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rABSTRACT

The Bolivian Amazon region lies in the upper middle part of the Madeira River basin (850,000
km?), a portion of which extends in the Andes (24%), and also in Peru and Brazil. The water
and salt balances of the main sub-basins and the entire basin of the upper Madeira River are
established for the interannual period 1968/1970 to 1982.

The mean interannual precipitations on the great basins vary from 750 to 3000 mm, the entire
upper Madeira basin receiving 1705 mm yr'. The biggest extremes of the rainfall reach 490 and
more than 7000 mm. At its head, the Madeira River is yet one of the largest rivers of the world,
with a mean interannual discharge of 17,000 m? s, i.e. 536 x 107 m® yr), approximately half the
discharge of the Congo River. The mean interannual contribution of the Bolivian Andes is
4170 m’ s, i.e. 132 x 10° m® yr!, representing 25% of the discharge of the entire upper Madeira
basin. The values of actual evapotranspiration vary from 615 mm in the driest Andean basin to
1520 mm yrf in a forest and low drainage basin. Global ionic contents, with values of 59 mg
I, 61 mg 1, and 57 mg "' for the Madeira, the Beni and the Mamoré Rivers respectively, out
of any contamination, are somewhat higher than for the Amazon River. Interannualdissolved
ionic transport is evaluared o 32 x 10°t at the begining of the Madeira River, i.e. 1 ts™.
The contribution of the upper Madeira River to the Amazon system, at the ocean, is evaluated
to 9.7% of the water and 10.9% of the ions, whereas the surface represents 12.1%.
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Water management of the Amazon basin
INTRODUCTION

The Bolivian Amazon region lies in the upper middle part of the Madeira River basin (Sioli,
1984), a portion of which also is in Peru and Brazil. The basin extends through the Eastern Cordillera
of the Andes, the adjoining Plain, and the Brazilian Shield. Mean drainage axes are constituted by the
Madre de Dios, Beni, Mamoré and Itenez Rivers which join to become the Madeira River, the more
important south affluent of the Amazon. At the confluence of the Beni and Mamoré Rivers, the
Madeira River drains a basin of 850,000 km?, 24% of which lies in the Andes. The water flows through
varied zones of relief, lithology, climate and vegetation which determine diverse hydrological and
hydrochemical characteristics.

The intemnational Project PHICAB, conducted by ORSTOM, IHH and SENAMHI, under
agreement with the International Hydrological Programme of UNESCO, studies climate, hydrology,
hydrochemistry and sediment transport in Bolivia, in particular the Amazon part (Roche, 1982; Roche
and Canedo, 1984). Thanks to measurements and the compilation of other available data, the PHICAB
has established the water and salt balances of the main sub-basins and the entire basin of the upper
Madeira River (Espinoza, 1985; Garcia, 1985; Abasto, 1987; Cruz, 1987; Roche and Fernéndez-
Jadregui, 1988). In the Amazonian region of Bolivia, climatological data is available since 1945 at
many stations. The hydrometric measurements have been made in the Andes since the 1970's but, in
the plain, they began in 1982, However, three hydrometric stations, among a PHICAB network of 15
stations, have been observed there before over a 15 to 20 years period. Then, the values obtained over
the whole basin are adjusted for a first evaluation to the interannual period 1968/1970 to 1982,
according to the UNESCO recommendations for the water balance of South America.

Differents periods have also been considered in other studies for sub-basins (Bourges et al.,
1987, 1990; Guyot et al., 1987, 1990; Roche et al., 1989). Details of the water and salt balances for
an hydrological division in 16 sub-watersheds are presented in Tables I and II.

PHYSICAL AND BIOLOGICAL CONDITIONS

The surface of the whole basin is 850,000 km? of which one third is represented by the Beni
basin and two thirds correspond to the Mamoré basin. The Andes occupy 205,000 km?, i. e. one fourth
of the surface.

Between the glaciers of the andean crests and the tropical rainy forest of the piedmont, the
rivers drain frequently semi-arid areas of high altitude, particularly in the south west of the Beni basin
and in the Rio Grande basin. In the center of the eastern plain of Bolivia, the forest is interrupted by
savanna with forest gallery butresumes in the Brazilian Shield and to the north where the great amazon
forest begins.

The andean rocks are of all geological times: Paleozoic, Mesozoic, Tertiary and Quatemary.
They were affected by Pliocene folding, with locally upper Cretaceous and Eocene folding, Intrusive
rocks constitute the highest mountains of the head-watersheds. The Permian and Cretaceous sections
contain gypsiferous red clays where the gypse is locally exploited. White exudations in the dry periods
cover diverse terrains in the semni-arid areas, especially the black Paleozoic schists.

34



Water management of the Amazon basin

RAINFALL

The spatial rainfall distribution over all Bolivia and the parts of the basin situated in the border
countries has been displayed on maps at 1/4,000,000 scale (Roche and Rocha, 1985) and for each of
the four main basins at 1/1,000,000 scale. The Figure 1is asimplificationof maps drawn at 1/5,000,000
scale. This distribution of the precipitation differs greatly according to the regions, the dynamics of
air masses and orographic phenomena. However, the monthly distribution in the course of the year
presents a similar pattern over the entire Bolivian Amazon basin, showing that it is part of a same
pluviometric regime (Roche et al., 1990).

The Madre de Dios basin receives yearly heavy rainfall from 2500 mm to more than 7000 mm
on the andean flank, and from 1800 to 2500 mm on the plain, with an average of 2380 mm.

The Beni River basin, in its andean part, receives between some 800 and 1000 mm on the
summit, and more than 4000 mm in the upper part of the hot valleys (Yungas). The most protected
zones due to its western situation behind the upper summits of the Cordillera, such as the valleys of
LaPaz and Luribay, have rainfall in the range of 350 to 500 mm. The main rainfall in the andean basin
is estimated at 1720 mm. Rainfall in the plainranges from 1650 to 2000 mm, with a mean precipitation
evaluated at 1810 mm, and at 1755 mm in the entire Beni basin, at the confluence with the Madre de
Dios river.

The mean precipitation in the Beni and the Madre de Dios basins, as a whole, is 2060 mm.

The Mamoré andean basin, with extrem values of 480 mm in the most semi-arid zone to 6000
mm at the foot of the Andes, receives 2 mean rainfall of 750 mm in the Rio Grande basin and 3000 mm
on the oriental watersheds. The Amazon plain has rainfall between 800 mm in the Rio Grande basin,
3000 mm in the Ichilo basin and 1900 mm at the head of the Madeira river. The increase in rainfall
is remarkable toward the north (800 to 1900 mm) and to the west (1000-1900 mm to 2000-4000 mm).
The mean rainfall on the basin is estimated at 1850 mm and 1520 mm over the entire Mamoré basin.

The Itenez River basin receives rainfall as follows: 900 mm in the south, 1800 mm in the east
and 1900 mm in the north east, with a mean value estimated at 1375 mm.

The mean precipitation on the upper Madeira basin is 1705 mm.

EVAPOTRANSPIRATION

Evapotranspiration has been evaluated in two ways: the water balance, by the difference
between precipitation and discharge, furnishes a value of the actual evapotranspiration that has been
compared to that obtained by formulas (Figure 2). According to the recommendations of UNESCO
for the water balance of South America, the formula of Thomthwaite or Turc has been used for land,
and of Penman for free-water,

Interannual values vary from 610 mm, in the semi-arid Rio Grande basin where the water
deficit is high, to 1520 mm in the Orthon River basin, characterized by a very flat relief, low drainage
and rainy forest covering. The andean part of the Beni River basin shows a value of evapotranspiration
of 780 mm, just a little higher than that of the previous basin. The evaluation of 1220 mm, made for
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the rainy oriental basins of the Mamoré River, increases the global value of evapotranspiration in the
Bolivian andean part of the upper the Madeira River basin, where it is estimated at 800 mm,

The actual evapotranspiration in the plain, varies from 1075 mm to 1520 mm and tends to
increase from South to North. This highest value is similar to that evaluated at 1470 mm for the
Amazonian forest in French Guiana (Roche, 1982 a, b).

The comparison of the evaluations obtained by the two methods, shows differences included
between zero and 14%. Evapotranspiration remains the most difficult evaluation of the water balance,
compared to the other terms that can be more easily measured.

RUNOFF

The annual rain distribution, conditioned by the alternation of a rainy season and a dry season,
determines in the Andes and its piedmont, hydrographs of multi-peaked floods which fuse dowstream
to originate the large annual flood of tropical type, preceded or followed by small well-differentiated
floods. The annual flood seems more and more defined from upstream to downstream of the large
drainage axis. It is more regulated and flattened in the Mamoré and Itenez Rivers mainly because of
longer courses and above all because of lateral extension of broad flooded areas. This also explains
the delay of the floods of the Mamoré and Itenez Rivers versus those of the Beni and Madre de Dios
Rivers. This can represent a two-month difference of phase (Roche and Femandez-Jatregui, 1986,
Bourges et al., 1988),

These floods of a remarkable magnitude, extend over surfaces in the order of 100,000-150,000
kmy, particularly in the Mamoré and Itenez River basins. These are mainly produced starting at the
confluence of the Chapare, Ichilo and Grande Rivers, and extending up to the Mamoré and Ttenez
Rivers.

During the flooding period, it appears that the whitish and turbid water of the upstream
tributaries is sufficient to fill the bed of the Mamoré River which, having very slight slope, does not
allow the prompt discharge of water of the upstream tributaries and rainfall from the lateral plain.
Floods on the plains, originating from local rains, are transparent and reddish-black. The mixture of
“white" and “brownish-black” water seems to take place gradually but the color difference makes it
possible to distinguish lateral trails, which indicate a longitudinal component of the drainage of the
flood water. The Itenez River, which does not descend from high mountains, also drains large flooded
areas carrying clear water. These floods take place from January to May-June, their decay loward the
main axis being delayed downstream.

The Madeira at its head is one of the world largest rivers, with a mean interannual volume of
536x 10° m, i.e. 17,000 m*s™!, 52% of which is contributed by the Beni River and 48% by the Mamoré
River (Figure 3). The Mean interannual contribution of the Bolivian Andes represents 132 x 10° m?,
i.e. 1170 m? 5!, i.e. 25% of the total discharge of the Madeira, In Bolivia the Andean basin of the Beni
River exports the greatest amount (72 x 10° m* i.e, 13%), followed by the eastemn basin (evaluated to
51 x 10° m?). The Andean basin of the Rfo Grande, with semi-arid regime in its largest part, supplies
8 x 10° m?, only 1.5% of water of the Madeira. To these inputs have to be added those of the Peruvian
Andes which feed the upper Madre de Dios River.
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Like the Madeira, the Beni and the Mamoré (both of same discharge) are also classified aslarge
rivers, greater than the Volga River, the largest in Europe, and the Niger River, the second largest in
Africa. The Madeira represents almost half the discharge of the Congo River.

SALINITY

The low salinity observed at the limit of the glaciers, covering intrusive rocks of the crest,
increases quickly dowstream due to the dissolution of altered or evaporitic varied rocks. Often, high
contents of sulphate comes from gypsum dissolution as well as from the leaching of whitish pellicular
efflorescences exuded by capillarity from different formations, especially from black schists (altera-
tion of sulphure), The pollution by La Paz city is locally strong but disappears some hundreds of
kilometers downstream.

In the Amazon plain, the effects of the climatohydrological regimes and of the vegetation
prevail over those of lithology. It occurs a continuous dilution of the andean inputs by the abundant
and less mineralized water of the lateral yields, on Quaternary detrital sediments. The extreme type
of waterof the savanna and forest has salinity among the lowest in the world (13-20uS at 25 C). Filtered
by vegetation, without turbulence, it shows great transparency. A prolonged contact with herbaceous
thick vegetation, or with the forest that it soaks in the shallow flatlands, as well as with humus-bearing
and often hydromorphic soils, gives a brown-reddish coloration with a black gleam, originating thus
the name of “black water”. With low pH, they show high relative contents in potassium due to
interaction with vegetation (Roche et al., 1986; Guyot et al., 1988),

The global salinity of the Madeira River at its begining has been measured and evaluated at
59 mgI'! (Figure 3). Itis a value higher than that of the Amazon, Orinoco, and Congo Rivers evaluated
at53mgl', 52mg1", and 31 mg 1", respectively (in Gac, 1980). The interannual salinity of the Beni
(61 mg 1"y and Mamoré (57 mg 1) are both similar.

The mean annual dissolved transport, at the head of the Madeira, reaches 32 x 10°t,i.e. 11
57!, The Beni and Mamoré River yield, each one, 17 x 10°t and 15 x 10 t. An estimation made for
another period (1983-1987) by Guyot (1988), leads for the Madeira River to 41 x 10 t of dissolved
ions and silica. These values can be compared to those of the Amazon River (290 x 10¢1), Orinoco
(50 x 10%1), Congo (37 x 108 1). Tt represents 10.9% of the total load of the Amazon.

In the Beni River basin atits confluence with the Madre de Dios, the Andes (60% of the surface)
exports yearly 5.2 x 10°1 of ions, whereas the plain yields 1.6 x 10%1. The total input of the Madre de
Dios River is evaluated at 7.1 x 10% ¢ of dissolved ions. At the confluence of the Madre de Dios and
Beni Rivers, 60% of the water inflow arises from the first river, while the dissolved contributions are
better balanced, closer to 50% for each river.

The contribution of the Bolivian Andes is evaluated at 12,9 x 10° t (i.e. 80 t km'?), with a mean
salinity of 98 mg ', and respective yields of 40% by the Beni River, 30% by the Grande River, and
30% by the eastern watershed.

The Upper Madeira water carries in solution mainly bicarbonates (61%), sulphate (14%),
sodium (5%), magnesium (5%), and potassium (4%).
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CONCLUSION

The upper Madeira River, in its Andean and plain basins, has yet an importantrole for the yield
of water and dissolved matter through the Amazon and the Atlantic Ocean. The contribution 1o
Amazon River transport (175,000 m®s™ and 9.2 t 5) is 9.7% for water, and 10.9% for dissolved ions,
while the surface involved represents 12.1% of the entire hydrological system. These evaluations are
the first made in the basin as a whole.

In this large basin, evapotranspiration removes 1075 to 1155 mm (according to the way of
evaluation), i.e. 63 to 68% of the 1705 mm of the precipitation. Then, runoff as complement, evacuales
33 to 37%, according to the two ways of evaluation of actual evapotranspiration. The losses are
assumed at two thirds by evapotranspiration. The region includes high and cold mountains, semi-arid
zones, and flooded savannas and forest over tens of thousands of square kilometers for many months
in the year. Taking in account this great variety of factors, the global value is compatible with those
of the Amazon, Orinoco, Parand, and San Francisco Rivers, estimated at 49%, 48%, 72% and 70%
(UNESCO, 1980) or that on the continents of the planet for which authors agree for values between
60% and 65%. This term of the water balance emphasizes the important phenomenon of recycling of
water vapor in the Amazon basin, even in the absence of thick forest,

Complementary new data are soon ready to be published by the PHICAB staff in climatology,
hydrology, hydrochemistry and sediment transport. But beyond these results and the necessity to
lengthen the series of data, the difficulties and incertitudes of evaluating regional evapotranspiration
remain, They justify to continue to carry out, by classical and up-to-date technics, thorough studies
of this so important term of the water and energy balances. The regionalization should be the guide-
line of a new state of such studies.
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Figure 1 - Map of interannual rainfall in the upper Madeira River basin, in mm yr' (period 1968-
1982). ’
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Figure 2 - Map of interannual actual evapotranspiration in the upper Madeira River basin, in mm
yr!, evaluated by Turc and Thornthwaite formulas
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Figure 3

- Water balance: Rainfall (P); Depth of runoff (Q); and Evapotranspiration (E), in mm

yr !, and salinity (S), in mg I, in the basins of the Upper Madeira River (period 1968-
1982). 1: Beni River at the limit of the Andes. 2: Beni River at the confluence with the
Madre de Dios River. 3: Madre de Dios River, 4: Orthon River. 5: Beni River at the
confluence with the Mamoré River. 6: Rfo Grande at the limit of the Andes. 7: Oriental
Watersheds at the limit of the Andes. 8: Mamoré River at the confluence with lrenez
River. 9: Itenez River. 10: Mamoré at the confluence wich the Beni River. 11: Madeira
River at its head. ’

2



Water management of the Amazon basin

{7 G001 = 00i [ [11 78 ol opoLl - (31 (33 Wi £01- »oil 081158 auan|juoy * aprl
i o oot 1% [543 e i Lo1g oot Ly 175§ o5k 911 SLo1- 5251 [t I L L] s anery
L'y L 0 L] LN 114 14y Lol et Fa 1 t orF oSl 0671 0oL soue| ) 1Nmig'e s Bind
89 £S5 P6b L5y L 188 LR el 088l Lt ST 1 G5 ssn ot &IST W0LrS  ULisarirdem 2108ry
2l §i58 §'t 57 "1 9Ll " {5 | 1Zoz 11 61 619 1 T o f143 0BIfer 1Mol |
b5 s L'68 i 1°51 S8 Sl 157 4 1119 (Al 78 (% "It 501 LY ooLt oLoliz  inofs Fi0ury
or 1 43 L s a1 08 [88 11 S51E of 78t bk in 1z oelt trel OF20T  viEpy asoeey
18 "l L'zs I3 4 (&) ott sel i [:: 8 [ 481 (il 165 9% g f4l] o8t 0rEEE |eofs sapuy
pid) 1l L4 2l LB St W01 L1755 Lst (1 6 15 (¥ (1441 4134 00082 sapuy SUISER WIS
59 44 ' | [ i 115 ”r Lal4 i s 8 451 e i 15 Qrags Sapuy vy
in s 001 615 et b0% 88 U7 5839 0ol 25 L T6b oMt 4301 1998 0658 LS} T1TS ey
i i 14t4 [ wo L (4 Al IRl rer s (34 975 hi- 1] BIst 000z Ly 1mie Iy
141 1[2] o 44 " §50 LN 65 Sley £°88 L3N 1"5§1 (414 o #sl Doosil 1rioy S010 @p aspry
% (3¢ [ 5 gy ” G6 90z 1927 (881 2781 7201 818 et §ls ¥l 0RELLT ey tuag
i it v L1 91 it bl 86l % 6701 s st [74] 0By G081 oligr wrefd g
I 91 LA Ll 'S it o1 11§ 1444 (511 ST =i 088 18¢ A5t 1 0LPTL sapiy tu3g
% x 2,01 wi e[neso} aurieg Ak 29-00/8981 poliayg

‘puod W, S| (S g % W g0l ww un Ly % = T

uorTpoy wot “poy ClesTdey  Cwifes  Cpue) g5 apnpoy Inpow = Tjodea) [Pl uley ¥

J NISHE Y3ddn
WOT1YLH04X] ALTHI WS 43080y A0 0LWNIT) Ll
n HINIE WALI0w TellND
15 LRILL

"(7861-0L/8961 ponad) eraljog jo uiseq ueruozeury 1addn) aya Jo Spj214 DUO[ pue JIEM 'ANUIES [ENUUEIIU] - | AR

93



Water management of the Amazon basin

ErAT]Og W

08 bor o0l 62t 186 SE1 st svr e §IEL 018 86¢ 1851 08TEIN Sapuy uorey friog
(U i1 I3 A % Yy 565 wr oo 9 we "y 15¢ [TIT59 apuesy 018
5l it s Bf 5t 901 % e EEs 15 911 (TCAI T S 1T - sutseq wiaysr)
1t 591 for S u o1 i B e U “w” 18t Bl 0195t - 142y oty
A2 .86 X 3,01 _1Bw  SH 2 WSL S X w01 ww ww Uy
vorIrlion ) Ayreipres }jouny “jodeaz a2y [[Taoley
1S HYUA 1WUENS  Sapuy “uolewy uriatfop

"T861-0L/8961 pouiad aya 10§ ‘eiarjog wi suiseq 1addn) uespuy ap Jo sp|91] J1UO] puk 12aep ‘Auijeg |enuueinu] - J] dqe ]

94



st1991

b—-

MAZON BASIN

s Y
B

N

~

ERMANAGEMENT

o
V¥

e
v
P

™,

it

i\

-
o,
vy

!
N
.
1
T
!



	00.jpg
	83.jpg
	84.jpg
	85.jpg
	86.jpg
	87.jpg
	88.jpg
	89.jpg
	90.jpg
	91.jpg
	92.jpg
	93.jpg
	94.jpg

