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ABSTRACT

The aim of this study was to detect trends in teammannual streamflow in watersheds of Serra datiasira
Environmental Protection Area, an important Braaili conservation area located between Minas Ger&én
Paulo and Rio de Janeiro States. Historical semésfour selected streamgage stations were analyaedhe
periods of 1980-1998 and 1980-2009, using the Mdendall and Regional Mann-Kendall tests. The result
showed that the mean annual streamflows of SerrMdatiqueira Environmental Protection Area waterdbhalid
not change during the complete period of 1980-200f tests detected statistically significant treied reduction
of mean annual streamflow during the 1980-1998qukriThe confrontation of this result with the irst&hce of
rainfall trends during the same period suggestedt tthe streamflow changes detected were consegsierfce
changes in the watersheds physical characteristind/or increases in water abstraction for multiplkees.
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INTRODUCTION land use and occupation in watersheds, the climate
changes, the evolution of water uses, or a
Streamflow is one of the most studied hydrologicatombination of these factors. The climate
variables, given its importance for humanity ancprediction models considered by the International
ecosystems. Various water uses are highliPanel for Climate Change (Bates et al. 2008)
dependent on their spatial-temporal patterns, sin@lows to estimate the changes in streamflow due
surface water is the easiest and more accessilite global warming projections in different regions
source that can be used for human and animaf the world. Complementarily, studies of
consumption, irrigation and other wuses. Instreamflow trends in smaller spatial scales —
environmental and ecological terms, streams anmhainly in the watershed scale - are valuable for
rivers are, by themselves, singular aquatienvironmental and water resources planning and
ecosystems influenced by the variability of themanagement applications ( He et al. 2013, Joseph
streamflow, which changes the hydrodynamic anét al. 2013 Harrigan et al. 2014).
biochemical characteristics of the aquaticThe Serra da Mantiqueira (SM) is a major
environment. Brazilian relief unit located between the States of
The understanding and detection of changes &ao Paulo (SP), Minas Gerais (MG) and Rio de
streamflow patterns is essential for water resaurcelaneiro (RJ), with great relevance in terms of
and environmental planning and management. Thgater resources, environment and human
main drivers of these changes are the dynamics dévelopment. The SM environmental importance
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was highlighted by Becker et al. (2013), whocompare the detected streamflow trends with
pointed its condition of Atlantic Forest rainfall trends of selected rain gages, to dedtice i
Biodiversity Hotspot and wildlife corridor. The streamflow trends were due to climate changes or
Serra da Mantiqueira Environmental Protectiorhuman activities. The results of the study would
Area (SMEPA) was created in 1985 throughallow to conclude if the mean annual streamflow
Brazilian Decree 91.304 (Brasil 1985), occupyingn watercourses of SMEPA were decreasing or
an area of 4,218 Km and located along the increasing, which could be an important
topographical divisor of two major Brazilian contribution to regional and national water
basins, the Paraiba do Sul River Basin (BRPS) andsources planning and management initiatives.
the Grande River Basin (BRG). Several multiple

uses of water in these two basins depend on water

sources whose springs are within the SM limits. MATERIALSAND METHODS

Given the relevance of hydrological trends studies

and the importance of Serra da Mantiqueira in th&rea of study

Brazilian water resources, environment andhe study area is located in Southeast Region of
development scenarios, this work aimed to dete@razil and corresponds spatially to SMEPA. More
monotonic trends in time series of mean annuapecifically, watersheds whose area and springs
streamflow of watersheds located entirely o@re located mostly within the SMEPA were
mostly within the SMEPA. Specific objectives considered. Figure 1 shows the location of
were: (1) detect trends in the mean annudPMEPA in Brazil and in relation to the SP, MG
streamflow in single watersheds, (2) detect trendgnd RJ States and BRPS and BRG.

in regional mean annual streamflow and (3)
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Figure 1 — Location of the study area. Figure 1a showsgtiiical division of MG, SP and RJ States.
Figure 1b shows the Grande River Basin (BRG, ihtligray) and Paraiba do Sul River
Basin (BRPS, in dark gray). Figure 1c shows thatioo of the Serra da Mantiqueira
Environmental Protection Area (SMEPA) in relatiortlhe States and basins.

Streamflow and rainfall stations and data made many of them unsuitable for use in the
The database used in the study was thanalysis, such as short period time series,
HIDROWEB (http://hidroweb.ana.gov.br/), significant data gaps (thus, only the stations whos

maintained by the Brazilian National Watermean daily streamflow series was at least 95%
Agency (ANA). Complementary series wereintegrity during the periods considered were used
obtained from the database maintained by the Séere), outdated series, lack of coincidence between
Paulo State Integrated Water Resourcethe series in most recent periods, and redundant
Management System (http://www.sigrh.sp.gov.brétations in same streams (thus, only the stations
cgi-bin/bdhm.exe/flu?lig=podfp). Thirty-five located further upstream in the watercourse, which
streamgage stations were initially identified inimplied their placement within or near the SMEPA
watercourses of Serra da Mantiqueira (15 fromvere used in this study). Some stations presented
BRPS and 20 from BRG). Despite the significantlata gaps in coincident periods, which prevented
number of stations identified, some drawbackés use for mutual data fulfilment. After analygin
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these factors, two periods were defined for thelata. The rainfall series of selected stations
trend analysis and the stations to be used: showed high data integrity; small gaps in the serie

. .were filled by linear regression between theirltota
betwelep 198.0 andf f1998 §1t8 yearts), a;:pe”?B?IR\’I\DI'%onthly rainfalls. These monthly total rainfalls
complete series of four stations (two from ere then used for the calculation of its total

and two from BRG); . : i
' annual rainfall that were used in the trend analysi
between 1980 and 2009 (29 years), a most "CeMfree of the selected rain gages were located in

Eirrlr?g,RVg;ha%%nmgt?rosrﬁrIIB?SGO)f two stations (On?he same sites _of the considered streamgages
' (called as “associated streamgages”); one of the
The mean annual streamflows were calculatethin gage stations, 2245087, was not associated
from the mean daily streamflow series,with any streamgage, and was specially selected
considering the normal climatological/ due its location in a central position in relation
hydrological year of Brazilian Southeast Region. Ithe longitudinal extension of SMEPA, improving
was assumed that the beginning of wet seasdhe spatial significance of the regional rainfall
occur with the beginning of spring (Septembetrend analysis. Table 3 presents the rain gage
22). In practical terms, the beginning of thestations used in the study.
hydrological year was in the month of October; the
mean annual streamflows were calculated from the
mean daily streamflows from October of each yes
to September of the following year. The stations
selected for this study and their location in fiekat & MG
to SMEPA are shown in Table 1 and Figure 2
respectively. . ‘ P o
Table 2 presents the characteristic streamflows - - & R g 0000
the stations analyzed — the complete period meé" ' /,f< RJ
streamflow (MSF), and the complete period — L j i G
specific streamflow (SMSF), calculated by thes /( LJ\V,///
division of MSF by the station dralnag_e area -, an\g% (S 6120000 oo Sp /
the procedures used for data gaps fulfillment. o .
In addition to the streamflow analysis, rainfall
time series from four selected stations of SMEP/
were analyzed for detecting trends in the same
periods of streamflow analysis. These series WellGigure 2 — Location of streamgage stations used in the
obtained from the same database of streamflow study, in relation to SMEPA (in gray) and the
series (Hidroweb) and was submitted to the same States of MG, SP and RJ.
selection procedures described for streamflow

4524000 45000 450000 444000 2000

® 61014000

22°1000°

22°30'00"

22°50'00

45930'00° 45°10'00' 4455000 24230'00°

Table 1 — Streamflow stations used in trend analysis.
ANA ID Basin Municipality =~ Geographic coordinates Altitude Drainage Dataintegrity

(Operator)  River State Latitude Longitude [m]  area[km? 1980-1998 1980-2009
FOTDAEE) Piags ap e 224413 412117 523 171 (M00% :
58530000 BRPS Resende T S 0
(CPRM) Dreto R -22°16'14” -44°23'30" 915 284 100%  [100%
61014000 BRG Alagoa i o1 _Aa03a11 2 0 0
(GAM)  Aiuruoca MG 22°10'12” -44°38'13" 1036 282 100% 96%
61250000 BRG Campos do Jordao Mar  _AEO9Qig 7 0 )
(GAM)  Sapucai Sp 22°41°16” -45°28'47” 1501 109 95%
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Table 2 - Characteristic streamflows and data gaps foiBiht procedures employed in streamflow station’s
hystorical series.
1980-1998 1980-2009
ANAID MSF SM SF M SF SM SF Data gapsfulfillment procedures
[m®sY [l(skm?)™' [m®s"] [l.(skm?"]
Due to (1) absece of water level measurement during the
periods and consequent impossibility to fill thepgahrougt
stagedischarge relations and (2) absence of anothdostah
58211000 5.23 30.58 - - the same river, the data gap of April 1986 was filkgth the
mean streamflow ohe previous and following months (Mai
1986 and May 1986). This data gap represents 0.db%e
length of the complete series.
The station’s series presented only one data (ayentear
58530000 12.46 43.87 12.76 44,93 daily streamflow) missing. This wdilled with the mean of tt
mean daily streamflow of the previous and followiraysl
The station series gaps were initially filled byelawm regressic
between their mean daily streamflows and those frtatios
61024000,located on the same watercourse. The monti
April 2002, December 2002, May 2007 and December/
were filled with respective mean streamflows of prasi@nc
following months, because of (1) gaps in the sam@ge in
the series of station 61024000da(2) the absence of wa
level measurements for filling the gaps by the ofestage-
discharge relations. The gaps of months cited seprteonly
1.15% of the length of the series in the period0t2809.
The series was completeby linear regression between tf
61250000 3.81 34.95 - - mean daily streamflows and those from station 61Q6(
located on the same river.

61014000 7.96 28.22 7.75 27.51

Table 3 - Rainfall stations used in trend analysis.

ANA ID Associated Municipality Geographic coordinates Mean total annual rainfall [mm]
(Operator)  streamgage State Latitude  Longitude 1980-1998 1980-2009
2245010 61250000 Campos do Jorddo - SP  °41220” -45°28'53” 1878 1836
2245087 - Delfim Moreira - MG -224'25"  -45°12'54” 1554 1558
2244065 61014000 Alagoa - MG ap12”  -44°38'13” 1809 1775
2244038 58530000 Resende - RJ °1B24”  -44°23'30” 2146 2163
Mann-Kendall test mean annual streamflows in the period of

The Mann-Kendall was developed by Mannanalysis), sgn is the signal of the difference of
(1945) and Kendall (1975). The test checks for theubsequent stream-flows. In Equations 3 and 4,
monotonic trends (increase or decrease) in timE[S] is the mean of S, Var[S] is the variance of S,
series (Hipel and Mcleod 1994), being a nonp is the number of tied groups (sets of data from
parametric and rank-based method (Xu et athe sample that have the same value) arglthe
2010), not requiring the assumption of normalitynumber of data of the j order tied group. Z (Eq. 5)
(Helsel and Frans 2006). Equation (1) shows theepresents the test statistic for samples withl@,>
Mann-Kendall test statistic, considering the nullwhich approximates to the normal distribution.
hypothesis (i) that the data comes from a

: . -1 n
population  whose random variables are ngn(xj _Xk) )
k=1j=k+1

=

n

independent and identically distributed, while theSz

alternative hypothesis (Hrepresents the existence
of a monotonic trend (Hipel and Mcleod 1994). In
Equations 1 and 2, S is the Mann-Kendall test
statistic, n is the size of the sample (humber of
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+1 x>0 A region is as a spatial area with similar physical
_ _ characteristics, or even various discrete areds wit
sgn(x)— 0, x=0 (2) the same physical characteristics (Helsel and Frans
-1, x<0 2006). In this work, the SMEPA is considered a
E[S] =0 3) Wwell defined region.
o The Mann-Kendall test assumes that the data used
{”(”‘1)(2”+5)‘Zti(tj -2t +5)} are independent, meaning that there is no short-
=1 term serial correlation between them (Helsel et al.
Varls]= 18 () 2006). Once serial autocorrelation is detected in
S-1 the series, procedures such as pre-whiten (Bayazit
— ifS>0 and Onoz 2007) may be used to eliminate it. In
[Var@©)2 this work, the detection of serial autocorrelation
7= ifS=0 (5) was performed by calculating the autocorrelation
function (ACF) for the stations series, which were
_ S+l if S<0 analyzed for the lag 1 and 5% significance (Burn
Var©)z et al. 2004; Wilson et al. 2010). When
autocorrelation was detected, it was removed using

_ the pre-whiten procedure.
The Regional Mann-Kendall test (Helsel and Frangne Mmann-Kendall and Regional Mann-Kendall

2006) is an adaptation of the Seasonal ManmRegional tests were performed computationally,
Kendall test (Hirsch et al. 1982; Hisrch and SIaCkusing the program developed by United States
1984) by the substitution of the seasons in th%eologic Survey (USGS) (Helsel et al. 2006).
Seasonal test by places in the Regional test (Helsgesiges calculating the test statistics and p-value
a_nd Frans, 2006). T_he _rgglonal te.St.Stat'St'): |(>S_ (analyzed for a significanae = 0.05), the program
?'Vén b){[_the 6su_m 01;1!ng|V|d_ua:hstatlst|cbs, acfco:gplln also calculates the Theil-Sen slope/trend estimator
'rc: tﬁ;iéonon' 'gn\(’jv g's n:hlg M(;r?r?r}geﬁzjgll Ff[:s(f[e%B) and the Kendalt coefficient. For the Regional

! gl ! X Mann-Kendall test, trend is presented in the form

3Zt;itj§eféarlhtisf I?hcs teLét QZtilsrt]ictczri;T)?elzviiunal of increase or decrease of the variable per unit of
' time (in ni.s'.yeaf* for streamflow analysis and

converted to Z(Eq. 7),_when sample size n > 10’mm.yea‘r1 for rainfall analysis).
which also approximates to the normal
distribution. In this case, the mean of B
calculated by the Equation 8, and its standard

deviation by the Equation 9, beenthe number of RESUL TS AND DISCUSSION
data of the L order place from the m places of th

Fhe results obtained by the application of the

reg|orr:1. described methodology are presented below.
S=>S 6
' Lzzll : ©) serial autocorreation analysis
s -1 Tables 4 and 5 present the autocorrelation
L—, paraS, >0 coefficients (ACC) of the mean annual streamflow
Os, and total annual rainfalls of series used in the
Z. = 0, paraS, =0 (7) study for the different stations and periods. .
S +1 Table 4 showed that the autocorrelation
L —, paraS, <0 coefficients of the analyzed stations exceeded the
Os, 95% confidence bounds for the lag 1 during the
1ES.)=0 ®) 1990-1998 period for stations 58211000 and
' 61250000, which means that this series presented
_ n_ _ serial correlation. This series were pre-whitened
Os, _\/;L( 18J(nL ])(an +9) ©) before the application of Mann-Kendall test.
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Table 4 — Stramflow autocorrelation coefficients for lagrid 95% confidence bounds (CB).

Period Description 58211000 58530000 61014000 61250000
ACC lag 1 -0.507* 0.1818 0.4322 0.6500*
1980-1998 +CB (95%) 0.4714 0.4714 0.4714 0.4714
ACC lag 1 - 0.1303 0.2003 -
1980-2009 +CB (95%) - 0.3714 0.3714 -

* Indicates lag 1 autocorrelation.
Table 5 — Rainfall autocorrelation coefficients for lagid 95% confidence bounds (CB).

Period Description 2245010 2245087 2244065 2244038
1980-1998 ACClag 1 0.0549 -0.2372 0.2481 -0.4243
+CB (95%) 0.4714 0.4714 0.4714 0.4714
ACClag 1 0.068 -0.2686 0.1851 -0.3209
1980-2009 +CB (95%) 0.3714 0.3714 0.3714 0.3714

* Indicates lag 1 autocorrelation.

Trend analysis period of 1998-2009, although the station
Based on the p-values from Table 6, it could b&8530000 presented a downward trend in the
concluded that only the station 58530000period of 1980-1998.

presented statistically significant trends in rielat Although only station 58530000 presented a
to mean annual streamflows for the period 1980significant trend according to the individual tests
1998. The negative Mann-Kendall statisticsbased on Table 8 results, the combined results of
represents reductions of the mean annuahe SMEPA’s watersheds presented a regional
streamflow for the period. The rate of thesestatistically significant downward trend of -0.11
reduction is 0.22 fiXs.year) (1.8%.yeal of the md(s.year).Table 9 presents the results of
MSF of the period). Regional Mann-Kendall test for the period of
Based on Table 7 results, none of the stations980-2009.

presented statistically significant trends for the

Table 6 - Mann-Kendall test results for 1980 to 1998 petrio

Station T S Z p-value B Significant trend? (a = 0,05)
58211000 -0.250 -34 -1,359 0.1740 -0.055 No
58530000 -0.399 -61 -2,273 0.0230 -0.219 Yes
61014000 -0.294 -45 -1,667 0.0956 -0.148 No
61250000 -0.265 -36 -1,442 0.1494 -0.052 No

Table 7 - Mann-Kendall test results for 1980 to 2009 perio

Station T S Z p-value B Significant trend?(a = 0,05)
58530000 -0.015 -6 -0.094 0.9253 -0.004667 No
61014000 -0.160 -65 -1,201 0.2299 -0.046120 No

Table 8 — Regional Mann-Kendall test results for 1980984 period.

. } A Significant trend?
Stations T S z p-value [ (syear) ] (a =0,05)
58211000,58530000, 354 976  .3450  0,0006 -0,1075 Yes

61014000 and 61250000

As shown in Table 9, the individual Mann-Kendallconsidering the four rainfall stations in both the
test for the period from 1980 to 2009 showed ngeriods (1980-1998 and 1980-2009).

statistically significant trends in the regionalAccording to Table 10 results, no statistically
analysis. Table 10 presents the results of Regionsignificant rainfall trends were detected in SMEPA
Mann-Kendall test for total annual rainfall, in both analysis periods.
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Table9 - Regional Mann-Kendall test results for 1980 @92 period.

Stations T S Z p-value A[m’(syear)’] Significant trend? (a = 0,05)
58530000 and
61014000 -0,087  -71 -0,929  0,3531 -0,0297 No

Table 10 — Regional Mann-Kendall test results for total @alrrainfall.

Period T S Z p-value A[mm.year™] Significant trend? (a = 0,05)
1980-1998 -0,114 -70 -1,307 0,1913 -9,85 No
1980-2009 -0,027 -44 -0,403 0,6867 -1,28 No
DISCUSSION Consultative Council was created only in 2004 by

the Brazilian Institute of Environment Ordinance
When analyzing a watershed by a systemid9 (IBAMA 2004). However, according to the
approach, streamflow (watershed output) can bBrazilian National System of Conservation Units
represented by a transformation function o{SNUC), there appears no management plan for
precipitation (watershed input) defined by theSMEPA . The SNUC Parameterized Report
physical characteristics of the watershed (e.ghttp://sistemas.mma.gov.br/cnuc/index.php?ido=r
relief, pedology, soil use and occupation, presenoglatorioparametrizado.exibeRelatorio&relatorioPa
of hydraulic structures). In other words,drao=true&idUc=11) states that agricultural
streamflow is a response of the interactiorpractices, using traditional soil management
between the precipitation and watershedechniques, cause environmental impacts in terms
characteristics. Rainfall (in tropical watersheds), of water resources within the SMEPA, reinforcing
turn, is governed by the atmospheric conditionshe validity of hypothesis (2) to explain the
and their interaction with the surface (whichstreamflow trends recorded for the period of 1980-
define, for example, the evaporation andl998.
evapotranspiration rates). Thus, it is assumed th&8tations 58211000 and 61250000 have small
the mean annual streamflow trends can bportions of their drainage areas outside the
attributed to: boundaries of the SMEPA, which, in theory,
) ) ~would make them more susceptible to trends
(1) changes in the climate/meteorologicalyrising from the anthropic actions in their
conditions, resulting in rainfall variability, aroi/ watersheds. The watershed of station 58211000
(2) changes of the physical characteristics of thRas a small incremental area outside the SMEPA.,
watershed. in the bottom of Paraiba do Sul River Valley,
where agricultural activity (rice farming) occurs

fc\)c;corrgilrr:%l;[o (I?_(;%llc;nallcl)\;l an?ﬁgenhilagggﬁii;eszgsupstream and around the station. Station 61250000

. .. yhas a small incremental area within the urban

(streamflow trends due to climate variability) ~
should be rejected, which suggests that hypothes‘cféremh. of Campos do . Jordéo. A'thOF‘gh
eoretically more susceptible to hydrological

(2) (streamflow trends due to changes in thgariability due to changes in land use and

physical characteristics of the watershed) is th ccupation. these two stations did not bresent
most acceptable to explain the streamflow trend8CCUP ' P

. . o tatistically significant trends individually, evém
detected in SMEPA. Despite this, it is expecteiI . : . d
that significant changes in land use and occupatio N pgr[[odtoglslaS?r-11998, In \?'hl[c?. a rgglzolnfégoentﬂ
does not occur in environmental protection areaﬁas etected. In the case of station » the

such as SMEPA. To analyze the detected trends Yferature and satellite images of the area suggest
streamflows ddring the period 1980-1998, at the constancy of its mean annual streamflow

assuming that they were induced by changes in tl'ﬁ:éJUIOI be the result of regulation and storage

physical characteristics of the watersheds, it Wﬁrocesses occurring in the rice farms. According to

. . ABHID (2002), changes in streamflow of Piagui
32;?;;$reymto consider the dynamic of SMEP/L. o " \ihich station 58211000 is installed) due

The SMEPA was created in 1985, but itsto water abstraction for rice culture irrigationrae
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so intense that have already motivated armedrainage area of station 58211000. Table 11
conflicts between the farmers. An intake dam wagresents the results of the Regional Mann-Kendall
built upstream station 58211000 by DAEE in theest for the period 1980-1998, excluding the
1970s, to bypass part of Piagui River streamflovstation 58211000 of the test. The re-test without
to the rice croplands (LABHID 2002). Analyzing the station 58211000 aimed to remove the possible
the database of grants of water resources use righterference of streamflow regulation in its
of DAEE (http://www.aplicacoes.daee.sp.gov.brivatershed over the regional trend analysis of
usosrec/daeeusosDpo.asp), the total mea&®BMEPA.

streamflow authorized to be abstracted from th&he results presented in Table 11 show that the
Piagui River for irrigation is about 3.0 °s', regional trend of reduction of mean annual
which represents 57% of the mean long-ternstreamflow was maintained after the exclusion of
streamflow of the river. Besides the effects ofstation 58211000, however, with an increase of
regulation and storage, the polders created fer ricl2% in its intensity, from -0.107 ¢s.year)' to -
production can change the water balance of th@.120 mi.(s.year).

watershed, particularly in relation to evaporatiorNo statistically significant trend was detected for
and infiltration. The irrigated rice areas aroundhe station 61250000. This result suggested that
Piagui River increased 14% between 1988 anthe urbanization of Campos do Jorddo during the
2003, from 2,028 ha to 2,363 ha (Paes Junior amkriod did not result in significant changes in
Simdes 2006), corresponding to 13.8% of the totahean annual streamflow of the watershed.

Table 11 — Regional Mann-Kendall test results for 1980908 period, without station 58211000.
Stations T S Z p-value A[m(syear)?] Significant trend? (a = 0,05)

58530000, 61014000
and 61250000 -0,321  -142 -3,166 0,0015 -0,120 Yes

A third hypothesis to justify the significant trend CONCLUSIONS

observed wasthe increased abstraction of water for

multiple uses within the SMEPA. Although not According to the Mann-Kendall tests, the mean
expected in an environmental protection area, thannual streamflows of the Serra da Mantiqueira
implementation chronology of the SMEPA, itsEnvironmental Protection Area did not present
current management situation, and the describedatistically significant trends for the period of
land use and occupation processes could suppd®80-2009. Such trends were detected in the sub-
this hypothesis. Furthermore, the water resourcgseriod of 1980-1998, when there was a reduction
management legal instruments began to bef regional streamflows. This reduction was
established in the states of SP, MG and RJ fromrobably related to human activities in the
the 1990s, coinciding with the period during whichSMEPA, since no significant rainfall trends were
significant changes were observed in the preseobserved in the area.

study. In this sense, an uncontrolled increase in

water abstraction in SMEPA, before the

regularization of the multiple uses by the grant o ACKNOWLEDGEMENTS
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