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Abstract

Agricultural production in Brazil has increasingly relied
on groundwater extraction, raising concerns about the
sustainability of underground reservoirs. This paper
compares the diffusion of the two most common types
of wells used to extract groundwater for agriculture in
the state of Sao Paulo, Brazil: conventional (low depth)
and tubular (high depth). We use longitudinal muni-
cipal-level information and spatial panel models to
analyze the two main drivers of groundwater extrac-
tions: climate variability (aridity) and environmen-
tal conservation (conservation agriculture and native
forest conservation). Our results highlight how incre-
asing aridification in the dry season (winter) has redu-
ced the diffusion of conventional wells and increased
the diffusion of less sustainable tubular wells. We also
highlight that soil conservation and native forest pre-
servation practices reduce the need for deep under-
ground water extraction.
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Resumen

En Brasil, la produccion agricola depende cada vez
mas de la extraccion de agua subterranea. Ello genera
preocupaciones sobre la sostenibilidad de las reser-
vas subterraneas. Asi pues, este articulo compara la
difusion de los dos tipos de pozo mas comunes para
extraer agua del subsuelo para la agricultura, en el
estado de Sao Paulo: convencional (baja profundidad)
y tubular (alta profundidad). Se usaron datos longitu-
dinales de nivel municipal y modelos de panel espacial,
a fin de analizar los dos principales estimuladores de
la extraccion de agua subterranea: la variabilidad cli-
matica (aridez) y la conservaciéon ambiental (agricultura
de conservacion y conservacion de flora nativas).
Los resultados destacan que la creciente aridez en la
estacion seca (invierno) ha reducido la difusion de
pozos convencionales y ha aumentado la difusion
de pozos tubulares menos sostenibles. A su vez, las
practicas de conservacion del suelo y los bosques nati-
vos reducen la necesidad de extracciéon de aguas sub-
terraneas profundas.

conservacion de suelos, conser-
vacion de bosques, econometria,
relacion entre pares, Sao Paulo.
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Introduction

Groundwater resources! play a fundamental role in the
hydrological cycle. Studies indicate that about 98%
of the world’s freshwater are in underground reser-
voirs (Margat and Gun, 2013), and about 33% of the
water used globally comes from underground reser-
voirs (Famiglietti, 2014). Brazil presents some of the
most important sources of groundwater in the world.
The National Aeronautics and Space Administration
(NASA) indicates that three of the 37 principal aqui-
fers worldwide are located in Brazil: Amazon Basin,
Maranhao Basin, and Guarani Aquifer System (NASA/
JPL-Caltech, 2020). The country extracts nearly 17.6
million cubic meters of groundwater per year, one-quar-
ter intended for the agricultural sector consumption
(Hirata et al., 2019).

In recent decades, reserves depletion has become a
global-scale problem as groundwater growing usage
has reduced reserves worldwide (Villar and Villar,
2016; Wada et al., 2010). Groundwater contamination
by chemical compounds, mostly from agricultural
activities, is another grave concern (Margat and
Gun, 2013). Part of the underground water reser-
voirs corresponds to geological formations that are
non-renewable (FAO, 2003), whose inappropriate use
can imply permanent depletion of the water resources.
The groundwater depletion involves the excessive
appropriation and uses resulted from individual and
collective decisions. As a freely accessible resource,
groundwater appropriation relates to the tragedy of
the commons, i.e., the intensive exploitation of a shared
resource by one of few users acting according to their
self-interest (Hardin, 1968; Ostrom, 2012).

Two key recent changes in agriculture help explaining
the sustainability or depletion of groundwater reser-
voirs. The first is climate change, which may impose
additional threats to groundwater reservoirs. Global
dependence on groundwater for water consumption

1  The groundwater is the freshwater below the earth’s surface,
resulting from rainwater infiltration, melted ice, or snow into
the soil, stored in porous rocks (EPA, 2020; Famiglietti, 2014). The
underground water can accumulate in reservoirs called aquifers
(EPA, 2020). When the deep aquifers have water gathered eons
before, the underground water is called fossil water and is con-
sidered non-renewable due to the extensive time scale needed
for recharging (Margat and Gun, 2013).
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and food security tends to increase as a response to
increasing temperature and more frequent and intense
extreme droughts events (Hirata and Conicelli, 2012;
Treidel et al., 2012). In turn, little is yet known about
how underground reservoirs respond to climatic var-
iations and how climate change has the potential to
affect aquifers’ hydrogeological processes (Green et
al., 2011; Margat and Gun, 2013). Haldorsen et al. (2011)
suggest that air and river temperature variability can
influence the aquifers’ temperatures and oxygen con-
centrations, impairing water quality.

The second change is environmental conservation,
which is a way to mitigate the impacts of climate
change on groundwater reservoirs (Klgve et al.,
2014). For example, conservationist agricultural prac-
tices would allow better water infiltration in the soil,
favoring the groundwater replenishment and the
aquifers’ water quality (Kassam et al., 2019a). Native
forests may also favor hydrological processes, such
as evapotranspiration, soil moisture, and recharge
of surface and groundwater systems, stabilizing sea-
sonal courses and reducing soil erosion and rainwater
runoff (Warziniack et al., 2017).

This paper analyzes how climate variability and envi-
ronmental preservation relate to the diffusion of
underground wells among agricultural producers in
the state of Sao Paulo (SP), Brazil. We compare the dif-
fusion of the two most common types of wells in SP:
conventional (low depth dub/bored wells) and tubular
(high depth driven or drilled wells). We use longitu-
dinal data with municipal-level information for the
years 2006 and 2017. Our empirical strategy uses spa-
tial panel models to test different hypotheses about
the diffusion of more and less sustainable groundwa-
ter extraction practices among neighbor farmers. This
strategy allows us to consider the existence of envi-
ronmental spillovers, i.e., that the impacts and benefits
of climate variability and environmental conservation
practices go beyond the municipal borders.

The evidence found suggests that climate variability
is related to the greater diffusion of high-depth wells.
However, greater use of conservational and native
forest preservation practices would generate greater
resilience to climate variations, and would therefore
be associated with lower diffusion of tubular wells.
The importance of the neighborhood’s effect on local
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decisions on groundwater extraction was also demon-
strated through the existence of spillover effects on
the diffusion of underground wells.

SP is a singular case to analyze climate variability and
environmental conservation impacts on groundwater
consumption in agriculture. Its modern agriculture
positioned this highly dynamic state as the second
most significant value of agricultural production in
Brazil (IBGE, 2020). Throughout its historical land use,
native forests have gradually converted to agricultural
areas and pasture, compromising the supply of surface
water for agriculture (Gori Maia et al., 2018). In this
context, the SP aquifers represent an essential provider
of steady freshwater supply for agriculture and human
consumption, especially the Guarani aquifer, the sec-
ond largest in the world (SMA, 2012). Nevertheless, its
tropical and humid climate combined with an abun-
dant supply of surface water may not avoid challenges
posed by extreme climate events such as the severe
water crisis SP faced in 2014 (Cortes et al., 2015; Villar
and Villar, 2016).

In addition to this introduction, the paper is divided
into five sections. The second section presents a
review of the literature. The third section presents
the data source, variables, and the empirical strategy
based on spatial panel data models. The fourth sec-
tion presents the results, which are discussed in detail
in the fifth section. The last section presents the final
considerations and their implications in terms of the
sustainability of the water resource, as well as the lim-
itations of the study.

I. Theoretical background

The economic literature about groundwater use has
focused on analyzing the water market development,
addressing price determinants, market structure,
negotiation strategies, and governance mechanisms
(Khair et al., 2019). Special attention has given to
variables related to the farmers’ socioeconomic char-
acteristics, the type of economic activity and water
supply (Li and Zhao, 2018), the agricultural systems’
characteristics, the production technologies (Singh and
Park, 2018), land ownership, association, and extension
services (Mekonnen et al., 2016). Few studies have ana-
lyzed how climate change or conservation practices
may affect groundwater use in agriculture.
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Most studies on the relationship between climate vari-
ability and groundwater focus on the supply side. Klgve
et al. (2014) indicated that the impacts of climatic var-
iability depend on underground reservoirs’ size and
recharge flows. Recharge flows would also depend on
the distribution and amount of precipitation, losses
due to evapotranspiration, the type of soil cover, and
the water table level (Scibek et al., 2007). Furthermore,
rising temperature increases evaporative demand over
surface, which reduces the amount of water to replen-
ish the aquifers (Wu et al., 2020). Ludwing and Moench
(2009) argued that substantial climate variations would
affect recharge and, hence, the reservoirs’ volume and
depth. These variations would also increase the water
extraction from low recharge reservoirs, significantly
lowering groundwater levels (Treidel et al., 2012).

The characteristics of underground water reservoirs
may also be crucial for the sustainability of water use in
agriculture. Small and shallow unconfined systems? are
more sensitive and respond quickly to climate change,
as they are more likely to have renewable ground-
water. In turn, confined reservoirs® present a slower
response due to a relevant proportion of non-renewa-
ble groundwater (Lee et al., 2006). According to Wada
et al. (2012), non-renewable groundwater resources
may be the most vulnerable to the effects of increased
extraction to meet current consumption needs and
future water demand in a context of climatic varia-
bility. Hornbeck and Keskin (2014) point out that, in
the short term, greater access to groundwater makes
agriculture less sensitive to droughts by increasing
the intensity of irrigation. In the long term, farmers
shift to more water-intensive crops, which increases
sensitivity to climate variability (due to depletion of
underground reserves). Therefore, for the authors, the
net impact of groundwater on drought sensitivity is
theoretically ambiguous.

Studies have more recently focused on how agricultural
management practices may affect the sustainability
of groundwater used for irrigation (Wada et al., 2010).
Conservation agriculture seems to offer an alternative

2 Aquifers formed by permeable rocks that are only partially satu-
rated with water, with a base limited by impervious or semi-per-
meable rocks and a top close to the surface.

3 Fully water saturated aquifer, whose upper limit (ceiling) and
lower limit (floor) consist on impervious layers. The water pres-
sure is generally higher than at the surface.
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to optimize the use of natural resources through
integrated soil management, water resources, and
ecosystem services (Kassam et al., 2019a). According to
Zhang and Schilling (2006), soil conservation practices
would alter water’s temporal and spatial use, allowing
greater efficiency by reducing evapotranspiration and
runoff losses. Therefore, they could also impact the
underground reservoirs’ recharge flows. Hornbeck
and Keskin (2014) argue that, in water-scarce regions,
the use of agricultural practices that minimize water
consumption would be related to mitigating agricul-
tural sensitivity to climate variability.

Dakhlalla et al. (2016) simulated the groundwater reser-
voirs’ recharge with various types of soil conservation
practices. The authors found that conservation prac-
tices affected the amount of recharge in aquifers by
decreasing the extraction flow and favoring water
infiltration into the soil. Ni et al. (2020) simulated the
adoption of conservation agriculture practices and
found a positive association between conservation
practices and the water table level recovery: conserva-
tion practices would allow more efficient use of water
resources and reduce underground reservoirs’ deple-
tion. However, Klocke et al. (1999) found no significant
differences between conservation and conventional
practices outcomes in groundwater use in corn and
soy plantations in Nebraska.

The preservation of native forests is a critical compo-
nent of conservation agriculture. Native forests provide
a wide range of ecosystem services (ES), such as car-
bon sequestration, runoffs, water quality, and flood
control (De Groot et al., 2002). According to Neary et
al. (2009), forests reduce rainwater runoff, preventing
soil water erosion. Furthermore, the dense network of
native vegetation roots acts as a filter reducing pol-
lutant levels that could contaminate the water tables.
Warziniack et al. (Warziniack et al., 2017) argue that
the native forest is the best soil cover for regulating
seasonal flows and ensuring high groundwater quality
under any hydrological and ecological circumstances.

Krishnaswamy et al. (2013) indicated that the under-
ground reservoir load is positively influenced by the
natural forest areas regardless of the water balance*.

4  Water balance is the difference between the amount of water
that enters and leaves a delimited portion of the soil in a given
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Paul (2006) analyzed aquifers in the west of Jilin prov-
ince in China and observed higher recharges in native
vegetation areas, while pasture or bare areas would
associate with more water table deterioration. Zhang
and Hiscock (2010) found that the decrease in ground-
water volume depends on the vegetation type, the soil
characteristics, and the climatic conditions.

Despite the aforementioned studies, the relation-
ships between climate variability, environmental
preservation, and the use of underground water
resources still a line of research poorly addressed
in the literature. One main contribution of this arti-
cle is to understand these associations in a develo-
ping country, where, to the best of our knowledge,
there is not yet empirical work of this nature.

II. Material and methods

A. Dependent variables

We use longitudinal data with information from all
645 municipalities in SP in two years, 2006 and 2017.
The primary source of information is the Brazilian
Agricultural Census, conducted by the Brazilian Institute
of Geography and Statistics (IBGE) in 2006 and 2017.
The census interviewed 227.622 farms in SP in 2006
and 188.643 in 2017°. Since census farm-level infor-
mation was not publicly available, we aggregated this
information into the 645 municipalities in SP.

We compute two dependent variables from the cen-
sus: the proportion of farms with conventional wells;
the proportion of farms with tubular or artesian
wells®. Conventional wells have a maximum depth of
40 meters (IBGE, 2009). Conventional wells are holes

time interval (De Girolamo et al., 2017)based on different combi-
nations of global and regional models (global circulation models
and regional climate models.

5 The decrease in the number of agricultural establishments inter-
viewed between 2006 and 2017 follows the growth in the area of
establishments during this period. In relation to the 2006 cen-
sus, the area grew 5% throughout Brazil (16.5 million hectares),
while the number of establishments declined by 2% (103,484 units
(IBGE, 2018a)).

6  We used the proportion because we are particularly interested in
analyzing the diffusion of groundwater extraction in the munici-
palities. In this sense, the proportion is a proxy for the behavioral
pattern of agricultural establishments and reflects the speed of
adoption (imitation) in the use of underground water resources
(Ferreira et al., 2018).
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in the ground able to reach the beginning of the water
table, which is the first water reserve closest to the
surface. Conventional wells are more susceptible to
contamination by chemical and biological agents (Costa
and Rozza, 2015) and subject to climatic variability’.
Tubular wells are constructed by driving pipes into the
ground to capture water from the deep groundwater

Daniel Morales Martinez, Alexandre Gori Maia and Junior Ruiz Garcia

reserves. They can use gushers or pumping systems;
their depth varies from 50 to 2000 meters, so they
would not need filters to retain impurities (Gaber,
2005). Between 2006 and 2017, the average munic-
ipal percentage of farms in SP using common wells
decreased from 34.6% to 24.4%, while those with tubu-
lar wells increased from 21.9% to 41.1%.

Table 1. Municipal averages and standard deviations, SP, 2006 and 2007
2006 2017
Variables Source Standard Standard
Mean deviation Mean deviation
Dependent variables
Conventional Well CNA 34.61 0.22 24.44 0.18
Tubular Well CNA 21.98 0.18 41.10 0.23
Independents for Analysis
Aridity Index-Dry Season INMET 0.46 0.349 -0.06 0.21
Aridity Index-Wet Season INMET -0.27 0.235 -0.10 0.37
Conservation practices ¢ CNA 8.37 0.28 41.55 0.49
Native Forest Conservation Q MapBiomas 23.41 042 26.67 0.44
Control variables
Water Supply and Agricultural Activity
Surface water supply CNA 860 22717 878 2347
Cisterns CNA 4.96 0.08 176 0.03
Temporary crop CNA 20.12 0.19 20.02 0.19
Permanent crop CNA 16.52 0.18 14.61 0.18
Livestock CNA 49.22 0.25 49.23 0.25
Education
Secondary education or more CNA 32.24 0.13 44.02 0.12
Farmer’s age
Between 25 and 45 years CNA 25.27 0.09 16.55 0.06
Between 45 and 65 years CNA 49.28 0.10 48.49 0.08
Over 65 years CNA 22.07 0.07 29.60 0.08
Farmers’ characteristics
Man CNA 89.45 0.14 83.80 0.11
Farm managed by the farmer CNA 72.63 0.16 73.94 0.13
Farm managed by an administrator CNA 23.59 0.13 13.94 0.08
(Continued)

7  Due to their lesser depth, conventional wells are more exposed and susceptible to the effects of climate variability in the short term. For
example, extreme events with prolonged drought periods decrease the natural recharge flow in these water reservoirs.
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2006 2017
Variables Source Standard Standard
Mean deviation Mean deviation
Family and organic farming, and electricity
Family farming CNA 59.97 0.17 60.32 0.15
Organic farming CNA 1.94 0.05 3.16 0.06
Electricity CNA 79.96 0.17 85.57 0.14
Association and technical orientation
Cooperative CNA 17.56 0.17 25.75 0.19
Farmers association CNA 12.93 0.13 16.86 0.15
Technical orientation CNA 4733 0.21 43.85 0.19
Land tenure arrangement
Owned by the farmers CNA 83.04 0.18 76.84 0.17
Leased CNA 10.87 0.08 15.65 0.10
Temporary land concession CNA 2.23 0.08 4.39 0.13
Occupation of public land CNA 3.15 0.07 141 0.04
Soil correction and Fertilizer
Soil pH correction CNA 29.74 0.14 38.94 0.16
Fertilizer CNA 51.43 0.21 60.73 0.19
Employment and value of production
Number of employees-Temporary crop CNA 512 998 458 907
Number of employees-Permanent crop CNA 292 486 232 411
Number of employees-Livestock CNA 458 507 405 462
Valug of production-Temporary crop PAM 34610 51220 53308 73991
(previous year)
Valuq of production-Permanent crop PAM 15816 30017 13905 25565
(previous year)
Valug of production-Livestock PPM 5434 16489 7741 38624
(previous year)
Credit
Investment CNA 4.02 0.03 8.39 0.06
Costing CNA 875 0.07 9.22 0.07
Maintenance CNA 1.28 0.02 116 0.01
Machines and equipment
Tractors CNA 3746 0.18 45.63 0.18
Other machines CNA 28.44 0.21 34.81 0.26
Land size
Between 50 to 500 hectares CNA 8.40 0.09 20.90 0.11
500 hectares or more CNA 119 0.02 3.45 0.05

(Continued)
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2006 2017
Variables Source Standard Standard
Mean . Mean .
deviation deviation
Conservation practices
(Principal Component Analysis )
No-till farming on straw CNA 3.01 0.08 7.42 0.12
Minimum tillage CNA 9.66 0.10 14.97 0.12
Contour farming CNA 44.90 0.23 37.38 0.24
Fallow CNA 4.35 0.06 15.18 0.13
Crop rotation CNA 9.63 0.12 22.64 0.18

¢ Binary variable assuming 1 for municipalities with factor score above the 75th percentile and 0 otherwise.

Q Binary variable assuming 1 for municipalities with an average of native forest above the 75th percentile and 0 otherwise.

Source: Data from CNA 2006/2017, PAM 2005/2016, INMET and MapBiomas 2020.

Conventional wells are spatially concentrated in the
SP eastern region, near the state’s most populous
and developed area (Figure 1). According to DAEE and
UNESP (DAEE and UNESP, 2013), this region presents a
rich supply of surface water resources (such as rivers,
springs, and lagoons). The aquifers are mainly located
above crystalline basement rocks, whose geological
properties make it challenging to access groundwa-
ter. The tubular wells are spatially concentrated in
the western region, which has enormous groundwa-
ter potential due to the Parana Basin’s sedimentary
rocks, whose characteristics contribute to higher vol-
ume storage, ease of access, and transport (Akie and
Ezaki, 2012). We used spatial lags of the dependent
variables and errors (to be explained below) to control
the spatial concentration in the distribution of wells.

B. Independent variables

This study focuses on two main drivers of ground-
water diffusion: climatic variability and environment
conservation. The indicator of climatic variability
comes from data provided by the Instituto Nacional
de Meteorologia (INMET, 2017). Based on Genius et al.
(Genius et al., 2014), we computed a proxy for arid-
ity given by the ratio between the municipal average
annual temperature and the total average annual pre-
cipitation. This aridity index allows us to capture the
combined effect of temperature and precipitation, for
example, how droughts may accentuate the effects of
high temperatures. We standardized the aridity index
to control historical differences between municipal-
ities (Dell et al., 2014). The standardized aridity index

is given by the difference between the average arid-
ity in the reference period and the historical average
since 1970, divided by the standard deviation since
1970. The reference period covers the prior ten years
of each census, i.e., 1996-2005 for the Census 2006 and
2007-2016 for the Census 2017. The historical period
excludes the reference period, i.e., 1970-1995 for the
Census 2006 and 1970-2006 for the Census 2017. Such
periodicity allows us to capture long-term responses
to climatic variations (Sampson and Perry, 2019).

The predominant climate in the state of SP is trop-
ical. Therefore, it was necessary to calculate the
standardized aridity index for the coldest and driest
season (winter, April to September) and the hot-
test and wet season (summer, between October and
March). This allows for a better capture of the relation-
ships between climate variability and the diffusion of
groundwater wells (Morales et al., 2022). Table 1 shows
that the aridity was exceptionally high in the dry sea-
son between 1996-2005 (0.462) and particularly low in
the wet season of the same reference period (-0.266).

Figure 2 shows the spatial distribution of the average
aridity index in the reference period for each year of
the Agricultural Census (2006 and 2017). It can be
seen that in almost all municipalities in the state of
SP, the wet season became more arid from 2006 to
2017. However, the Western region shows a greater
number of municipalities with increased aridity. This
result is mainly explained by the decrease in the level of
precipitation experienced by the state of SP (Figure 3).
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Tubular Wells 2006
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Conventional Wells 2017

Tubular Wells 2017

Figure 1. Percentage of farms in each municipality that have conventional and tubular wells, SP, 2006 and 2017

Source: Data from CNA 2006/2017.

According to Morales et al. (2022), the wet season
(summer) is one of crop growth and, therefore, agri-
cultural producers in a scenario of falling precipitation
would require greater water resources, since ade-
quate water conditions are necessary for the proper
development of seedlings. This would be related to
the decrease in conventional wells and the increase
in tubular wells, as a measure of adaptation to climate
variability (Figure 1). On the contrary, the dry season
became less arid from 2006 to 2017, yet the highest lev-
els of aridity continued to be recorded in the western
region of the state of SP (Figure 2). This dynamic can
be explained mainly by the increase in precipitation
along the state territory, at a time that is naturally of
little rain (Figure 3). The temperature was relatively
stable in the dry season, and was characterized by reg-
istering higher levels in the Western region relative

to the Eastern region, which may explain the higher
aridity index in the West, and its spatial concentration
of greater-depth wells (Figure 4).

We defined two indicators of environmental conserva-
tion: conservation practices in agriculture and native
forest cover. The first indicator, conservation agri-
culture, is based on Maia et al. (Gori Maia et al., 2018).
We applied principal component analysis (PCA) to the
share of the five most-used soil conservation prac-
tices in SP between 2006 and 2017 (IBGE, 2009, 2018b):
no-till farming on straw (3.0% and 7.4%, respectively, in
2006 and 2017), minimum tillage (9.7% and 15%), contour
farming (44% and 38%), fallow (4% and 15%), and crop
rotation (9% and 23%). We selected the first common
factor of the PCA, representing about 40% of the total
variability of the five variables above. Table 4 in the
Appendix shows the factorial loads and the scoring
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Aridity Index - Dry Season 2006
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Aridity Index - Wet Season 2017

Aridity Index - Dry Season 2017

Figure 2. Average aridity index in the reference period, for wet and dry season in each municipality.

SP, 2006 and 2017

Source: Data from CNA 2006/2017 and INMET 2020.

coefficients associated with the first common fac-
tor. Except for contour farming, all variables showed
positive correlations with the selected factor, with cor-
relation coefficients ranging from 0.51 (no-till in straw)
to 0.87 (crop rotation). Our indicator of conservation
practices is a binary variable assuming for municipal-
ities with a factor score above the 75" percentile and
0 otherwise®. The proportion of municipalities above

8  The binary variable for the 75th percentile of the distribution of
the selected common factor identifies the municipalities that
most use conservational agricultural practices. Therefore, in the
econometric analysis, this variable allows us to capture the rela-
tionship between greater use of these conservational practices
and the extraction of water from the subsoil.

the 75% percentile in 2006 and 2017 is 8.4% and 41%,
respectively (Table 1).

Our second indicator of environmental comes
from maps of land cover provided by MapBiomas
(MapBiomas, 2020). First, we computed the average
proportion of the municipal area covered with native
forest for 1996-2005 (reference for 2006) and 2007-
2016 (reference for 2017). Second, we generated a
binary variable assuming 1 for municipalities with an
average of native forest above the 75" percentile and
0 otherwise®. The proportion of municipalities with

9 A binary was calculated for the 75th percentile of this distri-
bution to identify the type of association that exists between
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Precipitation - Wet Season 2017

Precipitation - Dry Season 2017

Figure 3. Average precipitation in the reference period, for wet and dry season in each municipality.

SP, 2006 and 2017

Source: Data from CNA 2006/2017 and INMET 2020.

the largest share of the native forest increased from
23.4% in 2006 to 26.6% in 2017 (Table 1).

Our control variables are based on the prior studies,
and therefore incorporate the recommendations of
the specialized literature on the subject (Khair et al.,
2019; Li and Zhao, 2018; Mekonnen et al., 2016; Singh
and Park, 2018): type of agricultural activity (proportion
of farms with temporary crop, permanent crop, and
livestock); proxy for surface water supply (log of the
municipal water bodies area); water storage (propor-
tion of farms with cisterns); farmer’s characteristics
(proportion of farmers by educational level, age group,

greater preservation of native forests, and the exploitation of
underground water resources.

sex, and management type); social and environmental
characteristics (proportion of family farms, organic
farms, and members of cooperatives, class entities
or farmers’ association); energy access (proportion of
farms with access to electricity); technical assistance
(proportion of farms receiving technical guidance);
land tenure (proportion of farms that are owned by
the own farmer, rented, transferred or occupied); soil
correction and fertilization (proportion of farms that
used soil pH correction, and fertilization); employment
and production (log of the number of employees and
the value of the previous year production' of farms

10 Thelagged value of agricultural production minimized the reverse
causality between the use of underground wells and the agricul-
tural production.
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Temperature - Dry Season 2006
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Temperature - Wet Season 2017

Temperature - Dry Season 2017

Figure 4. Average temperature in the reference period, for wet and dry season in each municipality.

SP, 2006 and 2017

Source: Data from CNA 2006/2017 and INMET 2020.

with temporary crops, permanent crops, and live-
stock); credit (proportion of farms receiving credit
for investment, costing, and maintenance); mecha-
nization (proportion of farms with tractors or other
machines); area (proportion of farms by groups of area).

The main changes between 2006 and 2017 are related
to (Table 1): educational attainment (the share of farm-
ers with at least secondary education increased from
32% to 44%); aging (the share of aged 65 and more
increased from 22% to 30%); membership in farmers
association (the share of members of cooperatives
increased from 17% to 26%); fertilizers (the share of
farms using fertilizers increased from 51% to 60%);
area (the share of farms with an area between 50 and
500 hectares increased from 8.4% to 20.1%).

C. Empirical Strategy

Our benchmark model assumes that the diffusion of
underground water for agriculture is a function of
environmental and socioeconomic characteristics
(equation 1):

P,=0,+2,8 +X,B+c,+&, 0
Where P, is the proportion of farms at municipality
and year ¢with the j™ type of underground well (j =1
for conventional wells and j =2 for artesian or tubular
wells); z is a vector of environmental variables (aridity,
conservation agriculture, and forest preservation); x
is a vector of control variables. Our primary interest
is the vector §, which contains the coefficients defin-
ing the net impacts of environmental variables on the
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diffusion of each type of underground water. The vector
B contains the coefficients for the control variables.
The factor ¢ represents the unobserved municipal
heterogeneity that is constant over time (access to
groundwater reservoir, for example) and is controlled
by fixed effects (within transformation). The time-var-
ying intercept o represents the changes between the
census that are common across the municipalities
(macroeconomic cycles affecting agricultural pro-
duction, for example) and is controlled by a binary
variable that assumes 1in 2017. Finally, ¢ is the idio-
syncratic random error.

One main limitation of equation (1) is the assumption
that the diffusion of underground water in one munic-
ipality is independent of the diffusion of underground
water or environmental conservation in other munic-
ipalities. However, Figure 1 suggests that the diffusion
of underground water is spatially concentrated in SP.
Prior studies have also suggested the existence of peer
effects or spillovers in groundwater extraction. i.e.,
the farm’s decision to use groundwater may be influ-
enced by other farms’ decisions (Sampson and Perry,
2018). We tested the existence of spatial dependence
in the diffusion of groundwater extraction using dif-
ferent specifications of spatial models (Anselin, 2001).
A more traditional specification of spatial model is the
SAR (Spatial Autoregressive) model:

P

=0, TpwWP, +2,8 +x,B,+c,+e, @)
Where the spatial neighborhood matrix W, contains
positive values for municipalities with common bor-
ders, excluding vertex (Rook’s contiguity criterion), and

zero otherwise. These positive values are equal to the

distance inverse —;, in which is dij the distance (km)

€1
4
between the municipalities i and j. The vector P, con-
tains the municipals’ proportion of farms using the j
underground well in period f. The SAR model assumes
that the proportion of underground wells in munic-
ipality i(P,) is influenced by the average proportion
in neighbor municipalities (w, P, ) (Anselin, 2003). The
spatial autocorrelation coefficient p; represents the
spatial dependence between the diffusion of the j*
underground well in the municipality i and the diffu-

sion in its neighbors (LeSage, 2008). This coefficient
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is restricted | p| <1 to avoid an explosive behavior of
the spatial association (LeSage, 2008).

We also tested the sensitiveness of our estimates using
other spatial model specifications. The SAC (Spatial
Autocorrelation) model assumes that the diffusion of
underground wells in municipality i is influenced by
diffusion in the neighborhood and unobserved fac-
tors in the neighborhood (Fingleton, 2008). The SDM
(Spatial Durbin Model) assumes that the diffusion of
underground wells in municipality i is influenced by
diffusion in the neighborhood and average environ-
mental characteristics in the neighborhood (LeSage and
Pace, 2009). The GSM (General Spatial Model) assumes
that the diffusion of underground wells in municipal-
ity i is simultaneously influenced by diffusion in the
neighborhood, unobserved factors in the neighbor-
hood, and average environmental characteristics in
the neighborhood.

We estimate equation (1) using the generalized least
squares (GLS) method, assuming municipal hetero-
geneity. We estimate equation (2) and other spatial
models using the quasi-maximum likelihood (QML)
method, which obtains consistent and asymptot-
ically more efficient estimators in the presence of
spatial lags (Lee, 2004). The likelihood log function
in the QML estimation of spatial models controls the
potential endogeneity of the spatial dependence term
(Bell and Bockstael, 2000). It means that this strategy
would consider Manski’s reflection problem (Manski,
1993), given by the simultaneity of interaction between
observations. In this sense, the spatial estimation by
QML would provide efficient and consistent estimates
(Tsusaka et al., 2015).

III. Results

A. Spatial clusters and main estimates

The diffusion of agricultural groundwater use in SP
shows strong patterns of spatial dependence (Figure
5). The LISA clusters (Local Indicator of Spatial
Association) (Anselin, 2010) identify the groups of
municipalities with similar or opposite proportions of
farms with conventional and tubular wells each year.
The high-high cluster aggregates municipalities with
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Tubular Wells 2006
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Conventional Wells 2017

Tubular Wells 2017

Figure 5. LISA clusters for the proportion of farms in each municipality that have conventional and tubular

wells. SP, 2006 and 2017

Source: Data from CNA 2006/2017, PAM 2005/2016, INMET and MapBiomas 2020.+9

a high proportion (above average) of one type of well
and surrounded by municipalities with a high propor-
tion of the same type of wells. The high-high clusters
for common wells are concentrated in the SP east-
ern region and, for tubular wells, in the western
region. The low-low cluster aggregates municipali-
ties with low proportions (below average) surrounded
by municipalities with low proportions. The low-low
clusters for conventional wells are spatially spread
out, while those for tubular wells are concentrated
in the SP eastern. The high-low and the low-high
aggregate a few spatial outliers, i.e., municipalities
with proportions that are the opposite of those in the
neighborhood.

Table 2 shows the estimates of equation (1) and spatial
models for conventional and tubular wells. We present
all the results obtained, in order to check the sensi-
tiveness of econometric estimates, to the different
functional specifications and empirical strategies pro-
posed. According to the BIC information criterion, the
best model for both conventional and tubular wells is
the SAR. The likelihood ratio confirms that the spa-
tial dependence increases the goodness of fit for both
models (conventional and tubular wells). In fact, the
literature regarding groundwater extraction (Koch and
Nax, 2017; Sampson and Perry, 2019, 2018) suggests
that there are primarily endogenous associations
with the neighborhood, which are statistically signif-
icant in decision-making on the extraction of water
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resources. The SAR model reflects this structure of
endogenous dependence and the spatial interrelation-
ship between the municipalities. We will henceforth
focus our analyses to the SAR model™.

The models fitted better for tubular wells, with coef-
ficients of determination (R*-within) ranging between
68% and 70% (between 42% and 43% for conventional
wells). The spatial lags are significant in all spatial mod-
els, with greater magnitude (higher spatial correlation)
in the case of tubular wells. In other words, our esti-
mates show that the spatial spillover effect is more
intense for tubular wells than for common wells.

Our results indicate that aridity and agricultural con-
servation practices significantly explain the diffusion
of underground wells. The estimates for the aridity
index are significant in the models without spatial
lags (GLS) and in the SAR and SAC models. These
estimates suggest that each increase of one stand-
ard deviation in aridity index during the dry season
implies that: (i) the municipal proportion of farms
with conventional wells decreases between 0.068
and 0.094 percentage points (p.p.); (ii) the proportion
of farms with tubular wells increases between 0.056
and 0.092 p.p. In turn, the increase of one standard
deviation in the aridity index during the wet season
(summer) would be positively associated with the dif-
fusion of conventional wells (variation between 0.069
and 0.117 p.p. %) and negatively associated with the
diffusion of tubular wells (variation between -0.056
and -0.135 p.p.).

The estimates for conservation agriculture are sig-
nificant in models GLS, SAR, SDM, and GSM. These
estimates indicate that the greater the diffusion of
conservationist agricultural practices, the lower the
diffusion of conventional wells (negative estimates
between 0.026 and 0.029). In turn, the impacts of

11 Table 5 in the Appendix presents robustness checks for the
results obtained through the SAR model. We tested different
spatial regimes (i.e., different spatial weighting matrices), cutoff
points defining the binary variables for conservational agricul-
tural practices and native forests, and used the municipal num-
ber of underground wells (both conventional and tubular) as a
dependent variable. In general, the results are similar regarding
significance and estimate signs, suggesting the robustness of our
original SAR model estimates.

10 4 The diffusion of agricultural groundwater extraction in Sdo Paulo, Brazil

conservation agriculture on the diffusion of tubular
wells are insignificant. We also did not find evidence
that the share of native forest in the municipality may
significantly affect the diffusion of conventional and
tubular wells.

The estimates for the spatial lags indicate that the dif-
fusion of common and tubular wells depends on the
diffusion in neighboring municipalities (endogenous
peer effect) and unobservable factors in the neigh-
borhood (correlated peer effect). The estimates for
the lags of environmental conservation in the neigh-
borhood are insignificant in most models.

B. Heterogeneous effects and
decomposition of spatial effects

To analyze potential heterogeneous effects in the
extraction of groundwater resources, we now inter-
act the aridity index with conservation practices and
native forest conservation (Table 3). The idea is to
check to what extent environmental conservation
may mitigate the influence of climatic variability on
the diffusion of underground water use.

The interaction between the aridity index in the dry
season and the conservation agriculture is statistically
significant on the diffusion of tubular wells. Specifically,
the relationship between dry season s aridity and the
diffusion of tubular wells is 0.051 p.p. lower on those
municipalities with the largest use of agricultural con-
servation practices.

We also decomposed the SAR models’ estimates
into direct, indirect, and total spatial components
(Table 4). This strategy considers that environmen-
tal changes can potentially affect the diffusion of
wells at both the municipality and the ‘s neighborhood
(LeSage and Pace, 2009), this would show the impor-
tance of neighborhood relations in the diffusion pattern
of groundwater extraction. The direct component
represents the effect of environmental changes at the
municipal level. The indirect component represents
the local effect of environmental changes at neigh-
boring municipalities. We are particularly interested
in analyzing the indirect component, which repre-
sent the spillover effects of environmental changes
in the neighborhood.
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Table 2. Estimates of the spatial models for the dependent variables related to the diffusion of groundwater wells, SP
qLS SAR SAC SDM GSM
Independent (No Spatial Effects)
Variables Conventional ~ Tubular  Conventional = Tubular  Conventional = Tubular = Conventional = Tubular  Conventional = Tubular
well well well well well well well well well well
Aridity Index-Dry -0.085%** 0.092%% -0.068** 0.056%* -0.094** 0.087* -0.082 -0.021 -0.093 -0.004
Season (0.023) (0.021) (0.023) (0.020) (0.036) (0.036) (0.068) (0.060) (0.063) (0.055)
Aridity Index-Wet 0.094*** -0.087*%** 0.069%** -0.055%** 0.117%** -0.135%** 0.047 -0.064 0.084 -0.110
Season (0.018) (0.016) (0.018) (0.016) (0.031) (0.035) (0.073) (0.065) (0.068) (0.059)
c i " -0.029* 0.014 -0.029* 0.010 0.022 0.007 -0.028* 0.008 -0.026* 0.012
onservation practices (0.012) (0.011) (0.012) (0.011) (0.012) (0.010) (0.012) (0.011) (0.012) (0.011)
Native Forest 0.021 0.018 0.016 0.018 0.010 0.007 0.013 0.014 0.019 0.011
Conservation (0.035) (0.032) (0.033) (0.030) (0.033) (0.028) (0.034) (0.030) (0.035) (0.032)
2 wp 0.295%** 0.394*** -0.306* -0.390** 0.292%** 0.387%** -0.318* -0.379**
g wPp] (0.050) (0.046) (0.134) (0.119) (0.050) (0.047) (0.129) (0.116)
Q
& 0.578%** 0.700%** 0.581%** 0.689***
8 Wi
S (0.093) (0.066) (0.089) (0.066)
w'x (Aridity Index-Dry 0.019 0.102 0.001 0.173%
Season) (0.079) (0.070) (0.079) (0.071)
w'x (Aridity Index-Wet 0.026 0.010 0.045 -0.026
Season) (0.077) (0.068) (0.075) (0.067)
w' x (Conservation -0.011 0.018 -0.030 0.024
practices) (0.022) (0.020) (0.027) (0.026)
w’ x (Native Forest 0.026 0.021 0.049 0.013
Conservation) (0.058) (0.047) (0.070) (0.066)
BIC -757.76 -869.4 -783.09 -924.88 -780.35 -922.68 -755.133 -899.6883 -753.86 -900.6114
= LR 64.98%%%  125.29%%% 73.82%%%  13520%%%  66.37%%* 132.19%%x 78.88%*% 159.07%%
S
& R? (Whitin) 0.4325 0.6929 0.4301 0.6944 0.4178 0.6772 0.431 0.6959 0.4223 0.6869
8
A  Number of Observations 1290 1290 1290 1290 1290 1290 1290 1290 1290 1290

6°86°SAQ/€70ET 0T :10p ‘€1T-16 dd ‘40T op a13sawIIIeNd 190193 ‘@10304 ‘86 "00S "011eS9]

*** p<0.001, *¥* p<0.01, * p<0.05
w’ P [p]: Average proportion of underground wells in neighbor municipalities

w’ ¢ [A]: Unobserved factors in the neighborhood

w’ x: Average environmental characteristics in the neighborhood

Source: Data from CNA 2006/2017, PAM 2005/2016, INMET and MapBiomas 2020.
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Table 3. Estimates of heterogeneous effects for the dependent variables
related to the diffusion of groundwater wells, SP
SAR SAR
Independent ) .
Variables Conventional Tubular Conventional Tubular
well well well well
Aridi d S -0.071** 0.064** -0.063 0.082*
ridity Index-Dry Season (0.023) (0.021) (0.036) (0.032)
Aridi d S 0.069*** -0.043* 0.047* -0.027
ridity Index-Wet Season (0.019) (0.017) (0.022) (0.019)
c ) ) -0.028* 0.006 -0.028* 0.008
onservation practices (0.012) (0.011) (0.012) (0.011)
. ) 0.016 0.019 0.021 0.015
@ Native Forest Conservation (0.033) (0.030) (0.033) (0.030)
=
o
E Aridity Index-Dry Season # Conservation 0.022 -0.051*
“‘qoj Practices (0.026) (0.023)
Q
Aridity Index-Wet Season # -0.003 -0.038
Conservation practices (0.028) (0.024)
Aridity Index-Dry Season # Native Forest -0.014 -0.015
Conservation (0.026) (0.023)
Aridity Index-Wet Season # Native 0.050 -0.076*
Forest Conservation (0.037) (0.032)
, 0.293*** 0.393%** 0.292*** 0.387***
w P [p] (0.050) (0.046) (0.049) (0.047)
R? (Whitin) 0.4308 0.6968 0.4337 0.6982
Number of Observations 1290 1290 1290 1290

**% p<0.001, ¥* p<0.01, * p<0.05

w’ P [p]: Average proportion of underground wells in neighbor municipalities

# : Interaction between variables
Source: Data from CNA 2006/2017, PAM 2005/2016, INMET and MapBiomas 2020.

Table 4. Decomposition of the total spatial effect of the SAR models
related to the diffusion of groundwater wells, SP.

Conventional well Tubular well

Independent " . L .
Variables Decomposition Spatial Effects Decomposition Spatial Effects

Direct Indirect Total Direct Indirect Total
@ Aridity Index-Drv S -0.082**  -0.031** -0.113** 0.077x** 0.044** 0.121%**
§ ridity Index-Dry Season 0.024)  (0.01)  (0.033)  (0.022)  (0.013)  (0.033)
4w
“g o 0.045* 0.017* 0.062* -0.029 -0.017 -0.046
G Aridity Index-Wet Season (0.022)  (0.009)  (0.030)  (0.020)  (0.011) (0.031)
(Continued)
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Conventional well Tubular well
Independent . . = .
Variables Decomposition Spatial Effects Decomposition Spatial Effects
Direct Indirect Total Direct Indirect Total
) . -0.027* -0.011* -0.038* 0.007 0.004 0.011
Consetvation practices 0.012)  (0.005)  (0.017) 0.01)  (0.006)  (0.017)
2] e F ) 0.020 0.008 0.027 0.015 0.009 0.024
g Native Forest Conservation (0.034)  (0.013)  (0.047)  (0.03)  (0.018)  (0.048)
=
S Aridity Index-Dry Season 0.019 0.007 0.027 -0.051*  -0.030*  -0.081*
©  # Conservation practices (0.026) (0.010) (0.037) (0.024) (0.015) (0.038)
Aridity Index-Wet Season 0.060 0.023 0.084  -0.064*  -0.037*  -0.100*
# Native Forest Conservation (0.031) (0.013) (0.044) (0.028) (0.017) (0.045)
*** p<0.001, *¥* p<0.01, * p<0.05
# : Interaction between variables
Source: Data from CNA 2006/2017, PAM 2005/2016, INMET and MapBiomas 2020.
The indirect component represents about 27% of IV.Discussion

the estimated coefficient between aridity variability
and the diffusion of conventional wells. This means
that part of this relationship is explained by the cli-
mate variability of neighboring municipalities. During
the dry season, the diffusion of conventional wells
at municipality decreases by 0.031 p.p. for each one
standard deviation increase of the aridity in neigh-
boring municipalities. During the wet season, it
increases by 0.017 p.p. Moreover, the diffusion of con-
ventional wells at municipality reduces by 0.011 p.p.
in neighborhoods with a high proportion of conser-
vationist practices in agriculture. This indirect effect
corresponds to nearly 30% of the estimated coeffi-
cient for this relationship.

The indirect component also plays a crucial role in
explaining the relationship between environmen-
tal changes in the neighborhood and the diffusion
of tubular wells. For example, during the dry sea-
son, the local diffusion of tubular wells is negatively
correlated with aridity variability in neighboring
municipalities with a higher use of agricultural
conservation practices. Moreover, during the wet
season, the local diffusion of tubular wells is also
negatively associated with climate variability in
neighboring municipalities with greater native forest
conservation. In this case, the indirect component
represents about 37% of the estimated coefficient
for this relationship (0.044 of 0.121).

This study shows that environmental changes may be
significantly associated with the diffusion of under-
ground wells. We analyzed the case of SP, the state with
the second-largest agricultural production in Brazil
and a rich groundwater supply. The use of tubular wells
for irrigation in SP increased by 19 p.p. between 2006
and 2017, while the use of conventional wells reduced
by 10 p.p. Our results show that the diffusion of less
sustainable tubular wells was associated with increases
in the aridity during the driest season (winter). Low
precipitation and high temperature may affect the
recharge flows and underground reservoirs’ volume
and depth (Ludwing and Moench, 2009). Small, shal-
low systems are more quickly affected by increasing
aridity, which restricts the use of conventional wells
for irrigation (Lee et al., 2006) and pressures deeper
reserves with tubular wells to meet current and future
demands (Treidel et al., 2012). The results shown may
have been driven by the water crisis presented by the
state of SP in 2014 (which affected dozens of cities
in the countryside, in addition to the main drinking
water production systems), which was characterized
as an extreme climatic event® with a drastic drop in

12 Extreme events are excessively elevated deviations from the typically
expected standard, and expressed by the mean of historical data.
These can be from an excess or deficit of rain or heat (excessively
high or low temperatures) recorded in a given region (Ambrizzi
and Coelho, 2018).
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the region’s average rainfall, but also as a water supply
crisis caused by the exceptional drought of that year.
In the wet season (summer) of 2013 - 2014, droughts
and high temperatures that surpassed several records
occurred in several regions of the state of SP, which
led to an increase in the aridity index (Ambrizzi and
Coelho, 2018).

Aridity changes during the wet season (summer) show
opposite relationships those of the dry season (winter):
increases in aridity during the wet season were pos-
itively associated with the diffusion of conventional
wells and negatively associated with the diffusion of
tubular wells. This result may be related to the seasonal
variations of the water table (Jasechko et al., 2014).
The recharging of the Guarani Aquifer System’s reser-
voirs, which is the primary source of groundwater in
SP, takes place in the rainy months, between October
and March (Lucas et al., 2015). Decreases in precipi-
tation during the rainy months may compromise the
recharge of deeper reservoirs and, thus, the diffusion
of tubular wells (Healy and Cook, 2002).

While climatic changes in SP were associated with
increased diffusion of tubular wells, environmental
conservation showed to be a key factor in attenu-
ating the increasing demand for shallow and deep
groundwater. The diffusion of conservation practices
in agriculture, such as no-till, minimum tillage, fallow,
and crop rotation, increased by 33 points between
2006 and 2017. Increases in conservation practices
were associated with lower diffusion of conventional
wells. In addition, the evidence found also suggests
that the municipalities of SP, most of which use this
type of agricultural practice, seem to be more resilient
to the effects of climate variability in the dry season,
and therefore would be able to mitigate (reduce) the
increase in tubular wells as an adaptive measure to
climate change. These two results could be related,
according to Kassam et al. (2019b), to the benefits
derived from conservational agriculture by allowing for
better optimization of natural resources through inte-
grated soil management. For example, conservational
practices would favor better use of water resources
by decreasing the rates of loss due to evapotranspi-
ration and runoff, which would modify the pattern of
temporal and spatial water usage, thus avoiding the
depletion of groundwater due to a lower adoption of
lesser- and greater-depth wells (Ni et al., 2020).
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The diffusion of tubular wells as a response to
increasing aridity during the wet season was lower in
municipalities with the largest share of native forests:
the estimate for interaction between aridity during the
wet season and native forest preservation was nega-
tive and significant. Native forest may increase climatic
resilience by increasing direct rain catchment, favor-
ing the production and maintenance of surface water
flows (Brauman et al., 2012). This natural forest eco-hy-
drological function plays a critical role, influencing
the shape, water quantity, and quality transported to
river basins (Neary et al., 2009). Moreover, the native
vegetation provides a suitable microclimate for the
springs maintenance, streams, or smaller bodies of
water, reducing the incidence of sunlight and the water
flow variation due to climatic events such as droughts
or floods (Warziniack et al., 2017).

The estimates for the spatial lags highlight the impor-
tance of the peer effects on the underground water
resources diffusion. Peer effects represent the knowl-
edge and experience transmission among nearby
localities, highlighting the spatial interdependence in
the diffusion of agricultural practices (Richards, 2018).
Koch and Nax (2017) and Sampson and Perry (Sampson
and Perry, 2018) found similar results regarding aqui-
fers’ exploration. These results show that informal
mechanisms of information transmission, based on
neighborhood relations, are relevant factors that must
be considered to understand the adoption of under-
ground wells (Batagelj et al., 2014). The endogenous
peer effect (spatial lag of the dependent variable) was
stronger for tubular wells than conventional ones,
suggesting that the spatial concentration is more fre-
quent for tubular wells. Finally, the spatial coefficients
decomposition shows the relevance of the neighbor-
hood in local decisions on groundwater extraction.
Nearly one-third of the total relationships analyzed
with the diffusion of wells at the municipal level were
manifested through the indirect effect of spatial spill-
overs, i.e., through environmental changes that took
in the neighborhood.

V. Final remarks

Analyses of the factors determining underground well
adoption are fundamental to support public policy
formulation to protect and sustain water resources
in the long term. These policies may be essential to
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reduce the increasing demand for tubular wells in
SP, partially responding to climatic changes in the
state. In this regard, this paper point out that cli-
mate variability in the dry season (winter in SP) is
related to changes in the pattern of groundwater
extraction. Small, near-surface reservoirs would be
rapidly affected, decreasing the use of conventional
wells. This would increase the pressure to exploit
greater-depth water resources (tubular wells) to meet
consumption demands, which could compromise the
water table level. In turn, climate variability in the wet
season (summer in SP) would potentially affect the sea-
sonal refill regime of the deeper aquifers, which would
alter the subsoil water removal scheme by increas-
ing the spread of common wells and decreasing that
of tubulars.

Another relevant result of our analyses is that greater
use of conservational agricultural practices is asso-
ciated with a decrease in conventional wells, and a
high proportion of native forest conservation areas,
which may generate greater resilience to climate var-
iations, reduces the diffusion of tubular wells as an
adaptive measure. The evidence found also highlights
the importance of the influence of the neighborhood
on groundwater extraction decisions. Tubular wells
have a higher pattern of spatial concentration, which
may intensify the exploration of deep aquifers and
affect the water regime of neighboring locations. This
would generate a behavior of conditional reciprocity as
aresponse to the overexploitation of neighbors (peer
effect or spatial spillover), which would accelerate the
extraction of non-renewable water resources, com-
promising the sustainability of the water table.

It is important to mention that the results found in
this research do not necessarily reflect a causal rela-
tionship but rather establish associations between
climatic and environmental conditions and the diffu-
sion of wells for groundwater extraction. These results
allowed us to draw some conclusions about the sus-
tainable use of water resources during a water crisis
in SP. However, we can not generalize these results
because some municipalities may have had a peculiar
trend during this period. For example, municipalities
that have been more affected by climate variations
during the analysis period might already present a
specific trend in the diffusion of adaptation strate-
gies. Another limitation is that our analyses are limited
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to the period of availability of data from the Brazilian
Agricultural Census (2006 and 2017). Further stud-
ies might advance the analysis using, for example, a
broader period and reinforce the causal relationships
between the variables.
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Appendix
Table 4. Correlation and score for the first PCA common factor for conservation practices
Conservation practice Correlation with Factor 1 Coefficient score
No-till farming 0.5058 0.3614
Minimum tillage 0.5673 0.4053
Contour farming 0.0744 0.0532
Fallow 0.786 0.5616
Crop rotation 0.8706 0.622

Source: Data from CNA 2006/2017, PAM 2005/2016 and INMET.

Table 5. Robustness tests for original SAR model.

SAR1 SAR 2 SAR 3 SAR 4 SAR 5
(Original Model) (Spatial Matrix: Queen2  (Spatial Matrix: Rook 1 (Spatial Matrix: Rook 2 (Spatial Matrix: Queen 1
riginal Mode!
Independent Pfo ortion st Order) st Order) st Order) st Order)
Variables P Proportion Proportion Number Number
Conventional ~ Tubular  Conventional Tubular Conventional Tubular Conventional Tubular Conventional Tubular
well well well well well well well well well well
Aridity -0.068** 0.056** -0.069**  0.052**  -0.070** 0.052* -21.497+ 19.796+ -22729+ 19.600+
Index-Dry (0.023) (0.020) (0.023)  (0.020)  (0.023)  (0.020)  (13.044)  (10.104)  (12.997)  (10.046)
Season00000
Aridity Index- 0.069***  -0.055***  0.066***  -0.051**  0.066*** -0.050** 37.212***  -18.076*  38.483***  -16.557*
Wet Season (0.018) (0.016) (0.018) (0.016) (0.017) (0.015)  (10.246) (7761)  (10.082)  (7.622)
Conservation -0.019+ 0.000 -9.756 7.830+
practices (0.010) (0.009) (6.080) (4.677)
(50th percentile)
Native Forest 0.030 -0.015 3.051 -0.004
Conservation (0.029) (0.026) (16.928) (13.024)
(50th percentile)
Conservation -0.029* 0.010 -0.029* 0.010 -1.232 4.399
practices (0.012) (0.011) (0.012) (0.010) (6.887) (5.307)
(75th percentile)
Native Forest 0.016 0.018 0.017 0.020 10.366 17.605
Conservation (0.033) (0.030) (0.033)  (0.029) (19.420)  (14.970)
(75th percentile)
, 0.295%** 0.394*** 0.328%*%*  (0.444***  (.318*** 0.423***  (0.223*%**  0.290***  (0.232***  (0.308***
W P [p] (0.050) (0.046) (0.054) (0.049) (0.053) (0.049) (0.054)  (0.050)  (0.053)  (0.049)
BIC -783.09 -924.88 -783.09 -924.88 -781.53 -925.48 7422.05 7089.87 7418.41 7085.19
Number of
um er. N 1290 1290 1290 1290 1290 1290 1290 1290 1290 1290
Observations

**%p<0.001, ** p<0.01, * p<0.05, + p<0.1
w’ P [p]: Average proportion of underground wells in neighbor municipalities
Source: Data from CNA 2006/2017, PAM 2005/2016, INMET and MapBiomas 2020.
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