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Abstract: The aim of this study is to determine the impact potential of land use on biotic 

production and climate regulation in the agricultural phase of a product, taking into 

account the varied soil and crop management. Land occupation and transformation impacts 

of soybean production in Argentina for different agricultural systems are evaluated.  

The results indicate that the magnitude of occupation and transformation impacts is 

considerably reduced by implementing no-tillage instead of conventional tillage. Nevertheless, 

the methodologies adopted are unable to show any of the expected differences between 

rainfed or irrigation systems, crop sequences and delays in seed-planting, due to failures in 

the specific characterization factors. On the other hand, an uncertainty is demonstrated by 

the results associated with the choice of regeneration time corresponding to the different 

ecoregions over which soybean cultivation extends across the country. One of the 

recommendations that comes to the fore is to consider in the characterization factors 

increments in the soil organic carbon stock and in the mineralization rates, associated with 

the presence of the preceding crop and the greater availability of water in the soil of 

irrigated systems. 
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1. Introduction 

The growing interest in environmental impacts linked to the production and consumption of  

goods and services have fostered the development of methodologies that enable quantifying the said 

impacts and evaluating the environmental advantages of alternative products. In this sense, one of the 

strongest tools is the Life Cycle Assessment (LCA), endorsed by the International Organization for 

Standardization through the ISO 14040 [1] e ISO 14044 [2] norms. 

Land use and the associated potential impacts have lately gained relevance in LCA studies of 

agricultural products. The term “land use” refers to a classification of human activities that occupy a 

land area, while the expression “land use impacts” denotes changes of anthropic origin produced in the 

land quality, such as decreases in biodiversity, increased soil compaction or loss of nutrients [3], 

related to physical occupation and transformation of land areas. These cause modifications in the 

quality of ecosystems, meaning the capacity of bearing biodiversity and rendering services to society, 

such as the production of biomass and catching hydric resources [4]. The land occupation implies 

impacts over flora, fauna, soil and soil surface during a period which human activity is maintained, 

while the process of transformation, commonly known as “land use change” (LUC), denotes changes 

in the flora, fauna, soil or soil surface from an original state to an altered state [5]. 

Several authors have studied different indicators to evaluate land use impacts [6–15], considering 

aspects like the surface of occupied land, the influence over biodiversity, the life-support functions, 

soil productivity, and the capacity of ecosystems to dissipate exergy. However, it is not simple to apply 

these indicators in LCA studies of products, which is why the UNEP-SETAC Life Cycle Initiative has 

recently developed a methodological guide [5] to evaluate occupation and transformation impacts of 

the soil over biodiversity and ecosystem services with life cycle thinking, applicable to any planet region. 

Most available studies on land use impacts in the life-cycle of agricultural products are focused on 

evaluating changes in greenhouse gas emissions resulting from crop expansion towards other 

ecoregions [16,17]. Others include indicators related to the changes in the soil organic matter, the 

acidification and the eutrophication [18], the soil erosion, the changes in soil structure and the loss in 

biodiversity [19]. A few studies use the methodology proposed by the UNEP-SETAC [5]. Among 

them are Milà i Canals et al. [20] and Antón et al. [21]. Milà i Canals et al. [20] study land use impacts 

over biodiversity and ecosystem functions of different crops used as raw material to manufacture 

margarine. Antón et al. [21] evaluate impacts of the biotic production, biodiversity and soil erosion of 

intensive (use of chemical fertilizers and pesticides) and extensive (includes organic manure 

application and the use of intermediate crops to catch excess nitrogen) crop production. 

Nevertheless, the studies available do not contemplate possible modifications in impact results 

associated with the adoption of different tillage systems and conservationist practices. 

One of the conservationist agricultural practices that has been adopted widely in recent years is that 

of no-tillage. This technology operates in the absence of any type of plowing and in the presence of a 
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permanent soil covering with previous crop stubble. This practice allows production without damaging 

the soil, and very often improves its physical, chemical and biological conditions. At the moment, 

about 135 million hectares are produced around the world in no-tillage [22] concentrated in a few 

countries, the United States, Brazil and Argentina being among them. 

No-tillage enables simplifying crop handling and incrementing productivity levels per hectare of 

occupied land, motivating a large number of producers to expand the cultivated surface. To incorporate 

new agricultural land involves not only the use of land, degraded or in disuse, but also the advance 

toward preservation areas of natural ecosystems and the transformation of cattle breeding areas or 

areas of lower income yield capacity, thus awakening a growing concern in different sectors of society. 

The aim of this study is to determine the potential impact on biotic production and climate 

regulation due to the use of land during the agricultural phase of soybean (Glycine max) in Argentina, 

considering different practices in crop management. The impact caused by the occupation of land is 

calculated in the most common soybean cultivation conditions in the country: conventional tillage,  

no-tillage, rainfed cultivation and cultivation with supplementary irrigation. The impacts due to the 

transformation of land use from conservation areas to cultivated ones are also evaluated. The land use 

inventory methodology proposed by Koellner et al. [5] is considered. A regional approach is followed 

during the impact assessment phase, differentiating the intrinsic characteristics of the different 

ecoregions where the crop is cultivated in Argentina. 

2. Materials and Methods 

2.1. Life Cycle Assessment 

Life Cycle Assessment (LCA) is a methodological tool to address the potential environmental  

impacts generated by human activities such as climate change or ecotoxicity impacts, and 

environmental aspects at each step of a product’s life cycle from raw material acquisition through 

manufacturing, use, end-of-life treatment, recycling and final disposal. LCA is a tool to support 

decision-making in many product systems [2,5,23]. 

LCA studies comprise four phases: (i) the goal and scope definition; (ii) inventory analysis;  

(iii) impact assessment; and (iv) interpretation [1]. The goal should clearly state the intended 

application, the reasons for carrying out the study and the audience to which it is expected to 

communicate the results to. The scope should be defined by considering the system functions and 

functional unit (FU). The FU is the amount of product needed to fulfill the main function of the system 

and provides a benchmark against which the input and output streams are recorded. LCA studies 

consider flows into and out of all stages of the life cycle; however, the scope of the study may be 

limited to certain stages, taking into account their degree of relevance. The inventory analysis refers to 

the collection and quantification of data for the inventory lifecycle. The inventory shall include the 

inputs and outputs of matter and energy (inputs, raw materials, products, emissions, solid waste, land 

occupied and/or transformed others) for each stage of the life cycle, taking as reference the FU. In the 

phase of evaluation of impacts, the magnitude and significance of the potential environmental impacts 

for the system under study is analyzed, using the results of the previous phase. The inventory data are 

assigned to different impact categories according to the expected environmental effect. Then, impact 
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indicators are calculated for selected categories, using characterization factors. Characterization factors 

reflect the relative contribution of a life cycle inventory result to the impact category indicator result. 

In the life cycle interpretation phase, the findings of the inventory analysis and of the impact 

assessment are evaluated in relation to the defined goal and scope, in order to reach conclusions  

and recommendations. 

2.2. Land Use Impacts in LCA 

The study was developed following the recommendations of the UNEP-SETAC [5] Guideline.  

As show in Figure 1, the UNEP-SETAC Guideline distinguishes three necessary elements to carry out 

the land use impacts evaluation: (i) the creation of spatial model; (ii) the data collection; and (iii) the 

calculation of land use impacts. The creation of a spatial model implies choosing impacts indicators, 

land use and cover typology and bio-geographical differentiation level that will be used to define 

characterization factors (CF), specifications for a reference situation and the way to evaluate impacts 

(absolute changes or relative changes to a reference situation). The data collection implies the 

definition of inventory flows for land occupation and land transformation, the definition of 

regeneration time, the choice of generic characterization factors or the calculation of case-dependent 

characterization factors, and the definition of land use change allocation criteria (impacts from land 

transformation have to be amortized to functional unit arising from the new land use). The calculation 

of land use impacts includes choosing the period during which the calculation of land use occupation 

and transformation impacts is carried out, and the uncertainty analysis. 

 

Figure 1. Elements of the UNEP-SETAC Guideline to build a land use impact assessment 

for biodiversity and ecosystem services. Adapted from [5]. 

The UNEP-SETAC [4] proposes a flexible system to incorporate the regionalization at land use 

inventory flows. The system consists of adopting different levels of detail: (i) level 1: differentiation 

between biomes; (ii) level 2: differentiation between climatic regions; (iii) level 3: classification for 

terrestrial, freshwater and marine biomes; (iv) level 4: classification for terrestrial and freshwater 
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ecoregions; and (v) level 5: include exact geo-referenced information of land use. In this paper, in order 

to have an accurate land use impact assessment, the fourth level of regionalization is taken into account. 

Land use impacts were estimated by relating the occupation and transformation elemental flows to 

effects over ecosystem services, using determined characterization factors based on general equations 

developed by Milà i Canals et al. [24]: 

ܫܱ ൌ ∆ܳ ൈ ௢ܶ௖ ൈ ௢௖ (1)ܣ

௢௖ܨܥ ൌ ∆ܳ (2)

ܫܶ ൌ 0.5 ൈ ∆ܳ ൈ ௥ܶ௘௚௘௡ ൈ ௧௥௔௡௦ (3)ܣ

௧௥௔௡௦ܨܥ ൌ 0.5 ൈ ∆ܳ ൈ ௥ܶ௘௚௘௡ (4)

where OI is the impact of land occupation; TI is the impact of land transformation; ∆Q represents the 

difference in the ecosystems quality between a specific situation of land use and the reference 

situation; Toc is the occupation time; Tregen is the regeneration time; Aoc is the occupied area; Atrans is the 

transformed area; CFoc and CFtrans are the occupation and transformation characterization factors, 

respectively. The regeneration times refers to the number of years necessary for the soil characteristics 

and the present system vegetation to be similar to those corresponding to the type of former land use. 

The model assumes that transformation impacts are reversible and that ecosystems regeneration is 

linear. As to the reference situation, the UNEP-SETAC Guideline recommends adopting the (quasi-) 

natural land cover predominant for each biome or ecoregion. 

The methodology of the UNEP-SETAC proposes two impact categories to assess the damage to 

biodiversity (species diversity and functional diversity) and five impact categories to assess the 

damage to ecosystem services (Biotic Production Potential, Climate Regulation Potential, Freshwater 

Regulation Potential, Erosion Regulation Potential and Water Purification Potential) [5]. 

Two of the main effects of no-tillage on the Pampean Region are the redistribution of organic  

matter in the soil profile and changing the potential to uptake C from air and storage in the soil as  

organic C [25]. The capacity of soils to store C depends on different factors such as soil type and 

climatic characteristics of the region. However, the most influential factors are the type of land use and 

the soil and crop management [26]. Studies developed in the Pampean Region show that, on average, 

no-tillage increases SOC stocks by up to 15% compared with conventional tillage. [27–29]. 

Others authors argue that no-tillage and the proper handling of stubbles provide others benefits 

compared to the conventional tillage besides C uptake, such as increased soil protection from solar 

radiation and consequently reducing surface evaporation [30,31], increased infiltration [32] and water 

retention in the soil profile [33], optimization of the soil structure and the porous system [34–36], 

variation the soil thermal regime [37], and reduction the erosion rates [38,39]. All these property 

changes affect the carbon balance of the soil [25]. For these reasons, in this paper only the ecosystem 

services included in the UNEP-SETAC Guideline that consider the carbon flows between soil and 

atmosphere (biotic production and climate regulation) are evaluated, through the impact categories 

Biotic Production Potential (BPP) and Climate Regulation Potential (CRP). Next, the calculation 

proceedings used to estimate characterization factors corresponding to these categories are described. 
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2.2.1. Biotic Production Potential 

Biotic Production Potential measures the present land conditions that determine its capacity in the 

short, medium and long term to produce and sustain a useful bio-mass, such as food, wood, fiber,  

energy, medicinal species, ornamental species, others [40]. BPP depends on land use and ecosystems  

sensitivity where human activity develops. To calculate characterization factors of transformation 

(CFtrans) and occupation (CFoc) that allow evaluating impacts on the BPP, general equations were 

applied developed by Brandão and Milà i Canals [40] based on changes in the soil organic carbon 

(SOC) stock (Equations (5) and (6)). SOC is usually used to measure the soil organic matter (SOM) 

content [40]. SOM plays an important role as a soil constituent and as source of food and energy for 

soil biota. It affects most soil properties, including texture and structure, which together determine the 

general productivity of cropping systems by influencing the availability of nutrients [11]. For these 

reasons, SOC is chosen for Brandão and Milà i Canals [40] as indicator for BPP. The CFtrans and CFoc 

reflect the SOC deficit associated with each land-use intervention relative to the native SOC (Figure 2). 

௧௥௔௡௦ܨܥ ൌ ൫ܱܵܥ௣௢௧ െ ௅௎ଵ൯ܥܱܵ ൈ ൫ ௥ܶ௘௚௘௡ଵ െ ௜ܶ௡൯ ൅
1
2
൫ ௥ܶ௘௚௘௡ଵ െ ௜ܶ௡൯

ൈ ሺܱܵܥ௅௎ଵ െ  ௅௎ଶሻܥܱܵ
(5)

௢௖ܨܥ ൌ ൫ܱܵܥ௣௢௧ െ ௅௎ଶ൯ (6)ܥܱܵ

In Equations (5) and (6), SOCpot is the potential value of SOC when the land has not been disturbed 

(for example, with soil covered with native vegetation); SOCLU1 is the value of SOC for the type of 

land use previous to transformation or occupation; SOCLU2 is the value of SOC in the subsequent land 

use; Tin represents the moment when transformation occurs; Tregen indicates the moment when the SOC 

level has recovered to the state previous to land transformation. The values of SOC are expressed in  

kg C m−2, while the values of T are expressed in years. 

The method assumes that the carbon stock changes associated with land use changes happen 

instantly, so the transformation impact can be fully ascribed to transformation processes, instead of 

occupation processes (Figure 2). 

SOC stock depends on the type of soil and the climatic characteristics of the region. However, the 

most influential factors are the type of land use and the specific soil and crop management [26].  

Soil management may cause a liberation effect of CO2 when conventional tillage practices are used, or 

organic C accumulation when conservationist tillage is applied. SOC changes were estimated using 

Guidelines for National Greenhouse Gas Inventories developed by the Intergovernmental Panel on 

Climate Change-IPCC [41]: 

௠௜௡ܥ∆ ൌ
൫ܱܵܥ଴ െ ሺ଴ି்ሻ൯ܥܱܵ

ܦ
 (7)

SOC ൌ෍ܱܵܥ௣௢௧೎,ೞ,೔
ୡ,ୱ,୧

ൈ ௟௨೎,ೞ,೔ܨ ൈ ௠௚೎,ೞ,೔ܨ ൈ ௜೎,ೞ,೔ܨ ൈ ௖,௦,௜ (8)ܣ

In Equation (7), ∆Cmin represents the annual change in carbon stocks in mineral soils (in t C year−1); 

SOC0 is the soil organic carbon stock in the last year of an inventory time period (in t C); SOC(0-T) is  

the soil organic carbon stock at the beginning of the inventory time period (in t C); T is the number of 
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years over a single inventory time period; and D is the time dependence of stock change factors 

(commonly 20 years). 

 

Figure 2. Calculation of impacts on biotic production potential measured by soil organic 

carbon. Source: [40]. 

In Equation (8), SOCpot represents the reference carbon stock (in t C ha−1); Flu is the stock change 

factor for land-use systems for a particular land use; Fmg is the stock change factor for management 

regime (e.g., different tillage practices); Fi is the stock change factor for input of organic matter; A is 

the land area of the stratum being estimated (in ha); c represents the climate zones; s the soil types; and 

i the set of management systems. The factors Flu, Fmg and Fi are dimensionless. 

After obtaining characterization factors, impact over BPP was determined as a deficit of C in the 

soil, related to SOC conditions in natural conditions. 

2.2.2. Climate Regulation Potential 

The impact associated to Climate Regulation Potential was estimated considering the capacity  

of ecosystems to uptake carbon from air and the C flow change due to land use. For the  

calculation of characterization factors, the procedure developed by Müller-Wenk and Brandão [42]  

(Equations (9)–(11)) was adopted. The authors argue that the occupied or transformed areas by man 

may store reduced amounts of carbon in the soil and vegetation, in comparison to biomes in their 

natural state. Carbon that cannot be stored is transferred essentially to the atmosphere in the form of 

CO2, contributing to global warming. The magnitude of climatic impact is determined by the amount 

of C transferred to the atmosphere per hectare of occupied or transformed land for the length of carbon 

permanence in the air (Equations (9)–(11)). 
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௧௥௔௡௦ܨܥ ൌ ௧௔,௧௥௔௡௦ܥ ൈ ݂݀ (9)

௢௖ܨܥ ൌ ௧௔,௢௖ܥ ൈ ݂݀ (10)

݂݀ ൌ ௟ܶ௨

௙ܶ௖
 (11)

In Equations (9) and (10), CFtrans and CFoc represent the characterization factors of transformation 

and occupation, respectively; Cta is the amount of C transferred to the air, due to the land occupation 

(Cta,oc) or land transformation (Cta,trans); and df is the duration factor. The reference unit is the duration 

the mean stay in air of carbon from fossil combustion and similar industrial processes. Therefore, 

CFtrans and CFoc are expressed in fossil-combustion-equivalent ton C per hectare (t Ce ha−1). 

In Equation (11), df is calculated from the ratio between the average CO2 stay in air due to the land 

use (Tlu) and the average CO2 stay in air due to fossil combustion (Tfc). Tlu is considered equivalent to 

half the relaxation time (or regeneration time), that is to say, the moment when the natural ecosystem 

regenerates itself completely in a spontaneous way, inducing return flows of atmospheric CO2 toward 

vegetation and soil. The method assumes that the global warming effect of a CO2 quantity depend on 

its average stay in air. The average time that a CO2 molecule stays in air can be calculated only for a 

finite number of years. The climatic influence of CO2 after this cutoff point (time horizon) is 

considered to be negligible. Tfc corresponds to 47.5 years for a time horizon of 100 years and 157 years 

for a time horizon of 500 years. 

Müller-Wenk and Brandão [42] publish values of Cta, df and characterization factors of land 

occupation and land transformation to assess the impacts on the CRP for different terrestrial biomes 

(tropical forest, temperate forest, boreal forest, tropical grassland and temperate grasslands) and land 

uses (artificial land, forest land, pastureland and cropland). However, these factors do not differentiate 

between agricultural practices. This method is adopted in this paper considering the impacts of 

occupation and land transformation depend on both the CF and yields of crops [23]. 

2.3. Description of the Case Studied 

The study zone corresponds to the Pampean Region, situated in the center-east of Argentina  

(Figure 3). In this region, 86.5% of the total soybean production of the country is concentrated [43].  

Meanwhile, 88% of the cultivated surface is carried out under no-tillage [44]. However, some systems 

coexist that respond to former production models like conventional tillage. 

The Pampean Region belongs to the warm, temperate, dry climatic class [41] and the rainfall  

ratio enables soybean to be cultivated in rainfed conditions. Though, the cultivated surface under 

supplementary irrigation is constantly increasing. 

Soybean is a summer crop. In October to November, early soybean is sown and its cycle lasts six 

months. Meanwhile, in the month of December, the late soybean is sown; thus named due to the delay 

following the optimum date. Crops planted in December are generally preceded by wheat (Triticum sp.), 

that are harvested a few days before sowing soybean; this allows for crop rotation. In the present work, 

the following agricultural production systems are considered: early soybean in no-tillage under rainfed 

conditions (no-till early), late soybean in no-tillage under rainfed conditions (no-till late),  

early soybean in no-tillage under supplementary irrigation (no-till irrigated), and early soybean in 
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conventional tillage under rainfed conditions (till-early). In these systems, we assumed that all year 

only a complete cycle of soybeans is developed, so the soil remains crop free for the most part of the 

year. However, it is possible to increase the annual land occupation through cropping sequences, which 

involve vegetal species that can grow in the winter season. Therefore, an additional scenario of  

no-tillage under rainfed conditions with a double crop sequence wheat/late soybean (no-till rotation) is 

included in the land occupation impact assessment. 

 

Figure 3. Dynamics of the agricultural frontier of production under rainfed conditions.  

The dark grey area corresponds to the Northwest Region and the light grey area 

corresponds to the Pampean Region. The inner solid lines represent provincial borders. The 

fronts represent mobile lines of contact between agriculture lands (annual crops under 

rainfed conditions) and conservation areas, grasslands and pastures. Lines with triangles 

and/or semicircles indicate the direction of the fronts. The higher density areas correspond 

to annual crops grown under rainfed conditions. Adapted from [45]. 

Even if the greater part of soybean production in Argentina is carried out in areas that have been 

modified for over 100 years [46], several authors such as Altieri and Pengue [47] and Viglizzo et al. [45] 
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argue that there is also an advance in the agricultural frontier strictly linked to increased deforestation 

registered in the Northwest Region of Argentina, particularly in the Chaco forest and Yungas forest 

ecoregions (see Figure 3). In the present work, we include an analysis of a possible transformation in 

land use based on data presented by these authors, with the sole aim of emphasizing the important 

variations that the results may suffer when considering the LUC. According to the distribution of 

soybean production systems presented by [48], and the dynamics of an advance in the agricultural 

frontier published by [45], in this case, it is considered that the farming systems correspond to early 

soybean and rainfed conditions (no-till early and till-early systems). 

The type of crop handling carried out implies important variations in grain yield. Technical reports 

carried out in Argentina [48–52] attribute falls of up to 20% in yields from conventional tillage with 

respect to a system based on a no-tillage, and a yield increase of 10% in cropping sequences and  

14%–60% in systems that carry out additional fertilization of sulfur and phosphorus or that incorporate 

supplementary irrigation. These reports are part of the official publications of the Instituto Nacional de 

Tecnología Agropecuaria and consider average values of crop yield of at least 10 seasons. Based on 

these studies, the yields adopted in this work for each productive system are: 2800 kg ha−1 for  

no-till early; 2200 kg ha−1 for no-till late; 3800 kg ha−1 for no-till irrigated; 2380 kg ha−1 for till-early 

and 2420 kg ha−1 for no-till rotation. For all production systems, the FU defined is 1 kg of soybean. 

2.3.1. Land Occupation 

In order to incorporate the regionalization at land use inventory flows, terrestrial biomes published 

by [53] in [4] are taken into account, while the distribution of the main types of land cover and 

ecoregions is analyzed from Land Cover Classification System LCCS cartography from FAO/UNEP, 

offered by the Instituto Nacional de Tecnología Agropecuaria [54]. The ecoregions considered are: 

Espinal, Pampas and Humid Chaco, belonging to the following biomes: Temperate grasslands and 

Tropical grasslands. Two typologies of different land use were assumed: arable, irrigated and arable, 

and non-irrigated, based on the land use classification recommended by Koellner et al. [4]. In Table 1, 

the results of inventory of land occupation for each of agricultural systems studied are presented. For 

no-till early, no-till late, no-till irrigated and till early systems, a surface equivalent to 1 hectare planted 

wholly with soybean and an occupation time of one year (corresponding to annual crop) is considered. 

For no-till rotation system, is taken into account a relation of 0.9:1 between the months occupied by 

late-soybean and the months occupied by wheat [55]. To carry out the allocation, it is assumed that the 

occupation impact per hectare is similar during all the months of the year in which the land  

occupation occurs. 

In the definition of the spatial model of the occupation impact over BPP, a long-term cultivated soil 

was taken into account and a medium ratio of inputs application, while to estimate the impact over 

CRP an average CO2 stay in air due to fossil combustion of 47.5 years was considered corresponding 

to a temporal horizon of 100 years. To estimate SOC, factors recommended by the IPCC [41] were 

adopted corresponding to warm temperate dry climate region, an existence of C with a 30 cm depth 

reference of high activity clay soils, changes in carbon stock for annual crops, and soil management 

practices linked to conventional tillage and no-tillage. The inventory data of SOC are presented in 

Table 2 and the parameter data derivations are summarized in Table 3. 
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Table 1. Inventory data of land occupation for soybean production in the Pampean Region and land transformation caused for the possible 

advance of soybean to the Northwest Region, Argentina. 

Climate 

Region * 

Geographic 

Region 
Biome * Eco-Region * System Land Occupation Toc (Year) 

Aoc (m2 kg−1 

Soybean) 
Land Use Change 

Atrans (m2 kg−1 

Soybean) 

Warm 

temperate dry 

Pampean 

Region 

Temperate 

grasslands 

Pampas 

No-till early 

Arable, non-irrigated 

1 3.57 - - 

No-till late 1 4.55 - - 

Till-early 1 4.20 - - 

No-till rotation 0.47 4.13 - - 

Espinal 

No-till early 

Arable, non-irrigated 

1 3.57 - - 

No-till late 1 4.55 - - 

No-till rotation 0.47 4.13 - - 

No-till irrigated Arable, irrigated 1 2.63 - - 

Tropical 

grasslands 
Humid Chaco No-till early Arable, non-irrigated 1 3.57 - - 

Tropical dry 
Northwest 

Region 

Dry tropical 

forest 
Yungas forest 

No-till early 
Arable, non-irrigated 

1 3.57 

Forest, used-Arable, 

non-irrigated 

3.57 

Till-early 1 4.20 4.20 

Tropical 

grasslands 
Chaco forest 

No-till early 
Arable, non-irrigated 

1 3.57 3.57 

Till-early 1 4.20 4.20 

* Source: climate region [41], biomes [53], ecoregions [54]. 
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Table 2. Inventory data of SOC for the soybean production in the Pampean Region and 

Northwest Region, Argentina. 

Biome System 
SOCpot 

(t C ha−1) 
Flu Fmg Fi A (ha) 

SOClu  

(t C ha−1) 

SOClu  

(t C kg−1 Soybean) 

Temperate 

grasslands 

Till-early 38 0.8 1.0 1.0 1 30.40 0.0128 

No-till early 38 0.8 1.1 1.0 1 33.44 0.0119 

No-till late 38 0.8 1.1 1.0 1 33.44 0.0152 

No-till irrigated 38 0.8 1.1 1.0 1 33.44 0.0088 

No-till rotation 38 0.8 1.1 1.0 1 33.44 0.0138 

Tropical grasslands No-till early 38 0.8 1.1 1.0 1 33.44 0.0119 

Dry tropical forest 
Till-early 38 0.58 1.00 1.0 1 22.0 0.00924 

No-till early 38 0.58 1.17 1.0 1 25.8 0.00921 

Tropical grasslands 
Till-early 38 0.58 1.00 1.0 1 22.0 0.00924 

No-till early 38 0.58 1.17 1.0 1 25.8 0.00921 

Table 3. Summary of parameter data derivation. 

Parameter Source 

Climatic regions Published data [41] 

Biomes Published data [53] 

Land use/cover class Published data [4,54] 

Location of agricultural systems Published data [45,48,49,51] 

Crop yields Published data [48–51] 

Flu; Fmg; Fi Published data [41] 

SOCpot; D Published data [41] 

SOCLU1; SOCLU2 Calculated 

Cta; Tlu; Tfc Published data [42] 

Df Calculated 

Tin; Tfin Derived from agricultural practices 

Toc Derived from agricultural practices. Published data [55] for no-till rotation system 

Tregen Published data [40–42,56] 

Criteria for allocation of land use change Published data [4,40] 

Aoc; Atrans Derived from crop yields 

CFoc; CFtrans Calculated 

OI; TI Calculated 

2.3.2. Land Transformation 

As mentioned in Section 2.3, this work includes an analysis of the effect of possible changes in land 

use by the expansion of the agricultural frontier into the Yungas forests and Chaco forests. Once again, 

the types of soil cover considered were taken from Land Cover Classification System  

LCCS–FAO/UNEP [54]. The ecoregions considered were Chaco forest and Yungas forest, belonging 

to Tropical grassland and Dry tropical forest biomes, respectively [53]. The land use typologies 

assumed were: forest, used and arable, and non-irrigated [4]. A surface equivalent to 1 hectare 

completely sown with early soybean in no-tillage and conventional tillage is considered. In Table 1, 

the results of inventory of land transformation are presented. 
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For the definition of the spatial model of land transformation impacts on BPP, the tropical dry 

climatic region was considered according to the classification recommended by the IPCC [41].  

A regeneration time of 20 years corresponding to agricultural land use [40,41] and a long-term 

cultivated soil in no-tillage and conventional tillage were considered. For the calculation of land 

transformation impacts on CRP, the values of regeneration time for each biome suggested by [42]  

(62 years for tropical forest and 97 years for tropical grassland) were considered. It was assumed that 

the transformation impact is similar during the first 20 years of land occupation [40]. Therefore, the 

allocation for each of the 20 years is carried out in an equal manner. The inventory data of SOC are 

presented in Table 2 and parameter data derivations are summarized in Table 3. 

3. Results 

3.1. Biotic Production Potential 

3.1.1. Occupation Impact Assessment in Pampean Region 

The results obtained after the application of the model described in the different systems are 

summarized in Table 4. It can be observed that soybean production in Pampean Region of Argentina 

causes a deficit of organic matter in the soil related to the land occupation process that affects biotic 

production, independently of the considered agricultural practices, although with important differences 

among them. In effect, till-early productive system duplicates the occupation impact value per kg of 

grain produced compared to the no-till early system. This increment is due to the increase in the 

characterization factor value associated with soil and crop handling (67% approximately) and the 

variations in the grain yield ratio between both systems. 

Table 4. Characterization factors of occupation and land occupation impact assessment on 

Biotic Production Potential, according to the different production systems developed in 

Pampean Region, Argentina. 

Biome System 
CFoc (kg C Year 

m−2 Year−1) 
Toc (Year) 

Aoc (m2 kg−1 
Soybean) 

IO (kg C kg−1 
Soybean) 

Temperate 
grasslands 

No-till early 0.46 1 3.57 1.63 
No-till late 0.46 1 4.55 2.07 

No-till irrigation 0.46 1 2.63 1.20 
Till-early 0.76 1 4.20 3.19 

No-till rotation 0.46 0.47 4.13 0.89 

Tropical grasslands No-till early 0.46 1 3.57 1.63 

With respect to productive systems that use no-tillage, the most favorable result is no-till irrigated, 

while the one with the greatest impact is no-till late. Considering that the same characterization factors 

are used for all no-tillage systems, variations in occupation impact results are associated only with the 

differences in grain productivity. 

The results analyzed in the previous paragraphs represent the land occupation impact potential 

assuming that during the whole year only one complete soybean cycle is developed. The impact results 

obtained by incorporating the alternative system that includes a double crop sequence or “wheat/late 
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soybean” (no-till rotation) indicate that the occupation impact over biotic production diminishes 56.9% 

(from 2.07 kg C kg−1 soybean to 0.89 kg C kg−1 soybean) with respect to no-till late system. The 92% 

of the impact reduction is due to the short timeframe of land occupation, while the remaining 8% is 

explained by increased soybean yield achieved in the double cropping sequence. 

Furthermore, the results do not show a difference in the land occupation impact on BPP when 

soybean is developed in the ecoregions belonging to temperate grassland and tropical grassland, 

because the same value of SOCpot was used to calculate the corresponding CF of each biome. 

3.1.2. Occupation and Transformation Impacts Assessment in Northwest Region 

The results of CFoc, CFtrans and potential impacts of land occupation and land transformation on 

BPP caused by the expansion of soybean towards the Northwest Region are summarized in Table 5. 

Just as Pampean Region, these values do not show variations in the land transformation impacts on 

BPP between the different ecoregions studied (Chaco forest and Yungas forest). Differences occur 

only between production systems. The characterization factor found for conventional tillage is 30.7% 

higher than the one corresponding to no-tillage, as a consequence of the decrease in organic C stock in 

the soil. The increment of characterization factor for till early system added to the differences in grain 

yield, cause an increase on the transformation impact of 50% respect to no-till early system. The 

Figure 4 shows the total land use impact on BPP, attributed to each of the first 20 years of cropping 

following transformation. The occupation process contributes in a 50% to the total impact on BPP, in 

spite of the fact that the land occupation characterization factors are significantly lower than the 

transformation ones. These results are attributed to the allocation procedure of the transformation 

process during the 20 years of land occupation. 

Table 5. Characterization factors of occupation and transformation, land occupation 

impact and land transformation impact assessment on Biotic Production Potential, 

according to the different production systems studied for Northwest Region, Argentina. 

Biome System 
Tregen 

(Year) 

CFoc (kg 
C Year 

m−2 
Year−1) 

CFtrans (kg 
C Year 

m−2) 

Toc 
(Year)

Aoc or trans 
(m2 kg−1 
Soybean) 

IO * (kg 
C kg−1 

Soybean) 

IT * (kg C 
kg−1 

Soybean) 

Dry 
tropical 
forest 

No-till 
early 

20 1.22 24.4 1 3.57 4.36 87.2 

Till-early 20 1.60 31.9 1 4.20 6.72 134.1 

Tropical 
grassland 

No-till 
early 

20 1.22 24.4 1 3.57 4.36 87.2 

Till early 20 1.60 31.9 1 4.20 6.72 134.1 

* The occupation impact values are expressed per year of land occupied, while the values of the 

transformation impact correspond to the 20 years of land occupation. 
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Figure 4. Contribution of occupation and transformation processes of the total land use 

impact on BPP associated with the expansion of soybean crop into forest ecosystems, 

attributed to any of the first 20 years of cropping. 

3.2. Climate Regulation Potential (CRP) 

3.2.1. Occupation Impact Assessment in the Pampean Region 

Table 6 shows the carbon flows between soil and atmosphere for different agricultural systems 

considered. As to agricultural systems developed in the region of temperate grasslands, the till early 

system occasions an occupation impact potential 18% higher than the impact associated with the no-till 

early system. However, of all the systems analyzed, the one causing greater impact in this region is the 

no-till late, while the process that incorporates supplementary irrigation has the least impact. It is noted 

that for the four systems analyzed the same characterization factors are obtained, so that the differences 

in evaluation results are attributed to the Aoc values per functional unit, resulting from variations in 

crop yields achieved by each agricultural system. 

Table 6. Characterization factors of occupation and land occupation impact assessment on 

Climate Regulation Potential, according to the different production systems developed in 

the Pampean Region, Argentina. 

Land Use Biome System 
Cta,oc (t 

C ha−1) 

Tlu 

(Year) 

Tfc for 

100 Year 

(Year) 

df 
CFoc (t Ce 

ha−1) 

Aoc  

(m2 kg−1 

Soybean) 

IO  

(kg Ce kg−1 

Soybean) 

Cropland 

Temperate 

grasslands 

No-till early 66 1 47.5 0.021 1.39 3.57 0.496 

No-till late 66 1 47.5 0.021 1.39 4.55 0.632 

No-till irrigation 66 1 47.5 0.021 1.39 2.63 0.366 

Till early 66 1 47.5 0.021 1.39 4.20 0.584 

No-till rotation 66 0.47 47.5 0.010 0.65 4.13 0.126 

Tropical 

grasslands 
No-till early 58 1 47.5 0.021 1.22 3.57 0.435 
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When the no-till early system is developed in the tropical grasslands region instead of the temperate 

grasslands, the impact is reduced by approximately 12%. This reduction is due to lower transfer rates 

of carbon between the soil and the air that occur in this region (Table 6). 

In the same way as for BPP, the inclusion of a preceding crop (in this case, wheat) in the productive 

system of late soybean (no-till rotation) reduces the occupation impact on CRP. In this case, reduction 

reaches values of at least 65.5%. This consideration implies that the “wheat/late soybean” rotation 

system cause the least impact of all productive systems studied, in spite of reaching a low crop yield. 

3.2.2. Occupation and Transformation Impacts Assessment in Northwest Region 

The results of characterization factors and impacts of occupation and transformation on CRP 

occasioned by the possible advance of soybean crop toward the Chaco forests and Yungas forests are 

presented in Tables 7 and 8. For both agricultural systems, the CFoc and IO values are at least 15% 

greater when the occupation Yungas forest occurs due to the higher transfer rate of C to the  

atmosphere associated with this process, compared to Chaco forest. On the contrary, the CFtransf and IT 

are greater when the soybean crop advances toward the Chaco forests than when it extends toward the 

Yungas forests. This variation is attributed to a longer stay in the air of C in the Chaco forests  

(48.5 years) than in the Yungas forests (31 years), in spite of the higher carbon transfer rate per hectare 

that occurs in this latter region. 

Table 7. Characterization factors of occupation and transformation for Climate Regulation 

Potential, according to the different biomes and production systems studied for the 

Northwest Region, Argentina. 

Biome System 
Cta,oc or trans 

(t C ha−1) 

Tlu for 

Occup. 

(Year) 

Tlu for 

Transf. 

(Year)

Tregen 

(Year) 

Tfc for 

100 Year 

(Year) 

df for 

Occup. 

df for 

Transf. 

CFoc  

(t Ce ha−1) 

CFtrans  

(t Ce ha−1) 

Dry 

tropical 

forest 

No-till early 66.5 1 31 62 47.5 0.021 0.65 1.40 43.4 

Till-early 66.5 1 31 62 47.5 0.021 0.65 1.40 43.4 

Tropical 

grassland 

No-till early 58.0 1 48.5 97 47.5 0.021 1.01 1.22 58.6 

Till early 58.0 1 48.5 97 47.5 0.021 1.01 1.22 58.6 

Table 8. Land occupation impact and land transformation impact assessment on Climate 

Regulation Potential, according to the different biomes and production systems studied for 

the Northwest Region in Argentina. 

Biome System Toc (Year) 
Aoc or trans (m2 

kg−1 Soybean) 
IO * (kg Ce 

kg−1 Soybean) 
IT * (kg Ce 

kg−1 Soybean) 

Dry tropical forest 
No-till early 1 3.57 0.50 15.5 

Till-early 1 4.20 0.59 18.2 

Tropical grassland 
No-till early 1 3.57 0.43 20.9 

Till early 1 4.20 0.51 24.6 

* The occupation impact values are expressed per year of land occupied, while the values of the 

transformation impact correspond to the 20 years of land occupation. 
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It is notable that although the method proposed by Müller-Wenk and Brandão [42] does not show 

differences in the values of CF between no-till early and till-early systems, the land transformation 

impact on CRP increments 18% when conventional tillage practices are adopted, related to no-tillage. 

This variation is attributed to the different crop yield among productive systems. 

The Figure 5 shows the total land use impact on CRP, attributed to each of the first 20 years of 

cropping following transformation. Contrary to what occurs for the BPP, the transformation process 

contributes in a greater measure than the occupation process to the total impact of land use over the 

CRP (60.8% for Yungas forests and 70.6% for Chaco forests), independently of the agricultural 

handling implemented (Figure 5). This is related to the higher values reached by the duration factor 

(df) for the transformation process, thus significantly influencing results in the characterization factors. 

 

Figure 5. Contribution of occupation and transformation processes of the total land use 

impact on CRP associated with the expansion of soybean crop into Yungas and Chaco 

forests, attributed to any of the first 20 years of cropping. 

4. Discussion 

From the analyses of methodologies adopted for estimating the CF of occupation and 

transformation impacts on BPP and CRP, it comes to light that there is a significant shortcoming in 

terms of availability of representative factors of biomes and ecoregions of Argentina, as well as 

regional agricultural practices. In the case of the methodology by Müller-Wenk and Brandão [42], the 

Cta and df coefficients differentiate the impacts of land use between biomes, but do not distinguish 

between different tillage methods. These authors suppose that the changes in the soil C stock related to 

the different handling practices are insignificant when compared to the changes associated with the 

bio-geographical region characteristics and the type of land use. Therefore, the inclusion of soil 

management practices does not substantially change the impacts’ evaluation results. However, the 

results obtained when adopting the Brandão and Milà i Canals methodology [40], whose 

characterization factors incorporate the different types of tillage, show that there is a significant 

variation (between 31% and 67%) in the occupation and transformation impacts over the BPP, whether 

a no-tillage or a conventional tillage is adopted. This difference is explained by the soil capacity to 
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store carbon according to the type of tillage. This allows to suppose that, just as for the BPP, to 

incorporate modifications in the SOC occasioned by distinct agricultural handling practices might 

modify impact evaluation results over the CRP, with worse results for conventional tillage systems 

than for no-tillage. 

As mentioned in the previous paragraph, the method proposed for Brandão and Milà i Canals [40] 

presents factors that distinguish between no-tillage and conventional tillage. However, there are no 

factors for comparing systems in rainfed and irrigated conditions. Changes in land use impacts on 

ecosystem services evaluated between these systems are associated only with different crop yields. 

Nevertheless, this increment in yield promotes an increase in the amount of crop residues brought to 

the soil, which might result in a greater SOC stock [57–59]. On the other hand, the greater moisture 

availability in the soil associated with irrigation implementation accelerates the microbial activity and 

the organic matter mineralization, and, as a consequence, increases the CO2 flows toward the 

atmosphere. These additional flows of organic carbon entering the soil and the emissions of CO2 

entering the atmosphere might be neutralized or result in positive balances [60,61] or in negative 

balances [62,63] of SOC. However, they are not considered in the calculus procedures of 

characterization factors both for the BPP as for the CRP. Regarding the no-till late productive system, 

a similar analysis can be performed, considering that low crop yield compared to no-till early system 

implies a detriment in crop residues applied to the soil and, therefore, lower organic carbon stock. This 

consideration in the calculation of the characterization factors might enlarge the difference in the 

impact results between no-till early and no-till late systems. Referring to cropping sequences, the 

presence of a preceding crop increases SOC input from the soil [64,65]; however, this aspect is also 

not considered in the calculation of the FC. Furthermore, it is noted that factors in land use and soil 

management and crop recommended by Brandão and Mila i Canals [40] to calculate the 

characterization factors for the BPP correspond to the values published in the IPCC Guidelines [41]. 

It is worth pointing out that the land use and soil and crop handling coefficients used in the 

calculation of characterization factors for the BPP are taken from the Guidelines for National 

Greenhouse Gas Inventories [41] following Brandão and Milà i Canals [40] recommendations. These 

factors lead to significant failures for certain classes of use and handling; for example, for long-term 

cultivation in the tropical dry climatic region, the error reaches values of (±) 61% [41], which would 

give imprecise results. 

With respect to the transformation process, on evaluating the BPP, no distinction is observed in the 

magnitude of the impact when the soybean crop advances toward the Yungas forests or toward the 

Chaco forests. This is explained because the available values of SOCpot correspond to  

level 2 of differentiation proposed by Koellner et al. [4]. For the CRP, the CFtransf and consequently the 

magnitude of the impact on both ecoregions is strongly influenced by the C transfer rate per area unit 

associated with each of these levels. For the study case, the tropical grassland biome corresponds to the 

Chaco forest, which is assigned an average transfer rate of C of 58 t ha−1, while for the Yungas forest 

the corresponding biome is the tropical forest. The adopted methodology allows disaggregating this 

type of biome in wet tropical forest and dry tropical forest sublevels, with very different C transfer 

rates: 231 t C ha−1 for wet forests and 66.5 t C ha−1 for dry forests. If instead of using the specific C 

transfer value for dry forests (as carried out in Section 3.2.2) the mean value was used for both 

conditions of humidity—the same as for tropical grasslands—the results would change completely, 
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reaching 2.85 kg Ce kg soybean−1 year−1 for no-till early and 3.36 kg Ce kg soybean−1 year−1 for till 

early system. That is, the most affected ecoregion through the expansion of soybean from the CRP 

point of view would clearly be the Yungas forests instead of the Chaco forests. Therefore, specific 

values have transfer rates of C for each biome and ecoregion would achieve greater objectivity in the 

results. By contrast, adopting global factors could lead to bad decisions as to the effects of production 

systems on ecosystem services of different ecoregions. 

Another variable that significantly affects the results is the regeneration time. Brandão and  

Milà i Canals [40] recommend adopting a total of 20 years for transformation toward crop lands, 

independently of the biome that may represent the reference situation. Meanwhile, Müller-Wenk and 

Brandão [42] suggest more extensive and specific regeneration time and for each type of biome; for 

example, 62 years for tropical forests and 97 years for tropical grasslands. Specifically for Yungas 

forest, Grau et al. [56] determined that certain structural characteristics of mature forests, such as 

species diversity, richness of tree species, stem density and canopy height, are reached after 30–40 

years of ecological succession over abandoned farmlands. Figure 6 shows the influence of the 

regeneration time in the results of transformation impacts for no-tillage system, up to the point in 

which the impact estimated with the regeneration time recommended by Müller-Wenk and Brandão [42] 

is similar to the impact associated with a conventional tillage system evaluated with the regeneration 

time suggested by Grau et al. [56]. 

 

Figure 6. Impacts of land transformation of soybean crop in the Yungas forests on Biotic 

Production Potential, considering the no-till early and till early farming systems, for 

regeneration times suggested by different authors: (A): [40]; (B): [56]; and (C): [42]. 

5. Conclusions 

Land use occupation and transformation impacts were evaluated over the Biotic Production 

Potential and Climate Regulation Potential, in the life cycle soybean production in Argentina. The 

methodology recently developed by the UNEP-SETAC [5] was adopted and the differential 

characteristics of tillage and crop handling practices of major diffusion in the country were evaluated. 
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The results show that for all the systems studied, there exists an impact potential that negatively 

affects the ecosystem services of the region where the activity is developed, although with important 

differences among those related to soil carbon stock and grain yield reached. In effect, the impact 

magnitude is considerably reduced when implementing no-tillage instead of conventional tillage.  

This reduction is even greater when the system adopts supplementary irrigation. 

As a consequence, it is recommended to continue expanding the soybean surface in no-tillage, thus 

replacing conventional tillage in the Argentinean Pampean Region, as a strategy to attenuate land use 

impacts. This would allow an impact reduction across the ecosystem services of up to 40% per hectare 

of soybean occupied land. It is necessary that the no-tillage expansion be complemented with an 

adequate crop sequences plan, since this system generates increments in environmental benefits of at 

least 50%. As to the irrigated system, it is recommended to carry out, prior to making decisions 

regarding its expansion, a total analysis that will take into account environmental benefits related to 

land use as well as water use impact potentials, energy balance and greenhouse gas emissions. 

Although benefits in the balance of soil organic matter associated with conservationist practices are 

widely recognized in the technical and scientific world, they had never been previously considered for 

evaluating land use specific impact categories in LCA studies developed in Argentina. This work 

incorporates those aspects in the evaluation of land occupation and transformation impacts on Biotic 

Production Potential and Climate Regulation Potential of one of the country’s most relevant and 

controversial commodities, and confirms the benefits associated with no-tillage and cropping sequences. 

As to the method adopted, the conclusion is that it is unable to show the expected differences 

between the distinct practices, given the weaknesses in data availability and in specific characterization 

factors. In some cases, the published factors present a high margin of error; in other cases, there are no 

particular values to determine soil and crop handling practices. Although the method applied to 

evaluate impacts over the Biotic Production Potential exhibits no-tillage advantages compared to 

conventional tillage, it does not count concrete characterization factors in differentiating rainfed or 

irrigation systems, delay or advances in tillage dates and cropping sequences. Furthermore, calculation 

procedures for the characterization factors used in evaluation impacts over Climate Regulation 

Potential does not allow any distinction among the different agricultural practices studied. 

Therefore, it is absolutely necessary to develop characterization factors to include different 

management practices in methodologies for assessing impacts of land use. In order to do this it is 

suggested to consider SOC contributions in calculation procedures associated with a greater 

availability of crop residue, resulting in the adoption of no-tillage, cropping sequences and practices 

tending to increment harvest yield. In the same way, it is suggested to include in the determination of 

characterization factors the variations of the C mineralization ratio linked to irrigation water availability. 

Another aspect worthy of considering in depth is how to determine the occupation and regeneration 

time for each type of land use and each ecoregion, in order to define common criteria in selecting and 

applying these study parameters for land occupation and transformation. 
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