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Abstract

:

In the past decades, sugarcane production in Brazil has expanded rapidly to meet increasing ethanol demand. The large majority of this expansion occurred in Sao Paulo state. We used an integrated approach considering location-specific biophysical characteristics to determine the environmental impacts of sugarcane expansion and their spatial variation in Sao Paulo state (2004–2015). The included environmental impacts are greenhouse gas (GHG) emissions, biodiversity, soil erosion, and water quantity. All impacts were integrated into a single environmental performance index to determine trade-offs between impacts. Our results show a strong spatial variation in environmental impacts and trade-offs between them. The magnitude and direction of these impacts are mostly driven by the type of land use change and by the heterogeneity of the biophysical conditions. Areas where expansion of sugar cane has resulted in mostly negative environmental impacts are located in the center and east of the state (related to the change of shrublands, eucalyptus, and forest), while areas where sugar cane expansion has resulted in positive impacts are located in the center-west and north (related to the change of annual crops). Identifying areas with mainly positive and negative impacts enables the development of strategies to mitigate negative effects and enhance positive ones for future sugarcane expansion.
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1. Introduction


The use of biomass for energy purposes is recognized as a key pillar for the reduction of greenhouse gas emissions (GHG) and meeting worldwide climate change mitigation targets [1,2,3]. In the past years, global biofuel production has increased from 37.5 thousand tons of oil equivalents (ktoe) in 2007 to 84.1 ktoe in 2017, and this trend is expected to continue [2]. Ethanol accounts for the largest share of biofuel production, with Brazil positioned as the world’s second largest producer after the USA [4,5]. Brazil produces ethanol primarily from sugarcane and has developed an efficient model to produce sugar and ethanol in an integrated manner [6]. This development has led to an increase in sugarcane production and triggered more than 5.2 million hectares of land to be converted at the country level between 2000 and 2018 [7].



The sustainability of the Brazilian ethanol sector has been the object of political and societal debate. Despite the potential social, economic, and environmental benefits [5] associated with biofuel production, there are also major concerns about the sector’s sustainability performance [8]. Many of the concerns are related to the environmental impacts of land use change (LUC) directly or indirectly caused by sugarcane expansion, and include, e.g., deforestation, habitat loss, soil erosion, GHG emissions, and impacts on water availability and quality [8,9,10]. Therefore, in recent years, major attention has been given to monitor and assess the impacts of sugarcane expansion on biodiversity, soil, water, and GHG emissions [8,9,11].



Several studies have assessed the GHG balance of land conversion to sugarcane plantations. Some studies found a net decrease in soil carbon stocks when land, such as forest and pasture, is converted to sugarcane [12,13,14,15,16]. However, sugarcane expansion can also result in a net increase of soil carbon stocks, e.g., when sugarcane expands in (former) cropland area [17,18]. Additionally, for biomass carbon stocks, both losses and accumulation have been reported depending on the prior land uses [13,19,20].



LUC is recognized as one of the main causes of biodiversity loss [21]. In Brazil, habitat loss [22], ecosystem fragmentation [23], and deterioration of ecosystem services [24] are some of the main biodiversity impacts of sugarcane expansion. Sugarcane expansion has reduced the extent of important ecosystems, such as the Brazilian Atlantic forest [25] and the Cerrado [23]. Considering that Brazilian sugarcane plantations are generally homogeneous and with low species abundance [26], expansion of sugarcane plantations can result in biodiversity loss [27]. However, sugarcane expansion on degraded pasturelands has shown no negative impacts on biodiversity [28].



Soil degradation is identified as one of the major threats for the sustainability of the sugarcane sector [9,29]. The expansion of sugarcane cultivation has been reported to result in soil compaction, increases in soil erosion risk, and land degradation [12,30,31,32]. However, a slight increase in soil quality was reported when sugarcane expanded in degraded pasturelands [33].



Effects on water availability have been a significant concern for sugarcane [34]. A decline of water availability at the regional level can be prompted by the expansion of sugarcane plantations, particularly in water-stressed areas [30,35]. Sugarcane expansion can also alter the hydrological cycle [9]. For example, the precipitation regime in the Brazilian Cerrado was disrupted as consequence of changes in evapotranspiration rates from sugarcane expansion [36]. There are suggestions that impacts on the water balance from sugar expansion are more acute on a local level than on a regional level [37,38].



So far, the assessments of environmental impacts of sugarcane expansion have focused on single impact categories. In addition, the effect of location-specific biophysical conditions, which steer the magnitude and direction of LUC-related environmental impacts, is not commonly considered. Moreover, although there are likely trade-offs between the various environmental impacts, these have not been assessed up until now. It is expected that sugarcane expansion will increase, driven by ethanol demand. Brazil’s annual ethanol production is projected to increase from 36.5 billion liters in 2019 [39] to 43–54 billion liters by 2030 [40,41]. Therefore, an integrated assessment of sugarcane LUC-related environmental impacts (and trade-offs between impacts) while considering location-specific biophysical conditions from historical sugarcane land use dynamics is necessary to mitigate future negative effects of sugarcane expansion, and enhance positive ones.



The objective of this study was to assess the spatial variation in environmental impacts of sugarcane expansion. Four key environmental impacts (i.e., CO2 emissions, soil erosion, water shortage, and biodiversity) were taken into consideration. In addition, these indicators were integrated into one environmental performance index to identify sugarcane expansion areas that result in mainly positive or negative impacts. This assessment is demonstrated for sugarcane expansion in Sao Paulo state between 2004 and 2015. Sao Paulo state, located in the southeast of Brazil, was selected as a case study since it is responsible for the majority of sugarcane production in the country [7]. Sao Paulo state has experienced an expansion of approximately 1.8 million hectares of sugarcane in the last decade [7], and it is responsible for 64% and 48% of the country sugar and ethanol production, respectively [39]. This study can support the understanding of the direction, magnitude, and trade-offs between environmental impacts of sugarcane expansion, and thereby contribute to developing and improving sound land use planning policies for sustainable sugarcane expansion in the future.




2. Materials and Methods


The environmental impacts from sugarcane expansion in comparison to the land use/cover prior to conversion were assessed for each year within the time period 2004–2015 and then presented as cumulative results for the entire time period. The assessment was carried out considering the heterogeneity of biophysical conditions at a spatial resolution of 1 km2 and was limited to sugarcane expansion areas. The spatial approach applied in this study was developed within a geographical information system (GIS). LUC-related CO2 emissions were assessed following the 2006 IPCC Guidelines for National Greenhouse Gas Inventories (IPCC 2006) [42], given the changes in the above and belowground biomass (AGB and BGB) and soil organic carbon (SOC). Impacts on biodiversity were assessed by estimating the difference in the mean species abundance (MSA) index of each land use/cover category [43]. Impacts on soil erosion were quantified with the revised universal soil loss equation (RUSLE) [44]. Impacts on water quantity were quantified using a water balance approach (difference between evapotranspiration rates and effective precipitation) [45]. These four environmental impacts were integrated by standardizing the results of each impact and combining the standardized scores with equal weights into an environmental performance index.



2.1. Land Use Change Dynamics


Assessing the annual changes in land use/cover enables identification for each year of the location, the amount, and type of land use/cover that changes to sugarcane. This is a prerequisite to determine the LUC-related environmental impacts. The annual expansion of sugarcane was determined spatially explicitly for each year by identifying the areas that changed from any type of land use/cover in one year to sugarcane cultivation in the subsequent year. Land use/cover data was obtained from TUDelft [46]. The data set distinguishes 10 land use/cover categories: Urban, water, forest, mid vegetation, low vegetation, annual crops, sugarcane, sugarcane under renovation, eucalyptus, and harvested eucalyptus. The accuracy ranges between 70% and 90%, depending on the land use/cover type [46]. “Low vegetation” refers to mostly unmanaged grasslands and rangeland with predominant grass cover while “mid vegetation “refers to dense shrubland and woodland with low crown cover, including dense foliage/mid biomass rangeland but also fruit crops, such as citrus [46]. For the purpose of this study, the categories “low vegetation” and “mid vegetation” were considered as grasslands and shrublands, respectively. The “forest” category corresponds to dense foliage/high biomass species with high crown cover, with native forest being the most occurring case [46]. “Harvested eucalyptus” refers to eucalyptus plantations that are harvested but remain in use as eucalyptus plantations. In this study, “eucalyptus” and “harvested eucalyptus” were combined to a single land use/cover category. Sugarcane under renovation relates to the ratoon cycle of sugarcane and refers to the sugarcane areas that are replanted. “Sugarcane” and “sugarcane under renovation” were also combined into one land use/cover category.




2.2. LUC-Related CO2 Emissions


LUC-related CO2 emissions result from carbon stock changes in biomass (above and below ground), dead organic matter, litter, harvested wood products, and soils (SOC) [42]. These carbon stock changes are mainly driven by the conversion from one land use/cover to another and can lead to carbon accumulation or loss. To quantify the LUC-related CO2 emissions from sugarcane expansion, the IPCC 2006 guidelines [42] were applied spatially explicitly. The stock difference method with a combined tier 1 and tier 2 approach was used to assess inter-annual carbon stock changes. Under tier 1, dead organic matter and litter stocks are assumed to be zero, and the carbon stock of harvested wood products is not relevant given the scope of this study. Therefore, only the biomass and SOC pools were considered in this assessment. The tier 2 approach was used only for the biomass carbon pool given the availability of specific biomass data. Equation (1) represents the stock difference method. For each year, the difference in carbon stock was calculated for all areas converted to sugarcane. Consistent with IPCC guidelines, an amortization period of 20 years was assumed for carbon pools. Therefore, effects on the carbon pools from LUC were calculated over a 20-year time horizon and are presented in t CO2 ha−1year−1:


  C  O  2   L U C   =    C  t 2   −  C  t 1    T  ∗  (    44   12    )   



(1)




where:




	
CO2LUC = LUC-related CO2 emissions from sugarcane expansion, t CO2 ha−1year−1;



	
Ct1 = Carbon stock in land use prior to conversion, t ha−1;



	
Ct2 = Carbon stock in sugarcane land use after conversion, t ha−1;



	
T = Amortization period, years;



	
44/12 = Conversion factor to convert C to CO2.








2.2.1. Biomass Carbon Stocks


To determine the CO2 emissions from changes in the biomass carbon pool, the biomass carbon stock was quantified spatially explicitly for each land use/cover category. The AGB was estimated for sugarcane, grasslands, and shrublands land use/cover categories making use of agroecological suitability maps [47,48] and pan-tropical biomass maps for forest [49]. BGB was derived as a function of the above ground biomass for every land use/cover category using IPCC climate-zone-dependent root-to-shoot ratios (R) [42]. Vegetation type-specific carbon fraction (CF) coefficients were employed to obtain biomass carbon stocks. For eucalyptus, no agro-ecological suitability or pan-tropical biomass maps were available to quantify biomass spatially explicitly. Therefore, the spatial variation in biomass carbon in eucalyptus was solely based on the IPCC default values for the four climate regions in Sao Palo State (i.e., tropical wet, tropical moist, tropical montane, and temperate). For annual crops, 4.7 t ha−1 of carbon were assumed in the biomass carbon stock [42]. The employed parameters are summarized in Table S1 from the Supplementary Material.




2.2.2. Soil Organic Carbon Stocks


Changes in soil organic carbon were assessed by comparing the SOC levels of the land use/cover prior to conversion with the SOC levels of sugarcane after conversion. The IPCC 2006 default values for SOC were assigned to each land use/cover based on the stratification of climate regions and soil types. IPCC soil stock change factors were used to account for the effect of land use, management regime, and organic amendment (see Equation (2)). The soil stock change factors were assigned considering Brazil’s land use and management conditions. Table S2 in the Supplementary Material summarizes the assigned stock change factors for each land use/cover category:


  S O  C  x     = S O  C  r e f   ∗  F  L U ,   x   ∗  F  M G ,   x   ∗  F  I ,   x    



(2)




where:




	
SOCx = Soil organic carbon stock for land under land use/cover type x, t C ha−1;



	
SOCref = The reference carbon stock, t C ha−1;



	
FLU = Stock change factor for land use system x, unitless;



	
FMG = Stock change factor for management regime for land use/cover x, unitless;



	
FI = Stock change factor for input of organic matter for land use/cover x, unitless.










2.3. Mean Species Abundance


The expansion of agricultural land in natural areas can lead to habitat loss/fragmentation and consequently reduces the biodiversity in a region [50]. This is especially true for homogenous agricultural systems with low species diversity, such as most sugarcane plantations [26]. To estimate the impact of sugarcane expansion on species abundance, the mean species abundance (MSA) index was applied. The MSA index is defined as “the remaining mean species abundance of original species, relative to their abundance in pristine or primary vegetation, which are assumed to be not disturbed by human activities for a prolonged period” [43]. This index has been applied in previous studies to determine LUC-related impacts on species abundance [51,52]. The MSA index overlooks any species abundance distribution information; instead, it assumes a causal–effect relationship between environmental drivers and biodiversity impacts. Five environmental drivers (LUC, atmospheric nitrogen deposition, infrastructure, fragmentation, and climate change) are generally considered in the MSA index. However, the relative change in the MSA index can also be applied while considering only one environmental driver (LUC), as executed in this study. The MSA index of a specific land use/cover varies from 0 to 1. A land use/cover with the value of 1 refers to a pristine original ecosystem with species abundance not affected by human activities and 0 refers to the opposite [43]. MSA values were assigned to each land use/cover category based on previous studies (see Table S3 from the Supplementary Material) [43,53]. The impact on species abundance was assessed spatially explicitly for each year by comparing the MSA value of sugarcane plantations with the MSA value of the land use/cover prior to conversion.




2.4. Soil Erosion


Soil erosion is identified as the main form of soil degradation and it is enhanced by LUC dynamics [54]. Soil degradation induced by soil erosion can limit root growth in sugarcane plantations, which in turn decreases yields [55]. Soil erosion is mainly determined by soil characteristics, terrain, land use, weather conditions, and management practices [56]. In Brazil, soil erosion is attributed to high-intensity rainfall and erosion-prone soils [57]. The revised universal soil loss equation (RUSLE) is the most frequently used and accepted method to estimate soil erosion [58]. Therefore, the RUSLE equation was applied to estimate the change in potential soil loss when land is converted to sugarcane [44].



The RUSLE equation includes 5 factors (Equation (3)). The rainfall erosivity factor (R) considers the aggressiveness of the rain to provoke erosion [56]. The soil erodibility factor (K) is associated with the soil potential to erode in relation to its physical characteristics [59]. Topography factors are included by slope length (L) and slope gradient (S) on erosion [56]. The cover management factor (C) represents the effect of land use/cover on soil loss, and the support practice factor (P) represents erosion prevention practices [60]. For each year, the potential soil loss from sugarcane cultivation was compared to the potential soil loss of the reference land use/cover prior to conversion. The change in potential soil loss is expressed in t ha−1 year−1. The methods to estimate each of the relevant factors from RUSLE are presented in the Supplementary Material (Section 4 soil erosion), including the C factor (see Table S4 from the Supplementary Material) and P factor (see Table S5 from the Supplementary Material) from each land use/cover:


  A = R ∗ K ∗ L S ∗ C ∗ P  



(3)




where:




	
A = Soil loss for sugarcane, t ha−1 h−1 year−1;



	
R = Rainfall-runoff erosivity factor, MJ mm ha−1year−1;



	
K = Soil erodibility factor t ha h ha−1 MJ−1 mm−1



	
L = Slope-length factor, unitless;



	
S = Slope steepness factor, unitless;



	
C = Cover management factor, unitless;



	
P = Conservation support practice factor, unitless.









2.5. Water Shortage


The hydrological cycle is strongly affected by LUC. LUC affects the water balance in an area mainly through changes in evapotranspiration and percolation rates [61]. The amount of water that sugarcane plantations take up and release can lead to major changes in the water balance of a watershed and can potentially lead to local water depletion [35]. The evapotranspiration and percolation rates depend on biophysical conditions, such as soil characteristics, hydro-climatic regime, and plant growth stage [34]. To estimate the effect of sugarcane expansion on the local water balance, the approach from Brouwer and Heibloem was applied (Equation (4)) [45]. The water shortage (WS) was determined on a monthly basis by comparing each land use/cover category’s evapotranspiration rates during the length of the growing season with the effective precipitation over the same period. Then, the WS from sugarcane was compared to the WS of the land use/cover prior to conversion to determine the difference in WS between land uses/covers. Land use/cover evapotranspiration rates were determined by multiplying the reference evapotranspiration (ET0) with land use/cover category-specific and growth stage-specific evapotranspiration coefficients (Kc, see Table S6 from the Supplementary Material). The methods to estimate each of the relevant factors from the WS approach are presented in the Supplementary Material (Section 5 water shortage):


  W  S x  =     ∑   i = 1   12   E  T  0 , i   ∗ K  c  i , x   −     ∑   i = 1   12   E  P i   



(4)




where:



WS = Water shortage for land under land use/cover type x, mm year−1;



i = Month of the year;



ET0 = Monthly reference evapotranspiration in month i, mm month−1;



Kc = Crop coefficient in month i for land under land use/cover type x, unitless;



EP = Effective precipitation in month i, mm month−1.




2.6. Environmental Performance Index


To assess the trade-offs between LUC-related CO2 emissions, soil erosion, species abundance, and water shortage, the results of each impact were integrated into one environmental performance index. The performance index allows a holistic identification of the areas where sugarcane expansion resulted mainly in negative impacts and areas where it resulted in mainly positive effects. Standardization was applied to homogenize the units and scale from all impacts into a common measure. For each impact result, maximum standardization was applied in which all positive effects from sugarcane expansion were converted into a −1 to 0 scale and all negative effects into a 0 to 1 scale. Positive effects are presented on a negative scale to be consistent with other environmental impact results, given that a positive LUC-related environmental impact is generally displayed by a negative score on each impact scale (e.g., carbon accumulation translates into negative CO2 emissions). To avoid a skewed distribution, the maxima were set on two times the standard deviation from the average. All environmental impacts were assumed to have the same weighting factor, i.e., they were considered equally important. However, decision makers may prioritize certain impact categories over others, and alternative weighting factors could be applied.





3. Results


3.1. Land Use Change Dynamics


Between 2004 and 2015, approximately 23.6 thousand km2 of land was converted to sugarcane cultivation in Sao Paulo state (See Figure 1). The largest share of replaced land use/cover corresponds to grassland (69%), followed by annual crops (17.5%) and shrubland (12.2%) (see Supplementary Material, Figure S1). Most of the sugarcane expansion at the expense of grasslands occurred in the central and north-western part of the state. The conversion of annual crops is concentrated in the north and center-west part, while the conversion of shrubland occurred mostly in the eastern part. The conversion of forest and eucalyptus areas occurred sporadically, both accounting for less than 1% of the total converted area. The strong difference in sugarcane expansion between the north and the south of the state is associated with location-specific logistical and biophysical conditions. Most of the sugarcane mills are located in the center and northern part of the state. In addition, the south of the state is characterized by a hilly terrain with remnants of the Atlantic forest that pose slope-related natural constrains for sugarcane expansion.




3.2. LUC-Related CO2 Emissions


LUC-related CO2 emissions from sugarcane expansion vary considerably over space in Sao Paulo state; they are calculated to be between −8 t CO2 ha−1 year−1 and >6 t CO2 ha−1 year−1 (see Figure 2). The CO2 emissions are mostly driven by changes in the biomass carbon stock and to a lesser extent by changes in SOC. The conversion of grasslands and especially of annual crops to sugarcane in the center and northern part of the state results in carbon accumulation (i.e., negative emissions). When grasslands are converted to sugarcane, the carbon accumulation is mainly determined by the yield difference between both land uses/covers, in which sugarcane delivers higher yields in comparison to grassland. The biophysical conditions in the center-north part of the state are more suitable for sugarcane production than in the center part. Therefore, more carbon accumulation is achieved in the center-north part of the state. The conversion from annual crops to sugarcane results in the highest carbon accumulation. The negative CO2 emissions are caused by the strong differences in biomass carbon, while there are almost no changes in the SOC pool. Generally, the conversion from shrublands to sugarcane results in carbon stock changes varying between 0 and 4 t CO2 ha−1 year−1. Still, there are some regions (mainly in the east and south) where the loss of shrublands generates CO2 emissions between 4 and 6 t CO2 ha−1 year−1. These high CO2 emissions are attributed to the biophysical conditions in the vicinity of the Atlantic forest, which are suitable for the development of dense shrublands. The conversion of forest and eucalyptus results in large losses in the biomass carbon stock and to a lesser extent in the SOC stock. The conversion of these two types of land uses to sugarcane shows the highest LUC-related CO2 emissions. The loss of forest from sugarcane expansion generates CO2 emissions between 4 and 10 t CO2 ha−1 year−1. However, at some locations, the loss of forest can induce emissions of up to 12–14 t CO2 ha−1 year−1.



On average, the expansion of sugarcane in Sao Paulo state resulted in −2.8 t CO2 ha−1 year−1 (see Supplementary Material, Figure S2). Most of the carbon uptake occurs in the sugarcane above ground biomass; approximately 70% of this carbon is accumulated in the harvestable section of the plant. However, little carbon is accumulated in below ground biomass or SOC. The annual variation (see Supplementary Material, Figure S2) in emissions is mainly caused by the location and type of land use change.




3.3. Mean Species Abundance


The change in the MSA index when land is converted to sugarcane in Sao Paulo state varies from −0.2 to 0.7 (see Figure 3). The abundance of original species declines for all land use types, except annual crops, when converted to sugarcane. When annual crops are converted to sugarcane, a relative increase in species abundance (−0.2) is reported. This occurs mainly in the north and in the center-west part of Sao Paulo state. The strongest decrease in species abundance (0.7) occurs when forest areas are converted to sugarcane plantations. Despite that the conversion of forest areas induces the strongest decline in species abundance, the overall impact is small when compared to other land use categories given the relatively little sugarcane expansion that occurs at the expense of forest. The conversion of shrubland to sugarcane also results in a strong decrease (0.45) in species abundance. The conversion of grassland to sugarcane reduces the species abundance by 0.3. The impacts on biodiversity from the loss of grassland areas are concentrated in the center, north, and north-west parts of the state. The lowest decrease in species abundance is found when eucalyptus is converted to sugarcane (0.2). On average, sugarcane expansion resulted in a decrease of species abundance (0.23 year−1) driven mostly by the conversion of grasslands to sugarcane (see Supplementary Material, Figure S3). However, the decrease in species abundance for the whole state is offset to some extent by the conversion of annual crops to sugarcane.




3.4. Soil Erosion


As shown in Figure 4, the change in soil loss resulting from land conversion to sugarcane varies from <−2 to >12 t ha−1 year−1. For all land uses, except for annual crops, conversion to sugarcane resulted in an increase in soil loss. The variation in soil loss is attributed to the differences in the cover effect of the various land uses and to a lesser extent to the spatial heterogeneity in biophysical conditions (mainly terrain conditions). For example, the change from annual crops to sugarcane results in a decrease in soil loss given that annual crops provide less cover against rain impact (mainly at the north and center-west part of Sao Paulo state). A large increase in soil loss occurs when forest and shrubland are converted to sugarcane, as both forest and shrubland provide better soil cover. Given that the soil cover of grasslands is slightly better than the cover effect of sugarcane, soil losses increased to some extent when grasslands were converted to sugarcane. The expansion of sugarcane at the expense of eucalyptus resulted in soil losses between 2 and 6 t ha−1 year−1. Soil losses increase in areas with a higher rainfall intensity, such as in the western part of the state. In addition, as seen in the south of the state, steep slopes enhance soil loss when land is converted to sugarcane.



On average, the sugarcane expansion in Sao Paulo state resulted in soil loss of 0.5 t ha−1 year−1 (see Supplementary Material, Figure S4). The variation in annual soil loss is mainly driven by the LUC dynamics, which are dominated by the conversion of grassland and annual crops. Both land use/cover categories provide a similar soil cover as sugarcane; grassland provides a slightly better cover and annual crops a slightly worse cover. Therefore, average soil losses are low. Average soil loss increased for the years 2009–2010, 2010–2011, and 2014–2015, in which the LUC dynamics were less dominated by the conversion of grasslands and the ratio of land use conversion was spread more equally among other land use/cover categories. In the same years, the conversion from forest to sugarcane resulted in some areas in a soil loss of 12 t ha−1 year−1. For all years, the conversion of sugarcane resulted in an increase in soil loss except for 2012–2013; in this year, the expansion occurred only at the expense of annual crops.




3.5. Water Shortage


Figure 5 showed the spatial variation in the difference in water shortage between sugarcane and the land use/cover prior to conversion. The difference in water shortage is reported to vary between −180 and 300 mm year−1. The high evapotranspiration rates of sugarcane in comparison to other land types determine that the change of almost all land use/cover categories, with the exception of forest and eucalyptus, to sugarcane results in an increase in water shortage. When eucalyptus and forest areas are converted to sugarcane, the change in water deficit is negative (i.e., there is less water deficit); forests and eucalyptus areas use more water in comparison to sugarcane as a consequence of their high evapotranspiration rates. There is a strong increase in water deficit when sugarcane displaces annual crops. The growing season of sugarcane lasts 12 months while the growing season of annual crops is much shorter. Therefore, the average annual evapotranspiration of annual crops is lower. The strong difference in water use between both land use/covers is illustrated in the years 2012–2013 (see Supplementary Material, Figure S5) when sugarcane expanded only in annual crops and the water shortage reported to be the highest.The smallest increase in water deficits occurs in the center-south part of the state, when grasslands and shrublands are converted to sugarcane. The largest increases in deficits are found in the north when annual crops are converted. The strong variations in changes in the water balance over the state are mainly caused by varying climatic conditions, particularly the precipitation regimes, and by the land use/cover prior to conversion. For example, the north of the state is characterized as a dry area with less precipitation than in any other part of the state. These conditions in conjunction with the conversion of annual crops result, in some areas, in an increase in water shortage of up to 300 mm year−1.




3.6. Environmental Performance Index


There is a strong spatial variation in the environmental performance of sugarcane expansion, with the environmental performance index varying between −2.5 and 2.5 at a scale from −4 to 4 (see Figure 6). Areas characterized by a net positive effect of sugarcane expansion (negative scores) occur mostly in the northeast and central west part of the state. However, there are also areas of poor performance that show medium to strong negative effects of sugarcane expansion, such as the northwest and central east parts of the state. Positive effects of sugarcane expansion generally occur when annual crops are converted to sugarcane. Two distinct clusters located in the center-west and north, related to the conversion of annual crops, show the highest positive effects of sugarcane expansion.



The magnitude of net positive or net negative effects is influenced by the trade-offs between the various environmental impacts; these tend to balance each other out at some locations. The expansion of sugarcane into annual crops generally results in carbon accumulation, increases species abundance, and decreases soil loss. However, all these positive effects are balanced out to some extent by an increase in the water deficit. The conversion of grasslands to sugarcane generally results in a large carbon sink; this positive effect is balanced out by the increase in soil loss, increase in water shortage, and a decrease in species abundance. Nevertheless, for some areas, the increase in soil loss and water shortage is minimal. Still, the overall effect is negative. The highest negative overall effects are reported when forest, shrublands, and eucalyptus are converted to sugarcane. The overall negative effect when forest is converted is mainly due to high CO2 emissions, a large loss in mean species abundance, and a considerable increase in soil loss. However, the overall negative effect is counter-balanced to some extent by a decrease in water deficit. For eucalyptus, the negative environmental performance index is dominated by high CO2 emissions. Similar to forests, the high CO2 emissions are balanced out to some extent by the decrease in water deficit. Most of the worst-performing areas (orange and red) are characterized by high woody biomass volumes prior to conversion. These areas generally store more carbon, provide better cover to reduce the risk of soil erosion, and are more suitable for species abundance.



There are no sugarcane expansion areas characterized by only positive impacts as there are always trade-offs between positive and negative impacts for all categories. Moreover, sugarcane expansion in shrublands is characterized by only negative impacts, including an increase in soil loss, increase in water shortage, reduction in species abundance, and increase in LUC-related CO2 emissions.





4. Discussion


A strong spatial variation in magnitude and direction was found for all LUC-related environmental impacts of sugarcane expansion. These impacts are steered to a large extent by local biophysical conditions and by the type of land use transition. Generally, the direction of the impact is attributed to the land use transition and the magnitude of impacts is largely due to the local biophysical conditions. The observed land use dynamics of sugarcane expansion in our study follow the same trend as observed in other studies [10,15,19], with most of the sugarcane expansion occurring at the expense of grasslands and arable crops.



In general, the conversion of grasslands and annual crops to sugarcane leads to net carbon sequestration while the change from forest, eucalyptus, and shrubland leads to LUC-related CO2 emissions. Similar results are described in other studies [13,16,17]. On average, sugarcane expansion sequestered 2.8 t CO2 ha−1 year−1 in biomass and soils from 2004 to 2015. Another study reported higher LUC-related carbon sequestration from sugarcane expansion [13]. However, in this study, above or below ground biomass was not considered for the land use prior to conversion. Our assessment of LUC-related CO2 emissions was based on a broad range of input parameters. As a result, the output is sensitive to the assumptions made on yields, land suitability maps, and soil stock change factors. For example, applying a different sugarcane yield could strongly steer the results in carbon sequestration or carbon loss in the biomass pool when land is converted. However, the assumptions were consistently applied while considering Sao Paulo state’s heterogeneous biophysical conditions and management practices.



The conventional life cycle GHG emissions from the Brazilian sugarcane ethanol supply chain (including transportation and distribution in the EU) is estimated at 28.6 g CO2-eq MJethanol−1 [62] of which 17.1 g CO2-eq MJethanol−1 is from the cultivation phase (including the use of machinery, fertilizer, and pesticide application). The average annual 2.8 t CO2 ha−1 year−1 savings from sugarcane expansion estimated in this study, which is equivalent to 20.1 g CO2-eq MJethanol−1, offsets these life cycle emissions to a large extent. When considering the LUC-related CO2 emissions from sugarcane expansion in shrublands and forests, total GHG emissions from sugarcane ethanol increase considerably from 43.1 to 57.5 g CO2-eq MJethanol−1 for shrublands and from 57.5 to 100.7 g CO2-eq MJethanol−1 for forests. The total GHG emissions from sugarcane ethanol, including LUC-related CO2 emissions from the conversion of shrubland or forest, fail to comply with the 65% GHG emission reduction requirement of the new European Commission Renewable Energy Directive REDII [63] or the requirements for advanced fuels of the United States Renewable Fuels Standard. Nevertheless, most of the expansion occurs on grassland and annual crops. The expansion of sugarcane on annual crops resulted in only negative LUC-related CO2 emissions, ranging from −49.1 to −0.7 g CO2-eq MJethanol−1, while in grassland, emissions ranged from −35.8 to 10.7 g CO2-eq MJethanol−1. The total GHG emissions of sugarcane ethanol produced on land converted from annual crops and grassland not only comply with international regulations, but for several locations, it results in overall negative GHG emissions. The effects of indirect land use change are outside the scope of our study and could increase CO2 emissions.



The mean species abundance declined due to sugarcane expansion except from the conversion of annual crops. In line with [25,64,65], the strongest decrease in biodiversity was found when forest was converted. The MSA indicator omits information, such as species distribution, threatened species, or connectivity. Despite the changes in MSA from sugarcane expansion being assigned based on constant values that neglect the heterogeneity in spatial biophysical conditions, it is a good proxy indicator to estimate the relative impact on species abundance from LUCs. For example, the expansion of sugarcane in natural land uses/covers, such as forest, can potentially reduce species abundance by the loss of (connectivity) species habitats.



The conversion of land to sugarcane increased soil loss, and this is in line with other studies [8,66]. The conversion of any land use/cover, except for annual crops, increases soil losses in comparison to the conditions prior to conversion. Soil loss under sugarcane is slightly less than under annual crops. In Brazil, an average soil loss tolerance threshold of approximately 3 t ha−1 year has been established for soils with unfavorable conditions (e.g., shallow non-permeable soils) and 12.5 t ha−1 year for soils with favorable ones (e.g., deep well-drained soils) [66]. When considering the annual soil loss from sugarcane plantations, several locations surpassed these soil loss tolerance limits. Sugarcane land is relatively susceptible to erosion processes [67]. In this study, the change in soil loss is driven by the cover effect (C factor) of the different land uses/covers. Despite sugarcane C factors ranging significantly between 0.0012 and 0.58 depending on the growth stage and plant characteristics [68], 0.17 was used as it is generally applied for sugarcane in Brazil [69].



The impact on water shortage was assessed as the difference in the annual water deficit between sugarcane and the land use/cover category prior to conversion. Despite including important biophysical parameters, such as temperature and precipitation, it neglects others, such as soil characteristics and watershed dynamics, that can be relevant to determine direct water impacts from sugarcane expansion. Therefore, it describes particularly whether more or less water is used for sugarcane production than for the land use/cover prior to conversion. In addition, it neglects temporal shortages that can potentially lead to a decrease in crop productivity [70,71] and affect other environmental impacts.



Maximum standardization while considering the same weight for each impact was the selected approach to spatially integrate all environmental impacts into a single environmental performance index. This allowed comprehensive assessment of the environmental impacts from sugarcane expansion and identification of the trade-offs between impacts. However, the integration of results should be interpreted with care. The integration of distinctive scales from different impacts can lead to misinterpretations. A score in one specific indicator can signify a stronger/weaker actual effect in the environment than the same score for a different indicator. In addition, individual scores can balance out or enhance each other in the overall score. Thus, a detrimental effect in one category can be masked by a positive effect in a different category and vice-versa. For example, in the environmental performance index, a high carbon sink can offset a reduction in species abundance. However, in reality, these impacts fail to compensate each other. Therefore, additional expertise is required to estimate the actual environmental impact from a score in each specific indicator and to what extent these impacts interact with each other.



The applied methods allow negative performing areas to be flagged but fall short to some extent in indicating the key biophysical conditions that characterize areas of concern. For example, regardless of a precipitation regime (either wet or dry), a change in use from annual crops to sugarcane will result in an increase in water shortage. Despite the increase in water shortage (negative effect), the biophysical conditions can still be adequate to provide sugarcane plantations with enough water without generating negative impacts in the watershed.



Additional standardization methods can be applied. The integration and weights assigned to the environmental impacts could be established in line with policy objectives and based on engagement with relevant stakeholders. For example, if GHG emissions are prioritized, a higher weight can be assigned to this impact category than to others. However, this should be done with care. The prioritization of one impact can lead to neglecting other impacts and thereby induce higher negative effects in other environmental areas.



The assessment of environmental impacts required a wide range of input data and assumptions that steered the results and could lead to an under- or overestimation of environmental impacts. Some parameters lack a temporal and spatial attribute and were assumed to be constant over space and/or time. This is the case for parameters such as the MSA scores and the cover management (C) component from the soil erosion equation; it is suggested that soil erosion rates can vary considerably when considering the temporal variation of C [72] while the distribution of species abundance can vary in space and time as consequence of different drivers besides LUC [43]. A higher resolution and accuracy of land use/cover data (ranging between 70% and 90% depending on category), suitability maps, and other input data could potentially be more adequate to avoid the loss of details when estimating LUC-related environmental impacts. The land use/cover data set accuracy could result in an under/overestimation of impacts for some locations. However, a land use/cover data set with a higher accuracy degree was not available for the relevant period. Several input parameters, such as precipitation, that were available on a monthly basis were averaged for the studied period; this was done to avoid extreme results.



Retrospectively identifying areas with good and bad environmental performance from sugarcane expansion is a first step to define suitable locations for future expansion and avoid negative impacts. However, in this study, only the environmental impacts related to direct LUC were included. The expansion of sugarcane areas is very likely to result in indirect land use changes when cropland and pastures are converted [22,41,73,74]. The indirect land use changes will result in environmental impacts elsewhere, for example, if pasture area expands outside Sao Paulo state at the expense of forest, it will negatively affect carbon and biodiversity. Therefore, to identify environmentally sound sugarcane expansion strategies, indirect impacts should also be considered in conjunction with schemes that target the reduction of negative and/or enhancement of positive direct LUC-related environmental impacts. In addition, in order to assess all three pillars of sustainability, socioeconomic impacts should also be included in an integrated sustainability assessment.




5. Conclusions


This study provided a detailed assessment of the spatial variation of environmental impacts of sugarcane expansion in Sao Paulo state in the period 2004–2015. The results show where positive and negative LUC-related impacts from sugarcane expansion occurred. The direction and magnitude of LUC-related environmental impacts are highly affected by the type of LUC transitions and the local biophysical conditions. In addition, there are trade-offs between impacts that need to be considered for sustainable development of the sugarcane sector. Ignoring the trade-offs between impacts from sugarcane expansion could result in improving the environmental performance in one dimension but simultaneously worsen the performance in the other dimensions and therefore fail to integrally maximize the environmental performance of the sector. The conversion from annual crops to sugarcane resulted in positive environmental impacts in all dimensions with the exception of water; for all the other land use conversion, there are trade-offs between impacts but the overall effect is negative. The latter suggests that annual crops is the most suitable land for future sugarcane expansion. However, such conversion can result in indirect land use change and related environmental impacts elsewhere and potentially diminish the overall positive effects. In order to assess the sustainability of sugar cane expansion, this assessment highlights the importance of performing integrated environmental impact assessments while considering the heterogeneity in biophysical conditions and LUC dynamics. It is an important step forward in the development of sound land use planning for sustainable sugarcane expansion.
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Figure 1. Land use/cover types replaced by sugarcane between 2004 and 2015. 
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Figure 2. Annual LUC-related CO2 emissions from sugarcane expansion between 2005 and 2015, considering an amortization period of 20 years. Negative values represent carbon accumulation. 
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Figure 3. Difference in the mean species abundance between sugarcane and land use/cover prior to conversion for the period of 2005 to 2015. Positive values indicate a loss of mean species abundance. 
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Figure 4. Difference in soil loss between sugarcane and land use/cover prior to conversion in the time period of 2005 to 2015. 
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Figure 5. Difference in the annual water shortage between sugarcane and land use/cover prior to conversion in the time period of 2005 to 2015. 
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Figure 6. Environmental performance index from sugarcane expansion in the period of 2005 to 2015. Negative values indicate reduced environmental impacts of sugarcane compared to the previous land use/cover. 
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