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A B S T R A C T   

Land use change is one of the major drivers of soil degradation, affecting the ability of soils to supply multiple 
ecosystem services (ES). Despite the growing importance of soil-related ES, there is a lack of comprehensive 
methodologies to systematize how land use change affects the ability of soil to supply them. Here, by using 
primary information on soil properties, we develop a series of indices to assess the impact of land use change on 
the ability of soil to supply five soil-related ES: support for plant growth (SES1), C storage (SES2), nutrient 
cycling (SES3), erosion control (SES4), and water regulation and aeration (SES5). We focus our analysis on the 
rainforest-pasture transition for extensive ranching in the Colombian Amazon. Despite the global importance of 
the Amazon Forest biome, the existing methodological and knowledge gaps restrict our understanding of the 
impacts of land use change in the region’s soil-related ES. The results revealed that the extensive conversion of 
forest to pasture degraded the soil’s ability to supply all measured soil-related ES, with a higher impact for SES2 
(47% of soil C storage reduction), SES1, and SES4 (40% and 31% decline of related indices, respectively). Ac-
cording to the average scores for the three sites, the capacity of the soil to supply related ES is severely threatened 
by extensive ranching, causing a decline in the index from 99% in forest sites to 73% in pasture sites. A sig-
nificant correlation among most indices revealed that the supply of the five soil-related ES is interdependent, 
with the indices of soil C storage and erosion control services being the major drivers of synergies and trade-offs. 
Our study highlights the importance of re-adjusting management practices to mitigate the negative historical 
impacts of pasture conversion on soil properties linked to soil-related ES.   

Introduction 
The Amazon Forest is the largest rainforest in the world, covering 

700 million hectares and extending over nine countries in South 
America (i.e., Brazil, Peru, Colombia, Bolivia, Venezuela, Guyana, Su-
riname, Ecuador, and French Guiana). Although this biome hosts about 
a quarter of global biodiversity and plays an incommensurable role in 
freshwater supply, climate regulation, and other vital ecosystem services 
(Dirzo and Raven, 2003; Figueiredo et al., 2018; Pan et al., 2011; Wang 
et al., 2020), its extensive deforestation during the last two decades has 
caused the loss of 28.7 million ha of native vegetation (Finer and 
Mamani, 2020a,b). 

Among the countries sharing the Amazon region, Colombia has the 

third largest Amazon territory (48.5 million ha), which occupies about 
43 % of the country (Etter et al., 2006). The Colombian portion of the 
Amazon region has been facing intensive land-use change during recent 
years (Coca-Castro et al., 2013). The peace agreement between the 
Revolutionary Armed Forces of Colombia (FARC) and the Colombian 
government in 2016 led to a power gap in previously controlled forest 
areas. The proceeding lack of strong government presence following the 
peace process favored the expansion of the agricultural frontier to 
establish pastures, primarily, and caused an annual loss of 138,000 ha of 
forest in the Colombian Amazon region (IDEAM, 2018). As a result, this 
region has become the second most important deforestation hotspot in 
the Amazon Basin (Murad and Pearse, 2018). 
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The land use change processes associated with the conversion of the 
Amazon Forest into extensive pastures have induced significant degra-
dation in the physical, chemical, and biological properties and functions 
of soil (Melo et al., 2017; Nóbrega et al., 2017; Olaya-Montes et al., 
2020; Polanía-Hincapié et al., 2021; Silva-Olaya et al., 2021; Chavarro- 
Bermeo et al., 2022). Soil is an essential component of natural capital 
that performs multiple ecological functions and supports the supply of 
several ecosystem services (ES) (Adhikari and Hartemink, 2016; Hat-
field et al., 2017; Smith et al., 2021). However, the soil degradation 
associated with land use change can affect the capacity of soil to supply 
very diverse ES, such as food production, biodiversity habitat, climate 
regulation (Scharlemann et al., 2014), nutrient cycling, erosion control, 
and many others (Adhikari and Hartemink, 2016; Pereira et al., 2018; 
Zingore et al., 2015). 

As a critical environmental interface, the soil is vital to human 
wellbeing and thus requires special attention to maintain its functions. 
Although the role of soils in supplying ES has been increasingly 
acknowledged in recent literature (Dominati et al., 2010; Adhikari & 
Hartemink, 2016; Schwilch et al., 2018; Bartkowski et al., 2018), there 
are few efforts seeking to integrate the link between soil and these ES in 
decision-support tools with clear indicators so as to inform the design of 
strategies to ensure the sustained supply of soil-related ES. 

In general, the current frameworks for soil-related ES have tended to 
focus on individual or narrow sub-sets of services, failing to characterize 
the multi-functionality of soils (Su et al., 2018). Existing frameworks 
have generally adopted a one-to-one correspondence between processes 
and services, neglecting the complexity of soil processes. This has often 
led to confusion about the wording of the services (Dominati et al., 2010; 
Baveye et al, 2016). Furthermore, since soil management affects ES at 
multiple scales (e.g., Dominati et al., 2014; Schwilch et al, 2018; Car-
valho et al., 2022), there is a need for robust, flexible and straightfor-
ward frameworks to allow their practical application by relevant 
stakeholders at various levels (Dominati et al., 2014). Such frameworks 
should be capable of distinguishing changes in ES supply due to land use 
given that there is a growing need to meet multiple objectives related to 
food security, climate change mitigation/adaptation and environmental 
conservation. 

The above suggests substantial methodological and thematic gaps at 
the interface of soil-related ecosystem services and land use change, 
including in the context of the Amazon. Despite the immense global 
importance of the Amazon biome for providing habitat for biodiversity 
and carbon storage, and supplying other ES, the lack of such methods 
has precluded clear insights into the actual impacts of rainforest-pasture 
transitions on soil’s ability to supply ES (Celentano et al., 2017; Clec’h 
et al., 2016; Lavelle et al., 2014). Investigating the response of soil in the 
Amazon biome to human intervention would supplement our under-
standing of the complex relationship between ecosystems and human 
wellbeing in the region and beyond (Zhu et al., 2021). Such knowledge 
is invaluable to guiding the development of interventions and manage-
ment options for the sustainable use of ecosystems in the Colombian 
Amazon as well as ensuring that said interventions are within acceptable 
ecological limits (de Groot et al., 2012; Dominati, 2013). Understanding 
the changes in soil-related ES will be fundamental for designing policies 
that promote the sustainable development of the region and inform the 
development of payment for ecosystem services (PES) schemes, as 
implemented in other parts of Latin America (Grima et al., 2016). 

Considering the above, this study aims to develop a comprehensive 
assessment framework, based on primary information, for assessing how 
land use change can affect critical soil properties (indicators) and thus 
the capacity of soils to supply ES. We subsequently apply this framework 
to measure the impacts of land use transition from rainforest to pasture 
in parts of the Colombian Amazon on the ability of soil to supply five 
soil-related ES. We then identify the potential synergies and trade-offs in 
the ability of soil to supply these ES, which are key aspects in land 
planning and policy-making processes in the region. 

1. Material and methods 

1.1. Study site 

The study was performed in Caquetá state, located in the north-
western Colombian Amazon, in three specific municipalities: (i) Carta-
gena del Chairá (CDC), (ii) San Vicente del Caguán (SVC), and (iii) 
Solano (SLN) (Fig. 1). These municipalities are located in the same 
ecoregion that experiences annual deforestation of 28,000 ha due to 
pasture establishment. The three municipalities represent the main 
geomorphological characteristics of the region (Instituto Geográfico 
Agustín Codazzi (IGAC), 2014), thereby guaranteeing the represent-
ability of the study area. 

The regional climate is classified as a tropical rainforest (Af type in 
Koppen classification), with an annual precipitation of 3800 mm and a 
mean annual temperature of 25.5 ◦C. The soils in the study sites are 
classified as Typic Hapludults, which are highly weathered, moderately 
deep, very acidic, with high Al saturation, low cation exchange capacity, 
and basic cation content (Ca2+, Mg2+, K+, and Na+) (IGAC, 2014). The 
soil particle size distribution to a depth of 0.30 m is (i) 465 g kg− 1 sand, 
310 g kg− 1 clay, and 225 g kg− 1 silt in Cartagena del Chairá; (ii) 413 g 
kg− 1 sand, 341 g kg− 1 clay, and 246 g kg− 1 silt in San Vicente del 
Caguán, and (iii) 351 g kg− 1 sand, 364 g kg− 1 clay, and 281 g kg− 1 silt in 
Solano, respectively. 

In each municipality we performed paired-site comparisons in (i) 
forest areas that correspond to a typical Amazon rainforest (i.e., vege-
tation community dominated by regularly distributed arboreal elements 
representing approximately 80 % of the total area, forming a discon-
tinuous canopy with a height > 15 m); and (ii) adjacent pasture area 
composed of Brachiaria sp. established > 25 years ago after slash-and- 
burn of native forests with an occupation of approximately-one cattle 
head per hectare. Therefore, we focused on six study areas. 

1.2. Soil sampling and data collection 

A sampling grill composed of six plots of 25 m2 spaced 120 m apart 
was established in each study area. Ten soil cores (5-cm diameter × 10- 
cm depth) were then collected in each sampling plot at 10 cm depth 
increments until reaching 30 cm depth. Soil samples from the same soil 
layer were mixed to form one composite sample per layer per plot, 
totaling 60 subsamples and 18 composite samples per study area. The 
soil samples were air-dried and sieved to 2 mm for further chemical 
analyses. 

A small trench (30 × 30 × 30 cm) was also opened in each sampling 
plot to collect undisturbed soil samples using a metallic cylinder (5 × 5 
cm; ~98 cm− 3) from the 0–10, 10–20, and 20–30 cm layers, which were 
analyzed to determine soil physical properties such as bulk density and 
macro- and microporosity. 

Following conceptual and empirical studies that connected key soil 
properties to ES through soil functions (Adhikari and Hartemink, 2016; 
Gasparatos et al., 2018; Gissi et al., 2018), we measured relevant soil 
chemical, physical, and biological properties related to soil chemical 
fertility and hydrological functions. These soil functions underpin 
several ES, such as primary production, C sequestration, water regula-
tion and aeration, and erosion control. 

Several chemical properties related to acidity and the concentration 
of macro-and micronutrients in soil were evaluated, outlined below. Soil 
pH (active acidity) was determined in 0.01 M CaCl2 (Sparks et al., 
1996). The exchangeable acidity (H+ + Al3+) and exchangeable 
aluminum (Al3+) were extracted using 1 M KCl solution, and their 
concentrations were determined through titration with 0.01 M NaOH 
using phenolphthalein as an indicator, and through back titration with 
NaF after acidification with 0.01 M HCl (IGAC, 2014). The exchangeable 
potassium (K+), calcium (Ca2+), and magnesium (Mg2+) concentrations 
were quantified using an atomic absorption spectrophotometer in an 
extract made with 1 M ammonium acetate (Sparks et al., 1996). Plant- 
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available phosphorus was evaluated through extraction using the Bray II 
method (Bray and Kurtz, 1945). Available copper (Cu), manganese 
(Mn), iron (Fe), and zinc (Zn) were extracted using a double acid solu-
tion (Mehlich I) and determined using an atomic absorption spectro-
photometer (IGAC, 2014). Finally, soil base saturation (BS) and cation 
exchange capacity (CEC) were calculated as described by van Raij et al. 
(2001). 

Total soil organic C was quantified by dry combustion using a CN802 
carbon nitrogen elemental analyzer (furnace at 1000 ◦C in pure oxygen). 
Then, the soil C content was used to determine the SOC stocks using Eq. 
(1): 

Soil C stock = Carbon x BD x Depth (1)  

where soil C stock corresponds to the SOC stock (Mg C ha− 1) of each soil 
layer, BD is the soil bulk density (Mg m− 3), Carbon is the C content (%), 
and Depth is the layer thickness (cm). Subsequently, the carbon stock 
values were corrected using the fixed mass method with the NV site as a 
reference (Lee et al., 2009). We then calculated the SOC stocks at 0–30 
cm depth by summing the SOC stocks of the three soil layers. 

Soil physical properties such as soil penetration resistance and visual 
soil assessment were assessed in situ using a digital penetrometer (Eij-
kelkamp version 6.08 with software version 6.03) and the visual eval-
uation soil structure (VESS) method (Guimarães et al., 2011). 

In the laboratory, undisturbed soil samples were used to determine 
bulk density and macro- and microporosity, according to the analytical 
methods described by Dane and Topp (2002) and Peters et al. (2014), 
respectively. Briefly, the soil samples were saturated by capillary rise 
and then weighed and transferred to a tension table at − 6 kPa water 
potential until reaching the hydraulic equilibrium, and the soil water 
content and soil bulk density were then determined. 

Wet aggregate stability was assessed using the Yoder wet sieving 
procedure (Whitbread, 1996). 

2. Soil-related ecosystem service assessment framework: 
Development and data analysis 

2.1. Research approach 

Soil-related ES supply depends on soil functions (and their in-
teractions), and is influenced by soil use and management (Adhikari and 
Hartemink, 2016). In this study, we develop a robust, flexible and 
straightforward framework that considers soil multifunctionally, and 
that is capable of assessing the effects of land use change on soil prop-
erties and the ability of soil to supply the five ecosystem services. This 
framework is designed (step-by-step) based on the rationale established 
by Cherubin et al. (2016), and is applied in the context of rainforest- 
pastureland transitions in the Colombian Amazon (Section 2.1). 

Through this framework, we asses in each land use the state of 
various soil properties associated with five soil-related ES, and then 
integrate individual scores into an overall index. This index essentially 
expresses the overall capacity of the soil to supply ES in the study areas. 
In the following subsection, we present the step-by-step procedure used 
for the development of the assessment framework: 

2.1.1. Soil-related ecosystem services and mechanisms 
The first step is to (a) select which soil-related ES will be evaluated, 

and (b) establish the mechanisms through which land use change affects 
the ability of soil to supply the soil-related ES. Based on a review of 
related literature, the author’s experience, and the specific study context 
(Section 2.1), we selected five critical soil-related ES; support for plant 
growth (SES1), C storage (SES2), nutrient cycling (SES3), erosion con-
trol (SES4), and water regulation and aeration (SES5) (Table 1). These 
ES are among the most important provisioning, regulating, and sup-
porting services supplied by soils (Adhikari and Hartemink, 2016; Smith 
et al., 2021). 

Once the soil-related ES are selected, the rationale of the mechanisms 
through which land use change affects the ability of soil to supply each 
ES was established (Table 1). The constructions of the rationale for the 
mechanisms was based on conceptual (Gasparatos et al., 2018) and 
empirical studies (e.g., Gissi et al., 2018; Carvalho et al., 2022). 

Fig. 1. Location of the study sites in the northwestern region of the Colombian Amazon.  
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Table 1 
Selected soil-related ecosystem services, mechanisms of impact due to land-use 
change, and soil properties used as indicators.  

Soil-related 
ecosystem 
service 

Mechanisms Indicators Justification 

SES1: 
Support 
plant 
growth  

– Healthy soil is a 
critical component 
for plant growth.  

– Land use change 
can alter soil 
structure through 
soil compaction, 
creating a physical 
environmental 
more restrictive to 
plant growth. 

1. Bulk density 
(BD); 
2. Soil penetration 
resistance (SPR); 
3. Visual 
evaluation of the 
soil structure 
(VESS) 

Indicators 1–3 are 
among the most 
frequently used 
indicators for 
changes in soil 
physical quality as 
induced by land- 
use change and 
management 
practices ( 
Bünemann et al., 
2018). They are 
closely related to 
plant growth 
functions (Rabot 
et al., 2018) and 
have been widely 
used to infer the 
soil’s capacity to 
support and 
sustain plant 
growth (Cherubin 
et al., 2016; Santos 
et al., 2021).  

SES2: 
Carbon 
storage  

– Soil is the largest 
terrestrial pool of 
carbon.  

– Land cover and soil 
change alter carbon 
balance in the soil 
and thus the ability 
of the soil to store 
carbon. 

4. Soil C stock (soil 
C content, bulk 
density, soil 
Depth. See Eq. (1)) 

Indicator 4 is the 
most commonly 
used indicator in 
studies capturing 
stored carbon in 
soils (Lal, 2004). 
Beyond carbon 
storage, soil 
carbon underpins 
other critical 
services such as 
food production, 
nutrient cycling 
and soil 
biodiversity 
conservation ( 
Hoffland et al., 
2020; Wiesmeier 
et al., 2019).  

SES3: 
Nutrient 
cycling  

– Soil is a source of 
essential chemical 
elements (nutrients) 
that support very 
diverse ecological 
functions.  

– Land use change 
alters nutrient 
fluxes (inputs, 
losses, usage and 
cycling) into the 
soil, enhancing or 
depleting nutrient 
supply to plant and 
soil biota. 

5: Active soil 
acidity (pH); 
6. Base saturation 
(BS); 
7. Potential soil 
acidity (Al + H 
concentration); 
8. Exchangeable 
aluminum (Al3+

concentration); 
9. Phosphorus (P) 
concentration 
10. Potassium (K) 
concentration 
11. Calcium (Ca) 
concentration 
12. Magnesium 
(Mg) 
concentration 
13. Cooper (Cu) 
concentration 
14. Iron (Fe) 
concentration 
15. Zinc (Zn) 
concentration 

Indicators 5–8 are 
widely used to 
measure soil 
acidity, and its 
indirect impacts 
on nutrient 
availability to 
plants and biota ( 
Bünemann et al., 
2018; Cherubin 
et al., 2015; Olaya- 
Montes et al., 
2020). Indicators 
9–16 are essential 
chemical elements 
provided by the 
soil to plant 
growth and 
biological 
processes (Eichert 
and Fernández, 
2012), and 
therefore are 
closely linked to 
the ES associated  

Table 1 (continued ) 

Soil-related 
ecosystem 
service 

Mechanisms Indicators Justification 

16. Manganese 
(Mn) 
concentration 

with nutrient 
cycling.  

SES4: 
Erosion 
control  

– Different land uses 
have different 
capacity to protect 
soil against erosion.  

– Land use change 
affects the capacity 
of the soil to resist 
erosion, affecting 
soil loss risks. 

10. Mean weight 
diameter (MWD); 
11. Soil organic 
carbon (SOC) 

Indicator 10 is one 
of the main 
metrics to assess 
soil structure 
stability ( 
Bünemann et al., 
2018; Rabot et al., 
2018), which is 
the foundation of 
soil resistance 
against erosion ( 
Cherubin et al., 
2016; Santos et al., 
2021). Indicator 
11 contributes to 
soil aggregation 
and the stability of 
the entire soil 
structure against 
erosion (Hoffland 
et al., 2020; 
Wiesmeier et al., 
2019). Both I10 
and I11, have been 
used as relevant 
proxies to infer the 
mechanism 
through which 
land-use change 
affects the soil’s 
capacity to control 
erosion (Cherubin 
et al., 2016; Santos 
et al., 2021).  

SES5: Water 
regulation 
and 
aeration  

– Soil is a complex 
structured and 
porous medium that 
regulates global 
hydrological and 
gases cycles.  

– Land use change 
alters soil structure 
and consequently 
the pore space 
system, affecting 
water regulation 
(drainage, 
retention, 
availability), air 
storage and their 
supply into the soil. 

12. Soil 
macroporosity 
(MaP); 
13. Soil 
microporosity 
(MiP) 

Indicators 12 and 
13 reflect the 
status of soil 
structure by the 
pore space 
perspective (soil 
porosity) (Rabot 
et al., 2018). The 
soil pore system is 
composed of pores 
of different sizes, 
shapes and 
functionally. 
While macropores 
(12) are 
responsible for 
water drainage 
and oxygen supply 
to plants and 
organisms, 
micropores (13) 
regulate water 
retention and 
supply to plants ( 
Rabot et al., 
2018). Therefore, 
12 and 13 are key 
indicators of soil 
health (Bünemann 
et al., 2018) and 
closely related to 
the function and 
ES of water 
regulation and 

(continued on next page) 
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2.1.2. Selection and interpretation of indicators 
The second step consisted of the selection of appropriate soil prop-

erties, as indicators for the soil-related ES to be included in the com-
posite index (Table 1). It should be clarified that these indicators are not 
direct measures of soil-related ES, but proxy indicators that represent 
the ability of the soil to supply a different ES. Moreover, the indicators 
must be closely associated with the mechanism(s) through which each 
ES is affected by the land use change (see Table 1). In this study, the 
selection was performed based on the literature review (Table 1) and the 
author’s experience in previous studies (e.g., Cherubin et al., 2016; 
Olaya-Montes et al., 2020; Polanía-Hincapié et al., 2021; Carvalho et al., 
2022; Silva-Olaya et al., 2022). The technical justifications for selected 
indicator datasets are presented in Table 1. 

Once the indicators were selected, mean values for each of the 
chemical, physical, and biological indicator, outlined in Table 1 and 
Section 2.3 from the three different layers (i.e., 0–10 cm, 10–20 cm, 
20–30 cm), were integrated into a single value (i.e., 0–30 cm soil layer) 
(Table S1, Supplementary Electronic Material). Then, the average values 
for the 0–30 cm layer were normalized to an ordinal score from 0 to 1 
using non-linear scoring functions (Table S2, Supplementary Electronic 
Material). Based on agronomic and environmental soil functions, each 
indicator was scored using an upper asymptote sigmoid curve when a 
higher level of indicator is better for ES delivery, a lower asymptote 
sigmoid curve when a lower level of indicator is better for ES delivery, 
and a Gaussian Curve when a mid-point is optimum, following the same 
rationale behind soil health evaluations (Cherubin et al., 2016). 

The non-linear Eqs. (2) and (3) are used for upper and lower 
asymptote sigmoid curves respectively. For Gaussian curves, Eqs. (4) 
and (5) for the left and right sides of the Gaussian curve were used, 
respectively. 

Score =
a

[
1 +

(
LB− UT
x− UT

)s ] (2)  

Score =
a

[
1 +

(
LB− LT
x− LT

)s ] (3)  

Score =
a

[
1 +

(
LB− O
x− O

)s ] (4)  

Score =
a

[
1 +

(
UB− O
x− O

)s ] (5)  

where the score is the unitless value of the soil indicator (Table S2, 
Supplementary Electronic Material), which ranges from 0 to 1; a is the 
maximum score , which is equal to 1 in this study. LB is the lower 
baseline value (left side of the curve) of the soil indicator where the 
score equals 0.5, UB is the upper baseline value (right side of the curve) 
of the soil indicator where the score equals 0.5. LT is the lower 
threshold, UT is the upper threshold, x is the measured soil indicator 
value, and S is the slope of the equation which was set to − 2.5. The 
threshold and baseline values for each soil indicator were based on the 
literature (Table S3, Supplementary Electronic Material). 

2.1.3. Integration of indicators into soil-related ES indexes (SESi) 
In the third step, the scores of the soil indicators (i.e., normalized 

values from step 2) were integrated to compose a soil-related ecosystem 
service sub-index (SESsi) for each ES assessed. In situations where more 
than one indicator is used as a proxy for a given soil-related ES, the 
contribution of each indicator was weighted through different ap-
proaches. For ES1 and ES3, which are represented by three and 12 in-
dicators, respectively, the indicator weighting was performed based on 
principal component analysis (PCA). Briefly, the PCA loadings for each 
indicator were multiplied by the corresponding normalized values and 
summed to generate a unique value for each statistically relevant (i.e., 
eigenvalue > 1; Kaiser’s criterion) principal component. Then, this value 
was multiplied by the proportion of the total variance explained by the 
principal component, and finally the values of all PCs were summed to 
compose the SES sub-index (Eq. (6)). 

SESsi =
∑n

k=1
a × (Is × Iw) (6)  

where SESi is the soil-related ecosystem service sub-index, a is the total 
variance explained by the principal component (eigenvalues), Is is the 
indicator score (normalized value), and Iw is the indicator weight based 
on its eigenvector within each principal component. 

For the calculation of SESsi for SES4 and SES5, which are composed 
of two indicators, the weight of each indicator was equal (50 %), 
whereas for SESsi of SES2, which is composed of only one indicator, the 
weighting process was not necessary. 

2.1.4. Integration of sub-indexes (SESsi) into an overall soil-related ES 
index (SESi) 

The final step is to integrate individual SESsi (reflecting each ES) into 
an index that represents the overall soil’s capacity to supply the selected 
critical ES. Considering that all soil-related ES had similar importance in 
the context of the specific case study (Section 2.1), we used the simple 
additive approach to integrate the sub-indexes into the overall index. 
Through this approach, the individual soil-related ES sub-indexes were 
summed, and then the product was divided by the number of services. 
This procedure was performed for each land use and site evaluated. The 
overall SES index of all three sites was averaged to obtain a single value 
representing this region of the Colombian Amazon. 

2.2. Statistical analysis 

Data were tested for normality using Bartlett’s test (p > 0.05). Data 
that did not follow the normal distribution were transformed through 
the log-transformation procedure. Then, changes in soil’s capacity to 
supply soil-related ES between forest and pastures were analyzed using 
the Student’s t-test (p < 0.05, p < 0.01). Principal component analysis 
(PCA) was performed to determine the contribution of each indicator 
conforming SES1 and SES3 and identify synergies and trade-offs in terms 
of the capacity to supply soil-related ES. 

A canonical correlation analysis (CCA) was performed to determine 
the relative strength of the association between two sets of indicators 
reflecting the capacity of soil to supply the respective ES, with its sta-
tistical significance tested using the Student’s t-test. In the CCA method, 
the variance of the original datasets is distributed into a pair of canonical 
variables (U and V) that are built to maximize their correlation. U and V 
are built as a linear combination of the original variables, and the score 
represents the importance of the variable in the canonical variable. 

Statistical analyses were conducted in R software version 4.0.3 (R 
Core Team, 2020), using the integrated development environment 
RStudio version 1.3.1. (RStudio Team, 2021). 

Table 1 (continued ) 

Soil-related 
ecosystem 
service 

Mechanisms Indicators Justification 

aeration ( 
Cherubin et al., 
2016; Rabot et al., 
2018; Santos et al., 
2021). 

Source: Mechanisms are adapted from conceptual and empirical studies (Gas-
paratos et al., 2018; Gissi et al., 2018; Carvalho et al., 2022). 
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3. Results 

3.1. Effect of land use transition on soil capacity to supply ecosystem 
services 

The land-use change from forest to pasture altered the soil properties 
associated with the ability of soils to supply all five soil-related ES 
(Fig. 2). The highest effect was observed for soil properties related to 
SES2 (Fig. 2), for which, on average, the capacity of soil for carbon 
storage was reduced by 47 % due to conversion to pasture. Likewise, soil 
indicators associated with SES1 and SES4 also exhibit a decreasing trend 
when the land-use change from forest to pasture. SES1 was significantly 
reduced for all three sites, and SES4 was for SVC and CDC sites. This 
suggests that soil physical degradation and the consequent depletion of 

its capacity to support plant growth and control erosion follow the 
conversion of forest to pasture. We also identified statistically significant 
changes in the soil property indices associated with SES3 in the SVC site 
(decrease of 31 %) and for SES5 in the SOL site (4 % decrease) (Fig. 2), 
further suggesting a decrease in the capacity of soil to supply soil-related 
ES in pasture areas compared to forest areas. 

The overall index revealed that land use conversion from the Amazon 
Forest to pasture areas negatively affected the capacity of soil to supply 
soil-related ES. The index levels declined from 99 % in forest sites to 73 
% in pasture sites (Fig. 3a). By analyzing the indices for each soil-related 
ES independently across sites, a significant reduction in the index for 
SES2 (47 %) was observed, followed by SES1 (40 %) and SES4 (31 %) 
(Fig. 3b). The indices for SES3 and SES5 had similar values for both land- 
use types. 

Fig. 2. Sub-indexes (SESsi) for the five soil-related ES evaluated in forest and pasture land uses in the three study sites. Note: Sites are San Vicente del Caguán (SVC), 
Solano (SOL), and Cartagena del Chairá (CDC). Error bars denote standard error. Stars indicate that the mean values of the respective indices for forest and pastures 
differ significantly between matched sites to the level p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***) according to Student’s t-test. 
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The relationship between the soil-related ES sub-indexes and land 
use systems was investigated through PCA (Fig. 4). The first two com-
ponents explained 81 % of the variance, and sub-indexes were grouped 
into two clusters clearly defined according to land use, with each ellipse 
showing a 95 % confidence for a set of 2D normally distributed data 
samples. The data indicated higher values for sub-indexes linked to SES1 
to SES5 in forest areas than in pastures, confirming the results presented 
previously (Fig. 2). Significant relationships (p < 0.05) among all sub- 
indexes were observed with the sub-index for SES4 (rho = 0.59, 0.85, 
040, and 0.40 for SES1, SES2, SES3 and SES5 respectively). Except for 
the sub-index linked to SES3, the others were also significatively 
correlated to the sub-index linked to SES5 (rho = 0.52, 0.57 and 0.40 for 
SES1, SES2, SES4, respectively). 

3.2. Trade-offs and synergies among soil properties indices 

The canonical correlation analysis revealed significant correlations 
among most soil property indices associated with soil-related ES (Fig. 5; 
Table S4, Supplementary Electronic Material). More specifically, the C 
stored in soil (SES2) correlates positively with the indices of soil prop-
erties associated with erosion control (SES4) and water regulation and 
aeration (SES5), which is subsequently associated with the soil proper-
ties linked to the capacity to support plant growth (SES1). The index 
related to SES3 was also correlated with SES4. 

Based on the scores of the canonical variables (U1 and V1) found in 
this analysis, SES4 and SES2 seem to be the main drivers of these 

correlations (U1 = − 0.21SES1–0.79SES4–0.12SES5 and V1 =

− 0.94SES1–0.23SES3). 
To identify synergies and co-benefits as well as trade-offs among the 

sub-indexes, we applied a PCA for both land-use systems (Fig. 6). For 
forest, the PCA revealed a positive correlation of the first PCA axis (48 % 
of the variance) with sub-indexes associated with water regulation and 
aeration (SES5), C storage (SES2), and support for plant growth (SES1), 
as well as between the second axis (32 % of total variance) and erosion 
control (SES4). Sub-indexes associated with SES2 and SES3 were also 
correlated with the second axis, suggesting a tendency for synergy 
among sub-indexes associated with most soil-related ES evaluated 
(Fig. 6a). 

This analysis also identified trade-offs among sub-indexes associated 
with nutrient cycling (SES3) and soil structuring, such as plant support 
(SES1) and water regulation and aeration (SES5) (Fig. 6a). In pasture 
areas, both axes (75 % of total variance) showed correlation with sub- 
indexes associated with all soil-related ES, indicating a synergy among 
them. Trade-offs were not suggested for pastures in this analysis 
(Fig. 6b). 

4. Discussion 

4.1. Responses of soil properties to land-use change in the Colombian 
Amazon region 

Shifts in land use from forests to pastures in the Colombian Amazon 

Fig. 3. Changes in soil’s capacity to supply related ecosystem services following the transition from forest to pasture. Note: Values in panel (a) represent the overall 
SES index values for forests (left) and pastures (right). Values in panel (b) represent the SES sub-index values for each soil-related ecosystem service assessed on a 
regional scale. The asterisk indicates that the mean values of the overall indices for soil-related ecosystem services in forests and pastures differed significantly 
according to Student’s test (p < 0.05). 
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affect key ecological processes and, particularly, the properties of soil 
associated with the delivery of soil-related ES such as soil C storage, 
support for plant growth, and soil erosion control. This mirrors studies 
that have identified a significant decrease in SOC stocks due to this land 
use transition (Don et al., 2011), particularly when it involves long-term 
continuous grazing and poor pasture/soil management practices (Con-
ant et al., 2017). 

As soil constitutes a major terrestrial carbon pool (Lal, 2004) and 
influences multiple soil biological, chemical, and physical functions 
(Hoffland et al., 2020; Wiesmeier et al., 2019), these alterations have 
implications on soil health, crop production, and climate regulation. In 
our assessment, lower C inputs in pastures coupled with cattle trampling 
affected soil structure, possibly reducing the soil’s physical capacity to 

support plant development and control erosion (Fonte et al., 2014; 
Martínez and Zinck, 2004). 

Indeed, many studies have linked the pressure caused by animal 
trampling during grazing (especially overgrazing) and unplanned 
paddock rotation in pastures of the Amazon region with (i) soil 
compaction (Byrnes et al., 2018; Cherubin et al., 2018; Polanía-Hincapié 
et al., 2021), (ii) alteration of soil macrofauna (Duran-Bautista et al., 
2020; Lavelle et al., 2016; Rodriguez et al., 2021), and (iii) alteration of 
the size and continuity of pores and consequently the water- to air-filled 
pore space ratios, water movement, runoff susceptibility, and root 
growth (Cherubin et al., 2016; Costa et al., 2012; Herbin et al., 2011; 
Kurz et al., 2006; Lopes et al., 2018). 

Overall, as expected, by integrating all the indices of soil linked to 
the soil-related ES assessed, our results evidenced a substantial loss of 
soil’s capacity to supply ES in all the study areas following the conver-
sion of forest to pasture. According to our findings, the natural ecosys-
tems in the Amazon supply high levels of soil-related regulating and 
supporting services, which are severely threatened by extensive ranch-
ing production, as noted in studies performed in other regions (Clec’h 
et al., 2016; Lavelle et al., 2014; Oliveira et al., 2019). 

As pasture establishment has become the leading cause of defores-
tation in the study zone, accounting for 41 % of the forest loss in the 
Colombian Amazon region (IDEAM-Instituto de Hidrología, 2020), this 
shift in land use could lead to potential environmental problems such as 
eutrophication, water quality degradation, increases in C fluxes to the 
atmosphere, and soil degradation in the larger Amazon Basin. 

4.2. Interactions among soil-related ecosystem services 

Most of the five soil-related ES sub-indexes were significantly 
correlated (Fig. 5), suggesting that the supply of these services is inter-
dependent on many soil properties and that any positive or negative 
effect on one (or more) of the soil properties is likely to be reflected in 
the others. This has been previously reported in several studies per-
formed in tropical regions (Lavelle et al., 2014; Oliveira et al., 2019; 
Rodriguez et al., 2021). Soil properties linked to soil C sequestration and 
erosion control play an important role, becoming the major drivers in 
the supply of soil-related ES in the region. 

Correlations among SES2, SES4, and SES5 are mainly explained by 
the influence of soil organic matter on soil structure (Beare et al., 1994), 
two of the most dynamic soil properties, which are very sensitive to soil 
management. Organic components act as binding agents in the soil ag-
gregation process (Tisdall and Oades, 1982), contributing to the 

Fig. 4. Principal component analysis (PCA) for the sub-indexes of the five soil- 
related ES evaluated in forest and pasture land uses. Note: Support for plant 
growth (SES1), C storage (SES2), nutrient cycling (SES3), erosion control 
(SES4) and water regulation and aeration (SES5). 

Fig. 5. Schematic representation of significant canonical correlations among sub-indexes of the five soil-related ecosystem services evaluated in the forest and 
pasture land uses. 
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development of a stable soil structure, which in turn favors the storage of 
C in soil, the movement of water and air in soil, the reduction of the soil 
erosion process (Blanco-Canqui and Lal, 2004), and moderating soil and 
plant functions. Thus, this explains the subsequent correlation between 
those soil-related ES and SES1, as found in this study. 

These synergies were further confirmed when each land use system 
was analyzed separately. Our data revealed that unsustainable pasture 
management in the Colombian Amazon affects soil structure, reducing 
plant support for growth, C inputs affecting soil C storage, water holding 
capacity, and nutrient status. 

4.3. Management practices to restore soil-related ecosystem services in 
pasturelands 

Cattle ranching caused the deforestation of 45.1 Mha in the world 
between 2001 and 2015, corresponding to 36 % of all tree cover loss 
associated with agriculture during that period (Global Forest Review, 
2021). Much of this forest replacement was concentrated in the tropics, 
mainly in Brazil, Paraguay, and Colombia, with hotspots of deforestation 
occurring over the Amazon basin in Brazil and Colombia (Weisse and 
Goldman, 2021). In addition to the different ecological issues triggered 
by land-use change, traditional pasture management in the Amazon 
region seems to have a damaging impact on the global environment and 
human well-being. Soil degradation from extensive cattle ranching 
essentially impairs key soil functions related to nutrient cycling, water 
regulation, biodiversity, carbon storage, and soil erosion control, 
essentially reducing the ability of livestock systems to supply essential 
provisioning services such as food production. 

In this respect, the adoption of soil and grazing management prac-
tices that improve soil and ecosystem functioning is essential to guar-
antee resilience and preserve the sustainable supply of multiple ES and, 
therefore, ensure the long-term sustainability of rangeland livestock 
(Havstad et al., 2007). 

A synthesis of existing studies suggests that soil C sequestration could 
increase by an average of 0.47 Mg C/ha yr− 1 by (i) improving grazing 
management and fertilization, (ii) sowing legumes and improved grass 
species, (iii) adopting irrigation, and (iv) converting cultivated land 
instead of forest (Conant et al., 2017). Increasing soil C stocks in such a 
manner is fundamental not only for climate change mitigation, but also 
for improving other critical functions and soil-related ecosystem ser-
vices, including water infiltration and retention, soil retention, soil 
nutrient cycling and retention, soil biodiversity, wildlife nutrition and 

habitat, and livestock forage (Bot and Benites, 2005; Delgado et al., 
2011; Teague and Kreuter, 2020). 

In the tropics, silvopastoral systems, a land use practice in which tree 
and shrub species are intercropped into pastures in the presence of 
livestock, has been proven to positively affect soil organic matter posi-
tively (Hoosbeek et al., 2016; Jhariya et al., 2018; Lira Junior et al., 
2020; Polanía-Hincapié et al., 2021). By involving agricultural man-
agement practices that are usually not implemented in extensive pas-
tures, such as cover crop cultivation, fertilization, pruning, and thinning, 
these integrated systems favor nutrient cycling, as well as the reduction 
of nutrient loss through leaching due to the deeper root systems of trees 
(Bot and Benites, 2005; Jose et al., 2017; Olaya-Montes et al., 2020). In 
the Colombian Amazon region, recent studies have shown the potential 
ability of silvopastoral management to regenerate soil physical and 
chemical functioning by resembling the functional and structural fea-
tures exhibited by forest ecosystems (e.g., Fig. 7), thereby enhancing the 
supply of soil-related ES (Olaya-Montes et al., 2020; Polanía-Hincapié 
et al., 2021). 

Given the role of cattle ranching in Colombiás economy and other 
tropical countries, it is imperative to promote and adopt silvopastoral 
system management that can minimize the historical negative impacts 
of traditional livestock practices or perhaps slightly improve degraded 
grazing land resources. Doing so can improve ecosystem services 
essential for long-term human well-being while decreasing further 
deforestation processes associated with the expansion of the agricultural 
frontier. 

4.4. Challenges, opportunities and lessons learned 

As mentioned throughout this study one of the major aims of this 
study was to develop a novel methodology to explore how land use 
change affects soil properties, and essentially the ability of soil to supply 
ES. This methodology uses primary data and makes them comparable 
through the development of a composite SES index. Below we discuss 
some of the opportunities, challenges, and lessons learned that can 
inform the refinement of this approach, and its application in other 
global contexts. 

First, the developed framework is quite robust and straightforward, 
and through its application it was possible to detect the effects of land 
use change in the Colombian Amazon on multiple soil properties which 
were used as a proxy for soil-related ES. Nevertheless, although the se-
lection of soil properties/ES reflects the specific geographical and 

Fig. 6. Synergies and trade-offs among the sub-indexes of the five soil-related ecosystem services in forest (a) and pastures (b) areas. Note: SES1, Support for plant 
growth; SES2, C storage; SES3, nutrient cycling; SES4, erosion control; SES5, water regulation and aeration. 
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ecological context, the developed framework is flexible enough to be 
adapted and used in other contexts. Furthermore, the proposed frame-
work is not fixed (i.e., “black box”), but it can be adapted by users 
considering that soil-related ES priorities and appropriate indicators (i. 
e., soil properties) that better represent the evaluated scenario of land 
use and/or management practice changes. However, a major constraint 
for such regional adaptations might be the selection and proper inter-
pretation of a meaningful minimum dataset of soil indicators. As stressed 
throughout this paper, the indicators used to populate the proposed 
index for other large-scale application should be guided by (a) ability to 
reflect properly ES changes (i.e., fit-for-purpose), (b) technical and 
economic feasibility, and (c) social acceptability. 

Second, due to complex nature of soil and its dynamic interactions 
with other environmental components (i.e., lithosphere, biosphere, hy-
drosphere and atmosphere), it is challenging to design a framework to 
address all potential ES supplied by soils. However, our study suggests 
that comprehensive assessments should encompass multiple ES due to 
the various tradeoffs and synergies occurring among soil-related ES. In a 
sense, it is risky to recommend the selection/prioritization of a given 
land use or management practice based on the assessment of only one 
(or few) soil-related ES, as it may obscure possible trade-offs with other 
critical ES. For instance, Carvalho et al. (2022) concluded that although 
sugarcane crop residue removal for bioenergy production was not 
deleterious for the soil’s capacity to provide soil water flow regulation, 
the supply of several other vital soil-related ES (i.e., climate regulation, 
support for biodiversity, nutrient cycling, and food-energy production) 
may be impacted by this management practice, pointing to the need for 
more integrated evaluations. Therefore, although the proposed frame-
work already integrated five critical soil-related ES, it can be possible to 
further add other relevant services following the step-by-step procedure 
described in Section 2.3. 

Finally, the proposed framework could serve as a science-based tool 
for the future development of user-friendly platforms (software or apps). 
These can be used by local governments, research institutions, non- 
governmental organizations and other stakeholders to monitor the im-
pacts of land use change and management practice choices on critical ES 
supplied by the soil. Furthermore, such tools could assist policy-makers 
in evaluating the effectiveness of policies or initiatives geared towards 
promoting agriculture production and/or environmental protection. 
However, this would require significant research to both identify 
stakeholder needs, as well as the appropriate functionalities. 

5. Conclusions 

In this study we developed a novel composite index to explore how 
land use change affects soil properties selected as proxies for the ca-
pacity of soil to supply critical soil-related ecosystem services. The 
composite index synthesizes a series of chemical, physical and biological 
soil variables that are proxies for five soil-related ES namely, support for 
plant growth (SES1, C storage (SES2), nutrient cycling (SES3), erosion 
control (SES4), and water regulation and aeration (SES5). We populated 

the composite with primary data from long-term pasture sites in the 
Colombian Amazon to explore how increasing deforestation rates in the 
broader Amazon region for pasture establishment and extensive ranch-
ing have threatened the supply of multiple ecosystem services from this 
vital biome for our planet. 

We found that traditional management in pastures causes a 22 % 
decrease in the overall capacity of the soil to supply ES. The impact is 
higher for soil-related ES such as soil C sequestration, support for plant 
growth and food production, and erosion control. The complex in-
teractions among soil properties, processes, and functions are also re-
flected in soil-related ES indices. The significant correlations among 
most soil-related ES indices suggest that land-use change to poorly- 
managed pasture establishment does not simply affect the capacity of 
soil to deliver only one service but instead does so for multiple. Soil 
properties linked to soil C storage and erosion control services are major 
drivers of these synergies and trade-offs associated with land-use change 
in the Amazon region. 

Our data also provide empirical evidence for the development of 
strategies and policies to re-orient the management of cattle ranching in 
the Amazon region by optimizing the ecological function of these 
agroecosystems. This could prove invaluable to enhancing the delivery 
of ecosystem services (and associated economic returns) and long-term 
sustainability of ranching operations. Given the characteristics of sil-
vopastoral systems and their favorable impact on soil health reported in 
previous studies, this integrated system stands out as a potential strategy 
to reverse the soil degradation caused by previous mismanagement in 
the Amazon region. 

Finally, we should point that the developed framework is flexible to 
be adapted in other geographical and ecological contexts to explore 
different land use changes and/or management options. This can make it 
a useful tool for the development of sustainable ecosystem management 
strategies. 
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Melo, V.F., Orrutéa, A.G., Motta, A.C.V., Testoni, S.A., 2017. Land use and changes in soil 
morphology and physicochemical properties in the southern Amazon. Rev. Bras. 
Ciência do Solo 41, 170034. https://doi.org/10.1590/18069657RBCS20170034. 

Murad, C.A., Pearse, J., 2018. Landsat study of deforestation in the Amazon region of 
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