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Abstract

The aim of this paper is to present a global study on the hydrodynamics, water quality and their influence on aquatic fauna.
The case study was conducted on a segment of the Lima river (North Portugal), downstream of the Touvedo dam, which was
mainly constructed for hydroelectric power production.

The ISIS FLOW program was used to simulate the hydrodynamics. This model also generates the necessary input data for
the water quality simulation using the ISIS QUALITY module. Two basic principles govern the ISIS programs: conservation of
mass and momentum.

Water quality parameters (dissolved oxygen and temperature) were simulated for different operational conditions of the
Touvedo dam: different discharges (water quantity and duration) and two levels of the water withdrawal, where different water
characteristics have been measured.

Another objective was to determine the instream flow for this segment through the Instream Flow Incremental Methodology
(IFIM). This technique allowed us to simulate the available habitat for three fish species: browrSeinb (truttd, Iberian
nase Chondrostoma polylepignd chub euciscus carolitert)i. Habitat requirements were assessed for different flow regimes
(natural versus regulated regime) for 1 year.

We observed a modification in the hydrodynamics and in the water quality as a function of the outflow volume and discharge
level by simulating the variation of dissolved oxygen and temperature downstream of the dam.

The response of the fish community to this modification appeared to result in a negative impact on the migratory fish and in
the salmonids being replaced by the more tolerant cyprinids.

This work shows that the relation between physical habitat and the targeted aquatic species is a hecessary but not sufficient
condition for a viable population of aquatic species.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Patten et al. (19973howed that the basic interac-
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cross-sectional flow area fL
pollutant concentration [ML3]
composite index

diffusion coefficient [I2T—1]
gravitational acceleration [LT2]
water surface elevation above
datum [L]

channel conveyance fT—1]
Manning’s roughness coefficient
[TL—=1/3)

wetted perimeter [L]

lateral inflow [L3T—1L—1]

flow [L3T1]

hydraulic radius [L]

source/sink term; representing
decay, growth, erosion, deposition
[ML-1T-]

friction slope

suitability index for the channel
index

suitability index for the depth
suitability index for the velocity
time [T]

cross-sectional averaged flow
velocity [LT~1]

distance [L]

angle of inflow
momentum correction coefficient

be reduced totally to physical principleStraskraba

et al. (1999)indicated that higher-level phenomena
previously ascribed only to the biological would, are
characteristic of the physical world as well, even if
there is a difference in how physical principles are

expressed at these two levels. In this work we are

describe a global study concerning hydrodynamics,
water quality and interaction with the biological com-
ponent. ISIS programs are used for modelling the
physical habitat (flow and water quality), following
conservation principles and based on partial differ-
ential equations: the Saint-Venant equations are used
to illustrate a one-dimensional flowdR Wallingford,
1997. To express the biological component we have
used three target fish species associated with a habitat
suitability index.

In fact, the habitat conditions are the principal
factor influencing the presence, the abundance and
the distribution of organisms in the environment
(Southwood, 197)¢ Several empirical observations
indicate that there is a close relation between species
extinction and habitat destructioN@ss and Murphy,
1995; Ney-Nifle and Mangel, 199%nd this has been
modelled byNakagiri et al. (2001)

Concerning the fish communities, the system of
top-down nested scaleBr{ssell et al., 1986is a useful
approach since it adopts a hierarchical perspective: the
zoogeographical range; drainage basin; river; section
or stretch; sequence; macrohabitat or morphological
stream unit and, finally, microhabitat. This one is the
finest scale, and therefore integrates all the phenomena
operating on the higher scales. Thus, the modelling
of fish microhabitats is of particular help in under-
standing the global functioning of aquatic ecosystems
(Reyjol et al., 2001 The effects of peaking hydroelec-
tric operations on microhabitats and the re-evaluation
of large storage reservoir operations have recently el-
evated the instream flow management issue to the
stream network and river basin scale in the United
States l(ubinski, 1992; National Research Council,
1992; Hesse and Sheets, 1993

All lotic communities are affected by of the flow re-
gime downstream of hydroelectric installations: mac-
roinvertebrate communityJortes et al., 1998, 2002
and fish communities/Nard and Stanford, 1983; Bain
et al., 1988; Langler and Smith, 200IRegulation
change of the flow regime downstream of the water
course, reducing the average annual flow, decreasing
the seasonal variation, modifying the occurrence of
extreme flow events, like the magnitude of floods, and
imposing unnatural discharges, generally with a strong
daily variation, will all affect the lotic communities.

The main aim of our study was to model the ef-

dealing with aquatic ecosystems. We are trying to fects of flow regulation on microhabitat use by fish.
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Previous studies have had the same purpose, but in dif-erage altitude of 450 m. In the uplands, the watershed
ferent conditions$cheidegger and Bain, 1995; Coop, is dominated by the mountains of the PenedaéGer
1996; Pilcher and Copp, 1997; Reyjol et al., 2p0b where the land cover consists of mosaic of forested
achieve this goal we adopted the approach establishedareas and natural areas. In the lowland, the topogra-
by IFIM (Instream Flow Incremental Methodology), phy is more uniform and land the cover is dominated
under which the variation of the habitat as a function by grassland and arable land.
of time must be defined (habitat time series analysis). The Lima watershed has a mean annual rainfall of
In habitat dynamics, the concept of using time series 1444 mm and a mean annual evapotranspiration rate
analysis was initially formulated by the Washington of 1000 mm (1947-1978). In the gauging station of
Department of Ecology(larke, 197% and by the Rabagcal, the mean daily flow was 58 871, with a
U.S. Geological SurveyQollings et al., 197p value of 1.93mMs ! low flow and 440 M s~1 annual
Another important goal was to analyse the influence flood.
of water quality on habitat availability. This aspect is The Limariver rises in the mountains of S. Mamede,
not considered in studies on instream flow, but it is ob- at approximately 950 m altitude, in the province of
vious that eutrophication has a negative impact on the Orense, Spain. In Portugal, it flows for 67 km to its
aquatic population. Furthermore, regulation helps to mouth at Viana do Castelo harbour.
amplify eutrophication symptoms, leading to a domi-  The Touvedo hydroelectric power statidfid. 2) is
nance of tolerant taxaCprtes et al., 2002 therefore situated on the Lima river, around 47 km from its out-
habitat availability and water quality modelling have fall, and is the beginning of the reach to be modelled,
to be conducted side by side. which ends in the small town of Ponte da Barca. The
Touvedo dam acts as a tailwater reservoir, modulating
the high flows released by Alto Lindoso dafid. 2).
2. Study area

The Lima river watershed is located in the North- 3. Methods
west of the Iberian Peninsula (U.E.). It is shared by
Portugal and SpainF{g. 1), and occupies an area of The ISIS programs were used to simulate the Lima
2525 knt, of which 1170 krd lies in Portuguese terri-  river hydrodynamics and water quality in a segment
tory (around 47%). The watershed has a NEE-SWW downstream of the Touvedo dam. The assembly of
orientation, with an average width of 19 km and an av- the ISIS models was developed, and is supported,

3

Portug

Fig. 1. Location of the Lima river watershed.
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Fig. 2. The stream network of the river Lima and the segment of the Lima river studied: Touvedo-Ponte da Barca.

by Wallingford Software Ltd. and Halcrow Group water” or Saint-Venant equations, which express the
Ltd. conservation of mass and momentum. Conservation
The IFIM is based on the assumption that the qual- of mass leads to the continuity equation, which es-
ity and quantity of physical habitat is related to the en- tablishes balances between the rate of the water rise
vironmental needs of aquatic animals. The use of the level and the wedge and prism storages. Conservation
physical habitat is calculated by means of the Physical of momentum leads to the dynamic equation, which
Habitat Simulation (PHABSIM), which requires the establishes balances between inertia, diffusion, grav-
consideration of other factors, because physical habi- ity and friction forces. Other forces, such as the wind
tat is a necessary but not a sufficient condition for the effects or meanders may also be included, but usually
existence of species, or a collection of species; inter- these have only a minor effect. The governing conti-
actions between species and life stages will also influ- nuity and momentum equations are written:
ence the state of the ecosystetilfious, 1999. The 00  0A
IFIM was developed by the U.S. Fish and Wildlife Ser- 7~ + o q )
vice (USFWS) to assess the environmental impacts of
water development projects through the quantification 99 = 9 (/3_Q2
of the aquatic habitatStalnaker et al., 1995 o ox\ A
The software designated by Riverine Habitat Simu- 2)
lations (RHABSIM), with the acronym of PHABSIM
(Payne, 1998 was used to link the stream channel
hydraulics with physical habitat utilization by aquatic
organisms, primarily fish.

oH 0
> +gA§ — gAS +qZ cose=0

where Q is flow (m®s™1), A is the cross-sectional
flow area (M), x is the distance (m)t is the time
(s), q is lateral inflow (n¥s~tm=1), g is the mo-
mentum correction coefficieng is the gravitational
acceleration (m3?), h is the water surface eleva-
3.1. Hydrodynamic channel flows tion above datum (m)$; = |Q|Q/K? is the friction
slope, calculated according to Manning’s equation,

ISIS FLOW is generally used for modelling steady where K = A2R*3/n? is the channel conveyance,
and unsteady flows in networks of open channels and R = A/ P is the hydraulic radius (mJ is the wetted
flood plains. The motion of the water body flowing perimeter (m),n is Manning's roughness coefficient,
in open channels can be described by the “shallow and« is the angle of inflow.
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Egs. (1) and (2)are described in mathematical where C is the pollutant concentration (kgTh), u
terms as a pair of one-dimensional non-linear hyper- is the cross-sectional averaged flow velocity (M)s
bolic partial differential equations. The solution of D is the diffusion coefficient (fs™1), S is the
any system of differential equations generally depends source/sink term; representing decay, growth, erosion,
on the existence, uniqueness and stability conditions. deposition, etc. (kg mts1).

For many applications it is not possible to solve the  AJl the variables inEq. (3)represent cross-sectional
Saint-Venant equations analytically; hence the need averaged quantities. This equation is effectively a mass
for a numerical solution. The first computational conservation equation with an added source t&m,
model using an implicit finite differences scheme was The first term represents the rate of change of pollutant
implemented byPreissmann (1960)SIS FLOW em-  at the point. The second term is called the advection
ploys the Preissmann implicit scheme, and the model component, and, when combined with the first term,
boundaries are represented by flow-time, stage-time represents the rate of pollutant change in the unit of
or stage-flow (rating-curves) relationships, including fluid along the streamline (considering the carrying

specific tide curves and hydrological boundaries. fluid to be incompressible). This is then balanced by
a third term, the diffusion term, which represents the

3.2. Water quality flux of pollutant out of the small unit of fluid travelling
with the flow.

Increasing computer speed and the development Due tothe complexity of the river network boundary
of new mathematical representations of physical pro- conditions,Eq. (3)is solved numerically. An explicit
cesses have rendered many water quality modelsimplementation of the SMART algorithm, developed
obsolete. The ISIS QUALITY program is used for by Gaskell and Lau (1988}s used to approximate the
modelling water quality in open channel systems such advection term.
as rivers and some estuaries. The ISIS FLOW model
provides the necessary flow data to be used by ISIS 3.3. Biological components
QUALITY. _ o _

ISIS QUALITY is capable of modelling a range of The IFIM is a decision-support system designed to

water quality variables and processes simultaneously. "€lP natural resource managers to determine the ben-
These include: conservative pollutants; decaying pol- €fits or consequences of different water management
lutants; coliformes; salt; water temperature; sediment; alternatives. The basis of this technique is the estab-
oxygen balance; water/sediment oxygen interactions; lishment of functions that relate flow to habitat use for
phytoplankton; macrophytes; benthic algae and pH. target species, whl_ch has the acronym of PHABSIM.
ISIS QUALITY is written in a modular fashion so Three macrohabitat-level stratifications may be used

that not all the processes need to be studied at oncen @n IFIM analysis: drainage basin, networks, and
However, the river environment is a system in which Ségments. In this work we have used the main channel

some of these variables and processes interact, and® Stratify and select the segments, which formed the

therefore some modules have to be run together with WOrking scale. _ _
other features. For instance, phytoplankton growth in- _ 1he conceptual model for RHABSIM is a depic-
teracts with dissolved oxygen. tion of the site as a mosaic of cells. At any particular

Model boundaries are represented by concentration- Stréam flow, each stream cell has a unique combi-
time or concentration-flow relationships. Pollutants nation of surface area, depth, velocity, substrate and

can also be introduced into, or removed from, any COVer. An estimate of microhabitat at a particular dis-
point in the model. charge, habitat suitability and criteria area are used to
The transport of pollutants is modelled by a fi- defineasuitabilityindex_ for the depth, velocity, cover
nite difference approximation to the one-dimensional P& and substrate attribute for each stream cell for
advection—diffusion equation: a life stage of a target species. These univariate suit-
ability indexes are mathematically aggregated to de-
dCA _a(uCA) N Kl <DA§) e @) termine the composite suitability of the cells, usually
or ox ox ox expressed on a scale ranging between 0 and 1. When
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the composed levelling method, with a self-levelling,

area of the cell, the product is known as the weighted NIKON Automatic Level-AZ. The point level was

usable area (WUA). The equation is expressed as:

n
WUA s = Y (ai0)(CSi.0.5)
i=1

(4)

where WUA, ; is the weighted usable area of the
reach areas at flonQ) for a target speciess), a; is
the surface area of ceil)( and csi s is the compos-
ite of cell () at flow (Q) for a target species). More
precisely, the composite suitability index for the flow
Q is the product of the univariate suitabilities for each
microhabitat variable:

csi = (sig) (siv) (Sici)

(5)

where gj is the suitability index for the cell depth,si
is the suitability index for the cell velocity, andgsi
is the suitability index for the channel index (usually
cover or substratum) of the cell.

3.4. Data collection

3.4.1. Physical and hydrological data collection
Spatial resolution is extremely important for obtain-

obtained on a 4 m telescopic staff. Cross-channel dis-
tances were measured using a 30 m measuring tape.
In deeper sections a boat was used to measure these
physical parameters. Ground elevations were taken
from the national Datum Reference.

Complementary information, for exceptional flows,
was obtained from the existing gauges placed at the
bridge and the dam.

To determine instream flow requirements, the river
segment studied was characterized according to the
habitat features: hydraulic variables (velocity and flow
stage) and geomorphological channel: substratum
(Harrelson et al., 1994

In the RHABSIM model, a channel cross-section is
described as a series of verticals. Each vertical is de-
scribed by a distance from a known point across the
channel, the ground elevation at that distance, and de-
scriptors of structural cover and substratum associated
with the locations.

Four cross-sections were established in other four
mesohabitats (two pools, a riffle and a run). In
these cross-sections, the hydraulic variables (velocity

ing accurate solutions of the Saint-Venant equations. and stage of flow) and the substratum for different
In general, higher Froude numbers and shallow flows discharges in the Touvedo dam at: 4, 20, 50 and
require greater spatial resolution. Open channel sys- 100 n? s~ were measured.

tems are modelled by taking the channel parameters A Buhier Montec xytec 7100 ultrasonic current
and computing levels and discharges at a set of dis- meter, version 2.00, was used to measure the water
crete cross-sections. Each cross-section is separatedelocity. Series of verticals were established on a

from the next by a distancax. Likewise, the solution

pericial base evaluation, which took into account the

is carried forward in time by a series of discrete time irregularity of the river bed. In the pools, where the

SstepsALt.

bed is more regular, horizontal intervals of 0.50m

The hydrodynamic flow equations dictate a natural were chosen, while in other mesohabitats, with less
scale for any river reach. The factors influencing the regular characteristics, the intervals were reduced to

choice of Ax and At are the bed slope, Manning’s
‘n’ value, minimum discharge, channel top width and
water surface curvature.

0.25m. In all situations when the depth was less than
0.20m, only one velocity measurement was carried
out. To measure the water surface elevation, a grad-

Several technigues were used to make a cross-sectionated staff was used in each vertical of the transect,

survey of the river Lima, according to the morpholog-

replaced by a meter-graduated rope for depths over

ical characteristics of the river. A vertical sounding 4 m. The substratum irregularity was characterized by
allowed us to determine the horizontal distances, us- direct observation of each vertical of the cross-section
ing smaller intervals for the more irregular sections, or and it was classified through the index developed by
longer ones as the sections became more homogenou8ovee and Colchnaur (1977)

(Bannister et al., 1994 After the cross-section was

determined, a steel cable was stretched between the3.4.2. Water quality data collection

two margins for stable measurements. For the lower The monitoring of water quality consisted of mea-
depths, the section survey was carried out by means ofsuring two selected parameters: dissolved oxygen and
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temperature. We collected water samples in July for stream is essentially colonised by cyprinids, with the
different flows at eight sites (seven in river Lima and Iberian nase and chub predominatinAG, 1999.

one in the Tora river tributary). Temperature and dis- Since regulation, these species have replaced most
solved oxygen data were obtained in situ using a nu- of the original species (salmon and trout). However,
merical recording. We also used the water quality data since trout still has a residual population, which needs
from the local River Board Authorities. This data set to recover, it was also chosen as a target species,
consisted of monthly determinations over a 10-year along with the currently dominant cyprinid species,
period. Water quality measurements in the reservoir Iberian nase and chub.

of the Touvedo were based @il (1996) We used the Sampling Protocol C (SPC) for the de-
velopment of habitat suitability criteridvianly et al.,
3.4.3. Biological data collection 1993. Habitat use and availability were assessed

Successful implementation of IFIM requires the randomly throughout the study area. Each sample
acquisition of accurate and realistic habitat suitability location is identified as being either used or unused
criteria for the target organism(s) being evaluated. by the target organism. Availability is defined as the
This methodology is extremely sensitive to subtle combination of both used and unused locations. Fish
differences in habitat suitability criteri@6vee et al., were captured by using a dc current of 500V pow-
1998. ered by a generation of 2.5kW. The electrofishing

The use of IFIM requires the selection of at least operations were carried out at the four sites in two
one target species. Previous studies showed that thesessions, one in summer and one in winter.
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4. Results
4.1. Flow and water quality modelling

Fig. 3 represents the computational model for the

205

Fig. 4 represents a longitudinal view of this seg-
ment, with the water surface level simulated for the
input flow of 4n?s™! discharged at the Touvedo
dam, along with a contribution of 0.5%8~ 1 of the
Tora river tributary, reaching 4.5%s1 at a distance

segment downstream of the Touvedo dam. In the of 3200 m from origin.

model construction the system of natural channels
was broken into internal and external hydraulic units.

The model is composed of approximately 30
RIVER units, three JUNCTION units, five SPILL
units, which compute the flow over irregular weirs
associated with traditional fishing, and an ARCHED
BRIDGE unit, to model the flow under the Roman

The flow decrease, shown 4000 m from the origin,
can be explained by the existence of a small island
in the channel, splitting it into two sub-channels. In
Fig. 5 only the flow of the sub-channels, between
3800 and 4000 m, is represented.

The velocity along this segment displays an irreg-
ular pattern, as described Fig. 5 a succession of

bridge of Ponte da Barca. The model has three ex- velocity peaks corresponding to the riffles created by
ternal units as boundary conditions: FLOW-TIME the weirs and more lentic waters associated with the
(QTBDY), which models a discharge hydrograph pool areas, having a width similar to the main chan-
specified as a boundary condition and represents a dis-nel. It is possible to observe that the Ponte da Barca
charge hydrograph at the Touvedo dam; a downstreambridge has a relatively reduced influence on the ve-
boundary condition FLOW-STAGE (QHBDY), which  locity, compared with the effect of the fishing weirs
represents a flow against the stage rating relation- (Fig. 5).
ship in Ponte da Barca, and a HYDROLOGICAL All hydrodynamics simulations have been checked
BOUNDARY, which is a hydrological model for de- by measured data (existing gauges and Rabacal gaug-
termining runoff from rainfall for a sub-catchment ing station).
(Torariver), using the United States Soil Conservation  We also applied ISIS QUALITY to simulate the
Service (US SCS) unit hydrograph method. selected water quality parameters, temperature and
For a flow of 4n¥s™1, the water surface level dissolved oxygen, considering the same segment and
reaches 23.4m at Touvedo dam and 17.3m at Pontedischargeskig. 6 represents the longitudinal variation
da Barca, representing a slope of approximately 6.1 m of these parameters. The initial conditions considered
in 6.2 km. This segment thus exhibits a succession of for the water mass of the river Lima are a“@Dtem-
small steps created by the weirs, composed of a pool perature and 9 mgt dissolved oxygen for the whole
upstream followed by a small extension riffle. length of the Touvedo-Ponte da Barca segment. A
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Fig. 5. Longitudinal variation of the flow and water velocity along the Touvedo-Ponte da Barca segment. (A) Input of*a&d.5low
on the river Lima from the Tora river tributary. (B) Braided channel effect in the flow.
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discharge of 4mis ! at the Touvedo dam was as- 1999. The first is the need to define the habitat as
sumed, with the following characteristics: 24G3 a function of the stream dischargeig. 8), and the
temperature and 7mg?} dissolved oxygen (values second is the need to define the variation of the habi-

observed byGil, 1996), in the Touvedo reservoir. tat as a function of timeHig. 9). Fig. 8 shows the
habitat (WUA) in relation to the stream discharge,

of the target-species at different life states during the
year.

The same habitat variation is found for the Iberian
nase regardless of its stage of development. For chub,
on the other hand, there is a differentiation according
to the life phases. Each WUA curve for the brown
trout presents a specific pattern during the year for
the life stage considered. We conclude that the flow
values that maximize the WUA vary significantly for
each species and life stages.

4.2. Habitat modelling for target-species

The fish were separated into juveniles and adults
according to size (trout- 12cm were classed as
adults, whilst the length chosen for cyprinids was
9 cm). Below these values the fish were classed as ju-
veniles. Comparison of velocity and depth suitability
curves for the three target-species and two life states,
adults and juvenils, is given iRig. 7.

The curves shown ifrig. 7 are univariate habitat
suitability index curves and were developed for the
juvenile and adult stage of each species. They dis- 4.3. Temporary habitat series
play the habitat utilization separately for water depth
and velocity and were obtained after fitting exponen-  The design of the IFIM assumes that it is necessary
tial polynomial functions to the frequency histogram to obtain the pattern of streamflows by integration
data (intervals were set at 20 crisfor both param- with the results obtained from PHABSIM in order to
eters). The microhabitat preference for each variable carry out an effective instream flow analysis: this is
was used to compute the joint preference function, called time series analysis.
where the same weight was given for the variables The temporary series are built by combining the
of velocity, depth and substrate (where each variable total habitat area as a function of the flow for a tem-
varies between 0 and 1). porary series of flows; we considered days with a

Two basic principles for the application of IFIM  temporary unit.
distinguish it from nearly all other approaches to in- The impact due to the flow regime modifica-
stream flow or instream habitat analysislilhous, tion consists of two temporary habitat series within
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Fig. 7. Habitat suitability criteria (velocity and depth function) for the three target-species. (A) Adult brown trout; (B) juvenile brown
trout; (C) adult Iberian nase; (D) juvenile Iberian nase; (E) adult chub; (F) juvenile chub.

(Fig. 9D) and without the projectHig. 9C). The areas

for a specific phase of the life cycle, the evaluation
of potential alterations in fish communities is useful, is observed, with a minimum of 1.93%s ! and a
since each species has a different answer to the flowmaximum of 440rs™1 corresponding to the flood

alterations.

Based on daily averaged flows obtained at the
Rabacal gauging station, the annual hydrograph wasbegins in July (Day 250) and ends in September, where

computed Fig. 9A), which may be compared with the
between the two curves are computed. The tempo- reference state corresponding to the situation before
rary series allows us to identify the critical periods the flow regulations.

A daily medium flow annual average of 581!

peak Fig. 9A).

Analysis of Fig. 9B) reveals a critical period, which
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limitations of the available habitat area are noticed for
the adult trout.

The regulated regimd~{g. 90 results in the inte-
gration of the discharged flow (50 or 108s11) with
a 4nPs 1 experimental instream flow and, further,
with the flow released by the flood weir. It should be
noticed that the flow values and their distribution in
time are simulated, given the impossibility of obtain-
ing real values.

There is a minimum of 4/s™! instream flow,
when a group of generators is not in operation,
and this undergoes an abrupt oscillation to 50 or
100n? s~ when one or two turbines begin to turn.

Modelling 173 (2004) 197-218

The histogram of total WUA is shown iRig. 10
for the three species and under the two flow regimes
(natural versus regulated).

A non-significant variation in total used habi-
tat (WUA) is observed for all species, from the
natural regime to the regulated one. For the adult
brown trout winter/spring, we observed an in-
crease of WUA from the natural to the regulated
regime. Such an increase is due to the fact that the
minimum flow increases in the regulated regime,
which corresponds to more available habitat. How-
ever, the total WUA does not identify critical peri-
ods when the flow limits the sustainability of fish

The four peaks correspond to the flood discharges populations.

(Fig. 90.
The Touvedo dam dramatically altered the flow

regime downstream, reducing the seasonal flow vari-

ation, altering the time of extreme flow occurrence,
reducing flood magnitude and imposing unnatural
discharges.

No critical period was identified for the brown trout
in the regulated regime. The minimum WUA was ob-
served when an environmental flow of 487! was

4.4. Simulation of water quality and habitat under
different discharges

4.4.1. Water quality

A discharge of 4ris™! was taken as a reference
setting for the Touvedo hydroelectrical operation,
which is the summer value of the experimental in-
stream flow. The water withdrawal was placed at

discharged at the Touvedo dam. The highest valuesthe surface, at approximately 0.5m depth. The main

of WUA were found when 100 As! are discharged
by dam. Therefore the optimal value for this species,
in terms of the phase of its life cycle and time of the
yeat, is close to this number.

5,000,000 -
4,500,000 -
4,000,000 4
3,500,000 1
3,000,000 1
2,500,000 1
2,000,000 1
1,500,000 -
1,000,000 1
500,000 -
0

Weighted Usable Area (m?®/km)

characteristics of this water mass are temperature,
24.3°C, and dissolved oxygen, 7 mgll (Fig. 11, time
0:00:00). The flow contribution of the Tora tributary
is 0.5n?s 1 and has the following characteristics:

T T

Iberian Iberian Iberian Iberian
nase nase nase nase
24 2,3 1,4 1.3

2.4

Bl natural flow

Chub Chub Chub

Brown
trout
1,3

Brown Brown
trout  trout
23 1,4

Brown
trout
2,4

23 14 13

m regularized flow

Fig. 10. WUA Histogram for the Iberian nas€londrostoma polylepischub (euciscus caroliterl) and brown trout $almo truttd in

natural and regulated flows: 1, juvenile; 2, adult; 3, winter/spring;

4, summer/autumn.
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Fig. 11. Spatial and temporal variation of the water quality parameters, dissolved oxygen and temperature, for a dischatgelof 4m
and water withdrawal close to the surface (0.5m depth).

temperature 15C and a dissolved oxygen value close first scenarioFig. 12represents the dissolved oxygen
to the oxygen saturation point (10.1 mg}). variation and temperature along the Touvedo-Ponte
The initial conditions in the water mass of the da Barca segment at different times.
Touvedo-Ponte da Barca segment are represented in In the second situation, the water withdrawal is
Fig. 11 (time 0:00:00). The following values were placed 20 m depth, where the water characteristics are
considered common to the whole length segment: very different from the ones in the downstream seg-
20°C temperature, and 9mgl dissolved oxygen, ment, leading to a fall in dissolved oxygen and conse-
close to oxygen saturation point. quently in water quality. An inverse behaviour is found
For the surface water withdrawal, the temperature in the temperature curve, compared with the one ob-
curve is descending, and the discharge effect is felt tained for the first scenario. The propagation of this
for a length of 3000 m. The dissolved oxygen curve water wave of low quality occurs at low velocity. The
displays an inverse behaviour, quickly reaching the contribution of the Tora river tributary is only respon-
saturation point. The water characteristics are influ- sible for immediate variations.
enced by the Tora tributary, which is responsible for  In a more realistic operational scenario, a discharge
the marked drop in temperature observed at 3200 m. of 50 n?s~1 over a 7-h period was considered, includ-
A second scenario with the same upstream hydro- ing two discharges of 4 s~ Fig. 13represents the
graph was considered, but now with the water with- upstream hydrograph that corresponds to this scenario.
drawal at 20m depth. The water mass temperature As discharges of 4 and 5078 ! take place at
decreased from 24.3 to 146, and the dissolved different depths, these being 0.5 and 20 m, respec-
oxygen fell from 7.0 to 5.2 mgtit. The initial condi- tively, the following water characteristics are ex-
tions considered in the Lima river segment, as well for pected Fig. 14: a flow of 4n?s~! at a temperature
the Tora tributary inflow, are identical to those for the of 24.3°C, falling to 14.5°C for a 50n¥s™ 1 low.
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Boundary Data: lima20
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Fig. 13. Upstream hydrograph for a discharge of 5@nt over a 7-h period at Touvedo.

Likewise, we would have a value of 7 mglidissolved 50 me s is about 12 times more than £ L. Dur-
oxygen for the 4 s~ flow, falling to 5.2 mgt? for ing the 50nis! discharge the effect of the Tora
the 50 n? s~ discharge. tributary in the river Lima water quality was not no-
The initial conditions and the water characteristics ticeable, due to its reduced contribution to the total
of the Tora river tributary are identical to the ones for flow.
the previous scenarios.
Fig. 14 represents the initial conditions (time 4.4.2. Physical habitat
0:00:00) and values of dissolved oxygen and tempera-  To understand the physical habitat variation under
ture before the discharge of 5¢sr! (time 2:00:00).  the different operational conditions of the Touvedo
It also represents the abrupt change in the water tem-dam we developed a habitat time series for the three
perature and dissolved oxygen caused by the begin-previous settingsFig. 150nly gives the WUA for the
ning of the 50Ms~* discharge (time 7:00:00), and  three target species and respective stages of life.

other abrupt alterations due to the end of 50Tt As we already observed, the situation defined by the
flow and the beginning of 4As~1 discharge (time  third simulation produced more significant changes in
12:00:00). the WUA. This is due to a combination of flows, which

This third simulation corresponds to a more com- have a more marked impact on the habitats than each
plex situation, where an abrupt hydrological and separate flow.
water quality variation is detected. It reflects an ob-
vious drop in the water temperature and dissolved
oxygen, which quickly extends to the whole segment, 5. Discussion
due to the large amount of water discharged. Seven
hours after the beginning of the 51! discharge, The main conclusion with respect to the hydrody-
the water mass of the entire segment presents lownamic component is: the discharges’ effects down-
dissolved oxygen values. The dissolved oxygen re- stream of the dam were felt mainly in a segment of
covery during the 4rs™! discharge is very slow, about 6000 m. This segment is populated by countless
as can be seen frorRig. 14 The order of magni-  fishing dams that influence the hydrodynamics, and
tude between the two flows is very different; in fact, are difficult to model without resorting to the internal
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Fig. 14. Spatial and temporal variation of the water quality parameters, dissolved oxygen and temperature, considerirsg‘adi€amarge
over a 7-h period, including two discharges of 2sn?.

SPILL unit.
The hydrodynamics influences the water quality, the water quality downstream of the dam.

since it is a function of the outflow and stage of dis-

charge.
The Touvedo dam reservoir registered a vertical and in a larger stretch of the river Lima than those

difference of about 10C, which has a consider-

4més~1, a very significant difference was found in

We also concluded that changes in the water quality
caused by a 50 &s~1 discharge are felt more quickly

caused by a 4 fs! discharge. More important than

able influence on the discharged water characteristicsthe flow is the level of the water withdrawal. For water
downstream of the reservoir: For the same flow of withdrawals occurring at shallower depths (close to
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Fig. 15. WUA histogram for the Iberian nase, chub and brown trout in three scenarios of Touvedo dam operations: 1, juvenile; 2, adult;
3, winter/spring.

the surface), the water discharged showed a higherthe curve are designed to encompass the range of the
quality (more oxygen) when compared to the water environmental variables and the narrow peak repre-
withdrawal occurring at greater depths. sents the optimum. However, while their use is very fa-
The IFIM traced the impact on the biological com- miliar, some criticism has nevertheless been expressed
ponent through the habitat suitability criteria for the (e.g. Morhardt and Mesick, 1988 mainly because
target species. The most relevant fact, but one which when calculating the composite suitability index the
was contradictory, was the uniformity of WUA in spite  univariate curves treat variables independently, disre-
of different flow regimes (natural versus regulated) garding interactions between variables. Furthermore,
and operational conditions at the Touvedo dam. Ob- a large area of low-quality habitat can produce the
served differences among patterns of microhabitat use same WUA as a small amount of high quality habitat.
in natural flow and regulated flow must be linked to Some of the previous considerations explain why
microhabitat availability. Opposite patterns obtained there are often weak relationships between the WUA
in natural and regulated flow may not reflect the real for a single population at different times for the same
preferences of these species, but only the use of thestream reach, especially if there are important flow
available microhabitat conditions. Nevertheless, the variations (e.gGowan, 1984; Anderson, 19840 im-
persistence of some tendencies in natural and regulatedprove the correlation between WUA fish populations
flows may reflect the real preferences of the species information is frequently collected on the available
(Baldridge and Amos, 1982; Bovee, 1982; Raleigh habitat concurrently with the above-mentioned data
et al., 1986; Belaud et al., 1989The determination  concerning fish utilization of the different habitats
of habitat suitability using the PHABSIM model was (Reyjol et al., 2001 Consequently, habitat availabil-
required, first through observation of the physical ity is used to modify the observed information on the
characteristics in the spots where the fish were ob- microhabitat at the fish location. But even with this
served, following a random survey by electrofishing. correction, it is obvious that the instant assessment of
These observations tend to assume that the conditionsthe WUA can hardly be correlated to target species
observed in the vicinities of the captured fish are those whose standing density or biomass is the result of
most preferred. However, dsambert (1987)points both the generally stochastic variation of the habitat
out, if insufficient “ideal” habitat is available in the conditions during the previous stages of development
natural setting the fish might have been occupying a and of biotic factors (such as inter- and intra-specific
less-than-ideal habitat, resulting in biased suitability interactions). Another correction could be made by
criteria, which do not reflect the target species’ prefer- using different weighting factors for calculating the
ence. Univariate curves were the next criteria selected joint preference function, instead of the same rela-
for expressing habitat suitability={g. 7). The tails of tive importance, as was used here. Such differences
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between factors can be empirically derived and are
useful for taking into account the bottleneck imposed
by a specific factor, but they require more information
about the ecology of each population in the ecosystem.
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aquatic species or guilds of species. Therefore the
values obtained for the WUA ifrig. 9 (natural ver-

sus regularized flows) have to be treated with caution
since there is no automatic adaptation of fish species to

In addition, an assessment based on calculationschanges of flow. This is especially evident in regulated
of the WUA must be made with great care, because streams like the Lima river where the irregularity of
managers assume that areas of the stream not actuallflow in natural versus regularized conditiortsd. 9
occupied by fish can be eliminated without affecting imposes different adaptations (e.g. time lags) or bot-
the fish population, even adopting stream flows lower tlenecks that are not maintained. Unfortunately, most
than the ones occurring naturally. This can be a con- of the time this is an impossible task, especially when
sequence, for instance, of a high contamination load time is scarce, as it is in most of the EIA studies. We
impacting strongly on fish communities. WUA estima- must therefore use different models that cover a wider
tion is not an end in itself and needs to be validated by ecological spectrum instead of just a single technique.
analysing fish dynamics over time and by taking into But because each of these models (like ISIS FLOW or
consideration both the physical variables included in I1SIS QUALITY and PHABSIM/IFIM) use different
the PHABSIM model (depth, velocity and substrate) assumptions, algorithms and variables it is necessary
and the most relevant parameters linked to water qual- to run them side by side and to compare the results,
ity. Therefore, it is best to run water quality models together with the opinion of experts on the wildlife
together with flow simulation and to compare the re- ecology and literature about the specific ecosystem.
sults with the WUA calculations. This approach was Only in this way it is possible to integrate all the in-
attempted in this work but, as already mentioned, these formation and to avoid simplistic conclusions, which
models need further confirmation by carrying out bio- may be ecologically devastating when decisions have
logical surveys. Furthermore, the PHABSIM software to be made, since a multitude of approaches, models
also accepts a wider range of variables, provided that and tools will have been used, each developed to sat-
they are related to hydraulics, and these, too, may helpisfy a specific need.
to improve the WUA results, especially in relation to The integration of flow and quality models with lo-
fish behaviour. In fact, aBovee et al. (1998have al- cal biological information proved to be a multifaceted
ready pointed out, the notion that only microhabitat mechanism for assessing the operation of the Touvedo
variables can be used (depth, velocity and substrate)dam. We have demonstrated that the relation between
is @ mis-conception, since it accepts other microhabi- physical habitat and aquatic populations is not simple,
tat variables such as nose and adjacent velocity, coverbut that it must include other aspects of the ecosystem

type, distance from shore, proximity to another habitat
type, shear stress or Froude number.

Adult fish populations are determined by recruit-
ment, which is strongly correlated with the amount of
habitat available for the early stages of the species.
Habitat bottlenecks usually affect recruitment directly,
via habitat types related to the production and survival
of eggs, larvae and fry, or indirectly, related to the
growth rates of juveniles or to the microhabitat for in-
vertebrate food supplie$Stalnaker et al., 19950nly
by predicting the main factors that affect fish survival
and growth (especially during their critical periods of
development), incorporating appropriate time series,
from available habitat to water quality, followed by
the field validation mentioned earlier, can we make

and the history of the streamflowMilhous, 1999.
Finally, we emphasize that the modelling approaches,
the system (habitat) simulation and living components
all help towards understanding ecosystem functioning,
and may well help us to define management programs
for river regulation.

The operational conditions imposed by a dam
(Touvedo hydropower) altered the hydrodynamics
and the water quality. Consequently, the composition
of the fish population was changed, since salmonids
and migratory fish declined, and were replaced by
tolerant cyprinids. Each species exhibited different
resilience curves, according to their capacity to de-
velop more satisfactory adaptations to intense water
level fluctuations Bunt et al., 1999 or depending

a better judgement about the instream flow that does on their reproductive characteristics. Monitoring of

not militate against the sustainability of the selected

these communities is essential for the instream flow
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setting. The use of the physical habitat calculated by
RHABSIM requires consideration of other factors,

because physical habitat is a necessary but not a suf--

ficient condition for the existence of a species or a
collection of species. Furthermore, interactions be-
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Coop, G.H., 1996. Microhabitat used of fish larvae and juveniles
in a highly regulated section of the River Great Ouse. Invited
paper for special issue of Regul. Riv.

ortes, R.M.V,, Ferreira, M.T., Oliveira, S.V., Godinho, F., 1998.
Contrasting impact of small dams on the macroinvertebrates of
two Iberian mountain rivers. Hydrobiologia 389, 51-61.

tween species and life stages will influence the state Cortes, R.M.V., Ferreira, M.T., Oliveira, S.V., Oliveira, D., 2002.

of the ecosystem. In future work we intend to develop

an integrated approach to water quality parameters

and the physical habitat for the same target-species.
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