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Abstract

:

The growing impact of human activities on the environment has increased their influence on the planet’s natural cycles, especially in relation to the hydrological cycle of watersheds. The fundamental processes for its water and energy balance have been affected, which influences water availability and surface streamflow. This study sought to evaluate the anthropogenic impacts on the hydrological cycle of the São Francisco River Basin (SFRB), Brazil, between 1985 and 2015. The study area comprised SFRB and 10 sub-basins for general and specific analyses, respectively. Analyzed data consisted of Land Use and Land Cover (LULC), precipitation, streamflow, and temperature. The methodology incorporated: (i) assessment of LULC dynamics; (ii) trend analysis with the Mann–Kendall method and Sen’s Slope; and (iii) decomposition of total streamflow variation via Budyko’s hypothesis and climate elasticity of streamflow. As a result, it was possible to detect an anthropic modification of SFRB, which is the main component of its streamflow variation, in addition to increased streamflow sensitivity to climate variations. In addition, the divergent behavior in the trends of hydrological variables suggests a change in the streamflow response to precipitation. Therefore, the results allowed us to identify and quantify the impacts of anthropic modifications on the hydrological cycle of the SFRB.
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1. Introduction


The rapid growth of the world population has led to fast growth in the demand for water, energy, and food, among other basic necessities for the functioning of modern society [1,2]. In this scenario, the anthropic alteration of the Land Use and Land Cover (LULC) and, consequently, the consumptive water demands for these uses may have intensified over the last few decades in order to meet those necessities.



In the global context of increasing anthropic modification of the environment, water availability and surface streamflow have become dependent on both natural and anthropic factors. The impact of the latter on the global hydrological cycle can be direct or indirect. Among the indirect ones, one can cite the climate changes associated with the emission of greenhouse gases. The direct ones, in turn, comprise the growth of consumptive water demands, modification in the natural conditions of LULC, and streamflow regularization, among others [3,4,5].



In Brazil, as pointed out by [6], between 1985 and 2017, about 38% of Brazilian territory was modified by agriculture and livestock activities and, less expressively, by the expansion of the urban infrastructure, changing the forest, and natural non-forest formations in all six Brazilian biomes. In parallel with this, Ref. [7] pointed out that there was a reduction of 15.7% in the Brazilian water surface between 1991 and 2020, equivalent to 3.1 million hectares, being observed decreasing trends in most of its hydrographic regions. This behavior suggests a reduction in Brazilian water availability, which may affect multiple users of this resource.



In a watershed, anthropic alterations can affect its hydrological cycle. These modifications influence the precipitation-flow relationship, altering the generation of superficial streamflow and the basin’s response to extreme events, such as droughts or floods, intensifying, or relieving them, depending on the anthropic changes carried out [8,9]. Furthermore, these modifications can alter evapotranspiration patterns, interfering with the energy and water balance of the basin [10,11].



The São Francisco River has singular importance for Brazil and mainly for the arid region of the Brazilian Northeast (BNE). In its watershed, the São Francisco River Basin (SFRB), multiple consumptive and non-consumptive uses are met, e.g., irrigation, industrial use, hydropower generation, fishing, sailing, among others [12].



For 30 years (1991–2020), the SFRB presented a reduction of 15% in its water surface [7]. Insufficient water availability in this basin awakens large concerns among water managers because it generates impacts on the multiple social and economic sectors that depend, directly or indirectly, on SFRB water resources.



The increase in water demands for the multiple users installed at SFRB has imposed conflicting situations among them. These conflicts were intensified by prolonged droughts that affected the BNE, such as the 2012–2018 drought, which contributed significantly to the reduction of water availability in this basin [13,14,15].



The influence of climatic factors on the streamflow observed in SFRB, such as the low-frequency oscillations of Sea Surface Temperature (SST) in the Pacific and Atlantic Oceans, was found in several studies [16,17,18].



Regarding anthropic factors, studies that evaluate the impacts of these factors on the behavior of the streamflow in SFRB as a central theme are still scarce, causing this problem to usually be treated in a secondary way. However, recent studies, such as those of [19,20], have brought these impacts to the center of discussion.



Given the possible impacts of anthropic modifications in a watershed, monitoring and understanding these impacts are indispensable for the sustainable management and exploitation of natural resources [21]. In the SFRB, where conflicts in water allocation are already evident, reflecting a water scarcity situation, the anthropic modification and its impacts must draw special attention, given the importance of this basin for different Brazilian social and economic sectors.



Therefore, this paper aims to analyze the impacts of anthropic changes on the surface streamflow of the SFRB between 1985 and 2015, establishing relationships between the observed LULC dynamics and the behavior of the hydrological variables analyzed. The proposed discussions in this paper highlight the influence of anthropic modifications in the hydrological cycle of a watershed, evidencing the need for integrated planning of water resources that considers the dynamics of LULC.




2. Materials and Methods


2.1. Study Area


The study area comprised the SFRB (Figure 1). The São Francisco River has strategic importance for Brazil because it meets multiple consumptive and non-consumptive water demands, with the benefits of these uses transcending, in some cases, the spatial limits of the basin, e.g., the hydropower generation in the Brazilian National Interconnected System (NIS) and water transposition between basins.



The SFRB has a drainage area of 639,129 km2 and an extension of 2863 km. Along with its extension, it connects two Brazilian macroregions (southeast to northeast Brazil) flowing into the Atlantic Ocean. Throughout the drainage area, climate, and environmental diversity can be observed. All this diversity gives to São Francisco River its popular name: The River of National Integration.



According to [12], the SFRB can be divided into four water resources management and planning units: Upper São Francisco (USF), Middle São Francisco (MSF), Sub-Medium São Francisco (SSF), and Lower São Francisco (LSF), as highlighted in Figure 1. There are approximately 18 million inhabitants in these units, with the highest population density in the USF, which encompasses part of the Brazilian metropolitan region of Belo Horizonte in Minas Gerais state.



SFRB serves multiple consumptive and non-consumptive uses, such as hydropower generation, irrigation, human supply, and navigation. The water availability, based on Q95 of the flows in the reservoirs’ lakes and their downstream, is 821 m3/s and an average annual flow of 2057 m3/s [22].



Hydroelectric generation in the SFRH has an important role in the Brazilian energy supply, with installed hydroelectric power that corresponds to about 11% of total installed hydroelectric power in all Brazilian NIS. Among the main hydroelectric plants in this basin, the following stand out: Sobradinho, Três Marias, and Itaparica [23,24,25].



As shown in Figure 1, in addition to the SFRB as the study area, 10 SFRB sub-basins were also delimited to perform more comprehensive analyses of the impact of anthropic changes in its hydrological cycle. The stream gauges highlighted in Figure 1 represent the outlets of the sub-basins. In some situations where it was far from a real outlet, the drainage area of this station was delimited, using it to represent the evaluated sub-basin.



These sub-basins were extracted from a division of SFRB into 34 sub-basins presented in the National Water Resources Plan for the São Francisco River Basin (PRHSF, from Portuguese) [26].



The choice of 10 sub-basins for a more thorough analysis of the impacts of anthropic alteration in the SFRB was due to three reasons: (i) As [27] say, on a regional scale, the climate variability and the anthropic factors interact with each other, combining their effects; in a basin or sub-basin scale, these two modifying agents of the hydrological cycle can be considered independent; (ii) The chosen sub-basins do not have flow regulation structures, because, in basins with those structures, mainly through accumulation reservoirs, the signals of anthropic alteration can be smoothed or even camouflaged by the flow regularization and (iii) they are headboard sub-basins, avoiding that the alterations in upstream sub-basins may interfere with the analyses of the evaluated area.




2.2. Used Data


The data used included both LULC and hydrological data. The time series of these data comprised the period from 1985 to 2015. The lower limit of this period was delimited by LULC data, which began in 1985. The upper limit, in turn, was delimited by hydrologic data because, from 2015, many stations were discarded in the failure analysis.



2.2.1. Hydrological Data


The hydrological data refer to precipitation, streamflow, and temperature. The precipitation and streamflow data were obtained from the HIDROWEB database of the Brazilian National Water Agency, and the temperature data were obtained from the Climate Research Unit (CRU) database. Furthermore, precipitation data from the Global Precipitation Climatology Centre (GPCC) were also used to correct eventual inconsistencies or failures in the monthly rainfall series.



The precipitation series obtained for the SFRB were filtered based on a daily failure criterion. This criterion consisted of the approval of the stations that presented more than 300 days of measurements in each year of the adopted period (1985–2015). Despite this criterion allowing up to two months (60 days) without measurement in each year, all the approved stations showed at most 1 month absent per year throughout their time series.



The approved daily rainfall series gave rise to the monthly precipitation series. In situations where absence or inconsistency was observed in a given month of the last series, data from the GPCC grid point closest to this station were used to fill the monthly gap or replace the inconsistency.



GPCC is a research center operated by the National Meteorological Service of Germany, the German contribution to the World Climate Research Programme (WCRP). Its main function is the global analysis of daily and monthly precipitation over the Earth’s surface, based on in situ observed precipitation data. The final product of this analysis is a grid of precipitation over the Earth’s surface with resolutions of 0.25°, 0.5°, 1.0°, and 2.5° for latitude and longitude [28]. In this study, the GPCC’s grid of monthly precipitation with a resolution of 1° was utilized.



The streamflow series, in turn, were also filtered by the same failure criterion used to select the precipitation series suitable for consideration; however, in case of eventual inconsistencies or monthly failures, the stream gauge was discarded.



The temperature data were obtained from CRU’s database. As pointed out by [29], the CRU’s database provides a high-resolution grid (0.5° × 0.5°) of in situ observation for 10 variables (observed and derived) since 1901. In the present work, the derived variables of maximum and minimum temperature at 2 m from the surface were used. For each grid point contained in the SFRB, the potential evapotranspiration (PET) was determined with the Hargreaves–Samani method.



In the sub-basins analysis, the Thiessen method was used to determine both the averages of precipitation and PET in each of the 10 sub-basins highlighted in Figure 1. In a more general analysis of the SFRB, the stations and grid points mentioned above were used punctually.




2.2.2. Land Use and Land Cover Data


The LULC classification for the SFRB was obtained from a historical series of annual maps of the Brazilian LULC from Collection 6 (Col. 6) of the Mapbiomas project. This project is composed of a multidisciplinary team that has generated a historical series of annual maps with the Brazilian Land Use classification, comprising the period from 1985 to 2020 [30]. These maps and their descriptions are provided free of charge (https://mapbiomas.org/ (accessed on 8 January 2022)) in raster format with a latitudinal and longitudinal resolution of 30 m.



The classification methodology used to produce these maps follows a hierarchical system with 4 classification levels. It is possible to establish a correlation between the classification system adopted by Mapbiomas and those adopted by the Food and Agriculture Organization (FAO) and by the Brazilian Institute of Geography and Statistics (IBGE, from Portuguese Instituto Brasileiro de Geografia e Estatística). Furthermore, the Mapbiomas’ classification classes are organized into three groups, referring to the type of LULC: (i) anthropic, (ii) natural, and (iii) mosaic. The latter includes classification classes in which it was not possible to distinguish between anthropic and natural [6,30]. Table 1 shows the hierarchical classification system adopted by the Mapbiomas project in Collection 6, highlighting the different levels of this system and the LULC type.



The global accuracy of Col. 6 in its LULC classification is 90.8% for the level 1 classes, 87.4% for the level 2 classes, and 87.4% for the level 3 classes, not being made available information about the accuracy of level 4 classes until the moment [30].



Two approaches were performed with the LULC data in raster format made available by Mapbiomas: (i) an analysis of the percentage area evolution of each class of LULC considered between the years 1985 and 2020 and (ii) spatial analysis of the LULC dynamics in the same period.



In the first analysis, the use of percentage area was due to the discrepancy in the order of magnitude of the absolute values of the areas between some classes. In both analyses, only the level 1 classes of the Mapbiomas’ classification system (Table 1) were considered, with punctual differences. In the first analysis, the planted forest class (level 2) was separated from the farming class (level 1), and the urban infrastructure class (level 2) was also separated from the class non-vegetated area (level 1), being evaluated separately in both cases. In the second analysis, the forest class (level 1) was dismembered in its level 2 classes: forest formation, savanna formation, mangrove, and wooded restinga, and the planted forest class (level 2) was separated from the farming class (level 1) and presented separately.





2.3. Potential Evapotranspiration Estimation


The Hargreaves–Samani method [31] was used to estimate PET. This hydrological component can be understood as the evaporative demand of the environment based on specific climate conditions, often estimated considering the hypothetical situation of a large cultivated area with grass. Several methods have been developed to estimate it based on climate data, such as the Hargreaves–Samani equation [32].



Still, according to [32], the Hargreaves–Samani equation can be used to determine the PET based on maximum and minimum air temperatures, as shown in Equation (1):


   PET = 0.023   (  0.408  R a   )   (   T  med    + 17.8   )     (   T  max   −  T  min    )    0.05    



(1)




where: PET is given in    mm / month   ,    T  med   ,    T  max        and   T    min     are the average, maximum and minimum temperature in degrees Celsius;    R a    is the average extraterrestrial solar radiation    (  mm / month  )   . The    R a    can be estimated based on latitude and month of year, according to [31].




2.4. Trend Analysis


In the trend analysis, the monthly time series of precipitation, streamflow, and PET gave rise to annual time series, such as annual accumulated precipitation, annual average streamflow, annual minimum monthly streamflow, annual maximum monthly flow, and annual accumulated PET. This analysis included the application of the non-parametric Mann–Kendall test and Sen’s slope determination in those annual series. The significance level adopted in each of these methods was 0.05    (  α = 0.05  )   .



Trend analysis was performed on all selected stations and all CRU grid points used for PET estimation. All the annual time series mentioned above were standardized with a z-score, returning a dataset with a mean equal to zero and a standard deviation equal to one. This standardization was performed to allow for a comparison between the intensity of the detected trends in the evaluated time series.



Additionally, trend analysis was performed in the 10 considered sub-basins using the time series of annual accumulated precipitation, annual accumulated evapotranspiration, and annual average streamflow. It is worth noting that the first two series were considered spatially in the sub-basin.



2.4.1. Mann–Kendall Test


The Mann–Kendall test is widely used to check for growth or decline trends in a data time series. The wide use of this method is due to the lack of need for an initial presumption of the statistical distribution of the dataset and the lower sensitivity to outliers [33].



As pointed out by [34], the statistical variable of the Mann–Kendall test for a time series composed of a sample of  n  random variables identically distributed is given by Equation (2):


   S =    ∑    i = 1     n - 1      ∑    j = i + 1   n  sign  (   y j     - y   i   )   ,     



(2)




with:  S  the statistical variable of the Mann–Kendall test,  n  the size of the time series. The sign function expressed in Equation (2) is given by Equation (3):


  sign  (   y j       -   y   i   )   =   {       + 1    →      if   y   j       -   y   i     >   0           0    →      if   y   j       -   y   i   = 0         - 1    →      if   y   j    -    y i     <   0        ,  



(3)







The determination of S statistic by comparing pairs of values of the time series, assigning the value of this comparison through sign function (Equation (3)), grants the resistance to outliers for the Mann–Kendall test.



According to [35], when    n    ≥    10   , the statistical variable  S  resembles a normal distribution, with variance determined by Equation (4):


  Var  ( S )  =   n  (   n   -   1   )   (   2 n + 5   )     -     ∑   i = 1   n   t i   ( i )   (   i   -   1   )   (   2 i + 5   )    18   ,  



(4)




where:   Var  ( S )    is the variance of the  S  statistic,    t i    is the number of repetitions in an extension  I  of the time series, e.g., a series with two equal values would have one repetition with extension equal to 2    (   t i   = 1   and   i = 2   )   .



With the variance of  S  statistic, the standardized index    Z  MK    , which follows a normal distribution with a mean equal to zero and a standard deviation equal to one, can be determined by Equation (5):


   Z  MK    =   {         S   -   1      Var  ( S )        →    if   S   >   0           0    →    if   S = 0           S + 1      Var  ( S )        →    if   S   <   0      ,    



(5)







As pointed out by [36], the Mann–Kendall test considers that the null hypothesis    (   H 0   )    indicates an absence of a trend. Thus, because it is a two-tailed test, at a significance level  α , this hypothesis is rejected if    |   Z  MK    |     >   Z   α  / 2  . The standardized index    Z α  / 2   is the value that has an exceedance probability equal to half the significance level adopted in a normal distribution. Furthermore, the index    Z  MK     makes it possible to differentiate between a growth trend    (   Z  MK      >   0   )    and a decreasing trend    (   Z  MK      <   0   )   .



Still, according to [36], due to the similarity of the  S  statistic to a normal distribution, it is possible to determine the p-value    ( p )    for the sample data with the cumulative probability of a normal distribution. Therefore,    H 0    can be tested with the p-value: if    p    ≤    α    there is evidence to reject    H 0   , so there is indicative of a trend in the analyzed time series.




2.4.2. Sen’s Slope


One of the Mann–Kendall test’s shortcomings is the inability to indicate the magnitude of the detected trend. However, methods external to the test can determine this magnitude, such as Sen’s slope estimate method proposed by [37].



As pointed out by [38], Sen’s slope is determined by calculating the slope between all possible pairs of dataset elements, as represented in Equation (6):


   s i   =   (   y j       -   y   k   )  /  (   j   -   k   )  ,  



(6)




where:    s i    is the slope of the i-th data pair;    y j       and   y   k    are the j-th and k-th dataset values;    j   and   k    are the indexes of elements which form the pairs, being always    j   >   k  .   Since the slope is determined by pairs of values, then there will be    N =   (   n - 1   )  / 2   slopes, with  n  equals to sample size.



The overall slope of the dataset is the median of all slopes calculated for these data pairs. Sen’s slope provides a realistic measure of the time series trend, is not sensitive to outliers, and allows for the absence of data throughout the series [38].





2.5. Analysis of the Anthropic Changes’ Impact on the Surface Runoff—Conceptual Approach


The analysis of the anthropic changes’ impact on the surface runoff of the SFRB via a conceptual approach was applied in the 10 analyzed sub-basins. The conceptual approach included the Budyko equation and its derivations, such as the Fu equation, and the decomposition of streamflow variation via the Budyko curve.



Initially, in order to apply this conceptual approach, it is necessary to transform the streamflow from    m 3  / s   to   mm / month   through Equation (7), where  Q  is the streamflow and  A  the basin area    (   m 2   )   :


  Q  (   mm / month   )  =   Q  (   m 3   / s   )   (      86,400 × 30.4  ︷    seconds   in   a   month   )  1000   A  ,  



(7)







The total period of the time series (1985–2015) was divided into three subperiods: P1 (1985–1995), P2 (1996–2005), and P3 (2006–2015). The division into subperiods was necessary for the assignment of a base period (P1)—where it was sought to refer to the more natural conditions that the data allowed exploration—and a modified period—where it represented the modified state of the basin. Therefore, it was possible to evaluate the streamflow alteration of the analyzed sub-basins from a base period.



The choice of subperiods was arbitrary; however, it was sought to divide 31–year time series into intervals of the same size. Moreover, the adopted subperiods’ size made it possible to consider long–term averages, which underpins the conceptual and analytical approach.



2.5.1. Budyko Hypothesis


Evapotranspiration    (   E r   )    is one of the main components of the hydrological cycle, playing a vital role in its water and energetic balance [39]. In such a manner, Budyko sought to relate it to hydrological variables that were easier to obtain, such as PET and precipitation.



According to [40], the water balance of a basin is a function of several parameters that refer to the surface and underground characteristics of the basin and to climatic factors; however, it is possible to summarize the main contributions to this balance in    E r    and in precipitation    ( P )   , with the other factors being little significant. Thus, the water balance can be simplified as expressed in Equation (8):


     P   -   E   r     -   Q =  Δ S ,  



(8)




with:  P  the precipitation    (  mm  )   ,    E r    the evapotranspiration    (  mm  )   ,  Q  the flow rate    (  mm  )    and   Δ S   internal basin storage    (  mm  )   .



For the long-term analyses, the internal basin storage   Δ S   can be considered equal to zero because this variation occurs within the hydrological year, and the long-term analyses, e.g., in decade intervals, are performed using annual averages [20,39,41,42].



The energy balance in the Budyko hypothesis, in turn, can be summarized in two factors: evapotranspiration and sensible heat flow    ( H )   , i.e., the net radiation near the surface    (   R n   )    is the sum of the latent    (   L e   E r   )    and sensible heat fluxes, as shown in Equation (9), where    L e    is the heat of water vaporization:


   R   n         = L   e   E r   + H ,   



(9)







Therefore, Budyko’s hypothesis is structured in two limit conditions (Equation (10)): (i) when the aridity index    (   R   n      /  L e  P  )    tends to infinity, the    E r    tends to total precipitation, i.e.,    E r    is limited by the available water, and (ii) when the aridity index    (   R   n      /  L e  P  )    tends to zero, the    E r    decreases in relation to precipitation, being limited by available energy [42]:


   {        lim      R n     L e  P   → ∞        E r   P       = 1          lim      R n     L e  P   → 0        E r   P      =    R   n         L e  P         ,  



(10)







Based on Equation (10) and the considerations presented for water and energy balances, [40] proposed that the ratio between the average annual evapotranspiration and average annual precipitation is a function of the ratio between the average annual PET and average annual precipitation, and of the basin characteristics, as shown in Equation (11). It is worth mentioning that PET represents the maximum net radiation near the surface that can be used for water evaporation [20,39,41,42]:


     E r   P   = f   (    PET  P   ,   φ   )  ,  



(11)







The function  f  needs to be defined for each analyzed basins because it depends on their characteristics and may have different formats according to the analyzed area.




2.5.2. Fu’s Equation


Several equations that relate the ratio    E r  / P   with the ratio   PET / P   were developed based on the Budyko hypothesis, such as Fu’s equation [43], which is analytically derived in [44].



In this equation, the ratio    E r  / P   is a function of the ratio   PET / P   and of a parameter    ( w )    which refers to the physical characteristics of the basin that affect how the precipitation is transformed into evaporation and surface runoff, e.g., the dynamics of the relation among vegetation type, soil properties, and topography. As pointed out by [44], high values of  w  suggest favorable characteristics to evapotranspiration and vice-versa [39,42]:


     E r   P   = 1 +    PET  P  -    [   1 +     (    PET  P   )   w   ]     1 / w    ,  



(12)







Without an estimate of  w , it is impossible to obtain    E r    by the Fu equation. However, in a long-term analysis, real evapotranspiration can be obtained by the water balance of the Budyko hypothesis, making it possible to estimate  w .




2.5.3. Decomposition of Streamflow Variation via the Budyko Hypothesis


The Budyko-type curve allows the separation of the climatic and anthropic contributions of the total variation in long-term average flow.



In the long-term analyses, it is valid to simplify the variation of the internal storage of the basin    (  Δ  S = 0   )    in the water balance of the Budyko hypothesis; thus, the streamflow    ( Q )    can be expressed as a function of    E r    and  P , as shown in Equation (13):


         P   -   Q   -   E   r   = 0         Q P   = 1   -       E r   P      ,  



(13)







Taking the Fu equation as an example:


       Q P   = 1   -   f   (    PET  P   , w   )         Q = P   [   1   -   f   (    PET  P   , w   )   ]      ,  



(14)




where:  f  is the Fu equation,  w  is the parameter of Fu Equation and      Q ,   P ,   PET   and   E   r    are the long-term average of annual streamflow, annual precipitation, annual potential evapotranspiration and annual evapotranspiration, with all variables in   mm  .



As pointed out by [39,41], the decomposition of the total variation of streamflow via the Budyko-type curve using the Fu equation consists of the determination of two parameters  w : (i)    w 1    for the pre-change period and (ii)    w 2    for the post-change period. The basic idea of this decomposition, using Figure 2 as a guide, can be summarized in three points:



	
The total variation of streamflow (anthropic + climatic contributions) between the pre- and post-change period is equivalent to the difference in streamflow between points C and A, because, among these points, there are changes in the climatic variables:   C  (    PET  2  /  P 2     , E   r    2  /  P 2   )    and   A  (    PET  1  /  P 1     ,   E   r    1  /  P 1   )   , and the parameter referring to the physical properties of the basin:   C  (   w 2   )     and   A   (   w 1   )   ;



	
The climatic component of streamflow variation is equivalent to the difference of streamflow between points B and A because, from one point to another, there is only alteration in climate variables:   B  (    PET  2  /  P 2     , E   r    2  /  P 2   )    and   A  (    PET  1  /  P 1     ,   E   r    1  /  P 1   )   , and the parameter  w  stays constant;



	
The anthropic component of streamflow variation is equivalent to the difference of streamflow between points C and B, since there is alteration only in the parameter referring to the physical properties of the basin   C  (   w 2   )     and   B   (   w 1   )   , while the climatic variables remain the same.








[image: Sustainability 14 12176 g002 550] 





Figure 2. Decomposition of total variation in long-term average flow via Budyko-type curve. Source: Adapted from [41]. 
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Through Equation (14), these three points can be expressed mathematically:


   {      Δ Q =  Q c  −  Q A  =  P 2   [  1 − f  (    P E  T 2     P 2    ,  w 2   )   ]  −  P 1   [  1 − f  (    P E  T 1     P 1    ,  w 1   )   ]        Δ  Q c  =  Q B  −  Q A  =  P 2   [  1 − f  (    P E  T 2     P 2    ,  w 1   )   ]  −  P 1   [  1 − f  (    P E  T 1     P 1    ,  w 1   )   ]        Δ  Q h  =  Q c  −  Q B  =  P 2   [  1 − f  (    P E  T 2     P 2    ,  w 2   )   ]  −  P 2   [  1 − f  (    P E  T 2     P 2    ,  w 1   )   ]        ,      



(15)




where:   Δ Q   is the total variation of streamflow;   Δ  Q c    is the streamflow variation resulting from climatic alterations and   Δ  Q h    is the flow variation resulting from the anthropic alterations.





2.6. Analysis of the Impact of Anthropic Changes on Surface Runoff—Analytical Apporach


2.6.1. Streamflow Climate Elasticity


The analytical approach consisted of the application of the concept of the climate elasticity of streamflow. This concept makes it possible to evaluate the streamflow sensibility of climate variations in each period considered. In addition, it can be used to decompose the total flow variation in its anthropic and climate components [39,41,45].



As indicated by [39,42], the climate elasticity of streamflow can be obtained via several methodologies, such as hydrological models, multivariate models, or analytical or empirical equations based on hydrological principles.



Using the Fu Equation,    E r    is a function of    PET ,   P   and   w   , i.e.,    E r   = f   (   PET ,   P ,   w   )   , where  f  is the Fu equation. Thus, the total variation of    E r       (    dE  r   )    can be approximated through the first-order expansion of the Taylor series, as shown in Equation (16) [42]:


    dE  r  =   ∂ f   ∂ P    dP +    ∂ f   ∂ PET    dPET +    ∂ f   ∂ w   dw ,  



(16)







With the simplification of water balance of the Budyko hypothesis (Equation (8)) for long-term analyses—  Δ S = 0  , the long-term average of annual streamflow can be defined by the difference between long-term averages of precipitation and of evapotranspiration. The same applies to the total variation of these variables:


     Q = P - E   r  →    dQ = dP - dE   r  ,  



(17)







In this way, by substituting Equation (16) into Equation (17), the total variation of streamflow can be defined as a function of the total variation of precipitation and evapotranspiration:


   dQ =   (   1 -    ∂ f   ∂ P    )   dP -    ∂ f   ∂ PET    dPET -    ∂ f   ∂ w   dw ,  



(18)







Assuming that the physical characteristics of the basin do not change over the period taken to determine the long-term averages, then    dw = 0   . With this hypothesis, dividing the equation by Q and carrying out the necessary developments, one obtains the following:


    dQ  Q  =      (   1 -    ∂ f   ∂ P    )   (   P     P - E   r     )   ⏟     ε 1      dP  P  -       ∂ f   ∂ ETP    (    PET      P - E   r     )   ⏟     ε 2      dPET   PET   ,  



(19)







With:


       ε 1  =  (  1 −   ∂ f   ∂ P    )   (   P  P −  E r     )         ε 2  =   ∂ f   ∂ P E T    (    P E T   P −  E r     )              ∂ f   ∂ P   = 1 −    [  1 +    (    P E T  P   )   w   ]     1 w    +    [  1 +    (    P E T  P   )   w   ]      1 − w  w       (    P E T  P   )   w          ∂ f   ∂ P E T   = 1 −    [  1 +    (    P E T  P   )   w   ]      1 − w  w       (    P E T  P   )    w − 1           ,  



(20)







Therefore,    ε 1    and    ε 2    are the coefficients of flow elasticity in relation to precipitation and the   PET  , respectively. Rewriting Equation (19), one obtains:


    dQ  Q     = ε   1    dP  P     - ε   2    dPET   PET   ,  



(21)







The interpretation of this coefficient allows quantification of the sensitivity of the long-term average of streamflow to the precipitation and   PET   variations. Exemplifying, a reduction of 1% in the precipitation is equivalent to a reduction of    ε 1  %   in the streamflow, while an increase of 1% in the   PET   results in a decrease of    ε 2  %  .




2.6.2. Impact Separation via Streamflow Climate Elasticity


As presented by [41,45,46], the concept of the climate elasticity of streamflow allows the separation of the total variation of flow into its climatic and anthropic components. Assuming that these two components are independent, the total variation of the flow can be expressed in terms of the percentage change in relation to a base period, dividing it by the average annual flow of the base period    (   Q 1   )   , as shown in Equation (22):


    Δ Q    Q 1    =   Δ  Q c     Q 1    +   Δ  Q h     Q 1    ,  



(22)







By definition of the climate elasticity of streamflow, Equation (21) represents the variation of the flow resulting from climate alterations      (  Δ  Q c   )   . Transforming the differentials of this equation into rates of change between the period of interest and the base period, Equation (22) can be rewritten as follows:


    Δ Q    Q 1    =  (   ε 1    Δ P    P 1       - ε   2    Δ PET     PET  1     )  +   Δ  Q h     Q 1    ,  



(23)




where:   Δ Q   is the total variation in streamflow in relation to the base period;   Δ  Q h    is the flow variation resulting from anthropic alterations    (  mm  )   ;   Δ P   and   Δ PET   are, respectively, the rates of variations of average precipitation and average   PET   between an evaluated period and the base period    (  mm  )   ;    Q 1     , P   1       and   PET   1    are, respectively, the averages of flow, precipitation, and   PET   of the base period    (  mm  )   .



Therefore, based on Equation (23), the streamflow variation resulting from anthropic alterations in percentage terms can be determined since the total variation of flow is known due to the observed data, and its climatic component can be obtained with the coefficients of the climatic elasticity of the streamflow    (   ε 1       and   ε   2   )    and the observed data of precipitation and   PET  .






3. Results


3.1. Land Use and Land Cover Dynamics


Figure 3 shows the evolution of the LULC of the SFRB between 1985 and 2015, highlighting the region where the greatest transition from natural to anthropic classes of LULC was observed.



Throughout the entire basin, an expansion of agriculture to the detriment of the forest, savanna, and natural non-forest formations can be observed, with the clearest expansion occurring in the west region of the MSF. It also stands out for the expansion of urban infrastructure in the USF. This region (USF) has the highest population density of the SFRB, which is located in the metropolitan region of Belo Horizonte.



Figure 4 shows the evolution of the percentage areas of LULC classes considered between 1985 and 2015 for the ASF, MSF, SSF, and LSF regions. It is emphasized that the classes of forest formation, savanna formation, and mangrove were grouped into the class of natural forest.



Similar behavior was observed in the MSF (Figure 4b), SSF (Figure 4c), and LSF (Figure 4d), where the farming class led the positive variation of the percentage area with +10.38%, +8.61%, and +9.03%, respectively, while the natural forest class led the negative variations with, in the order given, −7.73%, −9.39%, and −8.69%.



In the USF region (Figure 4a), the growth was led by the forest plantation class, whereas the natural forest class led to a decrease, with a variation of −3.68% of its percentage area. The farming class showed little variation; however, it showed great representation in this region, with more than 55% percentage area in both 2015 and 1985. This demonstrates that the USF had already been significantly modified in 1985.



The LULC dynamics of SFRB between 1985 and 2015 evidenced an accelerated modification of the natural conditions of the basin. Taking into account the four management and planning units—USF, MSF, SSF, and LSF—one can classify this dynamic into three groups, considering the initial conditions of LULC and the variation in the adopted period: (i) USF, (ii) LSF, and (iii) MSF and SSF.



The region of the USF showed a LULC dynamic distinct from the other units. In this unit, the largest basin urbanization processes and planted forest area growth were observed; the latter can be justified by the more favorable climatic conditions for this practice in that region.



Although the combined growth of the percentage area of these two classes of LULC did not exceed 5%, it is noteworthy that it occurred mainly to the detriment of natural forest areas. Furthermore, for the initial year, the USF region was already quite modified because 55% of its area was occupied by farming. Therefore, the growth of urban infrastructure and planted forests was added to the pre-1985 changes.



The LSF region presented a predominantly anthropic LULC composition, with the farming area reaching values close to 60% of the basin’s total area, evidencing a rather modified basin prior to 1985. When analyzing the LULC evolution in this region, it is observed that the anthropic alteration prior to 1985 continued until 2015, with the growth of the farming areas reaching 66% of the percentage area. Moreover, the representativeness of urban infrastructure in the total area doubled during the same period. This anthropic expansion took place almost exclusively to the detriment of the natural forest regions.



In the MSF and SSF regions, the LULC dynamic between 1985 and 2015 captured the modification processes of these regions. In 1985, these regions were predominantly occupied by natural forests, at 61.10% and 60.34% of their total areas, respectively. In the evaluated period, a significant reduction in this percentage was observed, reaching a level close to 50% in both regions. These reductions are mainly due to the increase in farming areas, which have augmented their representation in the total area of those regions by around 10%.




3.2. Trend of Hydrological Variables


Figure 5 presents, in a spatialized way, the results of trend analysis performed at all stations of SFRB considered and in all grid points of CRU inside the SFRB, which were used to estimate   PET  . Furthermore, it shows the mean and standard deviation used to standardize the time series to enable a comparison between the detected trends in the evaluated hydrological variables.



The trend analysis results of the annual accumulated precipitation between 1985 and 2015 are presented in Figure 5a. However, some stations presented significant trends, alternating between growth and decline, with the latter types dominating.



The trends in the series of annual   PET   from 1985 to 2015 are displayed in Figure 5b. Contrary to what was observed in the annual accumulated precipitation, statistically significant positive trends were found in all CRU’s grid points inside the SFRB. The magnitude of these trends varied in the LSF region, where a reduction in declivity was observed.



Figure 5c–e presents the results of trend analysis for the series of mean, minimum, and maximum monthly flow annual. A similar behavior of decreasing trend was found in all three series, with the concentration of those in the Western region of MSF. It is noteworthy that in the series of annual minimum monthly flows, there was a greater predominance of negative trend stations.



Figure 6 shows the trends in the hydrological variables considered for the evaluated sub-basins. Likewise, the entire SFRB and the time series were standardized to allow a comparison between these variables and between the different sub-basins, since there is a difference in the magnitude of the values in both cases.



Two groups of sub-basins can be delimited: (i) the sub-basins with positive trends in   PET   and negative trends in mean annual streamflow, and (ii) the sub-basins with positive trends only in   PET  . The first group includes the sub-basins located in the USF: BH1, BH2, BH3, and BH4, and a sub-basin that borders this region: BH5. The second group encompasses the sub-basins located in the western region of MSF: BH6, BH7, BH8, and BH10. A particular case is sub-basin BH9, which shows a positive trend in   PET   and negative trends in accumulated annual precipitation and mean annual streamflow.



The similarity in the Sen’s slope of the   PET   series in all the sub-basins evaluated suggests a similar growth rate in all of them. In the mean annual flow, this slope varied more among the subbasins.




3.3. Impact of Anthropic Changes in Surface Runoff


3.3.1. Conceptual Approach


Figure 7 presents the Budyko-type curves determined with the Fu equation using the three parameters  w  estimated for each adopted period. Moreover, Figure 7 also shows the total variation of the streamflow    (  Δ Q /  Q 1   )    for the periods P2 and P3 in relation to base period (P1) and its climatic    (  Δ  Q c  /  Q 1   )    and anthropic    (  Δ  Q h  /  Q 1   )    components for each case. In all evaluated sub-basins, the total variation of streamflow was negative in the P2 and P3 periods in relation to P1.



The evaluation of period P2 in relation to the base period pointed to negative total variations in streamflow in a range from −1.05% (BH10) to −30.82% (BH6). The climatic and anthropic components of this variation changed significantly among the sub-basins.



The climatic component of streamflow variation for P2 in relation to P1 alternated both in the direction of change and in its magnitude. Among the 10 evaluated sub-basins, 6 (BH1, BH2, BH3, BH4, BH5, and BH10) presented positive climate components in a range from +3.23% (BH3) to +33.69% (BH10). The other 4 sub-basins (BH6, BH7, BH8, BH9) showed negative climate components, varying from −1.21% (BH6) to −24.52% (BH9).



Regarding the anthropic component of streamflow variation, the period P2 in relation to P1 exhibited, except for BH9, negative values ranging from −0.52% (BH7) to −34.74% (BH10). In BH9, a positive anthropic component equal to +13.72% was found.



In the evaluation of P3 in relation to the base period, the total variations of flow, in the same way as P2, were negative, varying from −5.55% (BH4) to −34.20% (BH6). Except for BH4 and BH5, the negative total variations in streamflow were higher than in P2.



In relation to the climatic component of streamflow variation in P3, it was observed that the sub-basin with a negative climatic component in P2 had this contribution negatively intensified in P3, except for BH6. Moreover, some sub-basins that presented positive climatic components in P2 had a reduction in magnitude or an inversion in the direction of contribution in P3, such as BH1, BH2, BH3, and BH10, highlighting BH10, which had +33.69% in P2 and −2.55% in P3. Three sub-basins (BH4, BH5, and BH6) presented an increase in positive climate components in relation to P2, highlighting BH6, which had −1.12% in P2 and +7.51% in P3.



The anthropic components in P3, in turn, were negative, except in BH3 and BH9. In BH6 and BH8, the negative anthropic component in P2 was negatively increased in P3. In the other sub-basins, there was a positive variation in this component, reducing the negative values or even changing the direction of contribution, as in BH3. The BH9 showed a positive anthropic contribution in P2 (+13.72%) which intensified in P3 (+29.56%).




3.3.2. Analytical Approach


The analytical approach was carried out using the concept of the climate elasticity of streamflow. Table 2 presents the climate elasticity coefficients in relation to precipitation    (   ε 1   )    and PET    (   ε 2   )   , determined for the 10 sub-basins evaluated in the three periods considered.



   ε 1      ε 2      ε 1      ε 2      ε 1      ε 2    Except for BH9, the evolution of these elasticity coefficients over the evaluated periods showed similar behavior, with an increase in its values in periods P2 and P3 in relation to the base period (P1). Comparing the periods P2 and P3, it was observed that in some sub-basin (BH6, BH7, and BH8), the growth behavior remained; however, in the other sub-basins, insignificant variations or even reductions were observed in these coefficients. The exception is the BH9 sub-basins, which presented a decreasing behavior over the evaluated periods.



Table 3 shows the anthropic and climate components of the total streamflow variation for periods P2 and P3 in relation to the base period (P1) obtained with the concept of the climate elasticity of streamflow.



Evaluating the period P2 in relation to the base period, in the same way as for the decomposition via the Budyko-type curve, it was observed a negative anthropic component of streamflow variation, reaching values close to −40% (BH10). Only in two sub-basins, BH7 and BH9, was this component not predominant in the total variation. The climatic component, in turn, varied in magnitude and direction of the contribution, with the 4 sub-basins with negative values (BH6, BH7, BH8, and BH9) and the others positive ones.



Regarding the streamflow variation of P3 in relation to P1, similar results to those attained via the Budyko-type curve were obtained. The anthropic component was also predominantly negative, arriving at values around −43% (BH6). The two sub-basins with a positive anthropic component in P2 (BH7 and BH9) maintained positive contributions in P3, and the sub-basin BH3 inverted the direction of its contribution in relation to P2.



The contributions of climate components also mimic those obtained in the decomposition via the Budyko-type curve, with sub-basins changing the direction and/or reducing the magnitude of their contributions between periods P2 and P3. The sub-basins with negative climate components in P2, except for BH6, intensified this component in P3. The inversions in the direction of contribution occurred in the sub-basins BH1, BH3, BH6, and BH10, highlighting this last one, which presented +35.98% in P2 and −3.07% in P3. The other sub-basins (BH2, BH4, and BH5) showed variations only in their magnitude between those periods.






4. Discussion


4.1. SFRB LULC Dynamic


The SFRB presented a strong anthropic modification between 1985 and 2015 in some of its regions, while the other regions were already modified in 1985, continuing the anthropic expansion in LULC until 2015. Farming was the predominant use, both in growth in the evaluated period (MSF and SSF) and in representativeness in 1985 (USF and LSF).



This observed behavior between 1985 and 2015 resembles the behavior of the LULC projections carried out by [47] for the SFRB. [47], considering the A2 scenario of the Special Report on Emission Scenarios (SRES) of the Intergovernmental Panel on Climate Change, carried out a LULC projection to 2035. In this projection, there was a doubling of farming areas and a 22% reduction in natural vegetation. To this extent, the social and economic premises of this scenario can be considered active, or partially active in the adopted period from 1985 to 2015. These premises consider, among other points, high population growth and low environmental awareness.



The MSF west region exhibited a large and concentrated expansion of farming areas. This region, highlighted in Figure 3, corresponds to part of an important Brazilian agricultural frontier: the MATOPIBA region.



The MATOPIBA partially covers the Brazilian states of Maranhão, Tocantins, Piauí and Bahia, delimiting an agricultural frontier of high productivity based on large-scale mechanized agriculture for the cultivation of soybean, corn, cassava, and rice. The production of this region increased sixfold between 1995 and 2012, mainly due to large-scale mechanized soy cultivation, doubling Brazilian soy production. In 2013, this region contained 1401 irrigation center pivots, occupying an irrigated area of 138,097 ha. About 90% of these pivots are located in the west of the Brazilian state of Bahia, which coincides with the west of the MSF region [48,49,50].



In addition to the possible direct impacts of the anthropic LULC expansion on the SFRB hydrological cycle, the impacts resulting from the increase in water consumption demands also have an equivalent influence, perhaps greater, on the basin hydrological cycle, e.g., reducing its water availability, as indicated by [3,51].



Ref. [14], evaluating the consumptive demands of the main reservoirs in the SFRB: Três Marias, Sobradinho, and Itaparica, found an increase in consumptive demands for irrigation, human supply, and industry between 1961 and 2017. Irrigation showed the greatest growth, reaching much higher levels than other uses, mainly in Sobradinho (MSF) and Itaparica (SSF).




4.2. Trend of Hydrological Variables


The adopted hydrological variables exhibited discordant trends in their time series. The majority of pluviometric stations presented an absence of a trend in their annual accumulated precipitation series. Conversely, many fluviometric stations exhibited decreasing trends in the three annual series considered. In addition, the PET showed increasing trends in all CRU’s grid points.



The conclusion of [19] corroborated the observed behavior of the PET’s trend in SFRB. These authors pointed out that the anthropic modifications in LULC contribute to an increase in the radiation and heat flux near the surface, leading to an increase in PET.



Moreover, modifications in microclimate, induced by anthropic changes in LULC or global warming, can elevate terrestrial surface temperature. Therefore, in view that the method used to determine the PET—Hargreaves–Samani—uses only maximum and minimum temperatures as input data, the elevation in temperature of the terrestrial surface can have significant impacts on the determination of this hydrological component.



Regarding the time series of precipitation and streamflow, it was observed that the decreasing behavior of streamflow did not occur in parallel with the decreasing behavior of precipitation. Given the large anthropic alteration in the SFRB between 1985 and 2015, mainly due to the growth of farming areas, this discordant behavior corroborates what has been stated by [8,10], claiming that anthropic modifications affect the flow’s response to precipitation in a watershed.



The divergent behavior of the precipitation and streamflow series allows two hypotheses to be raised. The first suggests that the decreasing behavior of the streamflow in the SFRB may be associated with other mechanisms unrelated to precipitation, such as the impact of anthropic activities in the basin, e.g., increasing water consumptive demands, increasing evapotranspiration, and changes in surface runoff generation.



The first hypothesis is corroborated by [19,52]. These authors attributed the reduction in the flow of the São Francisco River to the increase in irrigated agriculture, the changes in surface runoff generation, and the increase in evapotranspiration. Ref. [52] emphasized that the baseflow reduction of the main aquifer of the SFRB, the Urucuia aquifer, located in the west region of MSF, may be associated with the pumping of groundwater for irrigation in this region. The impact of this reduction can be seen in the numerous negative trends in the western region of MSF.



The second hypothesis raises a question about deviations in the series of precipitation and streamflow of the SFRB. Considering that the trends in the annual series of streamflow are exclusively negative, and the same behavior does not occur in the annual series of precipitation, one leads to the belief that the negative deviations are much more present in the streamflow series than in the precipitation series. In brief, negative deviations in the first series can occur even in the absence of those in the second series.



The second hypothesis, if true, indicates an increase in the water vulnerability of SFRB between 1985 and 2015, since hydrological droughts can occur even during meteorological droughts of lesser intensity and duration.



The divergent behavior of trends in the flow and precipitation series in the sub-basins corroborates the above-exposed divergent behavior of these series observed throughout the SFRB. Thus, the conjectured hypotheses with this divergence can also be applied to the evaluated sub-basins.




4.3. Impacts on Surface Runoff


The conceptual and analytical approaches presented similar results in relation to the decomposition of the total streamflow variation into anthropic and climate components. The total stream flow variation was negative for all evaluated sub-basins in both approaches and adopted periods. This reproduces what was observed in the trend analysis of the hydrological variables of the SFRB.



The climate components in both approaches showed negative variation in their values between P2 and P3, even reversing the direction of the contribution (BH1 and BH3), except for sub-basin BH4, BH5, and BH8.



The intensification of the negative climate components and even the observed changes in the direction of the contribution between P2 and P3 can be justified by the intensification of negative deviations in the annual precipitation from 2010 onwards in the southeast and northeast regions of Brazil, as mentioned by [13].



Another point that stands out is the climate components of the sub-basins located in the MSF. Evaluating periods P2 and P3 separately, it was observed that sub-basins BH7, BH8, and BH9 presented this component as the main cause of the flow variation in both periods. This behavior differs from that of the other sub-basins, in which the anthropic component was prominent in the total streamflow variation.



The behavior of the sub-basins mentioned above raises a question about the analytical and conceptual approach employed in streamflow variation decomposition. In these methods, anthropic alterations in the microclimate, such as an increase in evapotranspiration in irrigated areas, are counted as climate alterations, not anthropic. This point can justify the prominence of the climate component in the streamflow variation of these sub-basins despite intense anthropic modification in its LULC. In this way, in analyses using this methodology, the behavior of anthropic and climatic components depends on which type of land use will be implemented in the modified region.



The anthropic component, in turn, guided the flow variation in most of the evaluated sub-basins, both in the P2 and P3 periods. This behavior corroborates the large anthropic changes observed in the basin and the consequent increase in water consumption demands associated with these changes.



In relation to the climate elasticity coefficients, an increase in its value was observed over the evaluated periods. By definition, the growth of these coefficients suggests an increase in streamflow sensitivity to changes in climate variables: precipitation and evapotranspiration, meaning a greater climate vulnerability of the flow. In other words, a variation of 1% in the climate variables will generate greater variation in P2 and P3 than in P1. The behavior of climate elasticity coefficients reinforces the second hypothesis raised with the trend analysis of the hydrological variables of the SFRB.





5. Conclusions and Recommendations


The analyses performed in this work were able to identify and quantify, even with some uncertainties, the impacts of anthropic modifications in the hydrological cycle of the SFRB—more specifically, in the surface runoff. These impacts point to a reduction in water availability and an increase in water vulnerability in the face of climate variation between 1985 and 2015.



The divergent behavior between the series of precipitation and streamflow in the trend analysis pointed to an alteration in the relation between these hydrological variables. This alteration can be attributed to an increase in PET and to other mechanisms that influence the process of surface runoff generation, such as the rise of water exploration for irrigated agriculture, mainly the exploration of groundwater in the west of the MSF region, and the changes in infiltration process due to alterations in LULC, which can affect the streamflow, especially in the dry season.



The decomposition of the total streamflow variation into climate and anthropic components provided a strong indication of the impact of human activities on the surface runoff of the SFRB. Among the ten sub-basins evaluated in both conceptual and analytical approaches, the anthropic component was prominent in most of them in both P2 and P3 in relation to the base period (P1). This behavior corroborates the strong anthropic modification in the LULC of the SFRB between 1985 and 2015.



In the sub-basins with a predominance of the climate component, the superiority of this component is questionable because they are sub-basins with a sharp expansion of the farming areas and of the water exploration for irrigated agriculture. In this way, it is supposed that the adopted approaches for decomposition of streamflow variation do not present satisfactory results when anthropic alterations promote changes in the microclimate, such as the increase in evapotranspiration due to irrigated agriculture expansion in a region.



The application of the concept of streamflow climatic elasticity provided evidence of an increase in water vulnerability in the face of climate variations in the evaluated sub-basins between 1985 and 2015. For example, taking the sub-basin BH2, −10% of variation in precipitation corresponds to −26% of streamflow variation in P1 (1985–1995); in periods P2 (1996–2005) and P3. (2006–2015), the same variation in precipitation corresponds to around −35% of the variation.



In view of the direct and indirect consequences of anthropic changes in the LULC of a watershed, it is essential that the territorial planning of the basin be incorporated into the management of water resources. This planning is mainly based on understanding the impacts of those changes on the hydrological processes of the basin. Its main function is to guide actions to preserve the basin and mitigate those impacts, ensuring the protection of this resource for current and future generations.



Although the results enable the fulfillment of the objective proposed in this work, some highlights are made on the approaches used, such as the following:



The decomposition of the total flow variation based on the Budyko hypothesis considers only the variation of the physical characteristics parameter to determine its anthropic component. Thus, there is uncertainty in determining the climatic component because some anthropic modifications can promote changes in the microclimate of the modified region, e.g., the increase in irrigated agriculture. Therefore, it is assumed that the impact of these changes is accounted for in the climatic component and not in the anthropic component in these situations.



Some limitations of the approaches used can be highlighted. Analytical and conceptual approaches for decomposing the total streamflow variation assume long-term averages to simplify the water balance of the basin. Therefore, it is necessary to use a sufficiently large time series to represent the changes in the variability and means of hydrological variables.



Another point is the stationarity of parameter w of the conceptual approach for each evaluated period, i.e., the physical characteristics that influence the partition of rainfall into runoff and evapotranspiration are assumed to be constant. Thus, the adoption of a very long period of time may not contemplate important changes in the basin.
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Figure 1. (a) Study area, the SFRB, and its 10 evaluated sub-basins, as well as the stream gauges that represented the outlets of these last, in (b) an overview of the SFRB throughout the Brazilian States. 






Figure 1. (a) Study area, the SFRB, and its 10 evaluated sub-basins, as well as the stream gauges that represented the outlets of these last, in (b) an overview of the SFRB throughout the Brazilian States.



[image: Sustainability 14 12176 g001]







[image: Sustainability 14 12176 g003 550] 





Figure 3. Spatial evolution of LULC in the SFRB between 1985 and 2015. 
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Figure 4. LULC evolution of each SFRB’s water resources management and planning units: (a) USF, (b) MSF, (c) SSF, and (d) LSF. 
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Figure 5. Standardized Sen’s slope    ( s )    for all SFRB’s stations evaluated and for the CRU’s grid points inside the basin for the following standardized time series: (a) annual precipitation, (b) annual PET, (c) mean annual monthly streamflow (d) minimum annual monthly streamflow, and (e) maximum annual monthly streamflow. Additionally, the mean and standard deviation were used in the standardization process. 
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Figure 6. Trend analysis of annual PET, annual precipitation, and mean annual streamflow for all evaluated sub-basins. Standardized Sen’s slope is represented by  s . 
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Figure 7. Budyko-type curve, total streamflow variation, and its climate and anthropic components for periods P2 and P3 in relation to P1 for each evaluated sub-basin.   Δ Q /  Q 1   ,   Δ  Q c  /  Q 1    and   Δ  Q h  /  Q 1    are, respectively, the total streamflow variation in relation to the base period and its climatic and anthropic components.    w 1 ,   w 2    and    w 3    are the parameters of Fu’s Equation (Equation (12)) estimated with the long-term averages of P, ETP and    E r    of the periods P1, P2, and P3, respectively. 
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Table 1. LULC classes adopted by Mapbiomas in Col. 6.
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Nível 1

	
Nível 2

	
Nível 3

	
Nível 4

	
Type






	
Forest

	
Forest Formation

	

	
Natural




	
Savanna Formation

	

	
Natural




	
Mangrove

	

	
Natural




	
Wooded Restinga

	

	
Natural




	
Non-Forest Natural Formation

	
Wetland

	

	
Natural




	
Grassland

	

	
Natural




	
Salt Flat

	

	
Natural




	
Rocky Outcrop

	

	
Natural




	
Other non-Forest Formations

	

	
Natural




	
Farming

	
Pasture

	

	
Anthropic




	
Farming

	
Temporary Crop

	
Soybean

	
Anthropic




	
Sugar cane

	
Anthropic




	
Rice

	
Anthropic




	
Other temporary Crops

	
Anthropic




	
Perennial Corp

	
Coffee

	
Anthropic




	
Citrus

	
Anthropic




	
Other Perennial Crop

	
Anthropic




	
Forest Plantation

	

	
Anthropic




	
Mosaic Agriculture and Pasture

	

	
Anthropic




	
Non vegetated Area

	
Beach, Dune and Sand Spot

	

	
Natural




	
Urban Area

	

	
Anthropic




	
Mining

	

	
Anthropic




	
Other non-Vegetated Areas

	

	
Anthropic




	
Water

	
River, Lake and Ocean

	

	
Natural




	
Aquaculture

	

	
Anthropic




	
Non-Observed

	

	
-








Adapted by: [30].
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Table 2. Streamflow climate elasticity coefficients for the evaluated sub-basins.    ε 1    and    ε 2    are, respectively, the coefficients of the climate elasticity of streamflow in relation to precipitation and PET.
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Sub-Basins

	
P1

	
P2

	
P3




	
    ε 1    

	
    ε 2    

	
    ε 3    

	
    ε 1    

	
    ε 2    

	
    ε 3    






	
BH1

	
2.022

	
−1.022

	
2.358

	
−1.358

	
2.352

	
−1.352




	
BH2

	
2.598

	
−1.598

	
3.515

	
−2.515

	
3.512

	
−2.512




	
BH3

	
2.618

	
−1.618

	
2.973

	
−1.973

	
2.694

	
−1.694




	
BH4

	
2.164

	
−1.164

	
2.479

	
−1.479

	
2.458

	
−1.458




	
BH5

	
2.091

	
−1.091

	
2.742

	
−1.742

	
2.695

	
−1.695




	
BH6

	
2.120

	
−1.120

	
2.701

	
−1.701

	
2.968

	
−1.968




	
BH7

	
2.107

	
−1.107

	
2.164

	
−1.164

	
2.195

	
−1.195




	
BH8

	
2.504

	
−1.504

	
2.617

	
−1.617

	
2.730

	
−1.730




	
BH9

	
3.289

	
−2.289

	
3.111

	
−2.111

	
2.832

	
−1.832




	
BH10

	
2.651

	
−1.651

	
3.058

	
−2.058

	
2.815

	
−1.815
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Table 3. Anthropic and climate components of total streamflow variation for all evaluated sub-basins.   Δ Q  ,   Δ  Q h    are, respectively, the total streamflow variation and its climatic and anthropic components in relation to the base period.
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Sub-Basins

	
     P 1    →    P 2     

	
     P 1    →    P 3     




	
    Δ Q    

	
    Δ  Q c     

	
    Δ  Q h     

	
    Δ Q    

	
    Δ  Q c     

	
    Δ  Q h     






	
BH1

	
−10.09%

	
12.55%

	
−22.63%

	
−21.84%

	
−6.61%

	
−15.23%




	
BH2

	
−15.43%

	
14.78%

	
−30.20%

	
−20.78%

	
4.63%

	
−25.41%




	
BH3

	
−8.05%

	
3.28%

	
−11.33%

	
−12.89%

	
−16.32%

	
3.42%




	
BH4

	
−6.82%

	
6.04%

	
−12.86%

	
−5.55%

	
6.37%

	
−11.92%




	
BH5

	
−25.49%

	
6.40%

	
−31.89%

	
−19.82%

	
13.13%

	
−32.95%




	
BH6

	
−30.82%

	
−2.46%

	
−28.36%

	
−34.20%

	
8.79%

	
−42.99%




	
BH7

	
−18.79%

	
−19.89%

	
1.10%

	
−30.14%

	
−33.79%

	
3.66%




	
BH8

	
−17.48%

	
−15.96%

	
−1.51%

	
−27.47%

	
−23.65%

	
−3.82%




	
BH9

	
−10.80%

	
−25.36%

	
14.56%

	
−24.64%

	
−58.25%

	
33.61%




	
BH10

	
−1.05%

	
35.98%

	
−37.03%

	
−13.03%

	
−3.07%

	
−9.96%
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