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ABSTRACT

Highly productive floodplain rivers in Brazil and elsewhere provide livelihood and recreational fishing for millions of people
around the world, but damming and controlled water discharge are a threat to these valuable ecosystems. Supplemental water
releases (SWRs) at a dam are increasingly used for restoring fisheries productivity in many floodplain rivers. We proposed a
conceptual model for a hypothetical water release to enhance fisheries using Trés Marias Reservoir (TMR) on the Sdo Francisco
River (SFR), Brazil. The information needed by the model follows: (i) Biologically, what is the best release date? (ii)) How much
water will be released? (iii) What is the pattern of impoundment and how much impounded water will be released? (iv) What is
the lost revenue to the power plant associated with SWR? (v) What is the relationship between river discharge and the area of
floodplain that is flooded? (vi) What is the relationship between SWR and fisheries value? Ichthyoplankton studies in the SFR
showed a clear positive relationship between fish density and water level (WL). While the relationship between WL and
floodplain area flooded and recruitment is not known, we concluded the best date for release is when there is a natural flood,
which naturally triggers fish spawning and the SWR will add to the natural flood and cover a greater floodplain area. The released
volume will range from 0.302km® to 2.192km?, depending on SWR duration. In most years from 1976 to 2003, TMR
impounded enough water for SWR only in the second half of the fish-spawning season (January—March). Lost revenue at TMR
depended on release volume and ranged from US$ 0.493 million to US$ 3.452 million for the actual power rate. However, SWR
could increase commercial fisheries income an estimated US$ 4.468 million. We forecast that SWR can bring fisheries benefits
that surpass the lost revenue. Published in 2007 by John Wiley & Sons, Ltd.
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INTRODUCTION

Millions of people around the world count on highly productive floodplain rivers for commercial, subsistence and
recreational fisheries (Bayley, 1981; Thuok, 1998; Craig et al., 2004). These fisheries ultimately depend on floods
because flooding is the principal factor responsible for productivity in floodplain rivers (Junk et al. 1989). Fisheries
harvest is directly related to the frequency and intensity of natural floods (Welcomme and Hagborg, 1977; Moses,
1987; Smolders et al., 2000). However, fisheries in floodplain rivers are threatened by anthropogenic activities such
as river damming, which attenuates intensity of floods, and construction of dikes along river banks, which prevent
flood waters reaching floodplain lakes.

Supplemental water releases (SWRs) from dams can be used to create the high water conditions required to
restore fisheries that have declined (Cowx, 1994). A series of water releases in the Pongolo River, South Africa,
induced fish to spawn and flooded the floodplain lakes fish use for rearing (Welcomme, 1989). Also, SWR from
Shire River Dam, Malawi, improved the fisheries catch, and controlled discharge from the Kariba Reservoir,
Zambezi River, Zambia/Zimbabwe, resulted in the occurrence of juveniles of several species in floodplain lakes.
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Figure 1. Map of the Sdo Francisco and Velhas rivers upstream the ichthyoplankton sampling sites (dashed arrows). Locations of gauging

stations are indicated by numbers (1 = Pirapora, 2 = Trés Marias, 3 = Abaeté, 4 = Guacui, 5 = Varzea das Palmas, 6 = Paratna, 7 = Licinio,

8 =Raul Soares) and location of Pirapora city by (@®). Distance to the headwater is shown for Sao Francisco and Velhas rivers. Insert shows the
entire basin and its location in the South America

An in-depth discussion of the importance of SWRs for biota is found in Stanford ef al. (1996), Galat et al. (1998),
and Koel and Sparks (2002).

The Sao Francisco River (SFR; Figure 1), Brazil, located southeast of the Amazon River, was once a major inland
fishing river. Menezes (1956) cited several impressive fisheries reports from the river during the first half of the last
century. For instance, Carneiro (1921) reported that 6000 surubims (Pseudoplatystoma corruscans) weighing
5-50 kg were harvested in one floodplain lake with just one seine haul. Seine hauls that captured 12 000 surubims
and 3000 fish of various species were reported and harvests of 4000-5000 fish were common (Magalhaes, 1942).

Contemporary fisheries landings in the SFR are much lower than the historical level and they continue to decline
(Godinho and Godinho, 2003). For instance, the yield of commercial fishers’ at Pirapora, an important fishing area
in the middle course of the SER at river km (rkm) 1978 decreased from 11.7 kg per fisher-day ' in 1987 to 3.1 kg per
ﬁsher-day_l in 1999 (Godinho et al., 1997; Godinho and Godinho, 2003). Harvest was also reduced in quality.
Surubim, the most valuable fish, was 86% of the yield in 1987, but only 27% in 1999 (Godinho et al., 1997;
Godinho, unpublished work). This collapse of the fisheries threatens a traditional livelihood of thousands of
families along the river (Valencio et al., 2003).

The SFR has experienced changes in flood intensity and frequency due to both natural and human changes. Lack
of significant floods that occurred historically is likely one of the major factors responsible for the recent fishery
collapse in the SFR. Flooding controls river productivity (Junk ez al. 1989), affecting rearing success and
recruitment of fisheries species that use floodplain lakes as their main nursery ground (Sato and Godinho, 2003).
Additionally, floods are needed for successful spawning (Godinho and Kynard, 2006). The last major flood in the
SFR was in 1992 when the river reached 11.8 m (a 20-year recurrence interval flood) in its middle course at rkm
1837. After 1992, all floods had recurrence interval of less than 3 years with maximum annual WLs ranging from
5.9 to 8.7 m. Collapse of the fishery for Prochilodus lineatus in the Pilcomayo River was attributed to the absence of
floods due to El Nifio (Smolders et al., 2000).

We proposed a conceptual model for SWR to address important information needs on biological, river, dam and
reservoir, and economic factors. The questions we asked to generate data for the conceptual model were: (I)
Biologically, what is the best release date? (II) How much water will be released? (III) What is the pattern of
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WATER RELEASE CONCEPTUAL MODEL FOR FISHERIES RESTORATION 949

impoundment and how much impounded water will be released? (IV) What is the lost revenue to the power plant
associated with SWR? (V) What is the relationship between river discharge and the area of floodplain that is
flooded? (VI) What is the relationship between SWR and fisheries value?

We applied questions I to IV of the conceptual model to the situation in the SFR to plan for potential SWRs from
Trés Marias Reservoir (TMR; Figure 1). The goal of the SWRs is to increase fish recruitment and ultimately the
fisheries by spilling water during the fish spawning season. This should enable early life stages to reach floodplain
lakes where they rear, and enable them to return back to the river at a later time. We sampled ichthyoplankton to
answer question I, and further, tested the hypothesis that flooding triggers fish spawning by comparing
ichthyoplankton density in a regulated river (SFR) and a non-regulated river, the Velhas River (VR; Figure 1). We
analyzed discharge data of the rivers and the impoundment at TMR to answer questions II and III. To address
question IV, we estimated lost revenue for a range of SWR durations based on the TMR hydraulic head during each
month of the spawning season and for a range of power rates. We alternatively estimated the annual drop in income
using commercial fishery yield in the SFR before and after the fisheries collapse to determine the relationship
between SWR and fisheries value.

FISHERIES AND STUDY SITE
Fisheries

The SFR basin is home to almost 160 species of freshwater fishes (Britski et al., 1988; Sato and Godinho, 1999;
Alves and Pompeu, 2001). Seven most important commercial species are migratory fishes that broadcast their
semi-buoyant eggs (Sato et al., 2003, Sato and Godinho, 2003) during the rainy season (Bazzoli, 2003). Hatching
16-22 h after fertilization is a common feature among these fishes (Sato ef al., 2003), and the larval stage ends within
3-5 days for five of these important species (Godinho et al., 2003). Floodplain lakes are the major nursery grounds for
early life stages and juveniles of important fisheries species (Sato et al., 1987, Pompeu and Godinho, 2003).

Trés Marias Dam and the river downstream

The TMR was built in the early 1960’s at rkm 2109 for flow regulation, flood control, irrigation and power
generation (Britski ez al., 1988). It has never been used to produce a SRW to restore the fishery, but a 2002 state law
requires dam owners to repair the damage if river flow regulation disrupts the nursery function of floodplain lakes.
The TMR live storage is 15278 km® and maximum hydraulic head is 57.5 m. The power plant installed capacity is
396 MW and maximum penstock discharge is 900m?s~'. To avoid flooding downstream, maximum allowed
discharge is 3500m>s "

Downstream of TMR, the river runs free for 1090 km until Sobradinho Reservoir and flows through the states of
Minas Gerais and Bahia (state border at rkm 1543). The mouths of the two largest tributaries, VR and Paracatu
River, are located 157 and 243 km downstream of TMR. Mainstem discharge just downstream of these two
tributaries is 73% of the total river discharge that reaches the ocean. Floodplain lakes along the mainsteam are
abundant mainly downstream of the Paracatu River. The floodplain area downstream of TMR is estimated at
2000 km? (Welcomme, 1990). The rainy season is from October to March when rains supply 91% of the annual
1.13 m rainfall. December and January are the two rainiest months.

MATERIAL AND METHODS
What is the best release date?

We sampled for ichthyoplankton in the SFR and VR at sites located 3.5 km upstream from the junction of the two
rivers (Figure 1). We sampled daily early in the morning and late in the afternoon from late November to early
February during two consecutive spawning seasons (1998-1999 and 1999-2000). We used a conical net (32 cm
mouth diameter, 140 cm long and 0.35 mm mesh size) set in the river channel 50 cm below the surface during
10—15 min to sample the ichthyoplankton. The net’s mouth had a mechanical flowmeter to measure the volume of

Published in 2007 by John Wiley & Sons, Ltd. River. Res. Applic. 23: 947-962 (2007)
DOI: 10.1002/rra



950 A. L. GODINHO, B. KYNARD AND C. B. MARTINEZ

filtered water. We preserved the samples in a buffered solution of 5% formalin. After we sampled for
ichthyoplankton, we measured water temperature, conductivity and turbidity with a Horiba U10 multi-parameter
water quality meter.

We sorted each ichthyoplankton sample once and classified each individual in the following early life stages:
egg, yolk-sac, preflexion, flexion and postflexion (Kendall ef al., 1984). The stages from yolk-sac to postflexion
correspond to the larva stage (Kendall ez al., 1984). We classified damaged individuals that could not be classified
into a development stage as unknown. We divided the number of individuals by the volume of filtered water to
calculate density per m>. We calculated density per m? for each early life stage and for total ichthyoplankton, which
included the unknown-stage individuals.

WL at gauging stations was determined once each day. We used data from two gauging stations in the SFR and
four stations in the VR (Figure 1). We also used data from one gauging station located in the largest tributary
upstream of each ichthyoplankton sampling site. Data from all gauging stations were provided by third parties
except data for the most downstream station in the VR.

We used SAS (SAS Institute, 1999) for statistical analysis. We used chi-square to test for differences in frequency
data between groups. For analysis of continuous variables, we used non-parametric statistics because most
variables did not have a normal distribution. We used Wilcoxon two-sample test with normal approximation and
continuity correction of 0.5 to compare data between two groups, Kruskal-Wallis test for comparisons when there
were more than two groups, and Spearman correlation to test relationships between two continuous variables. For
each early life stage except postflexion, we calculated the cross-correlation between daily fish density and WL with
maximum delay time of 8 days, sufficient time for most migratory fishes to complete development of the larval
stage (Godinho et al., 2003).

How much water will be released?

To calculate the SWR volume, we used an operating rule for a SWR with three discharge phases: increasing,
stable and decreasing. Duration of both increasing and decreasing discharge phases was 24 h. During the increasing
phase, discharge increased from 900m’s™' (= maximum penstock discharge) to 3500m®s™' (= maximum
allowed discharge) at the rate of 108.3 m>s ™" per hour. We used the same rate during the decreasing phase to reduce
discharge from 3500 to 900 m> s~ . For the stable phase, we set the discharge = maximum allowable discharge, and
then we calculated the volume released during 1, 2, 3, 4, 5 and 6 days. We then calculated the SWR volume adding
the volume of water used in each phase for SWR with total duration of 2 days (1 day increasing discharge and 1 day
decreasing) to 8 days (1 day increasing discharge, 6 days stable and 1 day decreasing).

What is the pattern of impoundment and how much impounded water will be released?

We used the TMR historical data to determine the volume of water impounded in TMR every month from 1976 to
2003. We also calculated the percentage of SWR volume in relation to daily live storage for every day from
November to March (the fish-spawning season) from 1976 to 2003.

What is the lost revenue to the power plant associated with SWR?

To determine Trés Marias power plant lost revenue (R), we used the following equation:
R=> (Qihge$) x 107 (1)
=1

where ¢ is hours since the beginning of spill, Q, is spill discharge (m>s~") at time ¢ as determined by the SWR
operating rule, / is hydraulic head, g is gravity acceleration (= 9.8 ms~?), ¢ is power unit efficiency (= 0.84), and $
is power rate in US$/MWh. To convert currency, we used the exchange rate of US$ 1.00 =R$ 2.79 (R$ = Brazilian
real) as of November 2004.

We calculated R using mean /4 for each month from November to March 1976-2003. In addition, we calculated R
for three values of $, i.e., US$ 18.00, US$ 30.00 and US$ 42.00. The lowest value of $ was slightly lower than the
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power purchase agreement (i.e. US$ 18.83) between producer and the distribution companies that negotiate power
produced by Trés Marias power plant (ANEEL, 2004). The greatest value was 14.3% greater than the mean power
purchase agreement in Brazil in 2000 (ELETROBRAS, 2001), so estimates of R already incorporate future
adjustments in the power purchase agreement.

What is the relationship between SWR and fisheries value?

To forecast the income increase, we used the decrease in commercial fishery annual income that followed the
fisheries collapse in the SFR. We determined the commercial fishery annual income (/) before and after the collapse
using the following equation:

I =fdwCPUE 2

where fis the number of commercial fishers, d is the number of working days, w is the commercial value of a kilo of
fish, and CPUE is the capture per unit of effort in kg-fisher '-day'. We considered f= 1946, which is the number
of fishers downstream of TMR in Minas Gerais state (Miranda er al., 1988); d = 188, which is the number of days
during the fishing season, excluded Saturdays, Sundays and holidays; and w = US$ 1.42, which is the mean cost per
kilogram of the three fish species that comprise most of the fisheries in 1997 (Franco de Camargo and Petrere,
2001). We used the CPUE of the commercial fishers’ of Pirapora in 1987 (= 11.7 kg-fisher '-day ') and 1997
(=31 kg-ﬁsherfl-dayfl), i.e., before and after the SFR fisheries collapse, to calculate two values of /. Then, we
used the difference between them to forecast the increase in [ after a SRW.

RESULTS
What is the best release date?

During the 2-year sampling period, WL varied only 0.81 m in the SFR, but varied 3.38 m in the VR (Figure 2).
Several floods happened each sampling season and they were always more intense in the VR. In the SFR, WL at
Pirapora was significantly correlated with three physical-chemical variables—conductivity, temperature and turbidity
(Spearman coefficient of correlation—rg; Table I). A similar relationship occurred between WL and physical-chemical
variables at Guacui in the VR (Table II). In both rivers, conductivity and temperature were negatively related to
increasing WL while turbidity had a positive r,. Absolute values of r, were greater in the VR than in the SFR.

We sorted 15 803 eggs and larvae in the SFR and 25 921 eggs and larvae in the VR. Total ichthyoplankton density
ranged from 0 to 39.9 individuals per m® in the SFR (median = 0.9) and from 0 to 51.8 individuals per m® in the VR
(median = 2.8). Total ichthyoplankton density was significantly smaller in the SFR (Wilcoxon two-sample test:
W=63653,df =1, p <0.0001). Egg density was greater in the morning than in the afternoon in the SFR (Wilcoxon
two-sample test: W=17824, df =1, P=0.01) and in the VR (Wilcoxon two-sample test: W=22899, df=1,
P =0.004).
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Figure 2. Daily water level (WL) in the Sao Francisco and Velhas rivers from late November to early February during two consecutive spawning
seasons (1998-1999 and 1999-2000)
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Table I. Spearman correlation matrix of egg density, water level at three gauging stations (Pirapora, Trés Marias and Abaeté),
conductivity, turbidity and temperature in the Sdo Francisco River

Variable Pirapora ™ Abaeté Conductivity Turbidity Temperature
Egg 0.40 NS 0.42 —0.46 0.43 —0.50
Pirapora (25 km) — 0.28 0.53 —0.56 0.52 —0.70
Trés Marias (150 km) — — —0.27 NS NS NS
Abaeté (152km) — — — —0.65 0.60 —0.64
Conductivity — — — — —0.83 0.68
Turbidity — — — — — —0.64

Gauging station distance to the ichthyoplankton sampling site is given. Abaeté gauging was located in the Abaeté River and the two other gauges
were in the Sdo Francisco River. Mean daily values were used to calculate correlation coefficient for egg density, conductivity, turbidity and
temperature. All coefficients with P <0.001 except NS, which was not significative.

Table II. Spearman correlation matrix of egg density, water level at four gauging stations (Guacui, VP = Varzea das Palmas,
Licinio and Paratina), pH, conductivity, turbidity and temperature in the Velhas River

Variable Guacui VP Licinio Parauna Conductivity Turbidity Temperature
Egg 0.51 0.50 0.49 0.54 —0.38 0.39 —0.50
Guacui (—3km) — 0.94 0.87 0.76 -0.79 0.79 —0.86
VP (65 km) — — 0.91 0.82 —0.78 0.82 —0.83
Licinio (281 km) — — — 0.74 —0.76 0.74 —0.78
Parauna (292 km) — — — — —0.53 0.62 —0.66
Conductivity — — — — — —0.76 0.75
Turbidity — — — — — — —0.68

Gauging station distance to the ichthyoplankton sampling site is given. Paratina gauging station was located in the Paratna River and all others
were in the Velhas River. Mean daily values were used to calculate correlation coefficient for egg density, conductivity, turbidity and temperature.
All coefficients with p < 0.0001.

Daily variation of egg and larva densities was similar in both rivers (Figure 3). Density peaks were more frequent
and, most of the time, greater in the VR than in the SFR. Egg and yolk-sac stages were more abundant among SFR
ichthyoplankton while preflexion and flexion were more abundant in the VR. We caught very few postflexion: 68 in
the SFR and 113 in the VR.

Eggs and larvae occurred during the entire sampling period (Figure 4). However, the Kruskal-Wallis test showed
that density was not constant during the spawning season in the SFR (spawning season of 1998-1999: H=57.2,
df =7, p < 0.0001; spawning season of 1999-2000: H=31.7, df =7, p < 0.0001) and in the VR (spawning season
of 1998-1999: H=40.9, df =7, p <0.0001; spawning season of 1999-2000: H=36.0, df =7, p <0.0001).
Greater densities were more common until the first 10 days of January in both rivers and spawning seasons. Floods
also occurred more frequently until January in the Abaeté River (chi-square test: x° = 52.8, df = 14, p < 0.0001)
and in the VR (chi-square test: x2: 124.4, df = 14, p < 0.0001; Figure 5).

Among all gauging stations, egg density in both rivers had greatest correlation with WL of the largest upstream
tributary (Tables I and II). Peaks of egg density in the SFR and VR were associated with floods in these tributaries
(Figure 6). For instance, near the end of the 1998—-1999 sampling season in the SFR, egg density peaked due to a
3-day, 22-cm flood in the Abaeté River after 20 days of very low density or no drifting eggs and constant WL in the
mainstem SFR. Furthermore, the total change in WL from one day to the next of the largest upstream tributary was
associated with change in the egg density in the SFR (Kruskal-Wallis test: H=18.4, df =8, P =0.02) and in the
VR (Kruskal-Wallis test: H=26.8 df = 14 P =0.02). In both rivers, we found the greatest egg densities when WL
variation was positive (Figure 7). On the other hand, variations in discharge of TMR did not influence egg density in
the SFR (Table I) and several small floods in SFR caused by only discharge from TMR were not followed by an
increase in egg density.

The egg and yolk-sac stages had the strongest cross-correlations with WL with a time lag of 0 or 1 day at all
gauging stations (Table III). In general, the closer to the gauging station, the greater the correlation for these life
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Figure 4. Mean and one standard deviation of total ichthyoplankton density in the Sao Francisco and Velhas rivers from late November to early
February during two consecutive spawning seasons (1998-1999 and 1999-2000). 10-day period comprises: 1 (day 1-10), 2 (day 11-20) and 3
(day 21-31)

stages. Preflexion had the strongest cross-correlation with WL mostly with a time lag of 2 or 3 days. The flexion
stage had the strongest cross-correlation with WL with a time lag of 3 days in the SFR and 4-7 days in the VR.

How much water will be released?

During the 24-h increasing phase of the SWR, 0.190 km® of water was used to increase the discharge from 900 to
3500m>s ™" at the rate of 108.3 m> s~ ' per hour. The same amount of water was used during the decreasing phase of
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Figure 5. Percentage of days with flood (water level at any day at least 20 cm greater than the day before) from November to March in the Abaeté
and Velhas rivers. 10-day period comprises: 1 (day 1-10), 2 (day 11-20) and 3 (day 21-31). Historical data series cover 1963—-2003 for the
Abaeté River and 1938-2003 for the Velhas River
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Figure 6. Daily mean egg densities in the Sao Francisco (top panels) and Velhas (bottom panels) rivers near their junction and the daily water
level (WL) in the biggest upstream tributary from late November to early February during two consecutive spawning seasons (1998-1999 and
1999-2000)

the SWR. Therefore, SWR volume for a 2-day release (1 day increasing and 1 day decreasing) was 0.380 km®
(Table IV). Water released during stable discharge was 0.302 km® per day. Thus, SWR volume was 2.192 km? for an
8-day release (1 day of increasing discharge, 6 days stable and 1 day decreasing).

What is the pattern of impoundment and how much impounded water will be released?

From November to March 1976-2003, mean monthly water accumulation was 1.204 + 1.173 km? (mean = SD;
range = —1.096 to 4.657 km?). During the spawning season, negative accumulation occurred during all months, but
November was the only month with negative mean (Figure 8).
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Figure 7. Mean and one standard deviation of egg densities in the Sdo Francisco and Velhas rivers near their junction. Water level change is the
24-h variation in the biggest upstream tributary

Table III. Strongest cross-correlation between daily mean density of the ichthyoplankton life stage and water level at gauging
stations in the Sdo Francisco and Velhas basins

Gauging station and distance Early life stage
Egg Yolk-sac Preflexion Flexion
Sao Francisco
Pirapora (25 km) 0.28 (0) 0.28 (1) 0.32 (2) 0.45 (3)
Trés Marias (150 km) 0.19 (0) 0.18 (0) 0.02 (3) —0.28 (1)
Abaeté (152km)’ 0.18 (0) 0.28 (0) 0.42 (2) 0.38 (3)
Velhas

Guacui (—3 km) 0.42 (0) 0.30 (0) 0.38 (2) 0.23 (7)
Vérzea das Palmas (65 km) 0.37 (0) 0.26 (0) 0.37 (2) 0.12 (6)
Paratina (281 km)’ 0.33 (0) 0.22 (1) 0.38 (3) 0.17 (7)
Licinio (292 km) 0.31 (0) 0.19 (0) 0.42 (1) 0.09 (5)
Raul Soares (499 km) 0.32 (0) 0.17 (1) 0.41 (3) 0.14 (7)

The day of the strongest coefficient of correlation is shown within parenthesis. Distance downstream to the ichthyoplankton sampling site is
presented for each gauging station. All gauging station in the mainstem except those marked with asterisk which were in the first biggest tributary
upstream of the ichthyoplankton sampling site.

Table IV. The volume of water released from Trés Marias Reservoir during
supplemental water released (SWR) of various durations

SWR duration (days) Volume of water released (km?)
2 0.380
3 0.682
4 0.984
5 1.286
6 1.588
7 1.890
8 2.192

From November to March 1976-2003, daily storage varied greatly (range, 1.322-15.162km’; mean and SD,
9.290 £3.552 km?>). Consequently, the percentage of SWR volume in live storage had a large range of variation
(Figure 9). Mean percentages and ranges were greater in November and December and smaller in January to March.
Mean percentage reached 13% in November and December for short-term SWR (up to 3 days) and 28-42% for
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Figure 8. Monthly volume of water (mean and range) impounded by Trés Marias Reservoir, 1976-2003
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Figure 9. Percentage of the flood volume (mean and range) in the daily live storage of Trés Marias Reservoir for flood duration of 2-8 days in
November to March. Live storage data covers 19762003

long-term SWR (6-8 days). In the other months, mean percentage was < 21% for most SWR except for 7- and
8-day release in January and 8-day release in February.

What is the lost revenue to the power plant associated with SWR?

The mean hydraulic head (4) increased gradually from 48.7 m in November to 54.9 m in March during
1976-2003. Thus, lost revenue (R) was 13% greater for a SWR in March compared to a SWR in November. That
difference did not depend on SWR duration or power rate ($).

For i =152.3 m, which was the mean % for January to March 1976-2003, R for a 2-day SWR ranged from R$
0.493 million ($ =US$ 18.00) to US$ 1.151 ($ = US$ 42.00; Figure 10). For every extra day, R increased in US$
0.493 million ($ = US$ 18.00), US$ 0.822 million ($ = US$ 30.00) or US$ 1.151 million ($ = US$ 42.00). Thus, R
for an 8-day SWR varied from US$ 3.452 ($=US$ 18.00) to US$ 8.056 million ($ =US$ 42.00).

What is the relationship between SWR and fisheries value?

The commercial fishery annual income in the SFR downstream TMR was estimated to be US$ 6.078 million in
1987 (prior to the fishery collapse) and US$ 1.610 million in 1997 (after the collapse). Thus, the annual income
decrease following the fishery collapse was US$ 4.468 million.
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Figure 10. Trés Marias power plant lost revenue (R) due to supplemental water releases for durations of 2-8 days and three power rates

DISCUSSION

SWRs are of growing importance in many countries (Lubinski ez al., 1991; Peterken and Hughes, 1995; Waal et al.,
1995; Acreman and Hollis, 1996). Restoration of the river—floodplain connectivity to enhance fisheries is frequently
one of the goals of SWR (Galat et al., 1998; Lusk et al., 2003). In Brazil, riverine fisheries are an important
economic activity (Petrere, 1989), but the fisheries are threatened in many rivers due to hydropower development.
Hydropower generation accounts for 90% of all electric power produced in Brazil and many more dams will be
built to support a steady growing demand for power, which was 5.2% per year during the 1980’s and 1990’s
(ANEEL, 2002). To mitigate the negative effects of hydropower development on Brazilian riverine fisheries,
restocking and, more recently, fish passage have been used to enhance fisheries. To date, these mitigation methods
have produced few significant results to restore fisheries. SWRs have not been used for fisheries restoration in
Brazil although many studies have shown this technique can restore floodplains in Africa, North American and
Europe (Acreman and Hollis, 1996; Michener and Haeuber, 1998; Buijse et al., 2002).

What is the best release date?

WL and physical-chemical variables were significantly correlated in both rivers. The lower correlations in the
SFR may have occurred because most of the water came from the TMR hypolimnion where water quality differed
from the metalimnion and tributaries downstream (Esteves et al., 1985; Sampaio and Lopez, 2003). Conductivity
and temperature decreased and turbidity increased as WL increased during rains. Because WL was responsible for
the changes in the three other variables, the influence of abiotic variables on ichthyoplankton density could be
limited to only WL.

Eggs drifting in the SFR and VR showed that spawning occurred near the sampling sites because hatching within
16-22 h is common among the fishes spawning in both rivers (Sato et al., 2003). In fact, spawning grounds of two
important fisheries species have been located near upstream from the egg sampling site in the SFR, i.e., 1 km for
Prochilodus argenteus and 23 km for Pseudoplatystoma corruscans (Godinho and Kynard, unpublished work). A
greater density of eggs drifting in the morning indicated that spawning was most intense during the afternoon, night
and early morning.

Low density of preflexion and flexion stages in the SFR were due to a trapping effect of TMR, which stopped the
downstream drift of the ichthyoplankton. Rivers upstream of TMR must carry eggs and larvae into the reservoir
because the fish communities in those rivers are similar to the communities found downstream (Sato et al., 1987, Alves
and Vono, 1998). However, the ichthyoplankton that drifts into TMR does not reach the SFR because ichthyoplankton
density just downstream from TMR is virtually null (Godinho & Kynard, 2006). Consequently, most of the preflexion
and flexion collected in the SFR come from the Abaeté River, the longest tributary upstream from the ichthyoplank-
ton sampling station. The trapping effect of TMR may also be responsible for the smaller total ichthyoplankton density
in the SFR compared to the VR. The greater density of preflexion and flexion in the VR indicated that distant spawning
grounds produced more offspring than the spawning sites just upstream from the sample site. Possibly, spawning sites
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far upstream are more numerous or have a greater abundance of spawning adults. We captured very few postflexion
larvae (0.4% in both rivers). This result may be due to fish developing into the postflexion stage only after they moved
downstream past our sample sites or because postflexion larvae can avoid the net.

All data support the hypothesis that floods trigger spawning of SFR fishes. Thus, egg density had the highest
correlation with WL, peaks of egg density were associated with peaks in WL, egg density increased after a positive
WL change and density of initial early life stages had the strongest cross-correlation with nearby gauging station
levels while density of older life stages were most correlated with distant, upstream gauging stations. Spawning
during floods is also supported by observations that P. argenteus produce mating calls during floods, and
pre-spawning P. corruscans visit spawning grounds mostly during floods (Godinho and Kynard, 2006; Godinho
et al., in press). Fish spawning during floods was also noticed in a watershed near SFR where most spawning
occurred when WLs were increasing (Schubart, 1949, 1954).

The positive correlation between increasing egg density and increasing WL also suggests a positive relationship
between flood intensity and number of adults that spawn. In rivers where floodplain lakes are the most important
nursery grounds for broadcast spawning fish, eggs and larvae have an increased probability of reaching the best
nurseries if parents spawn during a major flood. Thus, fish that spawn only during large floods may have a selective
advantage. However, a small fraction of the spawning adults spawned during small increases in WL (small floods),
conditions where offspring clearly cannot reach floodplain lakes. Survival of offspring is also likely possible in the
river, but survival is probably lower because ichthyoplankton density was lower during small floods. Finally, WL
fluctuation explains only a fraction of the variation in egg density; therefore, other unknown factors likely influence
the number of spawned eggs. There is a great need to examine the relationship between survival of young fish and
rearing habitat (river vs. floodplain) in the SFR.

The biological data in the present study suggests the best time for a SWR is when a natural flood is occurring
downstream of TMR. Spilling water simultaneously with a natural flood will increase the probability that the
combined WL will be high enough to carry the ichthyoplankton produced during natural flood from the river into
floodplain lakes. SWRs at TMR should only be done when a natural flood is happening downstream because normal
water releases from TMR do not trigger spawning of SFR fishes.

Spawning by SFR and VR fishes produced a slightly increasing number of drifting eggs from November to early
January. Interestingly, the historical frequency of natural flooding gradually increased until early January.
Spawning at the beginning of the spawning season reduces the time fish spend waiting for a flood near the spawning
ground so they can resume other activities (see Godinho and Kynard, 2006, and Godinho et al., in press, for details
on pre-spawning movements of two SFR migratory fishes). Spawning early in the rainy season may also allow
juveniles rearing in floodplain lakes to return to the river in the same rainy season they were born. Juveniles must
leave many floodplain lakes to escape desiccation during the 6-month dry season.

Our egg and larva data indicated that SWR might be done any time during late November to early February.
Other data, however, show that a SWR might be done after early February and even in March. For instance, three
important fisheries species spawn in February and one spawned in March (Bazzoli, 2003). Also, pre-spawning
P. corruscans visited spawning grounds in March (Godinho ef al., in press). Natural floods also occur in February
and March, although they are not as frequent as in December and January.

How much water will be released?

The SRW volume was mostly determined by maximum discharge and SRW duration. We set the maximum
discharge equal to the maximum allowed discharge because TMR discharge plus discharge from tributaries cannot
surpass 4000 m> s~ at Pirapora (ONS, 2002a) to avoid flooding two harbour patios (ONS, 2002b). This means that
a SWR with maximum allowed discharge might not be enough to reach the floodplain lakes. In this case, SWR must
be used to intensify a natural flood that is occurring downstream of Pirapora, particularly those floods coming from
the Paracatu and Velhas rivers, the two biggest tributaries located, respectively, 28 and 114 km from Pirapora.

The larger the SWR the greater should be the increase in fish productivity and harvest. Studies by Welcomme
(1976), Welcomme and Hagborg (1977) and Petrere (1983) indicate that fisheries yield in floodplain rivers is
directly related to the area of the floodplain. Thus, flooding a large floodplain area would result in greater
recruitment than flooding a smaller floodplain area. This justifies the use of maximum allowed discharge (or even
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larger, if possible) during SWR, even if discharges of that intensity were historically rare events at Pirapora. The use
of maximum allowed discharge does not guarantee yield increase because there is no available data that would
enable us to determine the relationship between discharge and area of the floodplain actually flooded. Therefore,
determining this relationship is vital for planning and evaluating any SWR strategy.

The SWR should last enough time to increase fisheries yield. Short-term SWR will cause less lost revenue, but may
also result in limited fisheries benefits because of flooding a small area. The two last large natural floods in the SFR,
which happened in 1979 and 1992, were famous significant increased catch afterwards and they each lasted a few weeks.

The best scenario is that a natural flood plus a SWR would reach the great floodplains of the SFR in Bahia located
upstream of the Sobradinho Reservoir. These floodplains are up to tens of kilometres wide (Sato and Godinho,
2003). The presence of young fish in floodplain lakes is known for several regions of the basin (e.g. Braga, 1964;
Sato et al., 1987; Pompeu and Godinho, 2003), but the reports described in Menezes (1956) on fish abundance in the
Bahia floodplains lakes are unique for the basin. All information indicates these are the most extensive and
important nursery grounds in the whole basin. Flooding these lakes will likely multiply the benefits of a SWR. In
our study, we did not consider the dampening of the SWR wave as it moves downstream. There is a need for a
hydraulic model of the SFR that would enable managers to predict the SWR needed to flood the Bahia floodplains.

What is the pattern of impoundment and how much impounded water will be released?

Although TMR inflow usually increases in October with the onset of the rainy season, the reservoir showed mean
positive water accumulation only after November. That happens because TMR is used to avoid a downstream flood
greater than the maximum allowed discharge. Therefore, its operating rule foresees the onset of reservoir filling in
the second half of December (ONS, 2002a).

The volume of water impounded by TMR during the fish spawning season had great year-to-year variation. For a
long-term SWR, the released volume can be greater than the impounded volume until January. Moreover, it can be a
large percentage of the live storage, especially in November and December. Because TMR impounds water during the
entire spawning season, SWR is more feasible during the second half of the spawning season.

Two consecutive SWRs may be necessary to allow fish reared in floodplain lakes to return to the river and recruit
into the riverine population. Biological data are needed to determine when a second SWR is appropriate and a
hydraulic model is needed to determine the magnitude of SWR that is needed. During most years, TMR impounds
enough water for two short-term SWRs in the same spawning season, but not for two long-term SWRs. For
long-term SWRs, it will likely only be possible to have one per spawning season.

Change in the TMR operating rule should be evaluated in order to guarantee enough water for SWR. Such a change
would mean filling the reservoir earlier or at a faster pace than predicted by the operating rule. If that is possible, a SWR
might bring a secondary benefit to the local fishery. Godinho (1994) suggested that one reason for the low fish yield in
TMR is the low offspring survival because of a mismatch between fish spawning and WL. Filling up TMR early might
increase offspring survival as occurred in Cajuru Reservoir located upstream of TMR (Alves, 1995).

What is the lost revenue to the power plant associated with SWR?

Lost revenue due to a SWR, which we estimated ranged from US$ 0.493 million to US$ 8.056 million, is
important to any decision regarding use of SWR as a fisheries management mitigation. Lost revenue did not show
remarkable differences among months because mean hydraulic head did not vary greatly (range, 48.7-54.9 m). Lost
revenue for a SWR in March, the month with the highest hydraulic head, would be 13% greater than in November,
the month with the lowest hydraulic head. This means that lost revenue would be mostly determined by power rate,
maximum discharge and SWR duration.

What is the relationship between SWR and fisheries value?

Even though R might be large at first glance, particularly for the combination of a long-term SWR and greater
power rate, the economic benefits of SWR may surpass R. We estimate that commercial fishery annual income had
declined from US$ 6.078 million to US$ 1.610 million because of fisheries collapse.
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The US$ 4.468 million decrease in the annual fishers’ income is, at the present time, the best possible forecast of
the income increase that might result from a SWR. In this case, our premise is that SWR will be able to increase
fishery yield back to the levels of late 1980’s. Compared to R, the forecast is greater than all except for that of the 7-
and 8-day SWR at $ =US$ 30.00, and for SWR > 5 days at $ =US$ 42.00.

Previous estimates of fishery income do not accurately reflect the actual income because they do not incorporate
the entire value of the fisheries. For instance, they do not include the income of the commercial fishery in Bahia or
the income of the recreational fishing and fisheries tourism industries. The calculations also did not consider the
non-monetary benefits of the subsistence fishery that occurs along the whole river. What the estimates really show is
that SWR must be seen as an investment in the river’s fisheries resource and the people who earn a living from the
river and that a SWR is not just lost revenue of an electricity generating plant. This investment can improve the
quality of life for the families of thousands of commercial fishers that have suffered impoverishment and social
exclusion after the fishery collapse in the 1990’s (Valencio et al., 2003).
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