
Environmental and Sustainability Indicators 16 (2022) 100205

Available online 14 September 2022
2665-9727/© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Trade-offs and synergies in agricultural landscapes: A study on soil-related 
ecosystem services in the Brazilian Atlantic rainforest 

Gabriel Spínola Garcia Távora a, Ana Paula Dias Turetta b,c,*, Antonio Soares da Silva a, 
Bruno Francisco Teixeira Simões d, Udo Nehren e 

a Department of Physical Geography, Rio de Janeiro State University, Brazil 
b Brazilian Agriculture Research Corporation – Embrapa Soils. Rio de Janeiro, RJ, Brazil 
c Program of Territorial Development and Public Policy, Federal Rural University of Rio de Janeiro, Brazil 
d Department of Mathematics and Statistics Center of Exact Sciences and Technology (CCET), Federal University of the State of Rio de Janeiro, Brazil 
e Institute for Technology and Resources Management in the Tropic and Subtropics (ITT), University of Applied Sciences TH Köln, Brazil   
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A B S T R A C T   

In recent years, numerous studies have addressed the theme of ecosystem services as a means of promoting the 
protection, sustainable use, and recovery of ecosystems. However, these studies mainly have not been fully 
evaluated the soil-related ecosystem services and the different land uses and land cover. Taking this as a 
background, our main goal is to evaluate the trade-offs and synergies in the provision of soil-related ecosystem 
services in a watershed located in the highlands of Rio de Janeiro state - Brazil. To do so, we evaluated soil 
properties as indicators. In addition, statistical methods were applied to analyze any significant differences 
between the variables for the different land use classes, and Spearman correlation matrix to evaluate the trade- 
offs and synergies. No significant difference (p > 0.05) was found between the different land uses for soil fertility 
parameters, bulk density, and organic matter; however, the trade-offs analysis demonstrated the impact of 
anthropogenic actions in ecosystem services provision. The methodology showed potential to be used in different 
studies that focus on ecosystem services evaluations.   

1. Introduction 

In recent years the number of studies investigating the effects of 
agriculture management on ecosystem services (ES) provision have 
increased. These studies usually analyze the dynamics between the ES 
provision and their impacts on different land uses and land covers 
(Morán-Ordónez et al., 2019; Baude et al., 2019; Milheiras and Mace 
et al., 2019). 

Although these studies mention soils as support for regulation ser
vices such as flood mitigation, nutrient filtering, and waste treatment, 
they do not explicitly identify their service’s delivery role (Dominati 
et al., 2010). Furthermore, the soil and its properties that contribute to 
service delivery are not directly assessed in most studies (Dominati, 
2013). 

Soil properties often change slowly due to land use and management 
practices and for that reason, it can be more difficult to detect changes in 
ES provision. Therefore, to select a set of sensitive soil indicators that 
reflect the dynamics of changes in the soil functions and can be used to 

assess the ES provision remains a challenge (Bünemann et al., 2018). 
Additionally, the lack of soil data is another factor to impose more dif
ficulties in this scenario. 

One strategy to overcome the lack of soil data, common in the 
literature, is to consider the proxy approach, that means of using certain 
environmental variables and soil properties to quantify soil ecosystem 
services indirectly (Ellili-Baraoui et al., 2021). One of the most used 
proxies are land use and land cover data, which have been useful in 
regions where soil data are scarce (Vrebos et al., 2015; Adhikari and 
Hartemink, 2016). According to FAO (2016), land cover is the 
bio-physical features that cover earth’s surface, meanwhile, the land use 
is the materialization of human occupations and activities over the 
geographic space. 

However, considering the multiple ES provided by agricultural 
landscapes, for improving decision making and their sustainable use, it 
is important to identify and understand the relationships between the 
ES. These relationships can occur as trade-offs, where the offering of one 
service increases as the other decreases, or as synergies, where the 
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supply of two services increases or decreases simultaneously (Rodriguez 
et al., 2006; Dade et al., 2019). 

The ES relationships occur as a response to diverse impacts in the 
system. Bennett et al. (2009) refers to these exogenous or endogenous 
impacts as drivers, which can be related to human actions and/or nat
ural variability, such as public policies, land use, climate change and 
technological advances. 

70% of the population and 80% of the Brazilian economy are 
concentrated in the Brazilian Atlantic Forest biome, which has histori
cally suffered with the deforestation process, keeping the biome at a 
high level of threat and risk (SOS Mata Atlântica, 2022). This critical 
level of land use change process impacts the ES provision, thus being 
necessary to develop a methodological framework to assess the ES 
interlinkages and how different forms of land use may impact their 
provisioning. 

The hypothesis raised in this work is that the preservation of forest 
fragments in agricultural areas of the Atlantic forest biome as well the 
adoption of conservative practices can support the ES provisioning, 
reducing the negative impact of agricultural activity on soil-related 
ecosystem services (SRES). Hence, this paper aims to evaluate trade- 
offs and synergies in the provision of SRES – Carbon Storage, Water 
Infiltration, Nutrients Regulation and Production – in a typical water
shed in the highlands of Rio de Janeiro state, Brazil. 

2. Materials and methods 

2.1. Study area: The Pito Aceso watershed 

The research was developed in the Pito Aceso watershed, which has 
500 ha and is located in Bom Jardim’s municipality, in the mountains 
region of Rio de Janeiro State in Southeast Brazil (Fig. 1). Pito Aceso 
watershed standard rural landscape of Atlantic Forest highlands, char
acterized by steep relief – the watershed has slope declivity classes 
ranging from 20%–30% to 60%–70%. – and the prevailing climate is 
Humid Mesothermal, with high temperatures throughout the year, and 
the annual rainfall is around 1,400 mm. The July–August is the driest 

period, while December- March is the rainiest season (Távora and Tur
etta, 2016). Agriculture and pasture are the primary land use in the 
watershed. They are located mainly in the Acrisols, Cambisols, and 
Ferrasols because these soil classes are found in areas with less declivity, 
which facilitates the soil use and management of these areas by farmers 
(Chagas et al., 2012; Távora et al., 2013; Távora, 2019). 

Thus, the watershed represents a typical rural landscape of Atlantic 
Forest highlands, because it is a land-use mosaic formed by the inter
action of forest ecosystems located in upstream basin areas and the 
agroecosystems established in the downstream basin areas (Silva et al., 
2018). This area is also a “living lab” of studies about the interaction 
between rural landscape and soil performance, with a vast database that 
can be accessed by researchers (Chagas et al., 2012; Távora et al., 2013; 
Távora and Turetta, 2016). 

2.2. Soil samples and laboratory analysis 

We collected thirty soil samples in March 2011 and July 2016. 
Fifteen samples were collected each year, seven in pasture areas, five in 
annual crop areas, and three in perennial crop areas. The collection 
points were determined by random sampling. It allowed us to uniform 
coverage of the most significant possible land use (Fig. 1). 

Following Dominati et al. (2010) and Dominati (2013) recommen
dation that the topsoil is most influenced by land use and management 
activities, we collect the samples in the soil’s 0–5 cm layer. Three 
disturbed and three undisturbed samples were collected at each point. 
These agriculture areas are under Acrisols, Ferralsols, and Cambisols. 

Undisturbed samples were collected using a Kopecky ring (100 cm3). 
The deformed samples were collected using a metal shovel and stored in 
a 1-kilo plastic bag. The soils’ physicochemical analyses (granulometric 
analyzes, bulk density, organic matter, soil fertility) were performed at 
LAGEFIS /UERJ (Physical Geography Laboratory of the State University 
of Rio de Janeiro) and at Embrapa Solos, following an appropriate 
methodology for soil sample analysis (Empresa Brasileira De Pesquisa 
Agropecuária – EMBRAPA, 1997). 

Fig. 1. Pito Aceso watershed (Modified from Prado et al., 2009).  
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2.3. Ecosystem services analysis 

The selection of ecosystem services was based on the study of 
Dominati et al. (2010). However, we also included the nutrient regula
tion service, which the above authors did not consider. In total, three 
regulatory services and one provision service were selected (Table 1). 

Dominati (2013) states that it is necessary to investigate soil pro
cesses and properties (soil natural capital stock) to understand how soils 
provide ES. The author adds that the quantitative and qualitative 
assessment of properties is the easiest way to measure ES. Therefore, 
indicators related to soil properties used in this research included bulk 
density, texture, soil organic carbon, and soil fertility. Also, the in
dicators of agricultural production selected were area produced and 
total production t /ha (Table 1). 

2.3.1. Carbon storage service 
The analysis of the carbon storage service (CSS) was based on the 

methodology employed by Parron et al. (2015) and Rosendo and Rosa 
(2012). These authors used total soil organic carbon (SOC), bulk density 
(BD), and sampled soil layer size (e) to determine the CSS stock (equa
tion (1)). 

CSS= SOC*BD*e x005F x0001 (1)  

2.3.2. Water infiltration service 
In this research, we chose to use the degree of soil compaction as a 

method to evaluate the infiltration service, since the degree of 
compaction is inversely proportional to the water infiltration rate in the 
soil, especially in the superficial layer (Drescher et al., 2016). 

The degree of compaction was determined from the methodology 
proposed by Drescher et al. (2016): 

DC =
BD

MSD
*100 (2)  

where DC is the degree of compaction and Bd is the soil density and MSD 
is the maximum soil density. 

The method for determining the degree of compaction is simple but 
quite efficient to evaluate the infiltration capacity of the soil. Bulk 
density was determined according to the method developed by Empresa 
Brasileira De Pesquisa Agropecuária – EMBRAPA (1997). Based on this 
method, the soil sample is collected with the help of a Kopecky ring. The 
sample is weighed and taken to an oven at a temperature of 105 ◦C to dry 
and, after this procedure, the sample is weighed again. The bulk density 
will be given by the ratio between the value obtained from the dry 
sample and the volume of the Kopecky ring. Therefore, it was given by 
the following formula (equation (3)): 

BD= a/b (3)  

where BD is the value for bulk density (g/cm3); a represents the weight 
value of the dry sample at 105 ◦C (g) and b is the volume of the Kopecky 
ring. (cm3). 

While the maximum soil density was based on the work of Drescher 
et al. (2016), who used the soil pedotransfer functions proposed by 
Marcolin and Klein (2011) adapted to the reality of Brazilian soils 
(equation (3)) (R2 = 0,95)(equation (4)): 

MSD= 2, 03133855 − (0, 00320878 * OM) − (0, 00076508 * Clay) (4)  

where MSD is the maximum soil density, OM is the value of the organic 
matter in the given area, and Clay is the content rate of Clay in the given 
area. In the Marcolin and Klein (2011) papers, the authors sought how 
organic matter and Clay rates affected the soil density. Therefore, the 
soil pedotransfer functions seek to be an essential tool when it is a lack of 
information regarding soil analysis. 

2.4. Nutrient regulation service 

We consider that one of the main soils ES is the nutrient regulation 
service, which is directly related to soil fertility. Soil fertility is an 
important stock of natural capital because it directly influences plant 
growth and the macronutrients and micronutrients absorbed by plant 
roots from soil solution (Ronquim, 2010; Lepsch, 2011; Dominati et al., 
2010). 

Nutrient retention capacity is one of soils’ main properties affecting 
fertility. 

We considered the cation exchange capacity (CEC) to evaluate the 
nutrient retention capacity (Drobnik et al., 2018). The effective CEC 
analysis was the sum of cations (Ca2+, Mg2+, K+, Al3+) resulting from 
the routine fertility test (Empresa Brasileira De Pesquisa Agropecuária – 
EMBRAPA, 1997). 

2.5. Agricultural production data and forage production data 

The agricultural production data were obtained from secondary data 
produced by the Rio de Janeiro Technical Assistance and Rural Exten
sion Company (EMATER-RJ). These data are part of the Systematic 
Monitoring of Agricultural Production - ASPA. We collected information 
regarding perennial and annual crop productions from the municipality 
of Bom Jardim and the Pito Aceso basin from 2010 to 2016. 

According to the information gathered from farmers in the study area 
during the fieldwork, the pasture areas are mostly cultivated with Bra
chiaria decubens cv. Thus, the estimated forage productivity was deter
mined based on the works of Alvim et al. (1986, 2002), Botrel et al. 
(2003), and Paciullo et al. (2010). 

According to Dias-Filho (2014), there is, on average, a 30% loss of 
dry matter in pasture areas. Besides, according to the authors (op. cit), 
overall, a portion of what is available to herds is not consumed either. 
Thus, it is necessary to determine the efficiency of grazing, which, ac
cording to Dias-Filho (2014), is the relationship between what is 
consumed by cattle and the available dry matter. According to the 
author, grazing efficiency is an index ranging from 80% to 30%, varying 
with water availability, higher soil fertility, breed, and animal category. 
Thus, a value of 50% is generally established for grazing efficiency 
(Dias-Filho, 2014; Martha Junior et al., 2003). 

From the amount of dry matter available (ADMA) and grazing effi
ciency (G), it is possible to estimate the amount of dry matter that may 
be consumed by the herd (ADMC). This calculation was made using the 
average yield value of Brachiaria decumbens cv. proposed by Alvim et al. 
(2002), which is 15 tons per hectare, multiplied by 0.7 and 0.5, which 
represent the amount of dry matter available after loss and how much is 
consumed by an animal unit, respectively (equation (5)) (Dias-Filho, 
2014). 

Table 1 
Ecosystems services and indicators.  

Soil related 
Ecosystem 
services 

ES category ( 
MEA, 2005) 

Definition Soil properties/ 
Indicators 

Carbon 
Storage 

Regulatory Soils’ ability to store 
greenhouse gases 

Soil Organic Carbon, 
bulk density, and 
Layer Depth 

Water 
Infiltration 

Regulatory The ability of soils to 
allow infiltration and 
consequent storage of 
water within the system 

Bulk Density, 
Porosity, and Degree 
of Compression and 
Texture 

Nutrients 
Regulation 

Regulatory Soil’s ability to adsorb 
nutrients and release 
them to plants 

Cation exchange 
capacity 

Production Provision Harvested plants used 
for food. Pasture 
produced for livestock 
consumption 

Production amount 
per hectare /year 

Source: Adapted from Dominati et al. (2010). 
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ADMC = 15ton/ha*ADMA*G x005F x0001 (5) 

The estimate for production of each pasture point was determined by 
multiplying the pasture area of each collection point by the value ob
tained in the estimated dry matter quantity (ADMC), which was 5,250 
kg Ms/ha. 

2.6. Statistical analyses 

We ran the variance analysis to test whether there was any signifi
cant difference between the means of the variables for the different land 
use classes (Annual, Pasture, and Perennial). At first, the Shapiro-Wilk 
normality test was performed, with a significance level of 5%. This 
test was applied to understand if the samples have a normal distribution 
(Rogerson, 2012). In this study only the variables clay, bulk density, 
porosity, and degree of compaction follow normal distribution. After 
confirming the hypothesis test one-way analysis of variance (ANOVA) 
was performed. This analysis aims to compare whether the differences 
between the mean levels of the factor are significant. The Tukey test was 
applied, which considers a level of significance of 5% between means of 
different land uses. 

However, for data sets that rejected the null hypothesis in the 
normality test, the Kruskal-Wallis non-parametric test was applied. We 
applied this test to the following parameters: CEC data, basic cations 
(K+, Mg2+, and Ca2+), exchangeable acidity (Al3+), potential acidity 
(H+, Al3+), Maximum Soil Density (MSD), Carbon Soil Storage (CSS); 
Soil Organic Carbon (SOC) and Soil organic matter (SOM). Besides, we 
did a Dunn test as a complementary analysis based on the Bonferroni 
method of multiple comparisons (Rogerson, 2012). This test is used for 
multiple comparisons involving all pairs of treatments. That comparison 
was made between each of the land use classes to assess which ones had 
significant differences between their distributions at the 5% level of 
significance (Bianconi et al., 2008). All analyzes were performed using 
the software R 3.4.3 (R Core Team, 2019). 

The trade-offs and synergies were evaluated based on the work of Dai 
et al. (2017) and Feng et al. (2017). The Spearman correlation matrix 
(non-parametric method) was used as the evaluation method. Unlike the 
data presented by these authors, the variables collected in this research 
do not follow the normal distribution, which is one of the necessary 
assumptions to apply the Pearson correlation matrix. 

The matrix is formed by correlation coefficients ranging from -1 to 1 
and expressing the degree of linear dependence between different pairs 
of variables. Thus, pairs of ES negatively correlated represent trade-offs, 
while pairs with positive correlation denote synergy. All analyzes at this 
stage were performed using software R 3.4.3 (R Core Team, 2019). For 
this step, the data was also normalized. Normalization aims to remove 
the differences between the measurement units and make the data on a 
scale from 0 to 1. Standardization was based on the following equation 
(equation (6)): 

ESstd =(ESobs − ESmin)
/
(ESmax − Emin) x005F x0001 (6)  

where ESstd represents the normalized value, ESobs represent the value 
of an observation, and ESmin and ESmax represent the minimum and 
maximum observed value for that ES. 

3. Results 

The carbon storage services results (Table 2) are the outcome be
tween the interaction of in soil organic matter and bulk density. 
Meanwhile, the water infiltration services in the surface layer are the 
resulting degree of compaction (DC), i.e., the outcome of the interaction 
between organic matter, bulk density, and land use (Drescher et al., 
2016). Despite the different land uses and management, only CSS pre
sented a significant difference between annual and perennial crop areas 
in relation to pasture areas (Table 2). 

Annual and perennial crop areas showed the highest average values 
of exchangeable basic cation contents (Ca2+, Mg2+, K+). It should be 
noted that higher Ca2+ and Mg2+ contents were found when compared 
to K+. The pasture areas presented higher average values of exchange
able acidity (Al3+) and potential acidity (H+, Al3+). (Table 3). 

The statistical analysis indicated no significant difference (p > 0.05) 
in the different land uses for the CEC data, basic cations (K+, Mg2+, and 
Ca2+), exchangeable acidity (Al3+), potential acidity (H+, Al3+), and 
organic matter. The statistical analysis also presented a significant dif
ference in phosphorus contents between crop areas and pasture areas. 
About the clay contents, the results showed there is no significant dif
ference (p > 0.05) between the different uses (Table 3). 

Regarding food supply provision in the watershed area, the leading 
annual crops observed were: cabbage, sweet potato, yam, and tomato 
(Table 4). Data generated by EMATER-RJ (EMATER-RJ, 2021;Távora, 
2019), from 2010 to 2016, showed a decline of annual crop production, 
from 19.88 t ha− 1 in 2010 to 16.39 t ha− 1 in 2016, which corresponds to 
-17.56%. 

The main perennial crops in the watershed area are bananas, coffee, 
and passion fruit. According to data obtained from EMATER-RJ (EMA
TER-RJ, 2021) (Table 4), banana is the main perennial crop in terms of 
yield in the watershed, with an annual average of 74.29 tons produced 
from 2010 to 2016. Coffee production has declined since 2013 and 
showed a 14.29% fall in the period. 

The pasture areas in the watershed decreased from 23.57% to 
22.80% from 2010 to 2016 (Távora, 2019). However, it still corresponds 
to one-fifth of the watershed area. 

According to Alvim et al. (2002), Brachiaria decumbens cv. has an 
average growth of 15 tons.ha.year− 1 of dry matter. However, calculating 
the amount of dry matter consumed shows that only 5,250 kg.ha.year− 1 

are available for animal consumption. Thus, based on the 2010 and 2016 
land use and land cover mappings (Távora, 2019), it can be estimated 
that approximately 619 tons of dry matter were produced in 2010 and 
598.5 tons in 2016. 

The correlation matrix in the annual crop areas showed that there are 
trade-offs (Fig. 2A) between production x nutrient regulation, water 
infiltration x nutrient regulation, and carbon storage x water infiltration. 
The main synergy for this use is between the production x infiltration 
services and carbon storage x nutrient regulation. 

Based on the correlation matrix (Fig. 2B), perennial crop areas’ 
synergy occurs between production x nutrient regulation. Another 
synergy observed in perennial agriculture areas, which also occurs in 
annual crop areas, is between carbon storage x nutrient regulation. The 
trade-offs between production service and water infiltration are also the 
result of associated agricultural practices. 

In the pasture, the main trade-offs occur between production services 
x nutrient regulation services and production services x carbon storage 
service in the pasture areas. The main synergies observed in this land- 
use class are related to the water infiltration service, which positively 

Table 2 
Results of the soil properties.  

Land Use CSS 
(Mg C 
ha-1) 

SOC (g 
Kg -1) 

BD 
(Mg 
m-3) 

DC 
(%) 

MSD 
(mg 
m-3) 

Poro 
(%) 

SOM 
(%) 

Annual 
Crop 

8.21 a 15.35 
a 

1.07 
a 

0.52 
a 

1.92 a 60.51 
a 

26.46 
a 

Perennial 
Crop 

7.04 a 12.05 
a 

1.07 
a 

0.55 
a 

1.94 a 58.84 
a 

20.77 
a 

Pasture 11.56 b 19.40 
a 

1.18 
a 

0.62 
a 

1.90 a 56.21 
a 

33.45 
a 

Source: authors. The values are the median. Means followed by similar letters in 
each column are not significantly different from one another at 5% level of 
significance. Carbon Soil Storage (CSS); Soil Organic Carbon (SOC); Bulk Density 
(BD); Degree of Compaction (GC); Maximum Soil Density (MSD); Porosity 
(Poro); Soil organic matter (SOM). 
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correlates with carbon storage and the nutrient regulation service 
(Fig. 2C). 

4. Discussion 

Regarding the carbon storage service, some factors may explain the 
significant difference in this service (Table 2). First, in the perennial and 
annual crop areas, the soil revolving associated with the use of fertilizers 
contributes to the microbial action, which intensifies the organic matter 
oxidation and the leaching process, which leads to a lower concentration 
of soil organic carbon (Rocha Junior et al., 2018; Blanco-Canqui and 
Wortmann 2020). In contrast, the lower soil revolving in pasture areas in 
association to the Brachiaria spp. can increase carbon accumulation in 
tropical soils (Braz et al., 2013; Cook et al., 2014; Gichangi et al., 2017; 
Dos Santos et al., 2019). According to Costa et al. (2009), the increase of 
carbon content in pasture areas is related to the grass root system that 
contributes to subsurface organic matter input from the soil (Neves 
et al., 2004; Costa et al., 2009). Therefore, the lack of conservationist 
practices in the cultivation sites, as observed in the area, led to less 
storage of organic carbon in the soil when compared to pasture areas. 
Although the pasture is also under conventional management practices, 
they are underused, as we could verify during the field works. It con
tributes to maintaining the structure of the grasses root system. 

The degree of compaction in this study (Table 2) goes in the opposite 
direction to those already found in the literature. Ortigara et al. (2014) 
and Owuor et al. (2018) observed significant differences in the degree of 
soil compaction between the pasture and croplands. Nevertheless, this 
difference between ours results and the literature may indicate the lack 
of proper management in the cultivated areas, especially since all the 
variables did not show significant differences. Another factor is that 
soils’ physical properties did not change due to lack of time despite the 
dynamic change in land use in the watershed (Távora et al., 2013; 
Távora, 2019). Also, the high content of organic matter in the pasture 
areas hinders soil compression by dissipating compaction energy and 
promoting aggregate stabilization, which favors pore formation (Orti
gara et al., 2014; Silva et al., 2019; Okach et al., 2019). 

Therefore, anthropic activity and the type of management employed 
in each area influence the water infiltration service in the Pito Aceso 
watershed. They affect the stabilization of aggregates and impact pore 
size, especially macropores (Braida et al., 2006; Alves et al., 2007; 
Suzuki et al., 2007; Ortigara et al., 2014; Collares, et al., 2011; Shiferaw, 
et al., 2019). 

The outcomes for the nutrients regulation services can be understood 
base on the organic matter and clay. Since soil carbon contributes to the 
formation of electrically charged surfaces that are important for cation 
exchange, thus soils with high organic carbon contents also have high 
CEC values (Diekow et al., 2005; Enang et al., 2022; Baldotto et al., 
2015). Also, the higher clay content in pasture areas contributes to CEC 
values because it has a vital role in forming colloidal surfaces that are 
electrically chargeable (Medeiros et al., 2018). Hence, the high content 
of organic matter and clay in the pasture areas observed in the Pito 
Aceso watershed contributes to a lack of significant CEC differences 
against the agricultural areas. 

Moreover, according to Leal et al. (2019), the intensive use of NPK 
chemical fertilizer in Pito Aceso annual and perennial crop areas ex
plains the results found for P levels in the area. Therefore, the concen
tration of soil organic matter, the intensity of inputs in the soils, and 
their management are the factors that influence the performance of the 
nutrient regulation service. 

Regarding production services, although the agricultural areas 
expanded from 2010 to 2016, according to Távora (2019), the results 
showed a decline in productivity. That can be understood as a reflection 
of the severe climate events that have occurred in the area since 2010 (e. 
g., heavy rainfall that affected the entire Serrana Region in 2011 and the 
drought that occurred at the end of 2014) that ended up affecting all 
agricultural production in the state of Rio de Janeiro (Nehren, et al., 
2019). And secondly, as a sign of the agricultural system’s unsustain
ability, as no significant difference between the nutrients services pro
vision between pasture and croplands, despite the use of fertilizers. 
Based on field observations, pasture areas in the watershed have few 
degraded areas and a low concentration of cattle. Thus, the estimates for 
forage production were designed for areas under good pasture 

Table 3 
Results of soil fertility, organic matter, and clay.  

Lande Use Ca (cmolc Kg-1) K(cmolc Kg-1) Mg(cmolc Kg-1) Al(cmolc Kg-1) H + Al(cmolc Kg-1) CEC P (cmolc Kg-1) SOM (g Kg-1) Clay (%) 

Annual Crop 4.25 a 0.45 a 1.40 a 0.20 a 5.80 a 6.10 a 48.50 b 26.46 a 30.70 a 
Perennial Crop 4.20 a 0.48 a 1.50 a 0.05 a 4.70 a 6.05 a 35.80 ab 20.77 a 28.50 a 
Pasture 2.05 a 0.29 a 1.40 a 0.30 a 6.20 a 4.55 a 5.00 a 33.45 a 30.60 a 

Source: authors. The values are the median. Means followed by similar letters in each column are not significantly different from one another at 5% level of signif
icance. Soil organic matter (SOM). 

Table 4 
Annual and perennial crops produced in the watershed (in tones).  

Crops 2010 (ton/ha) 2011(ton/ha) 2012(ton/ha) 2013(ton/ha) 2014(ton/ha) 2015(ton/ha) 2016(ton/ha) 

Annual Zucchini 10 10 10 10 10 10 10 
Sweet potato 150 150 130 130 130 150 150 
Eggplant 50 50 50 50 50 50 50 
Cauliflower 45 45 40 40 40 37 37 
Bean 15 15 15 15 12 12 12 
Yam 150 150 120 120 120 100 100 
Scarlet Eggplant 65 65 65 65 65 63 63 
Corn 12 12 10 10 10 7,0 7,0 
Cucumber 60 60 60 60 50 50 58 
Bell pepper 62 62 62 62 62 62 62 
Cabbage 250 250 250 250 250 250 215 
Tomato 100 100 100 100 100 80 80 
Pod 25 25 25 25 25 25 25 

Perennial Coffee 35 35 35 32 32 32 30 
Banana 70 70 70 70 80 80 80 
Passion Fruit 12 12 12 12 12 12 12 

Source: EMATER-RJ, Systematic Monitoring of Agricultural Production – ASPA (2010–2016) 
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Fig. 2. Histogram with Correlation Matrix of annual (2A) and perennial crops (2B) and pasture areas (2C).  
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conditions and proper management (Alvim et al., 2002). 
Agriculture areas have been considered mainly as sources of provi

sioning services, but more recently their contributions to other types of 
ecosystem services have been recognized (MEA 2005; Power, 2010). The 
provision of production services often results in suppressing other 
ecosystem services, such as nutrient regulation, soil water infiltration, 
and erosion control (Jónsson et al., 2017; Gissi et al., 2018; Jafarzadeh 
et al., 2021). In agricultural areas, this correlation is most noticeable. 
However, considering the land use as the proxy to understand the re
lationships among ES in this study, we could highlight the main 
trade-offs and synergies in agricultural landscapes (Fig. 3). 

In the annual crop areas, the trade-offs can be explained based on soil 
management in these areas. The constant process of soil revolving af
fects soil quality and, mainly, formation and stabilization of aggregates. 
Besides, clay dispersion and organic matter removal due to overturning 
negatively affect nutrient regulation. Clay is one of the solid fractions in 

the soil responsible for the colloid formations, which are electrically 
charged surfaces responsible for cation exchanges (Ronquim, 2010; 
Strawn, 2021). Therefore, soil management practices that remove clay 
content from the soil affect nutrient bases and the CEC (Medeiros et al., 
2018; Visscher et al., 2021). The removal of soil organic matter also 
influences decreasing water infiltration into the soil, as carbon plays a 
crucial role in stabilizing aggregates and forming pores (Reichert et al., 
2003; Lepsch, 2011; Parron et al., 2015; Yu et al., 2020). Despite this, at 
first, the soil tillage, especially in the superficial layers, contributes to 
the fixation of annual crops and allows an increase in production (Parron 
et al., 2015; De Oliveira et al., 2019). Due to that we can observe the 
synergy between production services and water infiltration. 

Unlike annual crop areas, the plant decomposition material plays a 
vital role in nutrient cycling in the perennial crop areas (Espindola et al., 
2006; Petit-Aldana et al., 2019; Froufe et al., 2020; Sileshi et al., 2020). 
Thus, the positive correlation between carbon storage service and the 
nutrient regulation service occurs because the concentration of organic 
carbon contributes to soil humic fractions, which, along with mineral 
clays and iron and aluminum sesquioxide, form the electrically charged 
surface - those are the main colloids responsible for cation exchange 
capacity (Roscoe et al., 2006; Craft et al., 2018; Rakhsh et al., 2020; 
Paramisparam et al., 2021). In the same way, the nutrient cycling has an 
essential role in the increase of the production service. However, the 
trade-offs in this area show that the intensification of use for food pro
duction, over time, leads to decreased soil infiltration (Santos et al., 
2017; Keesstra et al., 2018; Kopittke et al., 2019). 

Comparing the results of the two crop areas, it is evident the effects of 
the continuing revolving of the soils to annual crops in the SRES pro
vision. Our study reinforces the recommendation that, especially in 
tropical areas, where the mineralization of organic matter is faster, it is 
fundamental the adoption of soil conservationists’ practices, to mini
mize the trade-offs among SRES. 

The trade-offs in pasture areas can be understood in the light of three 
factors. the first would be in relation to cattle grazing, which intensifies 
the process of soil compaction and, consequently, negatively influences 
the bulk density and the degree of compaction (Sharrow, 2007; Lai and 
Kumar 2020; Bonetti et al., 2021). The second question is related to 
carbon cycle within the pasture areas, according to Taboada et al. 
(2011), despise the CO2 stock decreases due to the grazing of the herds, 
more than 80% of the nutrients are returned in the form of excrement. 
The third is that the grass root system contributes to the contribution of 
subsurface organic matter to the soil (Ferraz de Almeida et al., 2019; Li 
et al., 2021). 

Therefore, the positive relationship between the water infiltration 
service and the carbon storage services can be explained because the 
increase in carbon concentrations has a considerable influence on the 
stabilization of soil aggregates and on the formation of pores and, 
consequently, on the infiltration of water (Rayne and Aula, 2020). 
Meanwhile, synergies between the water infiltration service in the soil 
and the regulation of nutrients can be explained by the high level of SOM 
present in the area. The SOM increases the aggregation stability, posi
tively affecting the water infiltration capacity. At the same time, it 
contributes to the balance of nutrients in the soil since SOM is a reservoir 
of soil nitrogen (N) and phosphorus (P). (Bayer and Mielniczuk, 2008; 
Hatten and Liles, 2019; Wang et al., 2022). 

5. Conclusions 

The Pito Aceso watershed has unique dynamics formed by the 
interaction between natural and anthropo-natural systems. Therefore, 
the evaluation of the SRES under different land uses is a way to under
stand these interactions. Such knowledge will enable public managers, 
decision-makers, and stakeholders to better understand how to manage 
the agricultural landscapes to reduce the trade-offs and maximize the 
synergies, promoting benefits to the society. 

Regarding the selection of indicators, soil chemical and physical 

Fig. 3. Main trade-offs and synergies identified at the study area. Red con
nections indicate trade-offs and green connections indicate synergies. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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properties analysis effectively evaluated soil services, providing a 
quantitative and holistic analysis of ES provisions. However, we high
light that the selection of the indicators will depend on the ecosystem 
services that will be evaluated, and the availability of data and methods 
would interfere in the analysis. 

In this study, we could observe the influence of organic matter on the 
ES dynamics in agricultural areas. Because it influences the concentra
tion of carbon in soils, the degree of soil compaction (water infiltration 
service) has a crucial role in forming colloidal surfaces that contribute to 
CEC (regulatory services). Therefore, this indicator showed the most 
influence on the results of the trade-offs and synergies between the 
ecosystem services. 

Our results could also evidence that intensive agriculture use and soil 
revolving without the adoption of soil conservationist management 
practices, can increase the trade-offs among ES. Hence, conservationist 
management practices, such as non-tillage, could improve the mainte
nance of SOM and thus improve the ecosystem services. 

The analysis of trade-offs and synergies between ecosystem services 
has a key role in understanding how interactions among different soil 
properties and managements influence the flow of matter and energy in 
the system and how it interferes in the provision of the SRES. Spear
man’s correlation matrix has proved to be an important tool to under
stand how the ES interact under the same land use conditions. However, 
it is highly dependent on data availability - the more data available, the 
stronger the correlations among ES will be evidenced. 

In short, the methodology framework showed the potential to be 
used in different studies that focus on SRES evaluation. To understand 
the dynamics of service delivery processes, the assessment should be 
continually done, mainly because of possible landscape changes that 
could affect the direct ES provision. However, the lack of soil indicators 
data at local level can represent a limitation to apply the proposed 
framework. 
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Alegre, pp. 7–18. 

Bennett, E.M., Peterson, G.D., Gordon, L.J., 2009. Understanding relationships among 
multiple ecosystem services. Ecol. Lett. 12 (12), 1394–1404. 

Bianconi, A., Govone, J.S., Zuben, C.J.V., Pião, A.C.S., Pizano, M.A., Alberti, L.F., 2008. 
Transformação de Dados e Implicações da Utilização do Teste de Kruskal-Wallis em 

Pesquisas Agroecológicas. Pesticidas: Revista de Ecotoxicologia e Meio Ambiente 18, 
27–34, 0.  

Blanco-Canqui, H., Wortmann, C.S., 2020. Does occasional tillage undo the ecosystem 
services gained with no-till? A review. Soil Tillage Res. 198, 104534. 

Bonetti, J.D.A., Anghinoni, I., Bredemeier, C., Moraes, M.T., Tormena, C.A., Gubiani, P.I., 
2021. Physical recovery of an Oxisol under an integrated crop-livestock system in 
southern Brazil. Arch. Agron Soil Sci. 1–12. 

Botrel, M.A., Alvim, M.J., Xavier, D.F., Pereira, A.V., 2003. Forrageiras para áreas 
montanhosas. Juiz de Fora - MG, vol. 74. Embrapa Gado de Leite, Circular Técnica.  
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Disponível em. http://www.emater.rj.gov.br/tecnica.asp. (Accessed  June 2021). 
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