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ABSTRACT 

Climate change represents significant challenges to Mediterranean 
agricultural systems, particularly in dryland contexts, due to the 
increasing frequency of drought, water scarcity, and soil degradation risks. 
In this setting, conservation agriculture practices, particularly direct 
seeding systems, have received growing attention for their potential to 
influence both environmental performance and farm-level cost structures. 
This study develops and applies an integrated economic and 
environmental assessment framework for agricultural production 
systems implemented under the +Solo +Vida Territorial Program in the 
Guadiana Valley Natural Park (southern Portugal), based on TRACE 
methodology to incorporate environmental dimensions into conventional 
crop and investment accounts. The analysis evaluates implementation and 
operational costs, fuel consumption, partial greenhouse gas (GHG) 
emissions associated with agricultural operations, and potential biomass-
based carbon retention and operational GHG emissions. Application of the 
proposed framework indicates that direct seeding systems are associated 
with lower operational intensity and reduced fuel consumption, which 
translates into differences in both cost structures and estimated GHG 
emissions. However, the relationship between economic and 
environmental performance is not uniform across all dimensions, and 
trade-offs may arise depending on production conditions and system 
configurations. Crops and pasture systems also show potential relevance 
as carbon sinks through biomass accumulation, although this contribution 
varies across systems. Rather than establishing statistically generalizable 
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relationships, it is demonstrated how integrating crop accounts with 
environmental indicators can support farmers and decision-makers in 
jointly assessing economic and environmental performance while 
accounting for system-specific variability. This approach contributes to 
ongoing discussions on sustainability assessment, climate change 
adaptation, and the development of farm-level carbon accounting 
frameworks. 

KEYWORDS: crop/investment accounts; GHG emissions; agricultural 
economics 

JEL Classification: Q15 

 
Graphical Abstract 

INTRODUCTION 

Climate change is a global phenomenon affecting natural and human 
systems at multiple spatial scales. Primarily driven by anthropogenic 
greenhouse gas (GHG) emissions associated with fossil fuel combustion, 
deforestation and land-use change, its impacts are increasingly reflected 
in altered temperature patterns, precipitation regimes and atmospheric 
circulation. According to the Intergovernmental Panel on Climate Change, 
these changes are expected to intensify if GHG emissions continue to 
increase, leading to more frequent and severe extreme weather events [1]. 
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Agriculture is particularly vulnerable to climate change because 
production depends directly on climatic conditions, including 
temperature, rainfall and solar radiation, while simultaneously relying on 
biological processes that are highly sensitive to environmental variability. 
Agricultural systems also face substantial economic challenges associated 
with high production costs, including machinery, labor, energy, fertilizers, 
and water, together with considerable uncertainty arising from yield 
variability and market fluctuations. These characteristics make 
agriculture especially susceptible to climate-induced disturbances, 
threatening both productivity and farm profitability. 

The Mediterranean region is considered one of the areas most exposed 
to these challenges. Increasing drought frequency and intensity, declining 
precipitation, and growing pressure on water resources have intensified 
the risks of land degradation and reduced agricultural productivity. In 
Portugal, desertification has been identified as one of the country’s major 
environmental challenges, with the coming decade expected to be decisive 
for the sustainability of agricultural production systems [2]. Under 
Mediterranean climatic conditions, characterized by hot, dry summers 
and mild, wet winters, soil degradation processes—including erosion, 
biodiversity loss and declines in soil organic carbon (SOC)—further 
compromise the resilience of rainfed farming systems [3]. 

In response to these challenges, conservation and regenerative 
agriculture practices have received increasing attention as strategies for 
improving both environmental and economic sustainability. Reduced 
tillage and direct seeding systems minimize soil disturbance, decrease fuel 
consumption and may improve soil water retention, increase soil organic 
matter and reduce GHG emissions. These practices have also been 
associated with greater potential for carbon sequestration and improved 
resilience to drought and climate variability [4,5]. 

Although numerous studies have evaluated either the economic 
performance or the environmental impacts of conservation agriculture, 
these dimensions are frequently analyzed separately. Economic 
assessments typically focus on production costs and profitability, whereas 
environmental analyses emphasize GHG emissions, carbon sequestration 
or soil-related indicators. Consequently, farmers and decision-makers 
often lack practical tools which are capable of integrating economic and 
environmental information within a single operational framework to 
support farm-level decision-making. 

Crop accounts are routinely used for farm management and economic 
planning by quantifying production costs, machinery requirements, labor 
use and expected returns. However, their potential as integrated 
sustainability assessment tools have received limited attention. Expanding 
crop accounts to incorporate environmental indicators offers the 
opportunity to evaluate both economic performance and environmental 
impacts using information that is already routinely collected for farm 
management, thereby avoiding the need for separate accounting systems. 
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Within this context, the present study was developed as an applied 
methodological case study based on commercial farming systems 
established under the +Solo +Vida Program in the Guadiana Valley Natural 
Park (PNVG), southern Portugal. Rather than establishing statistically 
generalizable relationships between production technologies, the aim of 
the study is to demonstrate an integrated assessment framework 
combining conventional crop accounts with the TRACE—Integrated 
traceability and economic and environmental management system for the 
agro-industry (TRACE is a multicriteria methodology developed within an 
AGROGES project (2011) [6] to integrate economic competitiveness and 
environmental sustainability indicators into farm-level decision support. 
The original project report is no longer publicly available and is therefore 
cited as unpublished project documentation.) environmental accounting 
methodology (project report provided by the authors; no longer publicly 
available online). The framework is demonstrated through two 
complementary applications: (i) annual crop accounts (oat and yellow 
lupin), illustrating the integration of environmental indicators into 
conventional crop accounting; and (ii) investment accounts for permanent 
pasture, used to compare conventional and direct seeding systems. The 
analysis focuses on Mediterranean dryland conditions and evaluates 
implementation and operational costs, estimating partial GHG emissions 
and biomass-based carbon sequestration potential associated with crops 
and permanent pastures. Methodologically, the study demonstrates how 
crop accounts can be expanded beyond their traditional economic 
function to serve as an operational framework for assessing farm-level 
sustainability, integrating economic indicators with carbon footprint and 
carbon retention estimates within a single analytical approach. 

STATE OF THE ART 

Climate change is increasingly recognized as one of the principal 
drivers of agricultural vulnerability in Mediterranean regions, where 
rising temperatures, declining precipitation and greater climatic 
variability intensify drought, land degradation and desertification 
processes [1,7]. These environmental pressures are particularly critical in 
rainfed farming systems, where agricultural productivity depends directly 
on soil quality, water availability and the resilience of agroecosystems. 

Agriculture occupies a dual position within the climate change debate: 
it is simultaneously affected by climatic variability and contributes to 
greenhouse gas (GHG) emissions through fuel consumption, soil 
disturbance, fertilizer use and land-use change. At the same time, 
agricultural soils constitute one of the largest terrestrial carbon reservoirs, 
storing considerably more carbon than the atmosphere and playing a 
fundamental role in climate regulation [8,9]. Consequently, relatively 
small changes in soil carbon dynamics may substantially influence the net 
carbon balance of agricultural landscapes. 
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The capacity of agricultural systems to function either as carbon 
sources or carbon sinks depends largely on management practices. 
Conservation agriculture, particularly reduced tillage and direct seeding, 
seeks to reduce operational emissions while increasing carbon inputs 
through biomass production and improved soil management [10]. Several 
studies have shown that appropriate soil management can partially 
reverse historical carbon depletion associated with agricultural 
intensification [11], while practices such as direct seeding, cover crops and 
residue management contribute to increasing soil organic carbon and 
improving ecosystem resilience [12,13]. Pasture systems deserve 
particular attention because land-use transitions strongly influence both 
carbon storage and GHG emissions [9,14]. 

Although life-cycle assessment and carbon accounting methodologies 
have substantially improved the quantification of environmental impacts, 
they are not always operational for routine farm management because 
they frequently require additional datasets and specialized analytical 
procedures. Conversely, crop and investment accounts are already widely 
used by farmers to quantify labor, machinery use, fuel consumption and 
production costs. This creates an opportunity to integrate environmental 
indicators directly into conventional agricultural accounting, generating a 
practical framework capable of simultaneously supporting economic 
evaluation, operational GHG assessment and biomass-based carbon 
accounting at farm level. 

CHARACTERIZATION OF THE STUDY AREA 

The case study was developed in an area covering 94 hectares of the 
PNVG (southern Portugal), involving the municipality of Mértola and part 
of the municipality of Serpa (Union of Parishes of Serpa—Salvador and 
Santa Maria). 

According to the 2019 Agricultural Census, the PNVG is characterized 
by an ageing farming population, predominantly family-owned farms and 
relatively low educational attainment [15]. These socioeconomic 
characteristics are presented only to contextualize the regional setting in 
which conservation agriculture practices are implemented, since they 
may influence farmers’ capacity to adopt innovative management systems. 
They are not used as explanatory variables in the present assessment. 

Furthermore, the site is characterized by poorly evolved, skeletal soils, 
originating from consolidated rocks, called lithosols. Such soils are 
morphologically simple and of low cultural suitability [16]. These soils are 
therefore susceptible to erosion and desertification processes, as organic 
matter is a fundamental requirement for maintaining soil quality [17]. 
According to the Köppen–Geiger classification (Created by Vladimir 
Köppen (a biologist) and later updated and modified by Rudolf Geiger (a 
climatologist and meteorologist), this classification characterizes climate 
based on the vegetation found in each geographical area, while also 
considering meteorological elements such as temperature and 
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precipitation. Five main climate groups were defined, represented by 
uppercase letters (A, B, C, D, and E), while the remaining letters 
consecutively indicate the precipitation regime and air temperature 
typical of a given region [18]), the regional climate is Csa, corresponding 
to a temperate Mediterranean climate characterized by mild, wet winters 
(C) and dry (s), hot (a) summers. The average annual temperature ranges 
from 9.6 °C on average in the coldest month to 25.3 °C on average in the 
hottest month; the average annual rainfall is 447.4 mm and quite irregular 
throughout the year, with the highest rates concentrated in the autumn 
and winter periods, when temperatures are lower [19]. The vulnerability 
of these soils, already exacerbated by inadequate land-use practices and 
characteristics of the regional climate, is further aggravated by ongoing 
climate change. 

METHODOLOGY 

The methodological approach adopted in this study comprises four 
complementary components. First, an analytical framework integrating 
conventional crop accounts with environmental indicators is presented. 
Second, the procedures used to estimate GHG emissions and carbon 
sequestration potential are described. Third, the economic and 
environmental indicators derived from these procedures are combined to 
compare the production technologies analyzed. Finally, the 
methodological limitations associated with the scope of the assessment are 
discussed. This structure reflects the sequential workflow followed 
throughout the study, from data collection and processing to the 
integrated interpretation of economic and environmental performance. 

TRACE Methodology and Integrated Assessment Framework 

The TRACE methodology was originally developed within the AGROGES 
project [6], funded under a sustainability-oriented agricultural program, 
as a multicriteria decision-support tool for evaluating the economic 
competitiveness and environmental sustainability of farming systems. 
Rather than replacing conventional farm accounting, TRACE was designed 
to complement existing crop and investment accounts by incorporating 
environmental indicators into the same analytical structure. 

In the present study, TRACE was selected because its accounting logic 
is fully compatible with the technical information routinely collected for 
crop accounts, including machinery operations, labor requirements, fuel 
consumption, agricultural inputs and biomass production. This 
compatibility allows economic and environmental indicators to be 
generated from a common dataset without requiring an independent 
environmental accounting system. 
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Operationally, the integrated framework consists of five sequential 
stages: (1) collection of technical farm data; (2) preparation of crop and 
investment accounts; (3) conversion of technical coefficients into 
operational GHG emissions and biomass-based carbon retention 
indicators using TRACE procedures; (4) integration of economic and 
environmental indicators; and (5) comparative sustainability assessment 
at the farm level. 

Analytical Framework 

The methodological approach was designed to evaluate the potential of 
an integrated economic and environmental assessment framework, 
combining crop accounts and the TRACE methodology (project report 
provided by the authors; no longer publicly available online), capable of 
supporting farmers and decision-makers in the analysis of both economic 
performance and environmental impacts associated with different 
agricultural production technologies. The study should thus be understood 
primarily as an applied methodological and technical assessment rather 
than a controlled experimental comparison intended for statistical 
generalization. 

Crop accounts constitute an analytical tool traditionally used to 
evaluate agricultural production systems from an economic perspective, 
allowing the calculation of technical and economic indicators associated 
with crop performance [20]. In the present study, this methodology was 
expanded beyond its traditional economic application by combining it 
with environmental indicators related to GHG emissions, by means of the 
TRACE methodology (project report provided by the authors; no longer 
publicly available online), and carbon sequestration potential. By 
integrating technical coefficients, machinery operations, fuel 
consumption, labor requirements, input use, and biomass production data, 
the proposed framework allows the simultaneous assessment of economic 
performance and environmental impacts at the plot level. The analysis 
included data collected from agricultural parcels managed by 
participating farmers during the agricultural period of 2023–2024 within 
the framework of the +Solo +Vida program. The program involved 12 
participants for whom actions with economically analyzable data were 
effectively implemented; however, this study considers only the eight 
producers who carried out sowing activities (Table 1). 

The methodological innovation of this study does not lie in developing 
new emission factors or new economic accounting procedures, but in 
integrating existing crop accounts with environmental indicators within a 
single operational framework that can be readily applied at the farm level. 
The analysis was structured around two complementary dimensions: 
economic and environmental. The economic dimension (crop and 
investment accounts) considers implementation and operational costs, 
machinery use and associated working hours, input requirements (seeds, 
fertilizers, and fuel), and investment needs. In turn, the environmental 



 
Journal of Sustainability Research 8 of 26 

J Sustain Res. 2026;8(3):e260079. https://doi.org/10.20900/jsr20260079 

dimension considers GHG emissions associated with agricultural 
operations, as well as carbon sequestration potential related to biomass 
production and pasture establishment. 

Table 1. Characteristics of the producers and production systems included in the study. 

Producers and Production Technology 
Producer Crop Production Technology Plot Area (ha) 

Producer C Permanent pasture Conventional seeding 2.0 
Producer D Permanent pasture Conventional seeding 2.0 
Producer H Permanent pasture Direct seeding 1.0 
Producer J Permanent pasture Direct seeding 1.5 
Producer L Oats (Avena sativa L.) Direct seeding 3.0 
Producer M Permanent pasture Direct seeding 2.0 
Producer N Permanent pasture Conventional seeding 3.5 
Producer N Yellow Lupin (Lupinus luteus L.) Direct seeding 2.0 
Producer P Permanent pasture Direct seeding 4.7 

The number and characteristics of parcels depended on farmer participation and project implementation conditions. 

Following field data collection, agricultural operations associated with 
each production technology were identified, organized, and standardized 
according to their technical execution requirements, including machinery 
use, labor requirements, operational sequence and estimated execution 
time. The general technical protocol for agricultural operations was 
defined with the support of specialists (agricultural technicians and 
agronomists), taking each measure implemented into account. This 
procedure allowed the development of standardized crop and investment 
account matrices adapted to the production systems analyzed. The use of 
standardized technical coefficients aimed to ensure comparability among 
accounts rather than to represent the full variability of field operations 
under commercial conditions. 

The practical framework for integrated economic and environmental 
assessment adopted in the study is presented in Figure 1. 

Crop accounts were developed for oats and lupin production systems 
established under direct seeding conditions. In addition, investment 
accounts were developed for permanent pasture establishment under 
both direct and conventional seeding systems. A standard unit of 1 hectare 
was adopted, as this is the conventional basis for the preparation of crop 
accounts. Agricultural machinery costs were estimated following the 
methodology proposed by the Directorate-General for Agriculture and 
Rural Development [21]. 
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Figure 1. Practical Framework integrating conventional crop and investment accounts with the TRACE 
environmental accounting methodology. NOTE: Annual crop accounts demonstrate the incorporation of 
environmental indicators, while investment accounts enable the comparison of conventional and direct 
seeding systems. Both applications generate integrated sustainability indicators for farm-level decision 
support. 

The technical assumptions and calculation coefficients defined in the 
document were maintained, while economic parameters were updated. 
Historical prices (machinery acquisition, fuels, lubricants, and labor costs) 
were replaced by those prevailing during the study period. The total 
hourly cost of machinery was therefore obtained as the sum of the 
following components: repairs and maintenance and fuels and lubricants; 
depreciation was calculated based on the per hour depreciation, 
multiplied by the hours in each activity. These accounts aimed to provide 
technical-economic information capable of supporting the calculation and 
interpretation of economic and environmental indicators associated with 
the production technologies analyzed. The matrices used for crop and 
investment accounts are presented in Figures 2–4.
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Figure 2. Matrix for the crop accounts (oats and lupin). 
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Figure 3. Matrix for the investment accounts—permanent pasture (conventional seeding). 
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Figure 4. Matrix for the investment accounts—permanent pasture (direct seeding). 
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Greenhouse Gas Emissions Assessment 

A carbon accounting approach was adopted to estimate operational 
GHG emissions. To calculate the GHG emissions associated with the life 
cycle of the technologies and crops analyzed, the methodology and 
assumptions established by the TRACE project (project report provided by 
the authors; no longer publicly available online) were adopted, together 
with technical coefficients and emission factors obtained from the 
literature and institutional databases, namely the coefficients made 
available by the European Association for Environment, Health and Safety 
in Refining and Distribution (CONCAWE). Initially, a system boundary was 
defined (Figure 5), and the input data (technical and economic) related to 
the operations performed at this stage of the life cycle were considered. 

 

Figure 5. System boundary. 
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Operational GHG emissions were calculated from diesel consumption 
associated with each agricultural operation. 

GHG = FC × EFdiesel (1) 

where GHG represents emissions (kg CO2eq/ha), FC is fuel consumption 
(L/ha), and EF is the diesel emission factor (kg CO2EQ/L) obtained from 
CONCAWE. Fuel consumption was obtained from the technical coefficients 
used in the crop accounts. 

Total operational emissions correspond to the sum of emissions from 
all field operations included within the defined system boundary: 

GHGtotal = GHG (2) 

Consequently, data previously used for the development of crop and 
investment accounts were also used to calculate GHG emissions. Technical 
coefficients related to traction, machinery, and materials were converted 
into an emission’s inventory. This way, the analysis does not constitute a 
full LCA, as indirect upstream and downstream emissions associated with 
machinery manufacturing, transport, industrial processing of inputs, and 
broader supply-chain processes were not included. 

Carbon Sequestration Estimation 

Carbon sequestration estimates were based on biomass productivity 
data and carbon conversion coefficients reported in the literature [22]. The 
assessment represents potential biomass-based carbon retention rather 
than direct measurements of long-term soil organic carbon storage. 

Biomass production was first converted into dry matter (DM) using the 
moisture contents adopted for each crop and pasture system. The carbon 
stored in biomass was then estimated assuming that carbon represents 50% 
of dry biomass: 

C = DM × 0.50 (3) 

where C is the carbon stored in biomass (t C/ha) and DM is dry matter 
production (t/ha). 

Finally, carbon was converted into carbon dioxide equivalent using the 
molecular weight ratio between CO2 and C: 

CO2 = C × 44/12 (4) 

The resulting values express the potential amount of atmospheric CO2 
retained in plant biomass and are reported as carbon sequestration (t 
CO2/ha). 
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Comparative Analysis 

The assessment considered total implementation costs, operational 
costs, GHG emissions, estimated carbon sequestration potential and 
implications for climate adaptation and agricultural resilience. 

The aim of the analysis was to identify the extent to which agriculture 
practices, specifically conventional seeding and direct seeding, using the 
crop account combined with the previously described TRACE methodology, 
may contribute simultaneously to reducing operational emissions, 
improving soil conservation, enhancing ecosystem resilience, and 
supporting sustainable agricultural production under increasing climatic 
pressure. 

Because the study was based on heterogeneous real-world farming 
systems rather than replicated experimental plots, the results are 
interpreted primarily in analytical and exploratory terms. The objective is 
to identify relevant economic and environmental trends associated with 
different agricultural management approaches. 

Limitations of the Study 

The study has some limitations that should be acknowledged. The GHG 
assessment was based on a partial carbon accounting approach and did 
not include complete life-cycle emissions associated with all stages of 
agricultural production, while carbon sequestration estimates were based 
on coefficients from the literature rather than direct long-term soil 
measurements. The analysis was also based on real farming systems, 
implemented under heterogeneous field conditions, and the economic 
results remain sensitive to climatic variability, market conditions, energy 
prices, and farm-specific management practices. Despite these constraints, 
the methodological approach still offers relevant insights into the 
economic and environmental performance of conventional and direct 
seeding practices under Mediterranean dryland conditions, the PNVG, and 
shows potential as an operational tool to support farmers and decision-
makers in advancing agricultural sustainability and climate adaptation 
strategies at the farm level. 

An additional limitation arises from the use of fixed technical 
coefficients to construct the crop and investment accounts. Standardized 
values were adopted for machinery working time, fuel consumption, labor 
requirements, biomass productivity and emission factors in order to 
ensure methodological consistency across production systems. However, 
these coefficients may vary according to soil texture, field slope, 
machinery condition, operator efficiency, weather conditions and farm 
management practices. Consequently, the absolute values reported for 
costs, GHG emissions and carbon retention should be interpreted as 
comparative estimates within the proposed framework rather than 
universally applicable values. The framework itself is transferable, 



 
Journal of Sustainability Research 16 of 26 

J Sustain Res. 2026;8(3):e260079. https://doi.org/10.20900/jsr20260079 

whereas its numerical outputs should be recalibrated whenever local 
technical coefficients are available. 

RESULTS AND DISCUSSION 

The application of the proposed framework demonstrates that 
conventional crop and investment accounts can generate both economic 
and environmental indicators from the same technical dataset. Rather 
than constituting an independent environmental accounting procedure, 
the TRACE methodology complements existing agricultural accounts by 
converting machinery operations, fuel consumption and biomass 
production into operational GHG emissions and biomass-based carbon 
retention indicators. The framework therefore produces three 
complementary outputs: (i) annual crop accounts, (ii) comparative 
investment accounts, and (iii) integrated environmental indicators 
derived from both accounting approaches. 

Environmental Extension of Annual Crop Accounts 

The oat and yellow lupin accounts (Tables 2 and 3) illustrate the 
methodological extension of conventional crop accounting. Their 
objective is not to compare production technologies, since only direct 
seeding was implemented for these crops, but to demonstrate that the 
technical information routinely recorded in annual crop accounts can also 
support environmental assessment. By incorporating operational GHG 
emissions and biomass-based carbon retention into the same accounting 
structure, the framework expands the traditional economic role of crop 
accounts without modifying their underlying logic. 

This represents an important practical contribution because most 
farms already compile the information required to prepare crop accounts, 
including machinery use, labor, fuel consumption and input requirements. 
Consequently, environmental indicators can be generated from existing 
farm management data, avoiding the need for separate accounting 
systems and facilitating their use in routine decision-making. 



Journal of Sustainability Research            17 of 26 

J Sustain Res. 2026;8(3):e260079. https://doi.org/10.20900/jsr20260079 

Table 2. Results crop account: Oats, direct seeding (1 ha). 

Operation Traction Labor Supplies 
Total importance  

per operation  

Soil preparation,  
seeding 

distribuition  
and fertilization 

Description Cost/h Description Cost/h Description Unit. Price 

€260.02 

Tractor 4 × 4 120 hp +  
Direct seeder 3 m towed 

€29.85 
1: Unskilled labor €6.46 1: Superphosphate 18% €0.46 
2: Tractor driver €10.63 2: Oats €0.85 

Hours Value Hours Value Quantity Value 

1.2 h €35.82 
1: 0.3 h €2.15 1: 175 kg €81.03 
2: 1.3 h €13.82 2: 150 kg €127.20 

Top-dressing 
fertilization 

Description Cost/h Description Cost/h Description Unit. Price 

€103.00 
Tractor 4 × 4 120 hp +  
Centrifugal Spreader 14 m 

€25.06 Tractor driver €10.63 Nitrosolusal €0.75 
 

Hours Value Hours Value Quantity Value  

0.5 h €12.53 0.75 h €7.97 110 kg €82.50  

Harvest and baling  
(contract work) 

Description Cost/h Description Cost/h Description Unit. Price 

€130.00 

 

Combine harvester 132 hp 
+ Tractor 4 × 4 50 hp and 
Baler 1.67 m 

€65.00 - - - - 
 

Hours Value Hours Value Quantity Value  

2 h €130.00 - - - -  
Crop insurance €0.00  

Depreciation €54.06  

Other expenses (3% of total expenses) €16.41  

Return to owner (5% of total expenses) €28.17  

Total €591.67  

  



Journal of Sustainability Research            18 of 26 

J Sustain Res. 2026;8(3):e260079. https://doi.org/10.20900/jsr20260079 

 
Table 3. Results crop account: Lupin, direct seeding (1 ha). 

Operation Traction Labor Supplies 
Total importance 

per operation  

Soil preparation, 
seeding 

distribuition and 
fertilization 

Description Cost/h Description Cost/h Description Unit. Price 

€256.84 

Tractor 4 × 4 120 hp + 
Direct seeder 3 m towed 

€29.85 
1: Unskilled labor €6.46 1: Superphosphate 18% €0.46 
2: Tractor driver €10.63 2: Lupin € 2.07 

Hours Value Hours Value Quantity Value 

1.2 h €35.82 
1: 0.3 h €2.15 1: 175 kg €81.03 
2: 1.3 h €13.82 2: 60 kg €124.02 

Harvest  
(contract work) 

Description Cost/h Description Cost/h Description Unit. Price 

€65.00 
Combine harvester 132 hp €65.00 - - - - 

Hours Value Hours Value Quantity Value 
1 h €65.00 - - - - 

Crop insurance €0.00 
Depreciation €49.44 
Other expenses (3% of total expenses) €11.14 
Return to owner (5% of total expenses) €19.12 
Total €401.54 
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Comparative Assessment of Pasture Establishment Technologies 

The permanent pasture investment accounts (Tables 4 and 5) provide 
the comparative component of the framework by evaluating conventional 
and direct seeding under the same accounting methodology. Unlike the 
annual crop accounts, these investment accounts enable the economic and 
environmental implications of alternative establishment technologies to 
be directly assessed. 

Direct seeding required substantially fewer field operations than 
conventional establishment, eliminating soil preparation and seedbed 
formation while reducing machinery use, labor requirements and fuel 
consumption. These operational differences were directly reflected in 
lower implementation costs, demonstrating that reduced mechanization 
improves operational efficiency while simultaneously decreasing 
resource consumption. 

These findings are consistent with previous studies reporting that 
conservation agriculture reduces operational intensity through lower fuel 
use and reduced soil disturbance, particularly under Mediterranean 
dryland conditions [4,12]. Beyond the immediate economic benefits, fewer 
mechanized operations also increase the likelihood of completing sowing 
within narrow periods of adequate soil moisture, thereby improving the 
operational resilience of farming systems exposed to irregular rainfall. 
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Table 4. Results investment account: Permanent pasture, direct seeding (1 ha). 

Operation Traction Labor Supplies Total importance 
per operation 

Soil preparation, 
seeding distribution 

and fertilization 

Description Cost/h Description Cost/h Description Unit. Price 

€270.62 

Tractor 4 × 4 120 hp +  
Direct seeder 3 m towed  €29.85 1: Unskilled labor €6.46 1: Superphosphate 18% €0.46 

2: Tractor driver €10.63 2: Pasture mixture €5.51 
Hours Value Hours Value Quantity Value 

1.2 h €35.82 
1: 0.3 h €2.15 1: 175 kg €81.03 
2: 1.3 h €13.82 2: 25 kg €137.80 

Crop insurance €0.00 
Depreciation €49.44 
Other expenses (3% of total expenses) €9.60 
Return to owner (5% of total expenses) €16.48 
Total       €346.14 

Table 5. Results investment account: Permanent pasture, conventional seeding (1 ha). 

Operation Traction Labor Supplies Total importance  
per operation  

Soil preparation 

Description Cost/h Description Cost/h Description Unit. Price 

€87.03 
Tractor 4 × 4 120 hp + Disc harrow 1.8 m €24.18 Tractor driver €10.63 - - 

Hours Value Hours Value Quantity Value 
2.5 h €60.45 2.5 h €26.58 - - 

Seeding 
distribution and 

Fertilization 

Description Cost/h Description Cost/h Description Unit. Price 

€262.34 

Tractor 4 × 4 120 hp +  
Centrifugal Spreader 14 m 

€25.06 Tractor driver €10.63 1: Superphosphate 18% €0.46 
2: Pasture mixture €5.51 

Hours Value Hours Value Quantity Value 

1.1 h €27.57 1.5 h €15.95 1: 175 kg €81.03 
2: 25 kg €137.80 

Seed burial 

Description Cost/h Description Cost/h Description Unit. Price 

€44.58 
Tractor 4 × 4 120 hp + Scarifier 1.7 m €23.84 

1: Unskilled labor €6.46 
- - 2: Tractor driver €10.63 

Hours Value Hours Value Quantity Value 

1.2 h €28.61 
1: 0.3 h €2.15 

- - 2: 1.3 h €13.82 
Crop insurance €0.00 
Depreciation €37.91 
Other expenses (3% of total expenses) €12.96 
Return to owner (5% of total expenses) €22.24 
Total €467.05 
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Integrated Environmental Indicators 

The final stage of the framework converts the technical coefficients 
contained in crop and investment accounts into environmental indicators. 
Table 6 summarizes operational GHG emissions, biomass production, 
estimated carbon retention and net carbon balance for the production 
systems analyzed. These indicators are not generated through a separate 
environmental inventory but are derived directly from the same technical 
information used to construct the economic accounts, illustrating the 
integration of environmental and economic assessment within a single 
methodological framework. 

Table 6. Environmental indicators derived from crop and investment accounts. 

Activity 
 

Production 
(t/ha) 

Dry matter  
(t/ha) 

Carbon 
emission  

(t CO2eq/ha) 

Carbon 
sequestration 

(t CO2/ha) 

Net Carbon  
sequestration  

(t CO2/ha) 
Oats  

(direct seeding) 
Straw 2.5 2.250 0.176 1.125 1.494 Grain 1.25 1.090 0.545 

Yellow lupin  
(direct seeding) 

Pasture 1 0.900 0.099 0.450 0.578 Grain 0.5 0.454 0.227 
Permanent pasture  

(conventional seeding) Yield 3 0.900 0.296 0.450 0.154 

Permanent pasture  
(direct seeding) Yield 3 0.900 0.059 0.450 0.391 

Note: Dry matter was calculated using moisture contents of 10% for straw and fallow, 70% for permanent pasture, 12.8% 
for oat grain and 9.2% for yellow lupin grain. Carbon sequestration was estimated according to the procedure described 
in section “Greenhouse Gas Emissions Assessment”, assuming 50% carbon in dry biomass [1]. Source: Own elaboration. 

For oats and yellow lupin, the carbon values demonstrate that biomass 
production can be incorporated into annual crop accounts as an additional 
environmental indicator. This application is methodological rather than 
comparative, since its purpose is to show how conventional agricultural 
accounting can include climate-related information while maintaining its 
practical structure. 

For permanent pasture, however, the environmental indicators also 
support technological comparison. Operational GHG emissions decreased 
from 0.296 t CO2eq ha−1 under conventional seeding to 0.059 t CO2eq ha−1 
under direct seeding, reflecting the substantially lower number of 
mechanized operations and reduced diesel consumption. These results 
reinforce the evidence that direct seeding contributes to climate 
mitigation primarily through reductions in operational emissions 
associated with agricultural activities rather than through changes in 
production output. 

The carbon indicator adopted in this study should be interpreted within 
the distinction between emission reduction and carbon removal proposed 
by McDonald (2024) [10]. The reported values represent potential carbon 
retained in aboveground biomass, estimated using standardized IPCC 
conversion coefficients, rather than direct measurements of long-term soil 
organic carbon accumulation. This distinction improves methodological 
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transparency and avoids attributing permanent soil carbon sequestration 
to short-term biomass production. 

The inclusion of permanent pasture within the framework is also 
supported by previous research demonstrating that land-use transitions 
substantially influence regional carbon balances. Carvalho et al. (2010) [14] 
showed that converting pastureland into cropland may generate 
significant carbon losses, highlighting the importance of pasture 
establishment and management within climate mitigation strategies. 
Similarly, Guangdi et al. (2022) [9] emphasized that perennial pasture 
systems contribute differently to greenhouse gas balances than annual 
cropping systems, reinforcing the relevance of evaluating both production 
systems within an integrated accounting framework. 

Implications for Integrated Sustainability Assessment 

Taken together, the three groups of results demonstrate the 
complementary nature of the proposed framework. Annual crop accounts 
provide evidence that environmental indicators can be incorporated into 
conventional crop accounting; investment accounts enable the 
comparison of alternative establishment technologies; and the integrated 
environmental indicators create a common basis for jointly evaluating 
economic and environmental performance across both accounting 
approaches.  

Unlike conventional sustainability assessment methods that frequently 
require independent environmental datasets, the proposed framework 
uses information already available in farm management systems to 
generate operational indicators relevant for both producers and decision-
makers. This characteristic increases its practical applicability while 
maintaining compatibility with existing agricultural accounting 
procedures. 

The results should nevertheless be interpreted within the 
methodological scope of this applied case study. The analyses were 
conducted under commercial farming conditions using standardized 
technical coefficients to ensure comparability among accounts, and 
therefore the numerical values represent comparative estimates rather 
than statistically generalizable relationships. Likewise, the carbon values 
should be understood as biomass-based carbon retention rather than 
measurements of permanent soil carbon storage. The transferability of the 
framework lies in its methodological structure, whereas its numerical 
outputs should be recalibrated whenever local technical coefficients and 
field-specific data are available. 

CONCLUSIONS 

The Territorial Program +Solo +Vida promoted agricultural practices 
aimed at improving environmental sustainability and strengthening the 
resilience of Mediterranean farming systems under climate change. 
Within this context, this study developed and applied an integrated 
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assessment framework combining crop accounts with the TRACE 
methodology to jointly evaluate the economic and environmental 
performance of agricultural production systems. The proposed 
framework consists of five sequential stages: (i) collection of farm 
technical data; (ii) preparation of crop and investment accounts; (iii) 
estimation of operational GHG emissions and biomass-based carbon 
retention using TRACE; (iv) integration of economic and environmental 
indicators; and (v) sustainability assessment to support farm-level 
decision-making. 

The methodological contribution of this study is to demonstrate that 
conventional crop accounts can be expanded by incorporating operational 
GHG emissions and biomass-based carbon retention as environmental 
indicators, thereby transforming a purely economic accounting tool into 
an integrated sustainability assessment framework. 

By integrating technical coefficients, machinery operations, fuel 
consumption and biomass production within a single analytical 
framework, the methodology enables economic and environmental 
information to be assessed simultaneously using data which is already 
available in farm management systems. 

The application of this framework to conventional and direct seeding 
systems showed that direct seeding reduced implementation costs through 
lower labor, machinery and fuel requirements while also generating 
substantially lower GHG emissions. The inclusion of biomass-based 
carbon sequestration estimates further illustrates how the combined 
approach provides a more comprehensive assessment of production 
systems than economic accounts alone. 

The results should, however, be interpreted within the methodological 
scope of the study. The analyses were conducted under commercial 
farming conditions and are intended to illustrate the applicability of the 
proposed framework rather than establish statistically generalizable 
relationships. Likewise, carbon sequestration estimates represent 
potential carbon retention associated with biomass production and do not 
quantify long-term soil carbon accumulation. 

Rather than proposing a new accounting system, this study 
demonstrates how an existing farm management tool can be expanded to 
incorporate environmental information, thereby providing a practical 
framework for integrated sustainability assessment. 

As environmental accounting becomes increasingly relevant for 
agricultural policy and farm management, this type of integrated 
assessment may support more informed decision-making and contribute 
to the further development of farm-level sustainability assessment and 
carbon accounting approaches. 

  



 
Journal of Sustainability Research 24 of 26 

J Sustain Res. 2026;8(3):e260079. https://doi.org/10.20900/jsr20260079 

DATA AVAILABILITY 

The dataset of the study is available from the authors upon reasonable 
request. 

AUTHOR CONTRIBUTIONS 

Conceptualization, MdBCF and CRA; methodology, MdBCF and CRA; 
validation, MdBCF; formal analysis, MdBCF and CRA investigation, MdBCF; 
CRA; AR and IDF; resources, AR and IDF; data curation, AR and IDF; 
writing—original draft preparation, AR; writing—review and editing, 
MdBCF; visualization, MdBCF and AR; supervision, MdBCF and CRA; 
project administration, MdBCF and CRA; funding acquisition, MdBCF and 
CRA All authors have read and agreed to the published version of the 
manuscript. 

CONFLICTS OF INTEREST 

The authors declare that they have no conflicts of interest. 

FUNDING 

This research was funded by EEA Grants under the project grant 
number 10ID00195-12_CALL#5_ Programa territorial “+SOLO +VIDA”. 

ACKNOWLEDGMENTS 

The authors acknowledge MED 
(https://doi.org/10.54499/UID/05183/2025) and CHANGE 
(https://doi.org/10.54499/LA/P/0121/2020). The authors are also grateful to 
the farmer producers who agreed to share their data. 

REFERENCES 

1. Intergovernmental Panel on Climate Change (IPCC). Technical Summary. In: 
Climate Change 2021—The Physical Science Basis: Working Group I 
Contribution to the Sixth Assessment Report of the Intergovernmental Panel 
on Climate Change. Cambridge (UK): Cambridge University Press; 2023. 

2. Centro Regional de Informação para a Europa Ocidental (UNRIC). Dia mundial 
de combate à desertificação e à seca: 66% do território nacional em perigo. 
Available from: https://unric.org/pt/dia-mundial-de-combate-a-
desertificacao-e-a-seca-66-do-territorio-nacional-em-perigo/. Accessed 2024 
May 18. 

3. FAO, ITPS. Food and Agriculture Organization of the United Nations and 
Intergovernmental Technical Panel on Soils. Status of the World’s Soil 
Resources: Main report. Rome (Italy): FAO; 2015. 

4. Deis L, Fort F, Lin-Yang Q, Balda P, Pou A. Carbon Sequestration, Plant Cover, 
and Soil Health: Strategies to Mitigate Climate Change. Plants. 
2025;14(23):3610. doi: 10.3390/plants14233610 

  



 
Journal of Sustainability Research 25 of 26 

J Sustain Res. 2026;8(3):e260079. https://doi.org/10.20900/jsr20260079 

5. Devarajan Y, Chenniappan T, Roshita A, Aravinda T, Choudhury S, Saxena S, 
et al. Adapting agriculture for climate resilience: Strategies for sustainable 
production and food security. Results Eng. 2026;29:109632. doi: 
10.1016/j.rineng.2026.109632. 

6. AGROGES. Projecto Trace: Matriz De Decisão Multicritério: um instrumento 
de apoio às decisões dos produtores agrícolas no âmbito da competitividade 
económica e da sustentabilidade ambiental. Project report. Lisboa (Portugal): 
AGROGES; 2011. 

7. Zaghouani A, Chetioui C, Hadjeb A. Climate Change Projections for 
Mediterranean Arid Regions: Shared Socio-economic Pathways for Algerian 
Sahara. Ann Arid Zone. 2026;65(1):71-84. doi: 10.56093/aaz.v65i1.173393 

8. Agriculture Victoria. Soil Carbon Snapshot. Melbourne (VIC, Australia): 
Agriculture Victoria; 2022. 

9. Guangdi DL, Schwenke GD, Hayes RC, Lowrie AJ, Lowrie RJ, Price A. Perennial 
pastures reduce nitrous oxide emissions in mixed farming systems in a semi-
arid environment. Sci Total Environ. 2022;834:155304. doi: 
10.1016/j.scitotenv.2022.155304 

10. McDonald H. Carbon removals and emissions reductions from climate-
friendly soil management: defining key terms. Policy Brief. Berlin (Germany): 
Öko-Institute e. V., Institute for Applied Ecology; 2024. 

11. Post WM, Izaurralde RC, Jastrow JD, McCarl BA, Amonette JE, Bailey VL, et al. 
Enhancement of Carbon Sequestration in US Soils. BioScience. 
2004;54(10):895-908. doi: 10.1641/0006-3568(2004)054[0895:EOCSIU]2.0.CO;2 

12. Prajapati SK, Choudhary S, Kumar V, Dayal P, Srivastava R, Gairola A, et al. 
Carbon Sequestration: A Key Strategy for Climate Change Mitigation towards 
a Sustainable Future. Emerg Trends Clim Change. 2023;2(2):1-14. doi: 
10.18782/2583-4770.128 

13. Jordon MW, Buffet JC, Dungait JAJ, Galdos MV, Garnett T, Lee MRF, et al. A 
restatement of the natural science evidence base concerning grassland 
management, grazing livestock and soil carbon storage. Proc Biol Sci. 
2024;291:20232669. doi: 10.1098/rspb.2023.2669 

14. Carvalho JLN, Raucci GS, Cerri CEP, Bernoux M, Feigl BJ, Wruck FJ, et al. 
Impact of pasture, agriculture and crop-livestock systems on soil C stocks in 
Brazil. Soil Tillage Res. 2010;110:175-86. doi: 10.1016/j.still.2010.07.011 

15. Instituto Nacional de Estatística (INE). Recenseamento Agrícola 2019. Lisbon 
(Portugal): INE; 2021. 

16. Cardoso JVJC. Os solos de Portugal: sua classificação, caracterização e gênese. 
1st ed. Lisboa (Portugal): Direcção-Geral dos Serviços Agrícolas; 1965.  
pp. 65-67, 247. 

17. Carranca C, Oliveira A, Pampulha E, Torres MO. Temporal dynamics of soil 
nitrogen, carbon and microbial activity in conservative and disturbed fields 
amended with mature white lupine and oat residues. Geoderma. 2009;151(1-
2):50-9. doi: 10.1016/j.geoderma.2009.03.012 

  



 
Journal of Sustainability Research 26 of 26 

J Sustain Res. 2026;8(3):e260079. https://doi.org/10.20900/jsr20260079 

18. Santos TRA. Classificação climática de Köppen-Geiger. InfoEscola. Available 
from: https://www.infoescola.com/geografia/classificacao-climatica-de-
koppen-geiger/. Accessed 2024 Jun 25. 

19. IPMA. Fichas climatológicas 1991-2020. Available from: 
https://www.ipma.pt/pt/oclima/normais.clima/1991-
2020/normalclimate9120.jsp. Accessed 2026 Aug 25. 

20. Marques FPSSC. A conta de cultura. Adaptabilidade às culturas arvenses de 
sequeiro. Unpublished report. Évora (Portugal): University of Évora; 1997. 

21. Direção Geral de Agricultura e Desenvolvimento Rural (DGADR). Análise dos 
encargos com a utilização das máquinas agrícolas. Lisbon (Portugal): DGADR; 
2009. 

22. Intergovernmental Panel on Climate Change (IPCC). 2006 IPCC Guidelines for 
national greenhouse gas inventories: Volume 4–Agriculture, forestry and 
other land use. Eggleston HS, Buendia L, Miwa K, Ngara T, Tanabe K, editors. 
Hayama (Japan): Institute for Global Environmental Strategies; 2006. 
 

 

How to cite this article: 
Costa Freitas MdB, Rodrigues A, Filip ID, Antunes CR. An Integrated Economic and Environmental Assessment 
Framework Based on Crop Accounts: A Mediterranean Case Study. J Sustain Res. 2026;8(3):e260079. 
https://doi.org/10.20900/jsr20260079. 


