main economic activities are cattle breeding and agriculture. Access
to the town is by a road, which is in very poor condition. In the lower parts of the micro-
watershed, the natural vegetation is dominated by grasslands, where Stipa ichu, Carex sp.,
Calamagrostis sp., Stipa brachyphylla, Hipochaeris taraxacoides, and Scirpus rigidus predominate.
In the higher parts, areas of bare soil with rocky outcrops predominate, favored by the
high slopes that generate rainfall runoff. The grazing system practiced in the study area
is continuous, due to the limitations imposed by the relief of the terrain. Likewise, the
agriculture is practiced in a conventional manner, due to the steepness of the terrain and
the difficulty of access for agricultural machinery. The crops grown are annuals, such
as Solanum tuberosum, Oxalis tuberosa, Triticum aestivum, Hordeum vulgare, Zea mays, and
Lepidium meyenii, among others. The crops are generally fertilized with organic fertilizers
such as cattle manure and, to a lesser extent, bird guano from islands off the Pacific coast.

® croplands
© grasslands
streams

O Canrao

Figure 1. The location of the study area and soil sampling points in croplands and native grasslands.
The location of Peru in South America is shown in the upper left panel. The lower left panel shows the
location of the province of Huanta, within the department of Ayacucho, where the study was located.
The right panel outlines the micro-watershed of the Sullccapallcca stream where the sampling points
were located.

The climate of the study area is considered sub-humid, with an average annual rainfall
of 850 mm, varying between 500 and 1200 mm in the period of 1981-2010, according to
the records of the National Service of Meteorology and Hydrology of Peru (SENAMHI).
The average annual temperature is 8 °C, with the coldest month being July (mean monthly
temperature of 0 °C) and the warmest month being December (mean monthly temperature
of 14 °C). The soils in the upper parts of the study area are Lithosols, which are shallow
and established on hard rock stables. These soils are poorly consolidated and are formed
by outcrops of sedimentary rocks such as sandstone, limestone, and shale. In contrast, the
soils in the lower part are typically Histosols with high vegetation cover [28].

2.2. Soil Sampling and Analysis

In order to investigate changes in SOC storage in the cropland and grassland areas,
paired plots were sampled in the studied micro-watershed. To select the sites to be sampled,
we first analyzed historical Google Earth images of the Canrao micro-watershed to identify
possible sampling points in areas with annual crops and grasslands. Finally, 16 paired
sites were established, consisting of cropland and grassland plots used as a reference. The



Grasses 2024, 3

38

distance between the two plots within each site was always less than 50 m to ensure similar
environmental conditions at both sites (e.g., soil, slope, and elevation). The cropland plots
have been maintained in this condition for at least the last 35 years. For each sampling
point, the geographical position and altitude were recorded with a GPS. Subsequently,
10 soil subsamples were taken from 0- to 20-cm depth in each of the plots, which were then
pooled to form a single sample per plot. In order to have unaltered samples for calculating
the bulk density of the soil, a steel ring with a diameter of 5.08 cm and a height of 10 cm
was used to obtain samples with an exact volume of 202.7 cm3. All of the samples taken
from the field were dried in an oven at 105 °C for 24 h, and the bulk density of the soil was
determined using the volume of the ring in relation to the weight of the sample. For this
purpose, the homogenized samples were weighed with an analytical balance for calculation
using the cylinder method proposed by Blake and Hartge [29]. For the determination of
soil organic carbon, air-dried samples were first sieved through a 2-mm mesh and then
analyzed via dry combustion. Finally, the soil depth was adjusted to account for changes
in bulk density due to land-use change, following Villarino et al. [30]. In some cases, the
effect of the land use on SOC stocks per unit area may be slightly underestimated if the soil
depth is not adjusted [31], as agricultural soils typically have higher bulk densities than
native grassland soils.

The elevation and slope of each sampling plot were determined with a digital terrain
model of Alos Palsar with a spatial resolution of 12.5 m per pixel (https://search.asf.alaska.
edu/#/?dataset=ALOS, accessed on 3 June 2023). The normalized difference vegetation
index (NDVI) was also obtained for each sampled plot as an indicator of the aboveground
primary productivity and crop yield [23,24]. For this purpose, images were obtained
from the Landsat 8 satellite, which has a spatial resolution of 30 meters and a temporal
resolution of 16 days. The images were acquired over a period of nine years (2013-2021).
Before calculating the NDVI, the atmospheric correction of the red and near-infrared
bands was performed based on the dark-object subtraction (DOS) method proposed by
Chavez [32]. The period between October and January was not included in this analysis
because of the high cloud cover in the region, which prevents the acquisition of reliable
images during this period. NDVI data were extracted from a 2 x 2 pixel area centered
on the sampling point. The image processing was carried out using the free software
QGIS (Version 3.16; https:/ /www.qgis.org/es/site/, accessed on 3 June 2023). Statistical
comparisons were made between the cropland and grassland soils for SOC concentration,
SOC stock, bulk density, and environmental variables using paired t-Student tests. Linear
regression analyses were also carried out between the SOC stocks in the two ecosystems
and the environmental variables. The statistical analyses were performed with R v.3.4.0
(Core Team, R.C, Bethesda, MD, USA, 2017).

3. Results and Discussion

The SOC storage was significantly higher in the grasslands than in the croplands for
the sampled horizon of 0-20 cm (Figure 2). On average, the SOC concentration was almost
2% higher in the grasslands than in the croplands (mean SOC concentration of 11.9 vs. 10%,
p < 0.05). On the other hand, the soil bulk density was slightly higher in the croplands,
with a mean value of 1.13 g cm ™3 compared to 1.06 g cm 3 in the grasslands; however, the
differences were not statistically significant (p = 0.15; Figure 2). Based on these differences,
the croplands lost, on average, 27.4 tonnes (Tn) SOC per hectare compared to the grasslands
(247.5 vs. 220.1 Tn SOC ha 1, p < 0.05). However, when it was corrected for differences in
bulk density, this loss increased to 38.7 Tn SOC ha~! (p < 0.05; Figure 2).
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Figure 2. Violin plots for SOC concentration (A), bulk density (B), and SOC stock (C) in grasslands
and croplands. The asterisks indicate statistically significant differences (p < 0.05).

When analyzing the paired sites individually, it was observed that, at most of the sites,
with the exception of four cases, the SOC stock was higher in the grasslands (Figure 3). In
this type of vegetation cover, the SOC stock varied between 171 and 335 Tn ha~!, while, in
the croplands, it varied between 139 and 281 Tn ha~!. Furthermore, the differences in the
SOC stocks ranged from —145 Tn SOC ha~! to +47 Tn SOC ha~! (Figure 3). These differ-
ences in SOC stocks between the grasslands and the croplands were strongly associated
with the SOC stock of the reference grassland (r? = 0.60, p < 0.001) (Figure 3, inset). That is,
the grasslands with higher SOC stocks suffered greater losses when converted to agricul-
tural lands. This pattern is similar to that found in the Argentine Pampas, where the initial
SOC stock in pristine soils was found to be the main environmental factor determining
carbon losses when the grasslands were converted to croplands [33]. This relationship is
important because it would allow us to predict the impact of future land-use change on
SOC stocks and identify land-use planning strategies that minimize soil C emissions.
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Figure 3. SOC stocks in 16 paired sites (grasslands vs. croplands), with the dashed line indicating
the 1:1 line (blue points). The inset graphic shows the relationship between the SOC stock in the
grassland and the change in SOC stock after conversion to cropland (red points).

The lower SOC content of the croplands compared to the grasslands is consistent
with many studies showing this trend. However, the magnitude of the SOC loss found in
this work (—16%) is slightly lower than that reported in other studies. For example, Zhao
et al. [34] found that the SOC reserves were up to 79% higher in the grasslands than in
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the croplands at a depth of 0-60 cm in Inner Mongolia. Similarly, a study conducted in
Ethiopia showed that agriculture led to a 69% decrease in SOC reserves compared to that of
grasslands at the surface soil layer (0-10 cm) [35]. In the Argentine Pampas, the replacement
of native grassland with annual crops reduced the SOC in the first 20 cm of the soil by
25-35% [33]. In general, many studies and meta-analyses show a 30-80% decrease in SOC
when grasslands are converted to croplands [36,37]. The lower SOC content of croplands
compared to native grasslands is the result of several processes, which may or may not act
jointly. These processes include the lower C input from crops due to their lower primary
productivity, higher erosion rates, or the increased mineralization favored by higher soil
temperatures and aeration [38,39]. In our study, the smaller decline in SOC stocks in the
croplands could be due to the contribution of organic fertilizer, which is commonly used
in the study region, a practice that would limit carbon loss in agriculture [16]. However,
specifically designed field studies would be needed to test this hypothesis. Interestingly, the
replacement of high-Andean grasslands in central Ecuador (3500 m.a.s.l.) by fast-growing
exotic tree species (Pinus radiata)—a widespread transformation in the region [40]—also
reduced the SOC content of the surface soils (0-10 cm) by up to one third [41].

The amount of organic carbon stored in the soils of the studied grasslands is relatively
high compared to that of other grassland sites. For example, a global review of more than
120 sites showed that temperate grasslands accumulate an average of 117 Tn SOC ha~! [15]
in the first meter of the soil profile, therefore, our estimates would be double this (Figure 2).
Similarly, in upland grasslands in France, the average SOC stored in the first 20 cm of
soil was 90 Tn SOC ha~! [42]. Furthermore, a study carried out in an area close to our
study region also showed organic matter concentration values similar to those obtained
in this work [43]. Other studies in the high-Andean grasslands of Ecuador [44], Peru [45],
Bolivia [46], and Colombia [47] also showed high levels of SOC accumulation in the
surface soil. We speculate that the high altitude of the studied sites (>3500 m.a.s.l.), which
have a low air temperature, could explain the high SOC stocks observed in the studied
grasslands. Although the temperature is low, it would not limit the primary productivity
of the grasslands, as shown by the relatively high values of NDVI (Figure 4), therefore,
the C input into the soil would remain high. Likewise, the low temperature would limit
microbial activity [16] and, therefore, the decomposition rates of organic matter, which
would favor the accumulation of the high SOC values observed in this work.
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Figure 4. Monthly (A) and inter-annual dynamics (B) of NDVI in croplands and grasslands. NDVI
data were obtained from the Landsat 8 satellite for the period of 2013-2021. Mean values and standard
errors are shown. Rainfall data correspond to the Global Precipitation Measurement Mission (GPM)
obtained from https://giovanni.gsfc.nasa.gov/giovanni/ (accessed on 1 December 2023).

The SOC stock of the grassland sites was significantly related to the slope of the
terrain (Figure 5). In this case, it was observed that the higher the slope, the lower the
SOC stock in the grassland, whereas this relationship was not significant in the croplands.
This decrease in the SOC stock observed in the grasslands with a slope could be due to
its effect on the surface movement and accumulation of water [16]. The sites with higher
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slopes would favor surface runoff and thus reduce water infiltration into the soil, which
could limit grassland productivity and, hence, the SOC inputs. In addition, increased
surface water runoff could trigger erosion and redistribution processes that could affect
the SOC distribution patterns in the landscape [13,48]. On the other hand, no significant
relationship was found between the SOC stocks and the NDVI or elevation (Figure 5).
Although elevation has been associated with carbon stocks in some studies [49], it should
be noted that the range of elevation variation was very limited in our study. Numerous
other environmental factors could explain the spatial variation in SOC content (e.g., rainfall,
temperature, soil texture, etc.); however, as our study area was very small, the limited
range of variation of these variables prevents us from assessing their influence.
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Figure 5. Relationships between environmental variables (NDVI, elevation, and slope) and SOC
stocks in croplands (blue points) and grasslands (green points).

The NDVI, a surrogate for aboveground primary productivity [50], was significantly
higher in the croplands than in the grasslands. On a monthly basis, the greatest differences
between the two vegetation covers were found between the months of February and
March, when the NDVI of the croplands exceeded that of the grasslands by up to 10%
(p < 0.05) (Figure 4A). In turn, the highest NDVI values in both types of vegetation cover
were registered between the months of February and April, a period that coincides with
the highest rainfall levels in the study region. Both of these ecosystems showed similar
inter-annual variability, with the largest differences between the two vegetation types being
observed in 2018 and 2021, when the croplands had an NDVI 8% higher than the grasslands
(Figure 4B).

The higher NDVI of the croplands, which would imply higher aboveground primary
productivity and, therefore, higher C input to the soil, contrasts with the pattern of lower
SOC stocks found in this type of land use. Indeed, recent work has shown a strong
relationship between the NDVI in native forests and SOC stocks [51]. This apparent
discrepancy observed in our study could be partly explained by the different partitioning of
primary productivity between the aboveground and belowground components in the two
types of vegetation cover studied here. In this sense, a study conducted in the Canadian
Great Plains showed that the belowground primary productivity in grasslands accounted
for 92% of the total productivity [20]. Similarly, in the Argentinean Pampas, although
the aboveground primary productivity of the annual crops was higher than that of the
native grasslands, not only was the input of the belowground organic detritus higher in
the grassland, but also the aboveground input of C was higher, because a high proportion
of the aboveground crop productivity is harvested by humans and exported from the
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ecosystem [52]. Another aspect that could also explain the lower SOC content in croplands,
despite their higher aboveground primary productivity (as suggested by the NDVI), is a
higher soil temperature in croplands compared to that of grasslands, as shown in previous
studies [53]. The higher soil temperature of croplands would increase the microbial activity
and, thus, the organic matter decomposition rates. In any case, field measurements of soil
temperature could help us to understand the mechanisms associated with the SOC loss in
croplands.

4. Conclusions

From this work, we have concluded that the high-Andean grasslands of Peru are
important reservoirs of high levels of SOC (247.5 Tn SOC ha~! for a depth of 0-20 cm).
This in turn provides multiple environmental benefits, both local (e.g., soil fertility, water
retention capacity, etc.) and global (e.g., climate regulation). However, their conversion
to croplands results in a loss of SOC (—16%, p < 0.05) that is relatively lower than that
observed in other regions for similar land-use conversions. In the long term, however, this
loss of SOC could eventually compromise the agricultural productivity and negatively
affect other aspects of ecosystem functioning. In this sense, it is essential to propose
management strategies to maintain or increase SOC reserves and, thus, the sustainability
of the agricultural and livestock production in the region. To this end, it will be necessary
to carry out specific work to clarify the mechanisms responsible for the observed patterns
and the longer-term trends.
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