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Abstract

Since the early 1970s, the agricultural frontier of southeastern Amazon has undergone
extensive land use changes. These alterations, combined with regional climate changes, have
the potential to influence the hydrologic cycle at small to large scales. We evaluated a 40-year
time series (1976 to 2015) of rainfall and water yield and related them to land use changes in
the Upper Xingu River Basin (UX). We acquired data from six rainfall stations and four river
gauges and mapped land use changes. Mann-Kendall trend analysis and Pettitt’s change point
detection were employed to describe annual and seasonal changes in the time series. Monthly
water yield from the Xingu River was used to derive annual, seasonal, and monthly water
yield, as well as the runoff coefficient. The largest changes in land use occurred during the last
two decades and approximately 60,900 km? in the Upper Xingu Basin were deforested
between 1985 and 2015. Rainfall in the Xingu Basin decreased by about 245 mm over the
period but there was no trend in water yield. The number of rainy days and intensity of events
also decreased, but the length of the rainy season and seasonal and annual water yield did not
change. Although watershed deforestation has increased water yield in other Amazon rivers,
the reduction in rainfall in the Upper Xingu Basin was high enough to mask this effect.

Keywords Amazonia - Upper Xingu Basin - Deforestation - Land use changes - Climate change -
Mann-Kendall analysis - Hydro-climatological indicators
1 Introduction

Since the early 1970s, large portions of Amazon have experienced rapid and widespread
deforestation associated with the expansion of the agricultural frontier (Morton et al. 2006;
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DeFries et al. 2013; Garcia et al. 2017). However, since the 1990s, increasing food demands
from international markets have become a main driver of forest change. Recent land use
change in southern Amazdnia has been characterized by expansion of both croplands and
pastures, a shift to expansion of croplands into pasturelands (Macedo et al. 2012) and
intensification and double-cropping (Spera et al. 2016).

The combined effects of forest loss and climate changes have altered the energy and water
balances (Panday et al. 2015; Silvério et al. 2015). The Amazon forest plays a critical role in
the water and energy cycles. Trees can draw on water from eight meters or more in the soil,
which supplies water even during intense dry seasons (Panday et al. 2015). High year-round
evapotranspiration (ET) returns a large volume of water to the atmosphere. Forest cover loss
reduces ET and increases sensible heat flux (Silvério et al. 2015), thus reducing humidity,
cloud formation, and rainfall (Wright et al. 2017). At the scale of small watersheds, reduced
evapotranspiration following deforestation increases runoff in small streams by three- to four-
fold (Hayhoe et al. 2011). Changes at larger scales are often less dramatic, but studies suggest
that discharge has been increased by as much as 20%, because of land use change (Costa et al.
2003; Junior et al. 2015) or a combination of land use and interdecadal variations in the
regional climate (Coe et al. 2011; Levy et al. 2018). Others have suggested that secondary
growth of vegetation and climate change have attenuated the increase in discharge (Von
Randow et al. 2019). Decreased rainfall caused by forest loss could result in lower river flows
(Spracklen et al. 2012). These feedbacks among changes to land cover, water balance, and
climate have the potential to reduce precipitation, increase precipitation variability, and
threaten agricultural production, energy production, and regional communities whose liveli-
hood depends on freshwater resources.

The Xingu River is a large, southern Amazon River tributary that lies within a zone of
highly seasonal rainfall that is dominated by soils suitable for crop agriculture. The Xingu
Basin experienced large alterations in land cover between 2000 and 2010. Approximately 12%
of the Basin (or 19,000 km?2) was deforested after 2000, despite the presence of large protected
forest areas in the central Basin (Silvério et al. 2015). The Xingu Basin is now one of the
Brazil’s most important agricultural regions and produces 13% of Brazil’s soybeans, most of
which is exported to Asia and Europe (Lathuilliére et al. 2014).

Because of large and recent changes in land cover within the time frame of historical
rainfall and river flow instrument records, the upper Xingu Basin provides an opportunity to
evaluate relationships between land cover and changes to the hydrologic cycle. Evaluating
changes to rainfall and water yield (river discharge per unit of area) is essential to understand
how the combined effect of anthropogenic activities and global climate change have altered
freshwater resources and how these changes might affect other important areas of current or
future agricultural expansion. This study addresses the following questions: (a) How has
rainfall in the upper Xingu changed during the last 40 years (1976 to 2015)? and (b) do the
water yield of the Xingu River and its tributaries also changed?

2 Materials and methods
2.1 Study site and datasets

The Xingu Basin lies in the states of Mato Grosso and Pard, within the southern
Amazon’s “arc of deforestation.” The area is located between latitude 7.5°S and 15°S
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and longitude 51°W and 55.5°W. The 210,000-km? Basin includes the highly
deforested headwater region and a less altered lower central Xingu Basin (Fig. 1).
Originally covered by transitional forests (about 80% of the area), the area encom-
passes the central Brazil Cerrado (savanna) and more humid forests to the north.
Precipitation is heterogeneously distributed through the year, with an average annual
value of 1900 mm year~! (Hayhoe et al. 2011). A dry season typically lasts from May
to August and a wet season from September to April (Marengo et al. 2011).

To examine changes to river flows at the scale of the upper Xingu Basin, we
compiled data of monthly river discharge from two gauges from the Brazilian
National Water Agency database (Table 1). Gauge 1 was located in the municipality
of Sdo Jose do Xingu (Fig. 1, gauge 1) and measures the discharge generated by the
entire study Basin. The discharge record for this station was from 1976 to 2015. We
also acquired data from a tributary in the Upper Xingu Basin, the Ronuro River,
which had a long and consistent discharge record (Fig. 1, gauge 2). To evaluate how
the land use change influenced stream discharge at the scale of small watersheds with
nearly homogeneous land use, we compiled hourly discharge measurements for the
last 10 years (2007 to 2017) (Table 1), from one small forest watershed and one small
cropland watershed at Tanguro Ranch using a record that was initiated by Hayhoe
et al. (2011) (Fig. 1, gauges 3 and 4). Once all discharge data was gathered, such
information was converted to water yield (discharge per unit of area). This conversion
intended to make rainfall and river flow data units comparable, facilitating the
analysis and discussion.

Data from 59 rainfall stations were organized according to water years (12 months ranging
from September to August of the following year). Years with more than 36 total days of
missing data or more than 10 consecutive days of missing data were removed from the
analysis. Then, a data quality control (QC) was performed to reduce errors from technical
sources. The QC procedure worked on an annual time step and compared each station and its
neighbors, looking for abnormal differences (Delahaye et al. 2015). For each station, 14
indicators were calculated and used to identify years with data inconsistencies. We restricted
our analysis to stations that covered 1976 to 2015 with less than 11 non-consecutive missing
years. Six stations met the QC’s criteria and were selected for further analysis. Finally,
precipitation data were averaged to create a 40-year time series of daily rainfall.

2.2 Land use change

We used Landsat images acquired from USGS/Landsat Higher Level Science Data Products
for the years 1985, 1990, 1995, 2000, 2005, 2010, and 2015. All images corresponded to the
dry season and ranged from Julian day 154 to 220. For each year, 30-m spatial resolution
images of either LANDSAT 5, LANDSAT 7, or LANDSAT 8 were classified. Additionally,
croplands were defined with a smoothed satellite time series of MODIS Vegetation Indices,
from the Institute of Surveying, Remote Sensing, and Land Information (University of Natural
Resources and Life Science, Vienna). The temporal and spatial scales of this product were
8 days and 250 m, respectively.

Images were mosaicked and geometrically corrected with root mean square error (RMSE)
lower than 15 m (i.e., 0.5 pixel). Later, mosaics were classified according to Garcia et al.
(2019). First, natural or semi-natural areas were extracted by an ISODATA algorithm, in
which each resulting class was reclassified into forest, woody vegetation, grassland, secondary
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Fig. T The Xingu Basin, showing agricultural areas by year of conversion and location of rainfall stations and

river gauges

complex, agriculture, water surface, bare soil, and burned land. Then, MODIS temporal
profiles were used to identify managed areas and classify them into pasturelands or croplands

(Arvor et al. 2011).
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Table 1 Description of rainfall stations, river gauges, and the results of trend analysis for annual data

1d Station Long Lat. Period Catchment area (km?)
o

Rainfall station

1 S.J.do Xingu —52.75 —10.81 19762011 -

2 Cajabi —54.55 —-10.75 19762015 -

3 Rio Ferro —54.19 —12.51 19762013 -

4 Agrochapada —54.28 —13.45 19762011 -

5 Paranatinga —54.05 —14.42 19762015 -

6 BR-309 —53.99 —14.61 19762015 -
River gauges

1 Xingu River —51.99 -6.73 19762015 210,359

2 Ronuro River —54.44 —13.14 19762007 3845

3 Stream Forest —52.33 -12.83 2007-2017 6.73

4 Stream Soy —52.43 —12.54 2007-2017 27.53

2.3 Hydro-climatological indicators

To examine patterns in the long-term datasets, we derived a group of annual hydro-
climatological indicators from the precipitation and water yield data. The wet season onset
and end dates were defined based on the average precipitation time series, following Arvor
et al. (2014):

AAG) = 3 (Rn)F) (1)
n=1

where AA(?) represents the anomalous accumulation at day ¢, R is the average daily rainfall,
and R(n) is the daily rainfall at day ». The rainy season onset and end were then determined by
the minimum and maximum of AA. We also derived the average period of consecutive days
without precipitation (dpeun), average period of consecutive days with precipitation (Wyean),
percentage of rain events higher than 1 mm (nbl,), 10 mm (nb10,), 20 mm (nb20,), and
50 mm (nb50,).

We used the following indicators to describe variations in river flows: annual water yield
(Wya), dry season (Jun—Sep) water yield (wyys), wet season (Oct—May), water yield (Wyws),
lowest monthly water yield (wyyy), highest monthly water yield (Wypy,), and the ratio between
annual discharge and annual rainfall, or runoff coefficient (RC).

2.4 Trend analysis and change point detection

We submitted time series of rainfall, water yield, and the derived indexes to Mann-
Kendal trend test (MK) (Mann 1945; Kendall 1975). The technique defines if a
variable consistently changes through time or has an increasing or decreasing trend.
Before applying the MK test, we evaluated the serial correlation of the datasets and, if
necessary, employed a trend-free pre-whitening (TFPW) method to eliminate adverse
effects (Yue et al. 2002).

The MK test started by applying an indicator function (sgn) on the difference between all
possible pairs of measurements (Eq. 2). The value measured in time j (xj) was subtracted from
the values previously observed (xi), considering that time j >i. Then, these differences were
used to define Kendall’s statistics S (Eq. 3):
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+1 0>0
sgn() =4 0 if |6=0 (2)
-1 <0
n—-1 n
S=3% ¥ sgn (xj=xi) (3)
i=1 j=i+1

where 7 is the length of the dataset. Based on S, the variance V (S) (Eq. 4) and the normalized
test statistics Z (Eq. 5) were calculated:

S-1

s P70
NZOR
V() = o n(n-1)(2n + )] (5)

where the null hypothesis of no trend was rejected, if the absolute value of Z was higher than
the theoretical value of Z(1-0¢/2) (at 0.05 level of significance). A positive S value indicated an
increasing trend while a negative S indicates a decreasing trend. The magnitude of the trend
was represented by the Sen’s slope (Sen 1968) calculated over the time period.

We used the Pettitt test (Pettitt 1979), a nonparametric method, capable of detecting
changes in the time series mean, to identify abrupt changes in the time series. The test performs
a rank-based comparison between the subsets k(T) (Pettitt 1979; Zhang et al. 2015):

T n
k(t)=Y Y sgn(xj—x) (6)
i=1 j=1+1
where sgn corresponds to Eq. 2. The abrupt change was defined as the date T where the
absolute value of k(7) is the maximum. The p value of the statistical test was then computed
using the approximated limiting distribution by Pettitt (Pettitt 1979).

3 Results
3.1 Land use change

The Xingu Basin experienced high rates of deforestation and conversion to agriculture from
1985 to 2015 (Fig. 1). In 1985, native forests and Cerrado covered 199,500 km?2, approxi-
mately 95% of the Basin (Fig. 2a). From 1985 to 2015, 60,900 km? (29% of the Basin) was
converted into pastures and croplands. The highest conversion rates occurred between 1995
and 2005, when 36,000 km? of native vegetation was converted (Fig. 2a). Land use changes
were most concentrated in the central east and southern regions of the Basin, while a large area
of intact tropical forest, in the Xingu Indigenous Park, remains in the central portion of the
Basin (Fig. 1). Pasture area increased three-fold between 1985 and 2015, covering about
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32,000 km? in 2015. In contrast, croplands were nearly nonexistent in 1985 but covered about
23,000 km? in 2015. Highest rates of native vegetation conversion to pastures took place
between 1995 and 2000 (about 17,000 km?), while cropland expansion was greater between
2000 and 2015 (about 21,000 km?2). The pattern of land use change in the Ronuro River Basin
was nearly identical to that in the entire Basin (Fig. 2b).

3.2 Rainfall trends

The Mann-Kendall test of each rainfall station showed significant downward trends for four
stations, negative S in all cases, and p values ranged from 0.001 to 0.35 (Table 2). Sen’s slope
indicated rainfall reductions of 10 to 25 mm year 2. Although not significant, the trends from
Rio Ferro and Cajabi stations were also downward (Table 2).

An average time-series was calculated from the six stations to facilitate the
evaluation of the rainfall temporal changes. The average values provide a better
representation of the variation over the entire Basin (Fig. 1). The average annual
rainfall calculated from the six stations also indicated a downward trend, with a slope
of 12.7 mm year2 (Fig. 3a). Rainy season rainfall decreased by 10.4 mm year 2 (Fig.
3b) and dry season rainfall decreased 1.2 mm year? (Fig. 3c). Both seasonal and
annual values changed abruptly about 1996. Before 1996, the average annual rainfall
was 1900 mm in the wet season and 85 mm in the dry season. After 1996, these
values were 1700 mm and 40 mm. The difference in annual rainfall averages, before
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Fig. 2 Land use changes in entire Xingu Basin (a) and in the catchment at Ronuro River (b), for the period of
19852015
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Table 2 Trend analysis for annual data of each rainfall station

Id Station S Sen’s slope (mm year2) p value Available data (%)
1 S.J.do Xingu -031 —15.19 0.01 81
2 Cajabi -0.12 -7.33 0.35 73
3 Rio Ferro -0.23 —11.03 0.08 74
4 Agrochapada -0.26 -9.74 0.04 84
5 Paranatinga -04 -9.56 0.001 73
6 BR-309 —043 —2591 0.001 78

and after the abrupt change, was 245 mm (Fig. 3). The change coincided with an
abrupt increase in the deforested area in the upper Xingu Basin (Figs. 2 and 3).
The indexes representing the percentage of rainy days with rain > 1, 10, 20, and 50 mm
(nbyp, nbygp, nbygp, Nbsgy,) all had downward trends. Mann-Kendall test indicated an average
decrease of 16 days (0.11% year2) in the number of days with events > 1 mm during the rainy
seasons from 1976 to 2015, and gaps between two rain events increased on average 1 day.
Events in the dry season also changed. The nb,, decreased by 3 days (0.06% year2) and nb
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Fig. 3 Annual (a), wet (b), and dry season (¢) rainfall and the corresponding parameters of the Mann-Kendall
trend analysis. Dotted lines represent the average rainfall of periods before and after abrupt change
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decreased 1 day (0.02% year2). In some cases, such changes were not linear but rather
changed abruptly. The Pettitt test detected abrupt changes in the number of consecutive days
with precipitation, as well as the number of rain events greater than 1 mm and 10 mm
(Table 3). Such results were detected for annual and wet season indicators, while the only
dry season indicator with an abrupt change was nb,,. These changes were all observed
between 1989 and 1994.

Although rainfall amounts changed over time, there were no changes to the total length of
the wet and dry seasons (Table 3). There was also no significant change (p > 0.05, Table 3) to
the average rainy season onset date (October 20th, day 50 of the hydrologic year) or end date
(March 20th, day 230 of the hydrological year) (Fig. 4).

3.3 Water yield trends

The longest available time series from small (7 to 28 km?) single land-use catchments in forest
or cropland showed that average monthly water yield was 48.99 mm month™ in the cropland
catchment (Fig. 5) while in forest, it corresponded to 18.40 mm month™!. In addition to higher
water yield, flow varied more in the cropland catchment (Fig. 5).

Table 3 Trend analysis of rainfall indicators derived from averaged annual and seasonal data from upper Xingu
Basin

MK analysis Onset End ean® Winean® nby,° nby ¢ nbyg,° nbsg,!
Annual
S - - 0.18 -0.28 -0.24 -0.36 0.31 -0.25
Sen’s slope¢ - - 0.13 -0.01 =0.11 -0.10 —0.06 -0.019
P - - 0.10 0.010 0.029 0.001 0.004 0.021
Pettitt test - - 1989 1988 1988 1994 1994 1981
Haac-Mpac! - - 4.18 -0.59 -3.17 -225 -1.03 -2.01
P - - -0.250 0.012 0.048 0.008 0.070 0.25
Wet season
S 0.10 0.13 0.24 -0.29 -0.21 -0.33 -0.30 -0.23
Sen’s slope¢ 0.16 0.24 0.027 -0.01 -0.12 -0.14 -0.09 -0.02
P 0.365 0.187 0.027 0.007 0.051 0.002 0.006 0.036
Pettitt test 1991 1981 1997 1989 1989 1994 1994 1982
Upac-Haac! 6.10 6.91 0.65 -0.52 —4.27 -2.82 -1.33 —043
P 0.506 0.368 0.206 0.015 0.039 0.001 0.098 0.14
Dry season
S - - 0.16 -0.21 -0.28 -0.24 -0.13 -
Sen’s slope¢ - - 0.24 —0.004 —0.06 -0.02 —0.009 -
P - - 0.133 0.050 0.011 0.03 0.22 -
Pettitt test - - 1991 1985 1996 1986 1986 -
Hpac-Haac? - — 8.2 -0.21 -1.59 —0.555 -0.219 -
P - - 0.226 0.065 0.03 0.076 0.453 -

2 Average period of consecutive days without precipitation

b Average period of consecutive days with precipitation

¢ Percentage of rain events > 1 mm

4> 10 mm

¢>20 mm

f>50 mm

¢ Slope unit to onset, end, diean, Wmean is days year™! and unit to nbyp, nbj gy, nbygy, nbsg, is % year™!

h Difference between means after (L,.) and before (iu,,.) abrupt change
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values were calculated averaging the daily information from the available stations in the Xingu Basin

Trend analysis of Ronuro river data indicated an annual water yield decrease of
4.2 mm year 2 (Table 4). Highest and lowest monthly water yield also had downward trends
of 0.75 mm month year™! and — 0.1 mm moth year™! (Table 4), respectively. Similarly, dry
season water yield decreased by 3.5 mm szn year~! (Table 4), while there was no trend in the
wet season. Annual water yield, as well as water yield in the dry season, and water yield in the
month of lowest rainfall all changed abruptly between 1995 and 1997. The difference between
means after and before the change corresponded to — 83.5 mm (annual), —25.39 mm (in dry
season), and — 3.32 mm (in month of lowest rainfall).

In the Xingu Basin, lowest monthly water yield was the only metric with a significant trend
(—=0.07 mm month year!; 24%) (Table 4). This metric also changed abruptly 1997, with an
average value of 12.64 mm year™! before and 10.44 mm year™! after this date. Although no
trend was detected in Xingu water yield, the Pettitt test indicated a significant abrupt change in
1995. Usually, variations in climate are not linear; consequently, periodic oscillation is
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Fig. 5 Monthly water yield in forested and soybean cropland catchments located at Tanguro Ranch in the
southeastern Xingu Basin
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Table 4 Trend and abrupt change analyses derived from hydrological indexes Haac-Hpac

Index S Sen’s slope p Pettitt test Haac-Hpac® p

Ronuro River

Wy -0.31 -425 0.01 1995 83.57 0.05
Wi -0.24 -0.1 0.05 1997 -3.32 0.05
Wyas© -0.28 -3.46 0.02 1997 -25.39 0.02
Wyhmd -0.23 -0.75 0.06 1985 -23.36 0.14
WY -0.15 -0.74 0.23 1985 -69.63 0.08
ct -0.12 -0.11 0.32 1996 -0.008 0.36

Xingu River
Wy -0.17 -1.6 0.11 1995 ~58.02 0.03
WYi? -0.32 -0.07 0.003 1997 -1.87 <0.0001
WYas© -0.13 -0.5 0.22 1997 -20.55 0.16
WYhm -0.1 -0.28 0.35 1983 -20.46 0.66
Wy -0.17 -1.28 0.12 1995 -39.18 0.1
cf 0.15 0.12 0.17 2003 0.044 0.058

2 Annual water yield (wy,) (mm year2)

bLowest month water yield (wyy,,) (mm month year™!)
¢ Dry season water yield (wyg,) (mm szn year!)

d Highest month water yield (Wyy,,) (mm month year™!)
¢ Wet season water yield (wy,s) (mm szn year!)
fRunoff coefficient (C)

¢ Difference between means after (1i,.) and before (ii,,) abrupt change

frequently observed. If no significant trends were observed in the time series, the change
detected by Pettitt test might be related to the oscillation of the time series. Furthermore,
because higher rates of deforestation should lead to higher streamflow if rainfall does not
change, we expected an upward trend in the highest monthly water yield and runoff
coefficient.

4 Discussion
4.1 Deforestation and trends in rainy season length

Our finding that rainy season onset and end dates in the upper Xingu Basin have not changed
despite high deforestation differed from other studies in literature. Arvor et al. (2017) found a
consistent decrease in the southern Amazon’s rainy season caused by a delayed rainy season
onset. Analysis of daily rainfall from Rondo6nia suggested that deforestation since the 1970s
caused an 18-day delay in the onset of the rainy season (Butt et al. 2011). Leite-Filho et al.
(2019) isolated the influence from deforestation in rainfall time-series from 112 stations of
southern Amazon and found a delay in the onset of 0.12—0.17 days for each percent increase in
deforestation. The authors also described higher probabilities of delayed rainy season onset
and longer dry spell events in highly deforested areas. Tropical forest has high capacity to
absorb solar radiation and convert this energy in latent heat (da Rocha et al. 2004). When
forests are converted to another land use, net radiation (Rn) declines and a higher proportion of
Rn is dissipated as sensible heat (Costa and Foley 1997; Bruijnzeel 2004; Coe et al. 2016). The
mechanism for the effect is that latent heat flux over the land surface is an important source of
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atmospheric humidity during the initial stages of transition between wet and dry seasons (Fu
and Li 2004) and deforestation reduces latent heat flux, creates drier conditions in the
troposphere, and delays the rainy season’s onset (Schubert et al. 2004). Because a delayed
rainy season onset caused by deforestation has been found in the range of latitudes 3° to 15°S
(Butt et al. 2011; Fu et al. 2013; Debortoli et al. 2016; Wright et al. 2017; Leite-Filho et al.
2019), we expected it for the Xingu, which lies between 10 and 15° S latitude.

Although the forest influences rainfall generation, rainy season length is not exclusively
influenced by deforestation (Makarieva et al. 2013). The high variability of onset dates is also
related to pre-seasonal conditions in the Pacific Ocean and South American continent (Yin
et al. 2014; Arvor et al. 2017), which modulate moisture availability, atmospheric instability,
and atmospheric circulation in both low and upper levels (Arvor et al. 2017). Rainy season
duration is the result of interactions between local circulation, convective activity from South
Atlantic Convergence Zone, and large-scale atmospheric circulation (Negri et al. 2000;
Siqueira et al. 2004; Debortoli et al. 2015). Marengo et al. (2012) argue the large variability
and uncertainty concerning the onset data trends result from the complex mechanisms that
determine the establishment of the monsoon in South America. Considering that variability of
onset and end dates has important implications for the analysis of long-term trends (Arvor et al.
2017), these factors likely confounded detection of any change in rainy season length related to
the upper Xingu land cover change alone.

4.2 Changes in rainy events, seasonal and annual accumulated precipitations

Although we did not find changes in rainy season onset dates, MK analysis indicated an abrupt
reduction in the number of days with precipitation events after 1995 and a 245 mm year™!
reduction in the Basin’s annual rainfall. These results coincided with high rates of deforestation
across the entire southeast Amazon during the 1990s (Pfaff et al. 2007). Abrupt decreases in
rainfall in the late 1990s were also found in other locations in the southern Amazon (Debortoli
et al. 2015). Reduced rainfall associated with deforestation has also been documented in
northwest Rondonia, Brazil (Butt et al. 2011; Spracklen et al. 2012; Debortoli et al. 2017) as
well as over the entire Amazon Basin (Marengo et al. 2001).

At local scales, the effects of deforestation were stronger during the onset of the rainy
season than when the season was fully developed (Sumila et al. 2017). During the transition
from the dry season to the wet season, most of the moisture provided to the atmosphere is from
the local evapotranspiration and moisture convergence is small. The land cover heterogeneity
of edges, between forest and cleared areas, also creates centers of strong atmospheric diver-
gence and affects precipitation (Saad et al. 2010; Butt et al. 2011; Knox et al. 2011; Spracklen
et al. 2012). Precipitation is altered through changes in the thermodynamic profile and the
development of surface induced mesoscale circulation (Spracklen et al. 2012). Knox et al.
(2015) found that the upwelling air generated at the deforested edge carries moisture, resulting
in the formation of deep convective clouds. Consequently, higher rainfall is observed along
forest edges, while in the interior of deforested areas, rainfall is lower. At larger scales,
deforestation upwind of the upper Xingu Basin resulted in less water vapor to form precipi-
tation over the Xingu Basin. The reduced moisture from deforestation affects rainfall totals in
regions as far south as 15° to 20°S (Sumila et al. 2017; Arvor et al. 2017).

Climate modeling experiments have shown that preserving remnant native vegetation is
essential to climate stability in the Amazon (Coe et al. 2013; Pires and Costa 2013). Silvério
et al. (2015) found that land use transitions during the 2000s reduced contemporaneous
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evapotranspiration in the Xingu region by 35 km? and warmed the land surface temperature by
0.3 °C. These feedbacks between land-cover changes and climate have the potential to reduce
precipitation (Knox et al. 2015).

The abrupt change in rainfall in Xingu Basin that we observed after 1996 cannot be related
exclusively to higher deforestation rates in Southern Amazon. Deforestation causes important
reductions in evapotranspiration, but does not expressively decrease moisture convergence
over the deforested area (Costa and Pires 2010). In this case, large-scale circulation patterns
also induce cycles of wet and dry periods of 20 to 30 years duration in Amazon (Botta et al.
2002; Marengo 2009). The mid-1950s to late-1970s were a dry period in southern Amazon
and were followed by higher rainfall rates until the end of the 1990s (Marengo 2009). In our
case, we used a 40-year time series, which initially detected a positive phase in the interdecadal
oscillation (1975-1990) and later a negative shift between mid-1990s and the late 2010s.
Espinoza et al. (2009) indicated that mean rainfall in the Amazon Basin decreased during the
1975-2003 period, at an annual rate of —0.32%. Marengo (2010) indicated a reduction of
approximately 17% in southern Amazon rainfall. In these cases, the reductions were associated
with an interdecadal oscillation of sea surface temperature, and consequently an alteration in
the moisture transport towards the Amazon.

It is likely that global climate change will intensify these alterations in the future (Coe et al.
2013). Atmospheric greenhouse gases will raise temperatures and likely drought frequency
and intensity (Malhi et al. 2008). Although climate projections for precipitation are highly
variable (Almeida et al. 2016), several models indicate higher temperatures in the Xingu Basin
(Vourlitis and da Rocha 2010; Lewis et al. 2011), as well as a decline in dry season rainfall and
recurrent droughts (Zelazowski et al. 2011; Coe et al. 2013).

4.3 Deforestation and water yield

At the small scale of headwater watersheds, the approximately four times greater water yield
from cropland catchments over multiple years caused by elimination of forest cover was
similar to the patterns found by others in the Upper Xingu (Hayhoe et al. 2011; Dias et al.
2015; Riskin et al. 2017). In small watersheds, conversion of forest to croplands resulted in
higher flows in both wet and dry season. Although seasonal variations in flow were greater in
croplands, the overall magnitude of annual flow variation was small. This is because surface
infiltrability and subsurface hydraulic conductivity are high in the deep and weathered Oxisols
on which most cropping takes place (Scheffler et al. 2011). This generates deep and
groundwater-dominated water flowpaths that do not produce overland flows and that stabilize
streamflows across wet and dry seasons (Neill et al. 2013). In addition, the presence of more
than 10,000 small impoundments constructed for roads and water supply to cattle when
ranching dominated the Upper Xingu Basin (Macedo et al. 2013) likely decrease flow velocity
and increase ET from water surfaces (Lehner et al. 2011). The relationship between land cover
and stream flow and runoff in small watersheds in the upper Xingu Basin likely differs from
that in other parts of the Amazon Basin on other soils. Small catchments in the Ji-Parana Basin
in Rondonia had a decreased capacity to regulate flows after deforestation and exhibited a
greater difference between extreme flows, including both lower flows in dry season and higher
flows in the rainy season (Rodriguez et al. 2010). Similar increases in water yield from
deforested small watersheds have been found on soils with lower infiltrability and hydraulic
conductivity in other parts of the Amazon (Biggs et al. 2006; Germer et al. 2010). Although
soils play a very large role in controlling runoff processes (Bruijnzeel 2004) and much of the
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Xingu Basin is underlain by permeable Oxisols (Neill et al. 2017), extrapolating results from a
small number of headwater watersheds to the entire Xingu Basin is confounded by the
presence of both less permeable soils and higher relief in the southern portion of the Basin
where the headwaters of many Xingu tributaries are located, and large area of wetlands and
flooded forest along the central floodplain but upstream of the river gauge at Sao Jose do
Xingu.

4.4 Influences of rainfall changes in water yield

At the intermediate scale of the Ronuro Basin, lower rainfall was accompanied by a reduction
in annual water yield from ~750 mm in the mid-1970s to ~650 mm after mid-1990s. The
coherence among two independent sources of hydrological data (rainfall stations and
Ronuros’s gauge) indicated that although the dataset employed in this study might have
considerable limitations, the alterations here observed were consistent. Furthermore, relatively
low rates of deforestation that occurred in the Ronuro Basin during most of measurement
period suggested that this trend was caused primarily by changes to climate and not by
deforestation. Lack of discharge measurements of the Ronuro River after 2007 prevented
further analysis after the period of high deforestation.

At the scale of the upper Xingu Basin, no alterations were observed in the Xingu River water
yield. According to Coe et al. (2009) and Panday et al. (2015), the impacts of decreased rainfall were
offset by increased water yield resultant of deforestation in the late-2000s. These authors performed
modeling studies in the whole Xingu Basin (510,000 km?) based on a modeling, ground, and
satellite data analysis. Panday et al. (2015) suggested that climate variations accounted for 14%
decrease in annual discharge, while deforestation caused a 6% increase in annual discharge. Such
reduction in discharge resulted from a combined decrease in rainfall and increase in ET. Stickler
et al. (2013) argued that in the absence of indirect effects caused by deforestation in the entire
Amazon region (i.e., through changes to rainfall), discharge in the Xingu river Basin increased up to
12%. When indirect effects were considered, deforestation of the Amazon region inhibited rainfall
within the Xingu Basin, counterbalancing declines in ET and decreasing discharge by 6-36%. Coe
et al. (2009) indicated that with extensive deforestation (>30% of the Amazon Basin), atmospheric
feedbacks are not limited to those Basins where deforestation has occurred, but are spread unevenly
throughout the entire Amazon by atmospheric circulation. In this scenario, the Xingu River would
have a —15% precipitation decrease caused by the regional atmospheric changes, and an 11%
decrease in Xingu discharge (Coe et al. 2009). The current level of deforestation in the Xingu Basin
has influenced river flow regulation at the local scale, resulting in increased river runoff and greater
differences between dry and wet season water yield. At the larger scale, increased deforestation and
reductions in rainfall had opposite effects on water yield, so decreased river flow caused by rainfall
reduction was counteracted by increased water yield induced by deforestation.

Another aspect that should be considered when evaluating water availability in large-
scale Basins is the potential effects of secondary growth under climate and land use
change. Using a hydrological model driven by different climate and land use scenarios,
Von Randow et al. (2019) observed that when only deforestation scenarios are included,
the effects of climate change in water yield are weakened. But when secondary growth is
also considered, the effects of climate change are enhanced. Considering that secondary
growth accounts for an important portion of deforested vegetations in the Amazon (Aragio
et al. 2014), better accounting for the effects of regrowing forest in water and energy
balance should be considered in future studies.
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5 Conclusions

During the last 40 years, the mean annual rainfall decreased by 245 mm year™!, the
greatest portion of which occurred after 1995. A reduction in the number of days with
rain coincided with high rates of deforestation across the entire southeast Amazon,
during the 1990s. Although there is evidence from other places that links rainfall
patterns and the land use changes, we could not attribute these changes in the Xingu
Basin exclusively to deforestation. Rainfall alterations are also related to decadal
oscillations in sea surface temperature between tropical and subtropical Atlantic and
the Pacific oceans. The water yield of Xingu river did not significantly change in the
period evaluated. This is because of the offsetting effects of increased water yield
from deforestation and reductions related to rainfall. The maintenance of high-quality
and long-term rainfall and stream gauging stations distributed over large areas in the
relatively remote Amazon Basin remains an important barrier to detecting land use-
induced changes to the hydrological cycle and validating changes projected by earth
system models. For the Xingu Basin, despite the existence of distributed rainfall
measurement stations, a small proportion (6 out of 59) met rigorous criteria for data
quality and completeness. But for these stations the good long-term records, the
recurrent downward trend observed in all the six stations was strong evidence of
long-term rainfall reductions.

In this study, the trends in rainfall and water yield were defined by a well stablished time
series analysis. The Mann-Kendal and Pettitt analyses have been successfully employed in
Amazon basin hydro-climatological studies (Marengo 2009; Rodriguez et al. 2010). On the
other hand, they are not able to separate anthropic induced changes from those related to
climate variability. In future studies, high-quality checked data, as the one presented here,
could be analyzed with more robust techniques, such as model simulations (Stickler et al.
2013; Panday et al. 2015), or methods like the Tomer and Schilling framework (Tomer and
Schilling 2009), the elasticity-based method (Schaake, 1990), and the decomposition of
Budyko-type curve method (Wang and Hejazi 2011). These techniques were developed to
address both the effects of climate variability and human activities on streamflow.
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