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Abstract: Montado landscapes in Portugal are high-nature-value agro-silvo-pastoral systems that provide 
multiple ecosystem services. These systems face increasing pressures from climate change, land-use 
transformations, and declining tree regeneration. Soil health plays a central role in ecosystem resilience and 
carbon storage. This study investigates the spatial and temporal relationships between soil moisture and 
carbon stocks in the Companhia das Lezírias eLTER site using Landsat-8-derived Soil Moisture Index 
(SMI) for the period 2017–2024 and field soil sampling across three depths (0–10, 10–20, 20–30 cm) in 13 
plots. The objective of the study is to quantify drought-related changes in the soil system, focusing on 
carbon stocks, and associate them with information derived from remote sensing data by mapping moisture 
regimes and detecting soil hotspots. Results reveal persistent soil moisture patterns, with distinct carbon-
rich and carbon-poor zones. Pearson correlation connecting carbon stocks to summer soil moisture suggests 
that wetter areas in the montado system accumulate more carbon. Spatial patterns of soil carbon, mapped 
using kriging interpolation, align with persistent moisture regimes, identifying drought-prone hotspots. The 
findings underscore the importance of hydrological drivers for carbon dynamics in montado ecosystems 
and suggest that integrated monitoring using remote sensing and field data can inform targeted management 
strategies to enhance soil health, maintain productivity, and improve resilience under increasing drought 
pressures. 
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1. INTRODUCTION 
 

Montado landscapes in Portugal are high 
nature value agro-silvo-pastoral systems 
characterized by low-density tree canopy dominated 
by Holm oak (Quercus suber) and Cork Oaks 
(Quercus rotundifolia) (Muñoz-Rojas et al., 2019), 
encompassing multiple ecosystem services. 
Currently, there is a continuous decrease in montado 
(Pinto-Correia & Godinho, 2013) and a reduction in 
natural tree regeneration (Muñoz-Rojas et al., 2019) 
as they face climate change, management 
transformations, local knowledge crisis, and social 
uncertainty (Lopes-Fernandes et al., 2024; Muñoz-
Rojas et al., 2019). Soil health is a key determinant of 
ecosystem resilience and productivity in 
Mediterranean agro-silvo-pastoral systems. Haplic 
Arenosols - the predominant soils in the region 
(Mendes & Costa, 2015), are very sandy soils with 
low water-holding capacity (Carreira et al., 2023). 

The poor soil and water limitations during the 
summer season lead to a decrease in groundwater 
levels (Carreira et al., 2023), which respond quickly 
to rainfall (Mendes & Costa, 2015). The occurrence 
of tree decline in the past is also associated with soil 
characteristics that interfere with root expansion and 
water retention (Sá-Sousa, 2014). Research on 
understory confirmed that drought can cause a co-
limitation of water and nitrogen, thereby affecting 
productivity (Jongen et al., 2013). The detected 
reduction in tree density, which in turn leads to larger 
openings in the montado land cover (Muñoz-Rojas et 
al., 2019), along with the findings that soil 
temperature values outside the canopy shelter are 
generally higher and that the decrease in soil water 
content is more rapid (Nunes et al., 2011), 
additionally increases the importance of knowledge 
on soil moisture variation. A feedback loop 
connecting soil organic matter depletion, overgrazing 
(Simionesei et al., 2018), and climate change is 
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determined as one of the key disturbances in the 
complex montado socio-ecological system (SES) 
(Pinto-Correia et al., 2011). The importance of soil 
degradation processes and the efforts of farmers for 
soil health management were acknowledged by 
Winkler & Pinto-Correia (2026). Observations on soil 
moisture content using proximal sensors have given 
important information for montado managers (Nunes 
et al., 2011; Serrano et al., 2018). Soil moisture from 
multi-temporal Landsat images has been shown to be 
valuable for monitoring agricultural drought (Saha et 
al., 2018). Given the changes that the montado is 
undergoing and the dynamics of climate-driven 
disturbances that have been shown to deeply affect 
the resilience of this complex ecosystem, the present 
research looks for further insights focusing on the 
effect of soil moisture regimes on soil-related 
processes. The study is focused on Companhia das 
Lezírias, a long-term research site within the LTsER 
Montado platform, part of the European eLTER 
network.  

The objective of the study is to investigate 
existing soil moisture patterns to soil parameters, 
focusing on carbon stocks, and relate them to 
information derived from remote sensing data by 
mapping moisture regimes and detecting soil hotspots. 
This study tests the hypotheses that soil moisture 
regimes and carbon accumulation are closely linked in 
montado ecosystems, resulting in persistent spatial 
patterns. The results from the study aim to contribute 
to the collected scientific knowledge on the effect of 
drought on soil health and to support montado 
managers in their efforts to maintain montado 
resilience while preserving its productivity. 
 

2. MATERIALS AND METHODS 
 

The investigation was conducted in 
Companhia das Lezírias, an agro-silvo-pastoral 
system situated in south-west Portugal, close to 
Lisbon – one of the largest agroforestry companies 
managing over 19500 ha of land, 8840 of which are 
forests (Quercus suber, Pinus pinaster, Pinus pinea, 
Eucalyptus globulus) (Alves et al., 2020). 
 

2.1. Preparation phase 
 

To identify suitable plots for soil sampling, an 
initial GIS analysis was conducted to delineate areas 
characterized by contrasting moisture indicators. For 
this purpose, the Soil Moisture Index (SMI) was 
calculated based on Landsat 8-9 OLI/TIRS C2 L1 
datasets, Band 10 (wavelength 10.6-11.19 
micrometers), resolution 100 (resampled to 30) for 
the years 2017, 2019, 2021, and 2023 for the end of 

September, focusing on end-of-summer periods to 
capture peak moisture deficits. Images with cloud 
cover of less than 6% were used. 

The calculations were based on Land Surface 
Temperature and emissivity (Saha et al., 2018; 
Todorova & Zhiyanski, 2025) and were performed 
using Raster Calculator in ArcGIS Pro 3.2.0. The 
indices for the 4 years were integrated using the Cell 
Statistics tool in ArcGIS Pro with the mean function 
so that results could be accumulated and less 
dependent on short-term variations. This approach 
produced a raster representing persistent spatial 
patterns in soil moisture by averaging annual SMI 
values at the pixel level. It is important to note that 
the index is calculated for the end-of-summer period, 
when green grass cover is largely absent. 

Using the index for that period helps capture 
peak soil moisture deficit and identify persistent dry 
hotspots and areas vulnerable to drought stress. The 
results for SMI were classified into 5 classes using 
Jenks Natural Breaks (Jenks, 1967). Thereafter, the 
classes were intersected to identify areas with values 
of SMI that are persistently low/medium/high for all 
4 years (Todorova & Zhiyanski, 2023). The results 
were then aligned with the land use, and the areas 
were selected only for cork oak forests. Areas with 
polar and medium values in cork oak forests were 
selected as sampling plots.  
 

2.2. Sampling and Laboratory Analyses 
 

In the period 23-26 September 2024, 13 sampling 
plots were visited, and soil samples were taken from 3 
depths (0–10, 10–20, and 20–30 cm) in three microsites 
(below canopy- 2 meters away from a tree trunk, in the 
open, and between trees) – 117 samples in total. The 
samples were collected using a soil auger of known 
cylinder volume. The cores were carefully extracted to 
minimize soil disturbance and compaction. After 
collection, each sample was transferred to a separate, 
appropriately labelled container/bag and transported to 
the laboratory. The samples were tested in the 
Laboratory of the Forest Research Institute – Bulgarian 
Academy of Sciences. In accordance with ISO 
11465:1993, soil samples were oven-dried at 105 °C for 
5 h to determine soil moisture content (W) and bulk 
density (BD). Chemical analyses were performed on 
sieved samples (<2 mm) to determine soil organic 
carbon (SOC) and SOC stock (SOC stock), total 
nitrogen (TN) and TN stock (TN stock).  
 

2.3. Spatial Data Analysis 
 

The results were related to soil moisture index 
data extracted from images from 2024 (the year of the 
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sampling) to find correlations between the moisture 
variations and the soil properties, looking for temporal 
patterns rather than direct short-term responses. 

The calculations, also used in Todorova & 
Zhiyanski (2025) based on the combination of NDVI 
and LST and introduced by Sandholt et al. (2002) are: 
 

𝑆𝑆𝑆𝑆𝑆𝑆 = (𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐿𝐿𝐿𝐿𝐿𝐿)/(𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿) (1) 
 

where, LSTmax /LSTmin – represent the maximum 
and minimum surface temperature; LST – refers to the 
land surface temperature. 

LST is calculated following Artis & Carnahan 
(1982): 
 

LST = 𝑇𝑇𝑇𝑇/ [1+(α* 𝑇𝑇𝑇𝑇/𝐶𝐶2) ∗ ln(𝜀𝜀)] (2) 
 

where, Tb (in °C) is the satellite brightness 
temperature; α is the wavelength of emitted radiance; 
C2 is a constant (1.4388); and 𝜀𝜀 is the emissivity of 
the surface. 

The satellite brightness temperature Tb is 
derived from: 

 

𝑇𝑇𝑇𝑇 = (𝐾𝐾2/(ln(𝐾𝐾1/𝐿𝐿) + 1)) − 273.15  (3) 

 

where, 𝐾𝐾1 is sensor-dependent calibration constant 1 
(774.8853) and 𝐾𝐾2 is sensor-dependent calibration 
constant 2 (1321.0789); L is Top of Atmosphere 
(TOA) spectral radiance; 𝑃𝑃𝑃𝑃 (5); and CV is the 
correction value for Landsat Images (0.986). 

 

𝜀𝜀 = 0.004 ∗ 𝑃𝑃𝑃𝑃 + 𝐶𝐶𝐶𝐶 (4) 
 

where, Pv is the fractional vegetation cover, 
computed as: 

 

PV = ((NDVI – NDVImin)/(NDVImax – NDVImin))2 (5) 
 

where, CV is a correction value for Landsat images 
(typically 0.986); NDVI is defined as the ratio of 
reflectivity differences between NIR and the Red 
band to their sum; NDVI is calculated after Rouse et 
al. (1974): 
 

NDVI = (NIR − Red) / (NIR + Red) (6) 

 

where, NIR is the reflectance in the near-infrared band 
(Band 5), and Red is the reflectance in the red band 
(Band 4). 

The result values range from 0 to 1, where values 
near 1 indicate a higher level of soil moisture and values 
near 0 indicate a lower level of soil moisture. All the 
calculations are carried out using the Raster Calculator 
in ArcGIS Pro 3.2.0, ESRI Inc., 2023. 

After the sampling, SMI was also calculated 
for 2024, the year of the sampling, for each month 
from June to September. The values of SMI at the 
exact same points of the samples were correlated with 
the laboratory data on SOC, TN, and their ratio. The 

results were analysed against the data from the 
laboratory analyses using Pearson correlation to 
assess the pattern of soil moisture intensity over time 
and explore its connection to soil characteristics. The 
values of carbon stock were interpolated to reveal 
spatial patterns (Todorova & Zhiyanski, 2023) using 
the kriging technique (ordinary kriging with a 
spherical semivariogram model). To have a 
representation of persistent moisture patterns, 
average SMI for 2017–2024 was calculated using 
Cell Statistics in ArcGIS Pro. 
 

3. RESULTS AND DISCUSSION 
 

The SMI values range, the lowest starting from 
0.006 in 2019 to highest reaching 0.901 in 2017. The 
driest year within that period was 2019. 

The soil moisture pattern derived from satellite 
data based on the mean value of SMI for the period 
2017-2024 shows a high degree of spatial consistency. 
The calculation procedure, based on the relationship 
between LST and the NDVI, systematically identifies 
open areas with sparse vegetation as zones of lower soil 
moisture. The identification of persistent dry hotspots is 
particularly relevant in the context of increasing 
frequency and intensity of drought events in 
Mediterranean regions (IPCC, 2021). In sandy Haplic 
Arenosols with low water-holding capacity, drought 
impacts are amplified, as reported by Carreira et al. 
(2023). The spatial distribution of soil moisture within 
the montado forests in – Companhia das Lezírias reveals 
a pattern of more moisture in the northeast and southwest 
parts of the area and less in the south and central parts 
(Figure 1a-b). NDVI mean values logically correspond to 
the spatial distribution of SMI (Figure 2a-b). 

The results from Pearson correlation between 
the laboratory analysis of the soil samples and the 
SMI values for the same locations at the time of the 
sampling and 4 previous months prior to the sampling 
reveal moderate to relatively strong relationships for 
organic carbon stock and carbon content, while 
nitrogen stock and content show weak correlation 
(Table 1). Soil represents a major reservoir of carbon, 
with land use influencing carbon sequestration or 
environmental degradation (Păltineanu et al., 2025). 
In montado forests more than 88% of the organic 
carbon was found within the first 40 cm of the soil 
profile in montado ecosystems (Oubrahim et al., 
2015). Ikraoun et al. (2024) also confirm the 
important role of soil as a carbon reservoir in cork oak 
forests in Morocco. Soil moisture directly influences 
soil microbial activity and soil organic matter 
decomposition, with optimal moisture conditions 
enhancing these processes and increasing carbon 
sequestration (Hao et al., 2025). 
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Figure 1. a. Study area – Companhia das Lezírias, 
Portugal; b. Soil moisture index mean value for 2017-

2024, indicating areas of different soil moisture intensity 
(high, low and control) and the locations of the sampling 

plots. Basemap: Esri, DigitalGlobe, GeoEye, i-cubed, 
USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, 

IGP, swisstopo, and the GIS User Community. 
 

 
Figure 2. a. Study area – Companhia das Lezírias, Portugal; 
b. Normalized Difference Vegetation Index mean value for 

2017-2024, indicating areas of different soil moisture 
intensity (high, low, and control) and the locations of the 
sampling plots. Basemap: Esri, DigitalGlobe, GeoEye, i-
cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, 

IGN, IGP, swisstopo, and the GIS User Community. 
 

The strongest relationships were observed in the 
20-30 cm soil layer for carbon-related parameters, 
particularly for SOC stock and C/N ratios with higher 
correlations observed in September and June SMI values. 

Surface soil layers (0-10 cm) show more 
persistent correlations between carbon-related 
parameters and SMI values. The correlation shows 
the highest values with SMI in August and July. In 
contrast, nitrogen parameters exhibited weak or 
negative correlations with SMI across all depths. This 
could reflect the more dynamic nature of nitrogen 
cycling, which is strongly controlled by microbial 
activity, mineralization processes, and plant uptake 
rather than by short-term soil moisture variability 
alone (Booth et al., 2005). 

Table 1. Correlation between soil parameters and soil 
moisture values for the period prior sampling. The p-
value is p<0.05 (p≈0.019). 

 

 SMI in 
September 

2024 

SMI in 
August 
2024 

SMI in 
July 
2024 

SMI in 
June 
2024 

C% 0.27 0.37 0.33 0.22 
N% 0.00 0.18 0.11 0.11 
C/N 0.35 0.34 0.27 0.13 
SOC stock, tC/ha 0.24 0.41 0.28 0.17 
TN stock, tNha -0.07 0.27 0.05 0.06 
C% (10-20 cm) 0.07 0.18 0.10 -0.02 
N% (10-20 cm) -0.04 0.01 0.01 -0.04 
C/N (10-20 cm) -0.10 -0.04 -0.11 -0.18 
SOC stock, tC/ha 
(10-20 cm) 0.00 0.09 0.01 -0.11 

TN stock, tNha  
(10-20 cm) -0.18 -0.16 -0.15 -0.19 

C% (20-30cm) 0.42 0.33 0.27 0.42 
N% (20-30cm) 0.12 -0.02 0.36 0.12 
C/N (20-30cm) 0.51 0.07 -0.01 0.34 
SOC stock, tC/ha 
(20-30cm) 0.39 0.32 0.26 0.39 

TN stock, tNha  
(20-30cm) 0.00 0.05 0.02 0.00 

 
To evaluate landscape-scale patterns, the spatial 

distribution of soil carbon stocks within montado land-
use areas was generated through kriging interpolation 
of the laboratory-derived soil sample data. The carbon 
stock distribution pattern was investigated based on 
interpolation of the three soil depth layers: 0-10 cm; 
10-20 cm; 20-30 cm (Figure 3a-c). 

The results reveal pronounced spatial 
differentiation across the Companhia das Lezírias 
study area. While the central area displays 
heterogeneous patterns, the northeastern sector 
consistently functions as a carbon-rich hotspot across 
all three soil layers, whereas the southwestern sector 
represents a persistent carbon-poor zone. This spatial 
pattern partially corresponds to the soil moisture 
regime indicated by the average SMI for 2017-2024. 

In line with this, the persistent soil moisture 
distribution identified in our study is associated with 
spatial differences in soil carbon stocks across the 
study area. The temporal patterns observed for carbon 
stocks, with stronger correlations to July–August 
moisture conditions, suggest that wetter locations 
accumulate more carbon over long periods. 

It should be noted that SOC stocks represent 
relatively stable soil properties that change slowly 
over time. Therefore, correlations with monthly SMI 
values should be interpreted primarily as spatial and 
temporal relationships between soil moisture 
conditions and carbon distribution rather than as 
direct short-term temporal responses. Carbon stocks 
in the topsoil layer (0-10 cm) vary from 17.7 to 
32t/ha, whereas the stocks in the deeper layers range 
from 4.9 to 12.5 t/ha in the 20-30 cm layer. 

Integrating Landsat-derived SMI with 
laboratory soil analyses offers a scalable approach for  
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Figure 3a. Carbon distribution pattern in the 0-10 cm soil layer, Basemap: Esri, DigitalGlobe, GeoEye, i-cubed, USDA 

FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community. 
 

 
Figure 3b. Carbon distribution pattern in the 10-20 cm soil layer, Basemap: Esri, DigitalGlobe, GeoEye, i-cubed, USDA 

FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community. 
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Figure 3c. Carbon distribution pattern in the 20-30 cm soil layer, Basemap: Esri, DigitalGlobe, GeoEye, i-cubed, USDA 

FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community. 
 
monitoring ecosystem health and supporting adaptive 
management, as demonstrated by Saha et al. (2018) 
for agricultural drought monitoring. 
 

4. CONCLUSIONS 
 

Although neither the correlations nor the 
patterns reveal clear and straightforward relations, the 
study advances understanding of the natural 
processes controlling soil carbon distribution and 
accumulation, as well as their link to moisture 
dynamics in an environment with strong 
anthropogenic presence. 

The results from the present study indicate a 
spatial correspondence between persistent soil 
moisture patterns and the spatial differentiation of soil 
carbon stocks, suggesting a potential relationship 
between soil moisture conditions and soil carbon 
dynamics in montado ecosystems. Although soil 
carbon stocks are influenced by multiple factors not 
explicitly considered here, including local differences 
in grazing intensity and other management practices, 
the study area is consistently characterized by 
montado land use. The observed correspondence 
therefore suggests that soil moisture persistence may 
be one of the factors contributing to the spatial 
variability of soil carbon stocks. The interaction 

between declining tree density, soil moisture loss, and 
carbon depletion may create reinforcing feedbacks 
that threaten system resilience. The spatial 
consistency of dry zones observed in the study area 
suggests structural vulnerability rather than short-
term variability, highlighting areas where 
management interventions may be particularly 
important. Such feedbacks imply socio-ecological 
trap dynamics, where environmental degradation and 
management constraints reinforce each other, leading 
to persistent unsustainable system states. Addressing 
these risks may require integrated management 
strategies combining canopy restoration, soil 
conservation, and water retention measures. Our 
hypothesis was only partially confirmed, as soil 
moisture patterns were associated with variations in 
carbon stocks, but the observed correlations were 
moderate and not consistent across all depths. 
Nitrogen-related parameters showed weaker and 
more variable correlations. Future research 
integrating the role of other factors, such as microbial 
activity, soil texture, grazing, management practices 
and including longer-term monitoring, more frequent 
soil moisture measurements, and modelling 
approaches could capture the complex interactions 
between hydrology, biogeochemistry, and carbon 
storage in montado ecosystems. 
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Remote sensing proved to be an effective tool 
for identifying drought-prone zones and guiding 
targeted field sampling. The use of multi-temporal 
SMI enabled the identification of persistent soil 
moisture regimes, while kriging interpolation 
revealed spatial distribution patterns of soil carbon 
stocks. This integrated approach provides a robust 
framework for monitoring climate-related impacts in 
agroforestry systems and supports evidence-based 
management decisions. 
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