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PREFACE

The harmonious coexistence of hydraulic structures with the natural environment is the focus of
this second symposium on ecohydraulics organized under IAHR'S sponsorship. The - first
symposium was held in Trondheim, Norway in August 1994. Approximately equal numbers of
hydraulicists and biologists sharing an interest in the rational and ecological use of the aquatic
environment attended ECOHYDRAULICS 2000. Hydraulic works may bring about disastrous
consequences for fish communities by destroying or modifying important habitats. The main
objective of the Symposium ECOHYDRAULICS 2000 was to make available new scientific
knowledge, state of the art analysis tools and advantageous technical solutions to prevent or limit
these negative impacts. We hope that this goal was achieved. As chairman of the event, I take this
opportunity to acknowledge all persons, sometime in shadow, who participated to the success of
ECOHYDRAULICS 2000.

PREFACE

La coexistence harmonieuse des ouvrages hydrauliques et du milieu naturel est le theme
principal d'un deuxiéme Symposium spécialisé organisé sous les auspices de I'AIRH sur ce sujet,
le premier ayant été tenu a Trondheim, Norvége en aoit 1994.  Cette seconde rencontre
internationale a mis en présence un nombre sensiblement égal d'hydrauliciens et de biologistes
désirant concilier des objectifs d'utilisation rationnelle et écologique du milieu aquatique. Les
interventions hydrauliques peuvent avoir des conséquences désastreuses sur les communautés
piscicoles par la destruction des habitats qui les supportent. Le but du Symposium était d'offrir
des connaissances, des outils d'analyse et des solutions techniques avantageuses pour éviter ou
limiter ces impacts négatifs. Nous sommes trés heureux d'avoir eu le privilege de participer a la
réalisation de cette noble cause. A titre de président du Symposium, je tiens a féliciter et a
remercier toutes les personnes qui ont participé, parfois dans l'ombre, a l'organisation

d'ECOHYDRAULIQUE 2000.
/M holns | E'Celﬂrc__‘,

‘Michel Leclerc
Chairman / Président
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Supersaturation below the spiliways of dams can provoke Gas Bubble Discase (GBD) in fish and other riverine
animals. This was the case of Yacyreta Dam, a low head (21 m), 1,600 km? hydroelectric project located on the
Parana River, at the international border of Argentina and Paraguay. The dam has two gated overflow spillways.
Spillage of water over the dam entrains air and causes supersaturation in the stilling basins placed below each
spillway. A massive fish mortality caused by GBD was observed in 1994, in a 100-km reach below Yacyreta
Dam. After the event, modifications in the operation of spillway gates reduced the levels of supersaturation. Other
improvements are presently being implemented, such as modifications in the structure of spiliway gates to reduce
supersaturation levels, as well as_increases in discharge passing through turbines. An intensive monitoring of dis-
solved gases and fish sanitary conditions was carried out by an agreement between the public power utility of
Yacyreta Dam (EBY) and the Institute of Ichthyology of the National University of the Northeast (UNNE). The
first results of this survey are reported here. Gas supersaturation was measured daily at different sampling points
in the river using a Common Sensing electronic saturometer. Fish health condition was examined in individuals
caught by gillnets in two sampling points within the river; one of them placed close to the main spillway and the
other located 70 km downriver, every 20-30 days, from March 1995 to March 1995. Each fish was examined for
emphysema (bubbles) within the skin, eyes and fins, and some of them were dissected to permit internal examin-
ation and histological sampling of various tissues. Close to the spillway, in the main river channel, total gas super-
saturation values oscillated in a range comprised between 125,4 and 153.3 %. In this sampling point, 13% to 58%
of the fish caught were found with emphysema within the fins or other GBD signs. This high incidence of the
GBD would have been artificially enhanced by the netting, because fish were caught at low depths (0.5-3.0 m),
out of the hydrostatic compensation zone. Histopathological analyses confirmed the presence of lesions caused by
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GBD in gills and liver in about 35% of the fish sampled. In the sampling point located 70 km downstream, super-
saturation values varied in a range comprised between 107-130%, which was closer to the normal river condi-
tions. Percentage of fish affected varied between 0 and 9%, but no histopathological lesions were found in gills or
liver. These results indicate that the dam is still generating dangerous levels of supersaturation, and fish inhabiting
the shallowest areas of the river (<3 m) can develop the GBD. Modifications being in execution will likely reduce
the present levels of supersaturation.

KEY-WORDS: gas bubble discase/ fish/ gas supersaturation/ total dissolved gases/ dams/ large rivers/ Argentina.

INTRODUCTION

A major characteristic of the South American drainage systems is the presence of large rivers with extensive
floodplains having a diversified fish fauna. The Parana River belongs to the Del Plata Basin, the second largest
drainage basin of the subcontinent after the Amazon Basin. Since 1960, considerable development of civil works
in Del Plata Basin has transformed large reaches of the headwater zone in a succession of reservoirs, particularly
in Brazil. In addition, two huge dams were constructed in the middle sections of the Parana River during the 80's,
named ltaipu at the frontier of Brazil and Paraguay, and Yacyreta in the border of Argentina and Paraguay. Thesc
dams together can supply a large proportion of the power requirements of these countries.

In 1994, a massive fish mortality below Yacyreta Dam was observed. This mortality was due to an acute gas
bubble disease (GBD) produced by gas supersaturation in the stilling basins placed below the spillways
(Domitrovic et al., 1994). This happened after the level of the reservoir was raised several meters to begin the en-
ergy production of the first installed turbine. A massive fish kill was also observed below Itaipi Dam several
years before, under similar circumstances (G. Gavilan, pers. obs.).

After the event, modifications in the operation regime of spillway gates reduced the levels of gas supersaturation
downriver Yacyreta Dam. Other improvements are presently being implemented, such as the modification of spil-
lway design by adding structures to avoid spilled water to plunge deeply into the stilling basin. Besides, larger
amount of water passing through an increasing number of installed turbines is also supposed to reduce the dis-
charge in the spiliways.

An intensive monitoring of total dissolved gases and fishes sanitary conditions were carried out by an agreement
between the public power utility of Yacyreta Dam (EBY) and the Institute of Ichthyology of the National Univer-
sity of the Northeast (UNNE). The objectives of this study were, (i) to survey the impact of the fluctuating super-
saturation levels on fish health and, (ii) to create a baseline reference to evaluate the success of the structural and
operational modifications that are presently being implemented in the dam to reduce supersaturation levels. The
first results of this study are reported here.

STUDY SITE

Yacyreta Dam and Reservoir are located a few kilometers upstream Ituzaingd Town, in Corrientes Province,
Argentina (Fig. 1). The reservoir has a surface of approximately 1,600 km? and a volume of 21,000 hm?. The
dam has a length of 63.7 km, with two gated overflow spillways, one of them placed on the Afa Cua channel (Afia
Cua Spillway, 16 gates), and the remaining on the main channel (Principal Spillway, 18 gates). Spillways have
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mobile valves to control flow and air ducts to reduce cavitation effects. However, both features produce a sub-
stantial increase in the amount of air incorporated to the water that plunge 20 m depth in the stilling basins placed
below each spillway.

The power hotse is located next to the Principal Spillway. All the 20 Kaplan turbines programmed will be operat-
ive by 1998. At the beginning of the survey, there were only three turbines running, while five other units were
working at the end of the study period. Each turbine can discharge a maximum of 850 m? s, summing together
3200 MW (160 MW for each turbine) of total capacity. Total dissolved gases of the turbinated waters have simi-
lar levels to those measured in the reservoir (<105%, G. Gavilan, pers. obs.). The dam operates on a near-run-
of-the-river regime, with minor fluctuations due to the operation of turbines and spillways. There is also two fish
scales equipped with elevators, located on each side of the powerhouse. Elevators operate continuously transport-
ing migratory fishes from the river to the reservoir.

PARAGUAY

Ana Cua
Spillway

Principal
Spillway

N
f Powerhouse

0 30 km ARGENTINA

Fig. 1: Geographic location of the studylarea. A: Impact Station, B: Control Station.

The Parana River at Yacyreta Dam has a mean discharge of 12,000 m*s™ , and drains an area of about 840, 000
km?2. Along several kilometers below the reservoir, the river flows mainly through basalt bedrock and sandstone,
changing downriver to moving sands bedloads, with isolated basaltic and sandstone outcrops. On the bedrock,
there is massive growth of epiphytic algae and macrophytes, especially diatoms and the reophylic Podostemaceae.

MATERIAL AND METHODS

Field Studie

Fish were sampled at two locations, one of them placed about 2 km below the Principal Spillway on the left mar-
gin of the river, and it is named hereafter Impact Station. The other sampling station was placed 70 km downriver,
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at Ita Ibaté Town (Control Station) (Fig. 1). Maximum river depths at medium water levels are about 5 m in
Yacyreta and 8 m in Ita Ibaté. A battery of nine gillnets was placed on each site every 20-30 days on 16 different
occasions from March 1995 to March 1996. Each gillnet was placed perpendicularly to the coast, in contact with
the bottom, and had the following mesh size (stretched from knots to knots) in cm: 4, 5, 6, 7,8, 12 14, 16 and 20.
Fish caught were collected every 6-8 hours during a 48 hours period. Fish were identified taxonomically to the
specific level, weighted (g), measured (standard length in cm), and examined for the presence of macroscopic gas
bubble disease (GBD) signs, such as emphysema in skin and fins, exophthalmia and haemorrhages. Liver and gill
samples of the species of economical importance were preserved in 10% formalin to be later processed in the lab-
oratory for histopathological analyses. A total of 9250 individuals was examined externally and 300 of them were
dissected for microscopic examination.

At each sampling point, the total dissolved gases were measured using a Common Sensing electronic saturometer.
Measures were taken every one to three days at the Impact Station and on each sampling date at the Control Sta-
tion. Additionally, other routine environmental variables were collected on each sampling date, such as water and
air temperature, pH, conductivity, transparency (Secchi disk), and dissolved oxygen. Also, current speed and
maximum depth were measured at the site of each gillnet location. )

Laboratory Analvses

Tissues fixed in 10% formalin were imbedded in paraffin, sectioned at 7 pm layers, mounted on microscope slides
and stained with hematoxylin and eosin. Samples of a similar number of both healthy and affected fish were
examined, and the following signs were associated to the GBD: presence of gas emboli and microemboli in vessels
and capillaries, empty capillaries, emphysema in tissues, edema, congestion, and telangiectasia in capillaries.
Other lesions caused by parasites, injuries, or microbes were also registered.

Data Analyses

The information was stored in a database and the total percentage of fish having macroscopic GBD signs was
computed for every site date and sampling point. For each species, the percentage affected with GBD was also
computed for each sampling point. The relationship between the percentage of all fish with GBD and some envi-
ronmental variables (total dissolved gases (%TDG), water temperature (°C), and mean depth at gilinet location)
was examined using standard multiple regression procedures (Tabachnick and Fidell, 1989). Data were previously
transformed to log (x+1) (%TDG and temperature) or to sqr (x) (depth) to achieve a distribution of residuals close
to normality, linearity and homoscedasticity. Durbin-Watson statistic was also applied to reveal the presence of
serial correlation.

RESULTS

River Discharge And Total Dissolved %TD

The %TDG in the left margin of the river was highly associated with the discharge of the Principal Spillway (Fig.
2), as evidenced by a significant positive correlation between both variables (r ;.= 0.769, p<0.001, n=186).
The amount of turbinated water increased gradually with time, as new turbine units were being included in the
powerhouse, but %TDG did not show a clear tendency to decrease with time (Fig. 2).
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As a matter of fact, %TDG were almost all the time over 130% at the Impact Station, reaching values as high as
153% during high water periods (Fig. 2). Values at the Control Station were much lower and varied between 107
and 126%. At Paso de la Patria, a locality placed 250 km downriver Yacyretd Dam, supersaturation values were
of 108% during a high water period (February 1996).
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Fig. 2: Variations in discharge (Q) of the Principal Spillway and turbines, and total dissolved gases
(%TDG) along the study period.

Total Dissolved And Gas Bubble Disease (GBD

Macroscopic Examination

About 73 different fish species were collected during the study period at each sampling site, and 51 of them pres-
ented macroscopic signs of GBD at the Impact Station, while only 19 were affected at the Control Station . The
small to medium size species were the most frequently affected (Table 1). In this sense, a significant negative cor-
relation between mean size of the species and the percentage of affected fish was observed (r 4,,,,.= -0.44, P<
0.001, N= 50). On average, 35% of the sampled individuals had macroscopic lesions caused by GBD in the Im-
pact Station and only 3% in the Contro!l Station. In spite of this high occurrence of the disease, there was not
massive fish kills, although groups of dead fish were occasionally found at the higher %TDG levels.

There was a significant relationship between the %TDG and the percentage of fish with macroscopic lesions
caused by GBD, as shown in Table 2. Most of the variability in the percentage of fish affected was explained by
%TDG, but water temperature, and in minor extent, mean depth at gillnets location also showed significant ef-
fects. They explained together almost all the observed variability in %GBD. Furthermore, Fig. 3 shows that when
%TDG surpassed 120%, the percentage of fish with GBD increased rapidly in both sampling sites.
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Table 1. List of the most important species affected by GBD at each sampling station and percentage of
individuals presenting macroscopic signs. Average size corresponds to standard length. Species of economi-
cal interest are indicated with asterisks (*).

Control Station Impact Station
SPECIES Average size  Ind. with GBD  Average size Ind. with GBD
(mm) (%) (mm) (%)

Acestrorhynchus pantaneiro 170 3.03 - 0
Astyanax (P.) bimaculatus 112.5 1.8 107 57.89
Auchenipterus nuchalis 178.33 221 178.36 53
Brycon orbygnianus * - 0 385 40
Cochliodon cochliodon 370 21 218.33 46.135
Cynopotamus argenteus 214.17 4.38 181.08 43.02
Cynopotamus Zzettii ‘ 241.67 . 3.23 178.13 56.07
Cyphocharax platanus 150 L.11 133.15 61.54
Galeocharax humeralis 205.14 3.75 141.84 46.25
Hemiodus orthonops 199.17 1.94 205.14 46.67
Hemisorubim platyrhynchos* - 0 367.5 6.67
Hoplias malabaricus - 0 160 50
Hypostomus alatus - 0 325 14.29
Hypostomus luteomaculatus - 0 24294 19.77
Leporinus friderici * 231 222 215.9 35.04
Leporinus obtusidens * 280 1.18 298.2 24.75
Lycengraulis olidus * 128 4 - 0
Mylossoma orbignyanum ' - 0 197.31 10.74
Oxydoras kneri * - 0 492.54 11.02
Pachyurus bonariensis - 0 60 27.27
Piaractus mesopotamicus * - 0 290 10.81
Pimelodus (1.) labrosus 168 2.02 150.95 20.58
Pimelodus albicans * - 0 120 16.67
Pimelodus clarias * 213 1.68 238.03 31.87
Plagioscion ternetzii * - 0 0 12.5
Prochilodus lineatus * - 0 4215 12.9
Prochilodus scrofa * 4175 1.26 373.91 40.83
Psectrogaster curviventris - 0 163.6 69.78
Prerygoplichthys anisitsi - 0 400 4.35
Rhaphiodon vulpinus 420 1.89 378.89 18
Roeboides bonariensis 250 5.88 124.33 40
Roeboides prognathus 239.23 37.14 178.25 66.67
Salminus maxillosus * ' . 0 314.06 12.59
Schizodon fasciatus - 0 256.74 50
Schizodon nasutus - 0 198.42 k 16.44
Serrasalmus nattereri - 0 260 1.16
Serrasalmus spilopleura - 0 228.75 8
Sorubim lima * - 0 343.52 33.33
Triportheus paranensis 175.5 10 181.92 76.47
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Microscopic Examination

Histopathological analyses carried out in species of economical importance (Table 1) revealed that 35% of them
presented microscopic lesions caused by GBD in the Impact Station and only 2% in the Control Station. All of
them corresponded to individuals having also macroscopic lesions. On the other hand, those in healthy condition
did not present microscopic lesions caused by GBD. In gills, these lesions were generally charactensed by empty
capillaries, edema, congestion, small-sized gas emboli, capillary and vessel dilatation, anemia, and telangiectasia
in the secondary lamellae. In liver, only gas emboli were observed but in few occasions. Note that the species of
economical importance have generally the lower percentage of external GBD lesions, except the detritus-feeder
Prochilodus scrofa.

Table 2. Multiple regression analysis of some environmental variables and percentage of fish affected by
GBD. sr? (incremental) represents the absolute contribution of each independent variable to the total ex-
plained variance of the dependent variable, as expressed in the adjusted R?Z. Durbin-Watson Statistics evi-
dence a low serial correlation (0.162), and redundancy is also low for all independent variables (<0.123).

Variables %GBD TDG Temp. Depth B B sr?
(dep.var.) (incremental)
TDG ' 0.91 70.75 1.05 0.77+*
Temp. 0.15 0.34 -19 -0.4 0.14*=*
Depth -0.28 -0.31 -0.37 - -1.43 -0.58 0.03**
Intercept=-117.44**

Means 32.39 134.61 23.89 233
Standard 2242 11.51 3.87 0.39 R%=0.994
Deviation

Adjusted

R=0.993

*=P<0.05; **=P<0.001; N=29

DISCUSSION

The results of the present study suggest that Yacyreti Dam generates supersaturated levels of total dissolved
gases that can potentially affect the health condition of the fish inhabiting areas close to the margins of the river
in a reach of several kilometers below the dam. It is not possible to extrapolate these results for fish living in
deepest areas due to the difficulty of sampling. Nevertheless, at depths greater that 3 m, the majority of the fishes
should be out of danger of GBD most of the time due to the hydrostatic compensation. In contrast, in the Control

Station placed 70 km downriver, macroscopic signs of the disease had a low frequency of occurrence and ap-
peared in a smaller number of species.
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Fig. 3. Relationships between total dissolved gases (% TDG) and the percentage of fish presenting external
signs of gas bubble disease (GBD) in the two sampling sites.

There was a strong relationship between the percentage of fish affected with external emphysema and the levels

* of total dissolved gases and water temperature. Given the high statistical significance of this empirical model. it
could be eventually useful for the estimation of %TDG using the percentage of fish caught having GBD. The
model must be previously validated for other independent situations. An exponential increase in the percentage of
fish with external emphysema was observed once the levels of supersaturation surpassed 120% (Fig. 3). Accord-
ing to Bouck (1980), experiments carried out with steclhead trout (Oncorhynchus mykiss) revealed that after two
to three dayvs of exposure to supersaturated water, fish that survived develop chronic signs, such as large em-
physema, vascular malfunction, and less frequently, exophthalmia. Large emphysema usually takes longer time to
form than does gas emboli. This observation, along with the rareness of massive fish mortalities suggest that af-
fected fish were exposed to chronic levels of supersaturation.

A number of questions can be raised concerning the sampling technique employed, since gillnet retention could
produce erroneous results. First, fish caught in the gillnets are obviously unable to compensate hydrostatically by
moving to lower depths, and being in supersaturated water they could rapidly develop the disease. In the present
study, mean gillnet depth varied between 0.5 and 3 m in most cases. However, as mentioned above (Bouck , op..
cit.), massive development of emphysema as observed in the present study takes usually longer than 8 hours
(maximum time of exposure of fish caught in gillnets) to occur. Unpublished field bioassays by one of the author

(H. Domitrovic) show that external emphysema can appear within 16 hours of exposition to %TDG higher than
115%, and without hydrostatic compensation. The supposed error caused by the nets should also produce a simi-
lar percentage of small and large fish affected, which was not the case as mentioned above. Therefore, the results
can not be unequivocally attributed to the netting effects. Furthermore, the revision of Weitkamp and Katz (1980),
mentions that bubbles in fins indicate chronic disease in many observed cases. Emphysema appears more fre-
quently in caudal fins, which was also the case observed in the present research. A second sampling artefact may
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be due to the fact that after death, emphysema and gas microemboli tend to disappear as a result of the reduction
in the intake of hyperbaric gases (Bouck, 1980). Since most fish were already dead when retired of the gillnets the
actual number and magnitude of macroscopic and microscopic lesions may be higher than those observed.

Levels of supersaturation measured could have indirect effects on the structure of the fish communities below
Yacyreta Dam. Particularly vulnerable could be the herbivorous/detritivorous fish guild, which are the most com-
mon group in the study area. According to the Secchi disk lectures (70-100 c¢m), and by employing an approxi-
mate calculation of the depth of the photic zone (2.5 times the Secchi disk) aquatic plants should growth on
substrates placed between surface water and 1.75 to 2.5 meter depth. They are clearly out of the hydrostatic com-
pensation zone that is over 3-5 m in the Impact Station. Therefore, fish would be forced to feed lower quality
foods at deepest areas or being exposed to dangerous levels of supersaturation, and develop chronic or acute
lesions caused by GBD near surface waters. Even supposing that they were able to detect the formation of gas
emboli in blood and avoid supersaturated water, they had to move up and down continuously to feed, thus adding
an additional stress factor, and an increased energy expenditure. Similarly, small sized fish that inhabit shallow
areas would be also more affected than large fish (Table 1) by their preferential occupation of this habitat. In the
short and mean term, this impact should be reflected at the individual level in low condition factors, fecundity, and
growth, in comparison with fish inhabiting zones not exposed to supersaturated waters. However, the extensive
migratory movements of many species within the river, and the heterogeneity of habitat conditions make these
comparisons very difficult. The comparative approach would be then more appropriate in the long term and with
species of more restricted movements.

Safe levels of supersaturation are difficult to establish with the present observational data due to the complexity of
the environment and the large number of species affected. It is clear from this study that if a significant reduction
in the number of fish with macroscopic GBD signs has to be achieved in coastal areas, maximum supersaturation
levels should be always inferior to 120%. In this sense, the application of spillway structures as well as an in-
creasing turbinated water will likely reduce the present values to more normal conditions, except during floods.

In a next stage of the study , a series of programuned field and laboratory bioassays will likely allow to better de-
termine the safe levels of supersaturation necessary for the survival of the most important riverine species. It
would be also useful to understand the mechanisms that produce the observed macroscopic and microscopic
lesions of GBD in the field.
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ABSTRACT

Macrophytes have been studied around two hydroelectric dams of the Massif Armoricain belonging to
Electricité de France : Rophémel dam, located on the River Rance (Department of Cétes d'Armor), and
Rabodanges dam, located on the River Ome (Department of Orne). Our aim was to assess the effects of
hydroelectric functioning on river macrophyte communities. We studied mainly the first system, with 7
stations representative of different hydrological units, and to compare the results to those observed on the
second one, only in the peaking flow stretches.

Two methods of macrophyte study were involved : floristic surveys on 50 m long stretches (28 for Rophémel
dam, obtained in 7 sites with 2 stations, and 2 periods), and cover estimation (1026 quadrats, 3 periods). We
considered genus of algae, species of bryophyta, hydrophytes and helophytes. Both methods gave convergent
results.

Rophémel dams modified greatly macrophyte communities, specially the ratio between macro-algac,
bryophytes, hydrophytes and helophytes. We observed a large extent of helophytes, Phalaris arundinacea and
Oenanthe crocata and deposits in the main channel, which creates braided arms. There was an important
development of algae (Cladophora sp., Vaucheria sp., Spirogyra sp., Melosira sp.) in all the disturbed parts,
with a large cover and a great variety of taxa, while the rhodophyta Hildembrandia sp. disappeared. The
presence of some species such as Stigeoclonium sp. assesses a degradation of water quality which is showed
by ammonium contents. An eutrophication indicated for example by Myriophyllum spicatum, Elodea
canadensis, Potamogeton crispus and P. perfoliatus was also noted. Seasonal changes were observed,
affecting differently species of macrophytes, with a greater development of algae in summer and autumn and a
decrease of Ranunculus penicillatus cover, with a delayed cycle just dowsntream from the dam. A progressive
recovery of normal structures occurred about 3 km downstream from the dam.

In comparison, the peaking flow stretches dowstream from Rabodanges dam had a sparse vegetation, with
much Hildembrandia sp., fewer green macro-algae. No deposits were observed. Ranunculus fluitans,
Myriophyllum spicatum and Potamogeton pectinatus were the dominant hydrophytes.

These comparative results were discussed in a functional view. Chemical effects exist as a general context, but
hydraulic effects seemed the striking ones to explain macrophyte composition, vegetation structure and its
seasonal changes.

KEY-WORDS : River / Macrophytes / Impoudment / Regulated flow / Algae / Hydrophytes / Helophytes /
Disturbance / Armorican Massif.
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Figure 2 : Monthly flow pattern below Rophémel Dam for 1995
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INTRODUCTION

The river macrophytes have been used for the assessment of water quality in rivers, but the different methods
of the authors to collect data create comparison difficulties (Wiegleb, 1984). Moreover few studies investigate
particular parts of the rivers, as the downstream stretches of the dams, while many downstream effects are
described (Baxter, 1977). There is little knowledge in Francc about cffects of hydroelectric dams on
macrophytes, except some specific studies on biomass (Petitjean, 1981 and Khalanski ef al., 1990). Concerning
impoundment, aquatic macrophytes are regarded as being a management problem from an engineering point of
view, and many studies on macrophytes concern problems of weed control in, or below dams (Henriques.
1987). Regulatory works change completely aquatic environnements (Jongman, 1992) and comparison with
floristic inventory before the regulation of river level and flow is the best way to assess their effects (Nilsson.
1978). When there are no previous data, the comparison of upstream-downstream sites remains the only
possibility (Haury er al, 1996). Downstream effects of hydropower impoundment on flora were investigated
by Rorslett er al. (1989) and De Jalon and Sanchez (1994). Irvine and Jowet (1987) showed that the hydraulic
particularity of each site led them to adapt their methods of investigation. The non-natural habitats created by
flow disturbance provide prime arcas for opportunist species, which present particular responses (Rorslett,
1988). Some specific effects on river macrophytes can be assessed : this is the purpose of this paper.

Two hydroelectric impoundments were studied on two rivers. We focused on the general distribution of
macrophytes around one of the two dams and compared the responses to the peaking flow conditions between
the both. We set out to understand how the impoudment modifies the distribution of river macrophvtes, and to
assess the relative part of seasonal pattern versus effects of peaking flow management.

DESCRIPTION OF THE STUDY AREAS
General Features

The two dams of Rophiémel and Rabodanges belong respectively to the River Rance and to the River Ome.

- The River Rance is located in Northern Brittany, in Western France. It joins to the English Channel between
Dinard and St-Malo. Main underlain by siliceous rocks (e.g. granites), the River Rance crosses the calcarcous
“mer des Faluns” downstream from the hydroelectric dam of Rophémel. Locally, upstream from the dam,
calcareous boulders were found in a zone described as homogeneous crystalline. The hydroelectric dam was
built in 1938. We studied one representative site (S0) upstream from the dam. Different hydraulic conditions
and distances downstream from the dam led us to choose six other sites (S1 to S6, see figure 1), whose
particularities are summarised in Table 1.

- The River Ome (fig. 1), which flows in Basse-Normandie, is cut by the hydroelectric dam of Rabodanges
Just after leaving the calcareous Parisian Basin. The dam is located on granite at the entry of the Massif
Armoricain. Two sites downstream from Rabodanges, Ol and O2, with peaking flow disturbance, were
compared to the ones of Rophémel. This system was already described by Haury et al. (1996).

Flow Regulation

Rophémel is a reservoir of 5 million m3, with an area of 80 ha and a maximum depth of 23 m.. The maximum
monthly flow observed is 120 m3.s-1. The monthly flow pattern for 1995 is shown in figure 2. Maxima were
obtained in January, and minima in August , for an average annual flow of 3.5 m3.s-1. The four turbines of
the dam can discharge a maximal volume of 27 m3.s-1_ Its minimal regulated regime is 0.9 m3.s-1
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The comparative study of the effects of peaking flow management at Rophémel and Rabodanges allows a
better understanding of the response of river macrophytes to regime flow disturbance. The two sites on the
River Orne, O1 and 02, are submitted to similar hydraulic conditions, 0,8 m3.s-1 (versus 0,9 at Rophémel at
the regulated flow), and to a similar peaking flow regime. The main differencg is the bigger frequency of
disturbance at Rabodanges. While daily powering is recorded in Normandy, there were only 2 dates for
August at Rophémel.

Table 1 : Characteristics of the sites around Rophémel

sites SOM| S0V | S1M| s1v | s2M| s2v | S3M| S3V | SaM| s4v | s5M1 S5V | S6M| S6V
DEPTH (cm) 26.41 36,04 28,41 32,31 38,6f 29,0 47,01 223! 6.0 ¢ 6,1 | 26,2] 29,81 33,1] 17,5
WIDTH (cm) 635 ¢ 8351 1837] 15008 1006} 968 | 10731 837 : 364 { 354 | 876} 1134} 1580} 1448
LIGHTING 3 351 4 3 835145} 4 4,51 251 4,5 5 451 45 S
CONDUCTIVITY | 445,5} 445,5} 311,5] 311,5{ 317 | 317 | 306,5 306,5] 338§ 338 331} 331} 412 412
NO3 (mg/l) 2751 2751 9 9 13 ] 13 Lasstasst 210 21 F1ss) 1ssl 20 | 20
PO4 (mg/l) 0,195} 0,195§ 0,11} 0,11} 0,09{ 0,09} 0,065} 0.065} 0,085} 0,085} 0,195 0,195} 0,055} 0,05
NH4 (mg/l) 0,025} 0,025} 0,885} 0,885f 0,2 | 0,2 0 0 0,01} 0,01} 0,005 0,005 O 0
% Silt 0,0} 100} 0014 5014 001 001} 00! 00:200}25}001i 00! 00l 33
% Sand 151 6,5 2,5 001 00} 001} 00 0011001 231 25 2.5 2,51 21
% Gravel 6,7 { 17,51 5,0 504§ 7.5 88 | 25 451 751 731 1001 12,5 108] 7.1
% Stones 19.04 18,21 17,54 7.5 4 150! 7.0 1 3250 27.1{ 7.5 1 21.01 3501 27,5) 34.1] 364
% Boulders 222¢ 2,3 } 22,5 32,5¢ 22,54 32,5} 12,5; 17.5; 10,0f 1831 251 7.5} 20} 2.8
% Blocks 0,71 0,5 2514 2,5 5.0 18: 25 09 501 004 004 004 071 0,0
!
Nb of aguatic species 32 28 42 42 34 32 27 i 30 i 34 40 30 31 31 33
Nb of aquatic &
supra-aquatic species 74 71 81 { 100} 69 63 67 90 81 88 86 72 68 83

METHODOLOGY

Macrophyte Field Studies

Two methods were applied : floristic relevés and quadrat sampling (figure 3). The whole period of vegetation
study began in April for the spring period and finished at the end of October for the autumn period.
Macrophytes studied were species of spermaphyta (taxonomy from Tutin ef al., 1966 to 1980), species of
bryophyta (taxonomy from Augier, 1966) and genus of algae (taxonomy from Bourrelly, 1966, 1970, 1981).
Aquatic and supra-aquatic compartments were considered (Holmes and Whitton, 1977).

Floristic relevés were performed on two 50 meter sections for each site (SO to 86) around the dam. The coding
is n° of the site, upstream (M) or downstream (V) parts, month (J: June; S : September). Species cover was
estimated by the same surveyor. Sampling periods were June and September. The data set had 28 individuals.

In order to test changes of flora in relation to season and flow disturbance, the survey of permanent places
(quadrats) is necessary (Henry ef al, 1996). The two extremities of the cross-sections (transects) defined the
lines of study (Wolff er al. , 1989). Thus, for the 6 sites, sampling sets along the transects were established :
each 50 cm, one meter for the line, determines the unit of study, the quadrat (Wright et al., 1981). On each 0.5
mZ unit, the cover of each species was estimated by the same observer. We used an adapted Braun-Blanquet
cover scale to avoid under-representing small species (Everitt and Burkholder, 1991) : seven classes form the
scale : 0 as absent, + as < 1%, 1 as 2-10%, 2 as 11-25%, 3 as 26-50%, 4 as 51-75% and 5 as 76-100%.
Between 50 to 90 quadrats on 2 or 3 transect-lines per site at 3 periods (May, August and October) were
sampled, which led to 1026 quadrats.

Ecohydraulics 2000 - Québec, June 1996



Al - Effets directs et a distance des ouvrages de génie

Mesological Data

Physical data were obtained together with floristic reievés (depth, current velocity, bed substratum, lighting
conditions), and with quadrat analysis (measure of depth at each point, frequency of bed substratum size,
measure of current velocity with an electro-magnetic "Flo'Mate" on one transect per site per period). Water
samples were collected in Junc and September; we analyzed 15 parameters, but onlv NH3, NO3, PO4. and
conductivity were used here(table 1).

Data Analysis

We used multivariate analyses to assess the general structurc of macrophyte distribution : Principal
Component Analysis (P.C.A.) followed by Hierarchical Cluster Analysis (H.C.A.) with the SPAD-N software
(Centre International de Statistique et d'Informatique Appliquées, 1992). To prevent from the non linear scale
used for the vegetation cover in the quadrats method, when the scale of analysis is the site, results needed to be
converted into cover percentages before the statistical analysis : 87,5% for the 75-100% cover, class 5, for
example, (Barrat-Segrétain and Amoros, 1995).

RESULTS

Mesological And Macrophytic Variations Around The Dam

Chemical effects and river bed modifications

The main chemical effect is an increase of ammonium in S1. A great variability in conductivity appears in SO
due to flow variations and sewage from the nearby town of Caulnes; such variability does not occur
downstream from the dam.

Riverbed modifications are obvious (table 1). S1 is large and not very deep. In $2, S3 and S5 and even in S6,
deposition of coarse particles (stones and gravel) occurs near the banks within clumps of Phalaris
arundinacea and Oenanthe crocata : these deposits spread over more than 70 % of the channel section. In S4,
located in the former channel called "Old Rance", the flow is low, and deposits are mainly silt. Such a
difference in shape of substrate particles corresponds with the observations of Henry et al. (1994).

Former channel of Rophémel (54)

Presence of meadow species in the former channel (S4) was observed, with an increase in August according to
the decrease of the flow regime. These species were Agrostis stolonifera, Poa trivialis, Symphytum officinale,
which are tolerant to short-time aquatic conditions. One transect located on a riffle was out of water during
August and October; most of its macrophyte cover was due to Apium nodiflorum. Particular aquatic species
occurred as well, mainly eutrophic and slow-flowing macrophytes such as Potamogeton panormitanus,
Spirodela polyrhiza, Callitriche obtusangula. As the floristic data were very different from those of the other
sites, they were not used in multidimensional analyses.

General Response Of The Vegetation downstream from the dam

The Principal Component Analysis involving six stations (SO to S$6 except S4) and periods (24 individuals),
and all aquatic and supra-aquatic macrophytes (101 taxa) assesses main structures. The variability is fourth-
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dimensional (45,5 % of inertia). First axis, we have an opposition between species growing in the immediate
area of the dam (Callitriche sp.. Lemna minor, Nuphar lutea, mosscs as Fontinalis antipyretica. Cinclidotus
fontinaloides, Fissidens pusillus. Platyhypnidium rusciforme) and most of the further downstream specics
characterising slow-flowing parts (Potamogeton alpinus. P. perfoliatus, P. crispus. Elodea canadensis,
Myriophyllum alterniflorum. Cladophora sp.) : this axis asscsses the downstream decreasing cffect of the
dam. The significance of the second axis is clearer, showing an opposition between species growing mainly
upstream (Porella pinnata, Hildembrandia sp., Lemanea sp., Apium inundatum, Callitriche platvcarpa) and
downstream (Ranunculus penicillatus, Myosotis scorpioides) from the dam. The third axis cannot be
explained simply. The fourth one distinguishes stagnant species such as Nuphar lutea and Potamogeton
natans from bank species such as Pellia epiphylla and Phalaris arundinacea; it opposites S1 to §2. S1 has
concreted banks. The distribution of individuals in the FIxF2 plane of P.C.A. and within the 8 classes (figure
4) obtained by a H.C.A. confirms the zoning downstream from the dam, the opposition between stations
located upstream from, and just below the dam. Most downstream stations demonstrate macrophyte recovery,
with a position of $6 close to SO. Data obtained with quadrats showed similar effects and precise seasonality.

Impacts Of Peaking Flow Management

Longitudinal zonation

The frequency of main algae (figure 5) showed different patterns in both percentage of cover and species
composition. Upstream (S0), the filamentous diatom Melosira sp. was very frequent, in Sl, its cover
increased, and then decreased downstream from the dam. An inverse pattern appeared with Cladophora sp..
The third pattern showed by clumps of Cyanophyta and Stigeoclonium sp. corresponded to a locational
increase below the dam and decreasing covers downstream. Hildembrandia disappeared between SO and S1,
and recovered in S5. The figure shows that a possible recuperation could occur, with a decrease of cover of
algae in S5 where cover by algae is similar to that of the usptream S0.

The frequency of main bryophytes and hydrophytes (figure 6) also showed differences. Upstream from the
dam, there was a typical community of Armorican rivers, with a co-dominance of Callitriche and Ranunctlus
species (Haury, 1985). In S1, the community is dominated (in May and August) by Ranunculus stands and
Callitriche species such as C. obtusangula, Leptodictyum riparium, and is enriched with pond species such as
Nuphar lutea and Potamogeton natans. Downstream from S1, an eutrophic and calcareous community
appeared, with Myriophyllum spicatum, Potamogeton alpinus, P. crispus, P. perfoliatus. Myriophyllum
alterniflorum grew in the same sites than M. spicatum in S5 and S6. Fontinalis antipyretica appeared to be
opportunist in $2, where it benefited from the low cover by other macrophytes and a pebble substratum bed.

Seasonality and effects of peaking flow

Seasonality of cover percentages are presented for Ranunculus penicillatus and Stigeoclonium sp. (figures 7
and 8). A seasonal pattern of undisturbed populations of R. penicillatus appeared in SO, S2 to S6. But in S1,
there was a delay between May and August before reaching its maximum cover.

Peaking Flow Bounded Sections Of Rabodanges.

When riverbed substrata are compared at the sites under peaking flow pressure, O1, 02, to S2, S3, S5 and S6,
stones and boulders are the more common classes of granulometry for the two systems. In term of riverbed
occupation, % of emergence could reach 70% on the river Rance, versus 5% in Ol and 14% in O2. It has a
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direct impact on flow velocity, recorded in regulated flow with a mean of 0,12 m.s-1 in this 2 sites against
0,45 at Rophémel.

The vegetation described at Rabodanges using the same quadrat method by the same observer as at Rophémel,
showed the significance of the cover of algae, 37% of Cladophora, 23% of Hildembrandia, 8% of Melosira
and 6% of Oscillatoria. Main hydrophytes were Ranunculus fluitans and Myriophyllum spicatum covering
respectively 2% and 1%, and Potamogeton pectinatus. Phalaris arundinacea at the bottom of the river banke
covered 11% in O1 and 6% in Q2. Bryophyta were represented by 5 main taxa, Fontinalis antipyretica,
Cinclidotus fontinaloides, Thamnium alopecurum, Brachythecium rivulare and Fissidens viridulus, covering
3% altogether at O1.

DISCUSSION

Methodology

The use of complementary methods permitted us both to obtain comprehensive lists of macrophytes, with
floristic surveys, and to assess seasonal and spatial changes, mainly with quadrats. For example, recuperation
was shown by P.C.A. both in S6 and in S5 during autumn, but only suggested by analysis of algae cover
within quadrats

Effects Of Water Quality

Many macrophytes growing in S1 indicate a degradation of water quality with fair ammonium contents (more
than 0,10 mg/l N-NH4). Clumps of Cyanophyta and Stigeoclonium sp. indicate pollution (Hawkes, 1964 in
Whitton, 1970). The great development of Cladophora sp. is considered by Haslam (1987), Whitton (1970),
Dodds and Gudder (1992) as an indication of eutrophication. In S§2, S3, S5 and S$6, such eutrophication is
assessed by most of the algae and hydrophytes, while Myriophyllum alterniflorum indicates a recovery.
Importance of phytobenthos in regulated rivers suggers Biggs (1987) to used it as indicator of water quality.

Effects Of Low Discharge

Siitation and colonisation by less hydrophilous species when discharge decreases have been previously
described by Henzsey ef al. (1991). Henry et al. (1994) observed also a replacement of aquatic species by
terrestrial plants following a dry period. Thus, the use of the former channel when powering keeps it
functional, and permits the permanency of a particular and interesting eutrophic vegetation.

Effects Of Peaking Flow Management

Modification of river-bed substratum

The flora invasion of the riverbed, especially in August when peaking flow was rare, promoted sediment
retention in the “ Old Rance (S4). This phenomenon was described in the former channel of the River Rhéne
by Bomette and Large (1995). This site S4 has finer bed particles than the sites under the direct peaking flow
pressure : such disturbed zones (S1, S2, S3, S5 and S6) have more stones and boulders and present a
decreasing percentage of coarse particles.
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Macrophyte vegetation

This gradual evolution of bed substratum according to the regime of disturbance and its consequences on the
ecological response of flora have been already described by Henry er al. (1994). Three main effects were
observed at Rophémel in these disturbed sites :

1 - A great increase of epilithic algae, for bed rocks permit the highest algae development (Biggs, 1987).
Dense floating mats of filamentaneous green algae as Spirogyra sp., Stigeoclonium sp. and Cladophora sp.
invading the downstream perturbed sites between boulders were also reported by Holmes and Whitton (1981).
These mats could partly disappear after peaking flow. Interactions between the effect of ambient
environmental conditions and various flow were studied by Peterson and Stevenson (1992) on algal
communitics. The importance of filamentous diatom Melosira sp. in SO was probably in relation with fair
contents of nitrates-Nitrogen in an intensive agricultural landscape, and downstream from the town of Caulnes.
Its cover in S1 could be explained by a large river bed, a low current velocity without powering and much
substratum offered by water-crownfeet; downstream, its decrease seems due to greater velocity.

2 - A great magnitude of bare substratum resulted from the regular disturbance on relative important silt, sand
and gravel areas. This was in relation with the dominance of opportunist epilithic species such as Cladophora
sp., obvious in the fast-flowing parts. The changes of cover and of the species composition of macrophytes
could be due to such a disturbance (Henry et al., 1994).

3 - Changes in relative importance of algae, hydrophytes and helophytes in the different sections were obvious
too. Provided a great percentage of flamentous green algae indicated a disequilibrium (Haslam, 1987), at least
in Armorican rivers where hydrophytes are usually dominant macrophytes, such changes in macrophyte
vegetation are troublesome. We were surprised to find these developments of algae, with a large taxonomical
richness (in regards to other sites studied in South-Eastern France - A. CAZAUBON, Univ. Marseille, pers.
comm.). The relative importance of helophytes within the main channel indicates a discordance between a
large bed and the erosive flow using it. When powering is frequent, helophytes cannot settle, while when it is
scarce, colonization occurs, the macrophyte stands retain materials and stabilize deposits.

Comparison Of The Peaking Flow Effects Of Both Dams

In spite of comparable flow, three major differences appeared : 1 - the abundance of Hildembrandia rivularis
at Rabodanges (23% of cover), 2 - a greater diversity of the bryophyta downstream for Rabodanges dam, 3 -
the lack of emerged deposits in the channel of the River Orne.

These differences seem to be due to differing management between both dams : an almost daily frequency of
peaking flow at Rabodanges, even in summer, does not aliow the propagation of helophyte such as Phalaris
arundinacea, which is responsible at Rophémel for the braided stretches within S2, S5 and S6. These daily
peaking flows also have an impact on competition between algae : the partial destruction of the epilitic
filamenteous green algae, permits the installation of Hildembrandia rivularis (Peterson and Stevenson, 1990
and 1992; Holmes and Whitton, 1981). The richness of the bryophyte flora in Rabodanges could be favoured
by colder water and a weaker competition with algae, while downstream from Rophémel, warmer waters
become unsuitable for bryophytes which cannot bear regulated flow for many days.

Macrophyte Communities And Species Biology

Model of Ranunculus penicillatus

Undisturbed pattern of Ranunculus development is similar to Haury's results (1985). The effects_of peaking
flow which delays the maximum extent could be due to an hydraulic cutting of the water-crownfoot in spring.
It prevents its flowering, and increases its growth, as HAM er al. (1982) showed for R. penicillatus var.
calcareus. Such an effect could explain the fair extent of Ranunculus downstream the dams (Petitjean, 1981).
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Competition between species

The opportunist Cladophora sp. (Dodds and Grubber, 1992) presents an opposite pattern and seems to concur
Melosira sp. : as it grows on stones and boulders, such an apparent concurrence could also be a change in
favourable substratum. A concurrence and a succession between Stigeoclonium sp. and Cladophora sp.
downstream pollution were described by Whitton (1970). Hildembrandia disappearance between SO and S1
could be due to the dominant cover of other algae too (Holmes and Whitton, 1981).

CONCLUSION

Macrophyte vegetation changes between upstream and downstream reaches. The dams affect greatly the
communities, but the effects of disturbance must be related to its frequency, to its intensity and to the distance
from the dams. However, general trends appear. Opportunist species are favoured by disturbance, which
explains the great importance of algae such as Cladophora sp.. Thus macro-algae appear as a particularly
reactive compartment within macrophyte vegetation. The equilibrium between macro-algae, bryophyta,
hydrophytes and helophytes seems to be a good bioindicator of the dam effects. Such disturbance due to
peaking flow management should be studied with much more frequent observations, to assess recolonisation
patterns, in the framework of the patch dynamic concept (Barrat-Segrétain and Amoros, 1995). Thus,
improvement on methology should be necessary both to precise the mechanisms of recolonisation and to
measure downstream recovery : hydroelectric impoudment gives field laboratory for such studies.
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ABSTRACT

The valleys of the Alps are marked by increased anthropogenic impacts since the Neolithic epoch.
Forest removals on hillslopes and alluvial terraces, in conjunction with climatic changes, induced by the
Little Ice Age (15th-19th centuries), have caused an instability of the river beds triggered by frequent
floodings and transits of great water-, energy- and matter-fluxes. Furthermore, the need for farmed soils
and woods have increased the instability and contributed to the establishment of braided channel
floodplains occupied since the 16th century by gravel deposits, sofwood forests and meadows. It has
been shown how engineering-works have transformed the landscape during the last 200 years. Diking,
channelization, warping, irrigation and drainage have modified the dispersion patterns of the fluxes and,
new disturbances such as dredging, gravel mining, damming, filling, water pumping... have added their
effects. Using archive documents and field data recorded for 20 years in the Rhéne river hydrosystems,
it is shown that the present landscape exhibits characteristics acquired from both old and recent land
uses. The evolution trends are highlighted and allow to draw some lessons concerning dynamics and
management of the systems. Finally, the concept of alluvial ecocomplexe is defined and it is underlined
that it might be a useful tool in order to propose management planning with respect to the major
functions of a stream-corridor: production (energy, crops, gravel...), conservation (biodiversity),
circulation (transit of human, water, species...) and urbanization.

KEY WORDS: Landscape Ecology / floodplains / deforestation / water-flows / sediments / disturbance /
land-use history / Alps Range / France
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INTRODUCTION

Unlike North American catchments and floodplains, which were severely influenced by human
disturbances only since the European settlement two centuries ago, (Foster, 1992), Alpine stream
corridors have been marked by increased anthropogenic changes since the late Neolithic Period
(Bravard, 1987; Moore and Evans, 1991). Evolutionary patterns of hydrology and vegetation are
presented at three different time spans: (i) the millenium (since 5000 BP, when established the early
Farming Communities), (ii) the century (since the end of the 18th century when civil engineering-works
were developed) and (iii) the decade (after the development of the hydroelectric projects).

THE MAIN STEPS IN THE COLONIZATION IN THE EUROPEAN VALLEYS

The early periods: from the Late Neolithic Epoch to the Roman Period

For the last 40 years, Archeologists, Geographers and Biologists are interested by the early farming
developments (Smith, 1995). The early farmers got settled by 5500/5000 BC on the most fertile loess
and alluvial deposits, when Europe had a warmer (+2°C) climate than today. According to Archeologists
(Bogucki, 1991), the farming developed along large rivers because of a favourable environment:
presence of fertile soils that were easy to plough, water in the vicinity and the existence of gaps. It must
be noted that in a heavily forested landscape, stream channels form what some have calied “lines of
weakness” These are belts between the dense vegetation of the bottomland communities (willows,
alders) and the pristine climax hardwood forests (oaks, elms and limes) of the adjacent watershed. These
zones are attractive for the early agriculturalists in that they are the places in which the process of
clearance can be initiated more easily, from gaps created by beavers for example. Agriculturalists could
spread over European lowlands from the Danubian region. They arrived with their crops (cereals) and
herds (cattle, sheep, horse and goat) so, the forest clearing was carried out to create croplands and more
importantly pasturelands. In order to establish large fodder meadows on alluvial terraces and
floodplains, English lowlands (e.g. Thames, Trent and Severn rivers), were mainly cleared during the
Iron Age and the Roman periods (Knight. and Howard, 1995; Peterken and Hughes, 1995). In the
French Alps Range (Figure 1), the early agriculturalists probably came from the Mediterranean belt by
4500 BP (Bocquet, 1983). Then, five or six centuries later, arrived a second wave of colonization
composed of two distinct populations (i) a culture (probably Danubian) coming from Switzerland where
which established itself on the lake shores and (ii) a Mediterranean culture, coming from Provence and
Languedoc regions which spread through the valleys on the warm and sunny slopes.

The Medieval Epoch

In continental Europe, farming and forest clearance progressively extended along the secondary valleys
as the human population increased. The last farmed stream corridors were deforested during the
Medieval Epoch by Cistercian and Benedictan monks. Many internal valleys where occupied from only
a varying period between 600 and 1250 (Peterken and Hughes 1995). According to
Palaeoenvironmentalists (Falinski, 1986) two levels must be distinguished in the Alps Range valleys (i) a
lower zone (corresponding to the piedmont) exhibiting evidences of clearance before the Hth century
and (ii) a upper zone (corresponding to the upper stretch of large rivers and to the tributaries) first
poorly marked by cultivation, then highly deforested between the 10th and 17th centuries.
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The last Jand clearings

In France and Piemont-Sardinia kingdoms, during the 17th century, some laws were enacted by
governments in order to protect Alpine forests. Unfortunately, the deforestation started again from the
end of the 18th century. The increased population in the countryside explained great needs for pastures,
arable soils and wood (construction and fuel). The last alluvial primary hardwood forests, belonging to
states, parishes and rich landowners (clergy, nobility) disappeared during the French Revolution period.
Thus, for example, in the Isere river valley, three forests (covering more than 3000 ha) spreading over
alluvial terraces and floodplain along the “France-Savoie” boundary, were cut down and replaced by
croplands (Pautou and Girel, 1994)

Dranse
\ SUISSE
5

Lavours marsh

Lyon§

ool

Grenohle by ITALIE
Romanghe \b

Brlatyor‘g‘

Q Drac
Mm Valence

Figure 1: The Rhéne river watershed

CLIMATIC CHANGES, HYDROLOGY AND FOREST REMOVAL
mpacts of the Neolithic deforestations on hydrology and alluvial landscape

In England, the Neolithic clearances and farmings (tillage) caused the establishment of valley mires
(Fig.2). Clay sedimentations and water table raisings were recorded in the bottomland. They triggered
the initiation of peat-forming processes in the large wetlands which were established over the alluvial
deposits (Moore and Evans, 1991). The presence of charcoal added to the high rate of alder and mire
plants pollens in the clayed sediment are evidences showing the clearance by fire and the shift from a
hardwood forest (oak, elm and lime) to a wet tall-grass prairie (sedges, rushes) and softwood
communities (alders, poplars, willows). In the Alps Range, along the upper Rhéne river, the Neolithic
deforestations of the hillslopes and terraces have probably caused a filling of the alluvial floor and a
rising of the water level in the Lac du Bourget. The presence of a deep peat layer (5 to 8 metres
covering coarse alluvial deposits) in the Lavours and Chautagne marshes (Fig.1) as well as the discovery

Ecohydraulics 2000 - Québec, June 1996



A28 - Effets directs et a distance des ouvrages de génie

of several Neolithic housings lying under 5 metres of water near the lake shores are explained by this
hydrological change (Bravard, 1987)
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Figure 2: Scheme to show relationship between humain impact on a landscape and waterlogging of
valleys leading to wetlands formation (modified after Moore and Evans 1991)

e successi fw d cold/wet periods

Dendroclimatological studies (Bradley and Jones, 1992; Lamb, 1995) have allowed to highlight the
possible succession of warm and cold periods. In Europe, for example, the Warm Medieval Period
(1000-1300) characterized by warm and dry summers, soft winters, low rainfalls came before the Little
Ice Age (1570-1850) which was by contrast, characterized by soft summers, cold winters, high rainfalls
and deep snow covers. The latter was marked by an annual temperature 1°C lower than today and a high
frequency of westerly surface winds which tended to give rainfall. It has been shown by the presence of
charcoal and ash layers in sediments that warm periods were marked by frequent fires These probably
occured during summer storms (lightnings) and were favoured by the presence of large stocks of fuel
(dead trees, dry scrub). After the 1988 fires, in the Yellowstone Park (USA), it has been shown (Meyer et
al., 1992) that the climatic fluctuations could have indirectly affected the water-flow, the matter-flow
and, hence, the geomorphological response of the streams in mountain environments. After intense fires,
the sediment transport was enhanced. Ashes and charcoal were swept first by stormy rainfalls, carried
down to the alluvial fans and rapidly buried by sediments (abundant analogous deposits were found in
older alluvial fan sequences, showing the frequency of past fire-related sedimentation events in
Yellowstone mountains). Therefore, alluvial fans aggraded during periods of frequent fire; downstream,
the sediment transport was reduced and the rivers were characterized by narrow active floodplains,
incising the alluvium. Factors which inhibit local redeposition (such as transport predominantly in
suspension) or constrain the channel laterally (such as wooded vegetation and cohesive sediment)
favoured the meandering processes. Vegetation was constituted mainly of mature communities growing
on old terraces (oak, elm, lime forests) and narrow belts of softwood (willows, alders, poplars) along the
banks. During the cold/wet following period, high rainfall and high snowmelt probably caused erosion
through fan channel incision and fan toe undercutting. Downstream, the floodplains became widened
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by strong aggradations and frequent floodings. The new environmental conditions favoured the
metamorphosis of the channel patterns, so that braided and anastomosed models replaced the
meandering system. Woody terraces were destroyed and hence, coarse deposits with pioneer
Buckthorn/Tamarisk communities (Hippophae rhamnoides, Myricaria germanica, Salix eleagnos
bushes), White Willow thickets and Grey Alder woodlands took the place (Pautou and Girel, 1994;
Pautou, er al., 1996). In the Northern Alps region, three periods of aggradation have been identitied in
the Isere valley (i) the Iron Age,(ii) the post-Roman period and (iii) the Little Ice Age (Salvador, 1991);
each one is known as cold and wet. Along Rhine river tributaries old housing dated from the 14th
century were discovered buried under 5 metres of alluvial material (Gauckler, 1868). It is currently
thought (thanks to documentary evidences) that, before the Little Ice Age, Alpine valleys such as the
river Drac and the river Isere near Grenoble corresponded to anastomosed and meandering channels
occupied by hardwood forests, orchards, fodder meadows and various crops (Salvador, 1991).

Consequences of Little Ice Age climatic and anthropogenic factors

The climatic change of the Little Ice Age has been proved by documentary evidences concerning
rainfall, snow cover, flooding or plant and animal biogeographical areas. For example, it has been
shown that the Rhone river was marked by frequent and severe floodings during spring (linked to
snowmelt) and autumn (high rainfalls); furthermore it was frequently spoken of streams such as Rhéne,
Isére... carrying ice blocks in winter (Pichard, 1995). Research in vegetation history have shown that the
European forest area had strongly decreased before 1650, stayed steady to the end of the 18th century
then decreased rapidly between 1800 and 1825 and finally, more slowly by the second half of the 19th
century when reafforestation operations began (Peterken, 1977). Various data supplied by
“experimental research watersheds” (Freedman 1995) have highlighted that vegetation acted at three
levels (i) at the microclimatic level (the trees intercept rainfalls, control snowmelt rates and wind
movements), (ii) at the soil level (vegetation anchors the deposits, favours porosity, controls the
biological activity and the organic matter) and (iii) at the physiological level (vegetation eliminates water
through evapotranspiration processes). In the Alps Range, deforestation was produced by strong needs
for farming areas and various resources: wood (fuel), barks (tanin for leather industry), twigs and litter
(manure); furthermore, the permanent presence of cattle, sheep and goat prevented the saplings
regrowth. On the alpine grasslands, sheep folds were so numerous that they caused overgrazing and
trampling. Because of these major perturbations erosion and water run-off were highly increased.

At the end of the 18th century, the upper Rhéne river and tributaries floodplains were characterized by
braided and anastomoded channels. The islands constituted mainly of coarse material were occupied by
pastures and thickets of softwood communities.

Vegetation in Alpine stream corridors at the beginning of 19th century

Along upper catchments, floodplains were subjected to catastrophic and frequent overfloodings
triggered by great coarse material and water flow inputs. The raising processes of the valley floor have
replaced the entrenchment processes and, as a result, the instability of the geomorphological landforms
significantly increased. According to the slope value, a shift from a meandering model to an
anastomosed or to a braided model occured and occupied the whole floodplain. Therefare, a large
array of plant communities, from aquatic to terrestrial, was probably represented. These communities
could be known by reference to upper Rhéne river sections described before the construction of
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hydroelectric dams and reservoirs (Pautou, et al. 1979). They were organized in a 3rd dimensions space
corresponding to three variables: (i) a vertical dimension (water table levels), (ii) a longitudinal
dimension (water supply regimes) and (iii) a transversal dimension (sedimentation and organic matter
gradients). The Figure 3 (Pautou, et al., 1996) illustrates the biodiversity of wooded communities; in the
same way, it could be possible to place pioneer Buckthorn/Tamarix bushes (Hippophae rhamnoides,
Myricaria germanica, ...) and herbaceous communities (Phalaris arundinacea, Typha minima, ...)
characterizing rejuvenated habitats (new channels and islands). Nevertheless, it seems necessary to
underline that during the 18th and 19th centuries, anthropogenic factors prevented the natural
succession. Farmers tried to cultivate the silty deposits and used islands as pastureland. In addition to,
they regularly cleared the woodlands (fuel and fodder production) and mowed sedges in the river mires
(to get greater volume of manure), so that the most developed communities were mainly the 5 to 7 years
old grey alder woodlands.

TOWARD THE CONTROL OF THE FLUXES: THE 19TH CENTURY ENGINEERING-WORKS

At the beginning of the 19th century, alluvial landscapes of many alpine stream corridors were as
follow: (i) The active channels and the poorly wooded river islands sprawled over the whole valley;
arable soils and grasslands were threatened by floodings which often buried the crops under the
alluvium; (ii) on the margins, the backswamps and the former channels were flooded by over bank flows
and water table risings; so they constituted numerous sources of malaria (Pautou, Girel et al., 1995) In
order to struggle against poverty and migration, eradicate malaria, and develop farming and modern
roads, governments of Alpine countries decided to control the flow in the valleys areas.
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Figure 3: position of the major alluvial woody communities in braided / anastomosed hydrosystems.
(After PAUTOU et al. 1996)

Ecohydraulique 2000 - Québec, juin 1996



Direct and remote effects of civil works - A31

The control of water and energy fluxes: diking/channelization

The aims of the procedure were bank protection and flooding limitation. The technics consisted in
making an artificial bed, deep and large enough to convey highflows downstream (Figure 4). Diking
operations deleted the connectivities, so that the former braided channels were isolated from the
channelized river in which are focused the fluxes. Hence, the braided floodplain became significantly
reduced to the narrow band located between the levees. In the case of high and unsinkable levees,
vegetation could only grow upon the alternating bars (see Fig. 5) where new dynamics processes
occured. During high flow periods, gravel bars were destroyed at the upstream end by erosion processes
and constructed at the downstream end by aggradation processes.Thus, there was a permanent
rejuvenation of the habitats; vegetation was characterized by pioneer communities (Phalaris
arundinacea, Calamagrostis littorea on sandy deposits) and young softwood brushes (Alnus incana,
Salix triandra, Salix alba, Populus nigra on highest levels). In the case of the so-called “golene
system” (Fig. 4), the floodplain was less reduced. Sedimentation basins located between the dikes
allowed the trapping of alluvial material during highflow periods. The raised deposits were colonized by
reedmaces, reeds, sedges (Typha minima, T. latifolia, Phragmites australis, Carex gracilis, C.
elata)...which could increase the rate of trapped sediments. Once the ground was raised enough, willows
and poplars were planted. The aim of the operation was to constitute artificial banks supporting wet
meadows or arable soils. After diking development, on the protected areas, vegetation was no longer
influenced by floods, so the main part of the water table was supplied by rainfalls. Consequently, Alpine
river species linked to fresh and oxygenated water, such as Salix eleagnos, Salix triandra, Salix
daphnoides, Alnus incana, Myricaria germanica, Hippophae rhamnoides... were replaced by
backswamp species such as Alnus glutinosa, Frangula alnus, Salix cinerea, Viburnum opulus orBerula
verrucosa

hillslopes

d)

hightlows deposits
unsinkable dikes
sinkable spurs and dikes

the “L" and "T* system (Durance river, France)

the Foccaci's system (Fier river, France)

the double-diked system (Po river, Italy)

the Sedimentation-basin system (Inn river, Austria)

Figure 4: Four methods used in the Alps to channelized braided rivers
(after Girel 1994a ; 1994b)

The control of matter-fluxes: warping

One of the goals of the channelization was the reclamation of large areas for cultivation. Braided and
anastomosed models are usually linked to the establishment of coarse material deposits and numerous
channels which are not really fertile or easily farmed. For this reason it became necessary to use various
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technics, wellknown one millenium ago in the Bolivian Andes (Zimmerer, 1995), widely developed in
Tuscany since the 16th century(Alexander, 1984) and currently used in the European floodplains since
the beginning of the 19th century (Girel, 1994a; Girel, 1994b). The so-called “warping” technics
consisted in using the river silty water flows to fill and to raise the coarse alluvial deposits. The area to
reclaim was divided into warping basins by gravel levees. Decantation processes were favoured by a slow
movement of the silty water which flowed from upstream to downstream through the basins (Fig.5).
After several years, channels were filled and coarse alluvial deposits were covered by a layer of fine
material (fine sand, silt and clay). It is important to underline that new soil parameters occured after
warping operations. These were depended on (i) the duration of the operation (a long-lasting warping
produced a deep layer), (ii) the used warping method (simultaneous feeding or successive discharges,
see Fig.5, produced different types of soil) and (iii) the location of the basin (the grain size was
depending on the place of the basin in the warping system: heavy material such as fine sand were
deposited first). It has been shown (Girel, 1994a) that the new environmental conditions (grain size
gradients, depth of the fine deposit) plaid a major role for the constitution of the alluvial landscape.
Many basins were cultivated; some were plowed but many other were colonized by spontaneous
vegetation and were changed into wetlands.
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Figure 5: The new channelized river and the warping systems (19th century)
- on the left bank : a "'simultaneous feeding" system
- on the right bank : a "'successive discharges" system

The control of the nutrient flow: irrigation

During the 19th century, irrigation systems using urban waste water were currently developed in the
European floodplains. These technics were wellknown since the 17th century in South England, Sweden
(Emanuelsson and Méller, 1990) and Lombardy (Soresi, 1914). Irrigation canals provided a fertilizing
flow to crops and meadows while drainage networks collected purified water downstream (Fig.6). In
irrigated cultivated - meadows (ray grass, clovers) the nutrient flux allowed to get 3 to 5 yields per year,
even during the cold season. Irrigation processes which were used to treat sewage for several decades
(Ronna 1890) likely have induced change in alluvial soils (filling of the superficial layer by organic
matter) and in the plant composition. High nitrate and phosphate contents favoured some grasses such
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as Lolium perenne or Dactylis glomerata, and clovers at the expense of oligotrophic species such as
Ononis repens, Polygala vulgare, Succisa pratensis, Onobrychis sativa, Fritillaria meleagris,... It has
been shown (Broyer and Prudhomme, 1995) that fertilization has caused a high decrease in biodiversity
of flooded meadows (7 species were present in a fertilized meadow, 40 in a grazed natural meadow, 70
to 95 in a mown natural meadow). '

The control of the water table depth: drainage

This operation aiming to lower the ground water table was realized by two different periods along
European valleys. The first one was developed since the second half of the 19th century. It is the so-
called “underdraining” which consisted in putting tile-drains (0.60 to 0.80 m deep) in the ground
(Phillips, 1989). Its role was the elimination of surplus water (seeping from hillslopes and dikes) and the
improving of waterlogged soils resulting from warping. Drainage allowed to increase productivity of
meadows and crops. Its impact on plant communities was a decrease of the biodiversity: wet pastures
beeing replaced by fertilized mown meadows.

CHAMBERY

CITY
irrigation network | | Pas
Prairie du Bourget I

(irrigated meadows) @ ~e===- drainage network

Urban waste
water
(water +
nutrients)

Lac du
Bourget

Albanne
(imgation canal)

Leysse river

Figure 6: Irrigation / Fertilization of the "Prairie du Bourget" downstream from Chambery
(1780 - 1900)

The second drainage period was recent (1970 to 1980). It was performed in order to drop significantly
the water tables. Canals and ditches networks were dug in wetlands; the goal of the operation was to
increase the arable soil area. Many warping basins occupied before by wet bushes and meadows were
cleared and changed into maize crops. This drastic drainage influenced the adjacent marshlands.
Significant water table lowering and eutrophication processes were recorded: they were characterized by
the development of nitratophilous species (such as Urtica dioica, Solidago canadensis, Clematis vitalba,
Galeopsis tetrahit) and by a decrease in the biodiversity. It has been shown that drainage operations
had decreased highly the biodiversity of marshes since the 19th century: 123 species (to 526) have
disappeared in English valley mires (Mountford, 1994) and 115 (to 417) have disappeared -in the upper
Rhéne valley mires (Giugni, 1985)
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EVOLUTION TRENDS IN THE ALPS RANGE VALLEYS
The disturbances induced by hydroelectric power development, dredging and gravel mining

Since the 1950’s, the Rhone river and its main tributaries are impounded by damming along their upper
course. The impacts downstream from hydroelectric reservoirs are linked to change caused to the water
and sediment transfers. The discharge regimes of the streams are changed; the flow is regulated during
the year by the storage in the reservoirs. Nevertheless, flooding periods may be marked by highflows in
the channelized river; furthermore highflows may also be produced at any moment when great volumes
are released by the dams. The sediment load decreased because of reafforestation of the drainage basins
and because of trapping in reservoirs. Nowadays, the river load downstream from reservoirs is
constituted mainly of fine sediments; this induces geomorphological change such as fine deposits on the
bars. Since the 1970s, dredging and gravel mining have removed a great volume of alluvial material;
this volume was greater than the volume which could be brought by the river. Consequently, there was
creation of pits which were filled by a regressive erosion of the bed floors.

Impacts on vegetation

Dams and reservoirs which trap sediment and store water, in conjunction with watershed reafforestation
and gravel extractions, are indirectly or directly rsponsible for erosion processes of the bed floors.
Hence, entrenchment processes (incision) are initiated and cause various perturbations on the
environmental conditions. Bridges and embankments are threatened by undermining. The processes of
destruction/construction which allowed the plant dynamics on the bars are no longer produced; the
destruction of willows/grey alder bushes occurs rarely, so that, the succession does not stop at the
shrubby stages but carries on to the woodland stages. For 10 years, it is noted the establishment in by-
passed channels and river islands of trees which can be uprooted by undermining processes during
flooding periods. Fine material deposits and “tidal zones” produced daily by dam releases contitute
new habitats. It has been recorded the spreading of tall-grass communities (Typha minima,
Calamagrostis littorea, Agrostis stolonifera, Phalaris arundinacea...) on the Isere river bars. The
entrenchment processes in conjunction with pumping operations (for irrigation and drinking water)
have induced a lowering of the adjacent water tables (e.g. more than 1.50 m along the Drac river near
Grenoble). The channelized stream plays the role of a draining canal. Subsequently, wetland areas are
replaced by mesic thickets; therefore, farmed areas and fragmentation increase. Alluvial hardwood
forests (Oak and Elm) are invaded by a mesic vegetation coming from the hillslopes. Trees such as
Hornbeam (Carpinus betulus), maples (Acer pseudoplatanus, A. platanoides, A. campestre), Locust
(Robinia pseudacacia), Walnut (Juglans regia)... become established. In wet woodlands, Ash (Fraxinus
excelsior) take the place of alders (Alnus glutinosa, A. incana). On permeable and dry deposits, Black
Poplar open woodlands are colonized by characteristics of xeric communities such as Quercus
pubescens, Acer monspessulanum, Pistacia terebinthus and by alien species such as Buddleja japonica..
The Alpine component of the Flora (Salix eleagnos, Hippophae rhamnoides, Salix daphnoides, Alnus
incana...) is slowly replaced by a Supramediterranean component, hence, the river Rhone corridor and
its main tributaries valleys seem to have now many similarities with the Atlantico-European valleys such
as the river Garonne for example.

DISCUSSION AND CONCLUSION

Presently, the landscape mosaic of the Northern Alps stream corridors results from cumulated impacts
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induced by anthropogenic perturbations, both old and recent. It constitutes an ecocomplexe (Pautou ef
al., 1996), in other words a set of ecosystems (=subsystems) which are interdependant in the way of
hierarchized conduits (main channels, secondary channels, tributaries, canals, ditches...). Water, energy,
nutrients, sediments, organic matter, and diaspores flow in these conduits which are also connected to
reservoirs (lakes, ponds, water-tables, humus layers...). A floodplain and its adjacent areas constitute an
ecocomplexe that the structure, the functioning and the dynamics depend on large gradients of
hydrology and energy. The specificity and the biodiversity of the ecocomplexe are hight because of a
great diversity of hydrological situations linked to the spatio-temporal patterns. In the landscape, the
ecocomplexe can be highlighted and delineated by spontaneous vegetation, crops and other land-uses.
Consequently, it can be easily mapped. The ecocomplexe allows to propose predictive scenarios (Pautou
and Girel, 1992) concerning the responses of the various compartments in case of catastrophic events
such as a 50 or a 100-year flooding. It is easy to take into account of new land-uses (such as
waterproofed and filled areas created by industrial activity and urbanization), reclaimed wetlands (which
can no longer store floods), or barriers (such as highways which can diverte the flows to particular sites)
in the development schedules. The catastrophic impacts of floodings which affected many French
watersheds for the last years are not only explained by rainfalls. The concentration of flows on reduced
areas during a short time could be explained by a bad management of the drainage basin. The
ecocomplexe may be a useful tool allowing to propose simulation patterns taking into account of
hydrological parameters.
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ABSTRACT

Petit Saut dam was built in an equatorial zone 65 km from the mouth of the Sinnamary river. It created a 3550 hm’
reservoir that floods 310 km? of primary forest; maximum depth is 35 m. Impounding took 18 months, from
January 1994 to July 1995. The time required on average to renew the reservoir water is of the order of 5 months.
Air temperatures remain constant year-round in the area (28-30°) and the differences between the seasons mainly
concern rainfall: rainy season from January to July, dry season from July to December. In the very first months
after impounding, oligomictic conditions developed with a well-oxygenated epilimnion 1 to 3 m thick and a totally
anoxic hypolimnion. This pronounced stratification was compounded by a longitudinal gradient in the epilimnion
that creates a transition zone between river and reservoir. On the other hand, no pronounced transversal gradient
has developed. From a biological standpoint, no shore zone has been detected. Detritivorous Bosminidae cladocerans
colonised the reservoir before the phytoplankton developed. The lake ecosystem matured with a succession of ever-
larger dominant zooplankton groups: Bosminidae, followed by Daphnidae, Cyclopidae copepoda, and Diaptomidae.
The last two families accompanied the development of the phytoplankton. Despite great diversity, rotifera never
represented more than a tiny portion of the zooplankton biomass. On the other hand, a single species of reputedly
benthic ostracoda (Physiocypria affinis) dominated the zooplankton on several occasions. Chaoboridae diptera

' progressively developed in the mass of water. It was only toward the end of impounding, and in the epilimnion, that
the zoobenthos (diptera, tricoptera, oligochaeta) colonised the plant supports provided by the submerged forest. The
abundance of food provided by the development of the zooplankton and then the zoobenthos encouraged a muititude
of fish fry, concentrated near the surface. Oxygen in the mass of water comes almost exclusively from
photosynthesis. Because of this, a series of rainy spells caused brief reductions in the epilimnion's thickness by
mixing the different layers. Those fleeting but difficult conditions resulted in a high death rate for the zooplankton,
which developed anew each time in the space of a few weeks, with the same succession of species. Presently, there
is a slow trend towards improved living conditions in the mass of water, manifested by a thickening of the
oxygenated surface layer at the same time as the reduced element content (especially methane) stabilises in the
bottom of the reservoir.

KEY-WORDS: Hydroelectric dam / Impounding / Reservoir / Regulated river / Tropical zone / Invertebrate /
Zooplancton / Biodiversity / Distribution / Food resource
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L THE SINNAMARY RIVER BEFORE IMPOUNDING

The Sinnamary river is 250 km long and springs up in the centre of French Guiana at an altitude of 125 m (figure
1). Its catchment area stretches over 7000 km? of crystalline formations overgrown by uninhabited primary forest.
Hydrology in the area is marked by mean annual flow of 260 m’/s, with a high water period from April to June in
the great rainy season (flow ~ 400 m*/s) and a low water period from September to November (75 m’/s) in the great
dry season. In general slopes are gentle; a longitudinal profile of the area shows sections with rapids (called "sauts")
and sections of very gentle slopes (the "entre sauts") in succession until the Petit Saut site where the dam was built,
35 km as the crow flies from Sinnamary village, close to the river mouth.

The water's physical and chemical characteristics (Richard and Horeau, 1996) change little along its course. The
water is warm (26°C), slightly acid (pH 6-6.3), with a low mineral content (24 pS/cm), well-oxygenated (7 to 8
mg/l), turbid (13 NTU), lacking in transparency (secchi 0.50 m), poor in suspended matter (5 to 25 mgfl),
essentially composed of organic matter (500-800 pg C/1) and poor in nutrient salts (nitrates 15-30 p mol N/,
orthophosphates 0.2-6 p mol P/1).

Aquatic invertebrates that were monitored for the three years preceding impounding seem fairly limited in numbers
and it is difficult to assess how diverse they are. In fact, this type of fauna has still not been thoroughly researched
in South America and there are still thorny taxonomic problems, despite the invaluable work of several specialists.
However, there seems to be a wealth of different species in the groups that have been most thoroughly investigated,
i.e. the rotifera, cladocerans, ephemerals and odonates, of which 98, 43, 36 and 76 species or taxona respectively
have been identified to date.

They are divided in strictly delimited zones in relation with the strong differentiation between the 2 major types of
biotope: the rapids and stretches between them ("sauts" and "entre sauts") are populated by insect larva, while the
temporarily submerged forest and slow-flowing creeks are also rich in microcrustaceans and insect larva. At the
bottom of the "entre sauts" live decapod crustaceans and in their sand live harpacticoid copepoda. The mass of
water itself carries small invertebrates of which many come from other aquatic environments (creeks, submerged
forest, marshes, etc.) and from both the land and the gallery forest. The density of the aquatic invertebrates
population depends on flow variations and on the activity of predatory fish. The highest figures are recorded in the
dry season, except for cladoceran crustaceans.

- The fish caught in the rapids mostly eat aquatic invertebrates, while terrestrial invertebrates that fall into the
water are a major food supply for the fish caught in the "entre sauts” and the creeks (Horeau et al., 1996).

- The upstream part of the reservoir comprises zones of submerged forest with a wealth of microcrustaceans
(rotifera, cladocerans, copepoda) and zones of stagnant water that are likely to contribute to the reservoir
populations through drifting.

II. RESERVOIR IMPOUNDING

1. The Petit Saut Hydroelectric Scheme

The Petit Saut dam stands 35 m high and 740 m long. A 20 m high cofferdam built 150 m upstream from the water
intakes prevents water from the reservoir bottom flowing directly to the turbines.
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Poor hydrological conditions resulted in 3 stages in impounding:

- from January to July 1994 water level rose constantly by a few centimetres a day, up to E1.31 m;
- from July to December 1994 the reservoir remained stable at E1.31 m;

- from December 1994 to June 1995 impounding was resumed until F.S.L. at E1.35 m was reached.
During that 18-month period, riparian outflow of 100 m*/s was released through the bottom outlets.

At F.S L., reservoir storage capacity is 3 billion cubic metres and its surface area 310 km? for an average depth of
10 m. At the dam, maximum depth is 35 m. The time the water is retained in the reservoir has been evaluated at 6
months. The reservoir's shape is extremely complicated.

2. Water Quality

Monitoring of water quality has shown that the various processes are determined by the decomposition of organic
matter from the uncleared forest. Thermal stratification occurred rapidly. A few occurrences of partial
destratification can be attributed to rainfall or major water releases at the dam. Only the top layer (between I and
4 m) was oxygenated.

Anoxic conditions in the hypolimnion mean that the organic matter continues to mineralise by anaerobic means,
producing carbon dioxide, methane and sulphur hydrogen. As depth increases, pH decreases, conductivity increases
and so does the ammonium concentration.

3. Invertebrates

Monitoring of invertebrates proved especially interesting in 3 fields: biodiversity, functioning of the lake ecosystem,
and the food available for fish.

3.1  Biodiversity

Reservoir impounding diminished the diversity that had previously been observed in the Sinnamary and its
associated hydrological system. However, there is still greater diversity than in reservoirs in temperate regions.

The reservoir's populations are original for the discovery of species new to scientists (c.g. the copepoda
Notodiaptomus nsp), for original populations within a species (e.g. the rotifera Filinia terminalis), and for species
that had already been identified elsewhere but that hitherto had not been known to exist in the area {many species of
rotifera, cladocerans and copepoda).

3.2 Functioning of the Lake Ecosystem
3.2.1 During impounding

Monitoring of invertebrates has shown that the running water biocenosis disappeared upon impounding but the
lake-type biomass developed very rapidly, in just a few weeks, with abundant and varied zooplankton. A succession
of small, largely detritivorous species was observed before the phytoplankton bloom; then came larger species after
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Many fish stomachs have been examined, of many species. It can therefore be established that, 2 years after
impounding, most of the Sinnamary's fish species have survived and bred in the reservoir thanks to the abundant
food supply offered by the invertebrates that have developed there and that form a dense and varied populatios.
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Figure 4 - Comparison of feeding habits of Leporinus friderici in the different biotopes

III. THE SINNAMARY RIVER DOWNSTREAM FROM THE RESERVOIR

3.1 __Water Quality

Flow in the river consists of reservoir water discharged through the bottom outlets and the turbines, and overspill.

Immediately downstream from the bottom outlets, the water is well oxygenated with a low methane content. The
strong turbulence at this level does encourage re-oxygenation and de-gassing.
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Immediately downstream from the turbines, the lack of any such turbulence precludes any transfers of gases
between the air and the water. Discharge from the turbines is completely lacking in oxygen and highly charged with
methane and organic matter. Therefore, to create the same situation as at the bottom outlets, a scale model study
was done to design a weir with optimal characteristics to generate as much eddy, and therefore re-oxygenation and
de-gassing, as possible.

In any case, it should be noted that as a general rule, not enough oxygen comes into the water downstream (from the
atmosphere or from tributaries) to compensate for oxygen consumption by residual reducing elements such as
methane. A closed curve is observed that reaches its low point about 40 km downstream from the dam, in the Pointe
Combi area.

3.2 Invertebrates

In the mass of water in the river, downstream populations essentially consist of zooplankton organisms
(cladocerans, copepoda) drifting from the reservoir. In relation with the various taxona or with hydrological
conditions, the lake zooplankton continues to be found at a more or less great distance and may even still be
abundant (much more so than before the reservoir was impounded) all the way to the estuary.

The fauna in the sand, dominated by small cyclopoida before reservoir impounding, has evolved considerably, in
two stages (figure 5).

- multiplication of harpacticoid copepoda, with the increase in organic particles settling on the bottom, before
the sand became anoxic;

- multiplication of the oligochacta when the sand became oxygen-poor.

No anadromous migrations of decapod crustaceans has been observed.

B (n=32000) -
’ Neéntatdes Dhgpacheies

»»»

A (n=100) Clatoctees

Naupii
1%

Harpacucoides

Figure 5 - Comparison of populations in the sand observed downstream from the works at Kerenroch. A = before
reservoir impounding, B = since impounding, n = total number of individuals in the sample
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the phytoplankton had developed: small rotifera = bosminidae cladocerans = cyclopoid copepoda = daphnidae
cladocerans = calanoid copepoda = chaoboridae larva = ostracoda.

3.2.2 After impounding
A)  Zooplankton

At present the situation at the middle station (GENIPA) represents the most advanced, stable state in the reservoir.
There we find a calanoid domination that indicates good functioning of the lake ecosystem, in the well-oxygenated
top layers (epilimnion) where th. zooplankton is confined (figure 2). As we move away from that middle station,
study of zooplankton development in time and space faithfully and rapidly reflects the changes in how the
ecosystem functions consistently with the changes in the water's physical and chemical qualities. Accordingly, the
level of structuring or maturity in the lake ecosystem decreases as we move:
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Figure 2 - Fluctuations in copepode numbers at Roche Genipa 1, during impounding
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- upstream, where either cyclopoida or cladocerans dominate in the zone of transition between the river and the
reservoir,

- downstream, where cladocerans and ostracoda dominate near the dam in reaction to discharges through the
bottom outlets, over the surface, or through the turbines;

- sideways, where cladocerans dominate in the submerged forest.
It should be noted that there are no heleoplankton species yet that would characterise a shore zone.

The system's maturity can also be seriously disturbed by heavy rainfall that mixes the mass of water to a certain
extent, lowering the dissolved oxygen content and stirring up organic "debris". In these brief incidents the
zooplankton is partly wiped out but soon reforms from its most resistant stages, following the same succession of
species as during impounding.

B) Zoobenthos

Benthic invertebrates have not been able to develop below the anoxic hypolimnion, at the bottom of the reservoir
where aerobic life is not possible. At a slower pace than the zooplankton (the species in question are bigger), they
have-flourished in the epilimnion thanks to the multitude of supports available in the submerged trees. At present
they represent a very large biomass dominated by diptera (figure 3).

Hétéropteres

1% Plécopteres

Trichopteres 1%

36%
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Figure 3 - Percentages of the various insect larva gathered on the man-made substrata placed in the reservoir

3.2.3 New Foods for Fish

Taken together, the zooplankton and the macroinvertebrates in the submerged forest represent an increase in
potential food resources. But will the fish like this new prey?

As concerns the macroinvertebrates, it has been observed that the stomachs of fish in the reservoir contain both the
larva and the imagos of the limnophilous aquatic insects that have recently appeared, and the larva and imagos of
tree insects that have been progressively drowned by the rising waters. Those prey do not represent a fundamental
change in the eating habits of many fish in the Sinnamary, aiready identified as insectivores and omnivores.

As concerns the zooplankton, observations indicate that many species of fish have had to change their diet and have
become at least partially zooplankton-eaters in the reservoir, for instance Leporinus friderici (figure 4).
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CONCLUSION

The physico-chemical characteristics of the Petit Saut reservoir result first and foremost from the decomposition of
the submerged primary forest; they are also influenced by weather conditions (rain, wind, cloud or sunshine) and
finally by operation of the hydroelectric scheme. The reservoir fills up during the rainy season to the maximum
water level at El. 37 m and then is partially emptied during the dry season to supply power to Guiana. That means
reservoir water level varies by at most 4 metres over an annual cycle. In the stratified lake zone, rainfall, which is
colder than the surface water, helps to mix some of the water in the epilimnion with that of the hypolimnion.
Finally, overcast weather reduces photosynthesis, leading to a decrease in dissolved oxygen contents in the daytime,
and also in the density of the phytoplankton, a food staple for many taxona.

In the first weeks of impounding only the top two metres of the reservoir's surface layer were oxygenated. Since
then the thickness of the oxygenated layer has increased, to 4 m today.

Development of a vertical gradient, whether physical (thermocline) or chemical (oxycline), influences the vertical
distribution of the zooplankton. The depth to which light penetrates defines a layer of high production
(photosynthesis), where herbivores and carnivores concentrate. The greatest abundance of zooplankton therefore
often occurs above or at the level of the thermocline. With the exception of a few chaoboridae, there is no
zooplankton in the anoxic hypolimnion. '

As for the horizontal distribution of the zooplankton, two zones can be identifies: an axial zone where the
Daphnidae and the calanoida are well represented, and a submerged forest zone where, like the reservoir
headwaters, Bosminidae are better represented. However, at Petit Saut, unlike the situation in natural lakes and
many reservoirs, we have not identified any shore zone, either in terms of water quality or in terms of zooplankton.

To sum up, the most important points that draw our attention are:

- the rapidity of lake-type biological production, since zooplankton was very dense in the reservoir as for the
initial months of impounding;

- the diversity of the zooplankton as of impounding;

- the high density of the zooplankton, in relation to the quantities of organic debris and development of the
phytoplankton: at the beginning of impounding we witnessed colonisation by detritivorous cladocerans,
followed by the development of plankton-eating species;

- goaod utilisation of this new lake-type food resource by fish.

However, thanks to the re-oxygenating weir placed just downstream of the turbines, the characteristics of the river
water between the dam and the river mouth are good enough to support aquatic life.

The types of water-borne aquatic invertebrates living in the river downstream from the dam, especially the
microcrustaceans, are directly related to those in the reservoir. In the sediment of the Sinnamary, it has been
observed since impounding that the cyclopoida are being replaced by Harpacticoida. Monitoring of the environment,
for at least three years after impounding, will provide details on the present trends.
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ABSTRACT

Lake Vortsjarv is a shallow and turbid eutrophic lake in Central Estonia with an area of 270 km", mean
depth of 28 m and maximum depth of 6 m. In spite of shallowness the amplitude of water level
fluctuations is large: the annual mean 1.38 m, annual maximum 2.20 m and the absolute range 2.92 m
Besides seasonal fluctuations, the annual mean water level of dry and rainy years differs by more than one
meter. Long-term water level measurements (starting from 1885, daily measurements from 1921) show a
sinusoidal alternation of low and high water states within 30-year periods. Due to the shallowness of the
lake low-level periods are accompanied by several negative phenomena like fish kills, intensive
resuspension of bottom sediments and cyanophyte blooms.

Since 1964 phyto-, zoo- and bacterioplankton, hydrochemical variables and water transparency have been
monitored at monthly intervals. This period coincided with the rising phase of the mean water level (1.5 m
during 1964-1993) that allowed to follow the effect of the water level on plankton and hydrochemistry In
spite of the increased Secchi depth for the growing season from 0.6 to 0.9 m, bottom irradiance dropped
7-fold and water column irradiance by 1/3 during these years. As vernal excystation and germination of
resting stages of several planktonic organisms is triggered by light, changes in light intensities at the
bottom were probably among factors which changed the plankton species composition. Deterioration of
mean water column irradiance increased dark losses of light-limited phytoplankton and reduced its
biomass Bacterioplankton for which detritus and phytoplankton exudates serve as the main substrate,
decreased in number more than twofold. The increased mean depth of the lake reduced significantly the
rate of resuspension. Although nutrient concentrations increased during the period studied, the rising
water level had a positive effect on the ecological state of the lake. A decrease in phytoplankton and
bacterioplankton biomass and in detritus amount, resembling the effect of a reduction of the trophic
status, was related to the strengthening of the light limitation effect on phytoplankton and a decline in
sediment resuspension.

Hydraulic calculations have shown that an outflow regulator would generally maintain the natural water
level regime, but at a higher mean level and reduced amplitude. During low water periods the level would
be elevated by approximately one meter, the annual mean amplitude would decrease from 140 to 110 cm
but the annual maximum amplitude by more than 1 m.

KEY-WORDS: Water level / Shallow lake / Light limitation / Secchi depth / Phytoplankton biomass /
Bacterioplankton (total count) / Long-term investigations / Sediment resuspension / Level regulation
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INTRODUCTION

The word enrophic generally refers to nutrient-rich conditions and, in a narrow sense, eutrophication can be
understood as an increase in the nutritional level of waterbodies. This increase is usually sensitively reflected in
biota by increased production and standing stock and by reduced biological diversity. In a broader sense, the
concept of eutrophication implies both its initial causes as well as responses of the

ecosystem and, as a fact, often focuses upon the latter.
Quantitative responses of the biota to increased nutrient
loading are adequate in a nutrient-limited environment
but can differ in a wide range in the case of other
limitations. Optical properties of water as well as the
mixing depth and resuspension rate of sediments, all
determined by the water level, come to the forefront in
the case of shallow (mean 28 m) and turbid L
Vortsjarv where light limitation plays a major role in
controlling phytoplankton growth (Ndges, 1995,
Noges ef al., submitted). Despite the rather stable
nutrient content the biological indices of the trophic
state fluctuate strongly depending on water richness.
The influence of changes in the water level on
different trophic levels is either direct or mediated by
cascading effects in the food chain. The shallowness
of the lake and the fluctuating level restricts the use
of the lake for recreation during low-level periods.
The shoreline recedes in places up to a kilometer in
the second half of summer, leaving large littoral
areas dry. This area cannot be used as a beach due to
the high humidity content of sediments. Stony reefs
become dangerous for boating.

Suur Emajogl

The height of the water level has been recorded daily
since 1921, the discharge, since 1961 in the mouth
of the R. Suur Emajdgi, the outflow of the lake. The
foundation of the Vortsjarv Limnological Station at
the beginning of the 1960s has enabled all-year-
round investigations of the lake. L.Vortsjarv is one
of the few lakes in the world supplied with a
continuous monthly data series covering a period of
30 years. At present, continuous monthly records
, of physical and biological parameters are available
Figure 1: L. Vortsjirv and connected rivers  since 1964, those of chemical parameters, since 1968.

Véike Emajogl

DESCRIPTION OF THE LAKE WITH AN EMPHASIS ON HYDROLOGY

Lake Vartsjarv (Fig. 1) is a shallow lake in Central Estonia at 58°05'- 58°25' N, and 25°55'- 26°10' E. Its
area is 270 km?, mean depth 2.8 m and maximum depth 6 m. Eighteen rivers and streams collect their
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water from the 3104 km,” mostly intensively cultivated, drainage basin. The lake is highly eutrophic,
characterized by mean concentrations of total N 2 mg 1" and total P 53 pg 1", The water is alkaline (pH
7.5-8.5) with a great buffering capacity and a high seston content. During the ice free period,
transparency does not exceed 1 m. The only outflow of L. Vortsjarv is the River Suur Emajdgi which has
a small slope, only 0.038%.. Its bankfull discharge depends on the level of the main tributary, the River
Pede, due to opposite flow occurring in the R. Suur EmajGgi in the reach between the mouth of the R.
Pede and L. Vortsjarv almost every spring. This bifurcation influences the outflow regime and the
lowering of the flood level in the lake (Jirvet, 1995).

The lake depression is of preglacial origin. About 2/3 of the lake bottom is covered with mud lying on
marl having a total thickness of up to 7.6 m. (Veber 1973). Sediment accumulation is intensive and the
lake becomes ever more shallow from year to year (Kaljumae and Koskor, 1980). Short-term increases in
the water level, observed in the middle of the last century and at the beginning of this century (Sievers,
1854; Muhlen, 1919), intensified shore erosion and transport of eroded material towards the outflow.
and promoted further clogging of the outflow (Orviku, 1973).

Increase in the water budget of L. Vartsjarv is mostly accounted for by inflow (73-83 %) and decrease
by outflow (80-91 %) (Jaani, 1990). The renewal of water takes 240 to 384 days, occurring. on an
average, once a year. The balance between net inflow and outflow clearly controls the water level. Due to
rather flat shores and the small water depth, changes in the water level are expressed in the mobile
shoreline and in large relative differences in volume. The long-term mean level of L. Vortsjarv, computed
over a 73-year period (1922 1993) is 33.66 meters according to the Baltic Level System. At the mean
level the area of the lake is 270 km’ the volume 0.754 km’ The absolute long- term range of level
fluctuations at the Rannu-JGesuu station is 292 cm, which corresponds to the 84 km’ difference in the
lake area and to the 0.799 km" difference in its volume. The shores are flat, except in the east. At the
highest natural water level (35.28 m) in November 1926, 57 km’ of the shore area was flooded The
lmear approximation fitted well for the relation between the water level (L) and the mean depth of the
lake (z./) in the recorded range:

(1) zo = 0.741xL - 22.29 (R* =0.976)

The absolute range of the mean depth of the lake extended from 1.71 m (09.11.1964) to 371 m
(26.11.1923).

Intensive and prolonged high water in spring, low water in summer and winter, and a noticeable rise in
the water level in autumn are the characteristic seasonal features of the lake (Fig. 2). The annual
amplitude of fluctuation in the water level has been 1.38 m on an average, ranging from 0 76 to 2.20 m in
different years (Jaani 1990). In 78 % of years the highest water level has occurred in spring, and in 22 %
of years in late autumn.

A long-term sinusoidal fluctuation of the water level with a period of about 30 years is best revealed by
using a 7-year moving average (Fig. 3). Water levels for the period 1885-1921 have been calculated by
Jaani (1990) on the basis of data on the R. Suur Emajbgi. A rather smooth continuous decrease (1928-
1940) or increase (1940-1957, 1965-1990) within the period resembles a long-term trend and can be
distinguished from it only in the context of a longer time series. Apparent periodicity is probably
associated with large-scale fluctuations in solar activity (Jaani 1973) and atmospheric processes, since it
appears in the same way in large geographic regions. Similar periodicities with a spectral density
maximum of 28-32 years have been found in the water level dynamics of the lakes of Saimaa, Ilmen and
Onega (Masanova and Filatova, 1985), as well as for different hydrological elements of Lake Ladoga (20-
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Figure 2: Seasonal dynamics of the water level in L. Vortsjirv
(After Jaani, 1990 supplemented by data on 1995)
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Figure 3: Long-term changes in the water level in L. Vortsjarv
(After Jaani, 1990 supplemented by latest data)
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30 years) (Malinina er a/, 1985) and Lake Miiggelsee (Behrendt and Stellmacher, 1987). The last
increase in the water level can be firmly attributed to the 25 % increase in the annual amount of
precipitation in Central Estonia (from 526 to 652 mm) between 1964-1993 (Kivi & Russak, 1990).

The period 1964-1993, overlapping with the biological time series, can be divided into two parts each
characterized by a significantly different water level. A more detailed analysis has been presented in
Noges and Jarvet (1995). The years 1964-1977 were dry with a mean water level of 33.14 m and a mean
lake depth of 2.38 m. The period 1978-1993 can be referred to as rainy years. The fifth and eighth highest
water levels during the whole 72-year measuring period correspond to the years 1978 and 1981. Due to
the long dry period the average water level during the whole period 1964-1993 appeared to be 10 cm
lower compared with the long-term average. Still, the constructed linear trend line for this period revealed

an increase in the mean water level by 1.5 m and the corresponding increase in the mean depth of the lake
by 1.1 m

MATERIAL AND METHODS

The data set used in the present paper consists of water transparency measurements, hydrochemical and
plankton analyses made in 1964-1993 at the Vortsjarv Limnological Station. Daily water level data for the
years 1922-1993 were obtained from the hydrological station on the outflow. The other measurements
and analyses pertain to the surface layer of the main monitoring station. Routine sampling was performed
once a month, in some periods more frequently, 2-6 times per month Underwater light measurements
with an 4-n PhAR collector (Williams and Jenkinson, 1980) were made in 1989. Bottom irradiance (Ig)
was calculated according to Lambert-Beer's law

(2) Ig= Ioexp(-kz)

where irradiance in the surface layer (I,) was taken equal to 100 %, the attenuation coefficient (k) was
replaced by its relation to Secchi depth (Eq. 4), and the mean depth of the lake was denoted by z.
Average irradiance in the mixed water column was calculated according to Riley (1957):

(3) Lnis = Lo[ 1-exp(-kz)}/kz

assuming that in L. Vartsjarv the mixing depth increases simultaneously with the mean depth of thelake z

RESULTS AND DISCUSSION

Water level effects on lake biota

Phytoplankton

The phytoplankton of L. Vartsjarv is abundant and rich in species. Owing to shallow water and continuous
wind-induced mixing the number of benthic and periphytic forms is large. In a few cases phytoplankton
biomass reached 100 g m™ in the early 1970s. At the end of the 1970s, biomass decreased, and several changes
took place in the species composition: it became generally poorer, while a new species Limnothrix redekei
(Van Goor) Meffert appeared among dominants. Nowadays the algal community is represented by an
association of filamentous algae, the species of the genus Awlacoseira in spring, Planktolyngbya limnetica
(Lemm.) Kom. et Cronb. and Limnothrix redekei in summer and autumn, accompanied by a low vanable
biomass of small algae, mostly chlorophytes and chrysophytes. In spite of a slight increase in winter nitrate
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levels and summer phosphate levels during recent decades, phyto_plankton biomass has seldom exceeded 30
g m The annual average chlorophyll @ concentration is 26.5 mg m™, integral pnma:y production 0.67 g C m™
d (24) g C m? y"). The mean values of destruction and sedlmentatlon rates in 1991 were 047 and 242 ¢ C
m*d* respectlvely

Several circumstances support the hypothesis of the prevalence of light limitation in phytoplankton growth in
L. Vortsjarv (Noges, er al . submitted). In natural waterbodies light limitation is an universal phenomenon,
as light-limited phytoplankton is always found below a certain depth or in the dark season of the year
(Sakshaug, 1980). In shallow polymictic lakes where the mixing depth is determined by the physical depth
of the lake, light climate is strongly affected by seasonal and long-term changes in the water level This is
a dual effect since not only the mean depth (z) but also the optical properties of water are affected by the
water level Secchi depth is the only optical parameter belonging to the set of routine monthly
measurements in Lake Vértsjarv. During the last thirty years water transparency has shown an increasing
trend which is especially clearly expressed in autumn (September - November) at the time of the annual
maximum of phytoplankton biomass and detritus content. Autumn Secchi depth increased from 0.6 m in
the 1970s to 0.9 m in the 1990s. According to light measurements in L.Vortsjarv in 1989 the relation
between the attenuation coefficient (k) and Secchi depth (S) can be described by the reciprocal function

(4) k=148+0.05/S (= standard error)

In productive shallow waterbodies, phytoplankton and detritus gain a leading position among optically
active substances determining the under-water light field. In these conditions, the key position of
phytoplankton becomes obvious as most of the particulate matter originates directly or indirectly from
primary production like phytoplankton itself, detritus (mainly dead phytoplankton), bacteria (consumers
of phytoplankton) or zooplankton (consumers of phytoplankton and bacteria). By vertical mixing
phytoplankton is transported through a light gradient and adapted to an average light intensity in the
mixed layer which Riley (1957) has defined as "effective light climate". This average level is controlled by
surface irradiance, vertical light attenuation and mixing depth (Eq. 3). For L. Vartsjarv surface irradiance
was taken equal to 100 %since its changes in a 30-year period could be neglected. The attenuation
coefficient (k) was replaced by its relation to Secchi depth, and the mixing depth was determined by the -
mean depth of the lake In spite of improved water transparency, the calculated water column irradiance
dropped from the average 28% to 19% i.e. by about 1/3 during the period 1964-1993. In these years,
phytoplankton biomass maxima were inversely correlated with the water level and remained at a rather
low level during the rainy period (Fig. 4). A similar process has been observed in Lake Beloe
(Rumyantsev er al., 1985) where a 1.5 m increase in the water level affected much stronger the
underwater light field than an increase in trophic parameters like mineral phosphorus and nitrates did.

An increase in the water level had a much stronger effect on bottom irradiance than on water column
irradiance. Relative bottom irradiance decreased from about 2.8% in the middle of the 1960s to 0.4 - 0.5
% in the 1990s. The 1% surface PhAR criterion, commonly used to assess the lower boundary of the
euphotic zone (Tilzer, 1987), was overstepped while large bottom areas fell outside the euphotic zone.
Although most of the water column remained within the euphotic zone, deterioration of light conditions
resulted in a decrease of primary production which was reflected in reduced phytoplankton biomass and
pH values. During the ice-free period, relative bottom irradiance was the lowest in May (due to the high
water level coinciding with large algal biomass) and increased gradually towards the end of the year. As
vernal excystation and germination of resting stages of several planktonic organisms is triggered by light,
changes in light intensities at the bottom were probably among factors which changed the plankton
species composition. The invasion of Limnothrix redekei, a blue-green alga, whose development starts in
early spring in the shade of diatoms, is obviously connected with light conditions as well: Nicklisch e7 a/.
(1981) demonstrated a specific light adaptation of this species, which allows its mass development,
compared with other blue-greens, in more turbid and cool water.
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Bacterioplarkton

Bacteria! counts in L. Vartsjarv have ranged from 1.2 to 14.0 - 10° cells mI"' with a mean value of 4.2 -
10°. Their maxima occurred in the first half of the 1970s just as those of phytoplankton biomass, and a
similar relation could be observed between the total number of free-living bacteria and monthly mean
water levels (Fig. 4). Three mechanisms may be responsible for a simultaneous decrease in phyto- and
bacterioplankton abundance: 1) limitation of bacterioplankton growth by algal substrate under conditions of
decreasing primary production; 2) limitation of bacterial numbers by the smaller amount of resuspended
sediments in the case of a rising water level, 3) increase in zooplankton grazing pressure on bacteria under
conditions of the growing proportion of filamentous blue-green algae in phytoplankton. The first two
mechanisms can be joined under a common denominator "dilution effect”. On the basis of available data it is
hard to determine the role of each of these mechanisms, though the leading role of the water level is obvious

Fondén (1969) found a similar negative correlation between bacterial density and the depth of the
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Figure 4: The scatter plot of plankton abundance versus water level in L. Vortsjirv
Monthly mean values for the period 1964-1994

water column in the large Swedish lakes of Malaren and Hjalmaren, and associated it with the vertical dilution
effect of the deeper water column. During summer, bacterioplankton was influenced by both filter-feeding
zooplankton and the amount of available organic carbon. There exists a close link between pelagic and benthic
processes in large shallow lakes. On windy days resuspended POC exceeded 15-20 times carbon fixation by
phytoplankton in Loosdrecht Lakes (Gons ¢7 al., 1986). Wainwright (1987) and Ritzrau and Graf (1992) have
shown that resuspension not only passively increased bacterial abundance but also stimulated bacterial growth
Intensive resuspension occurs when water depth is less than half of the wavelength. Due to the short
wavelength (3-5 m), characteristic of Lake Vortsjarv (Jaani, 1973), the percentage of the lake area affected by
resuspension ought to be strongly dependent on the mean depth of the lake. Malve er al. (1994)
demonstrated on the example of the large shallow Lake Pyhajarvi that 1.7-fold increase in wind speed was
necessary to deepen the resuspension front by one meter.

Zooplankton

The zooplankton of L. Vartsjarv is dominated by small cladocerans, mainly Chydorus sphaericus (Miller), and
rotifers which are specialized in feeding in patches between filaments. Recent studies made in the dry year of
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1995 revealed an important role of protozoa in the lake, among which ciliates formed a mean biomass of 0 68 g
m" (Zingel, unpublished) which s almost equal to the biomass of crustacean and rotifer zooplankton (080 gm
*) (Pollumae, unpublished). The hlgh detritus content of water, resulting from continuous rmxmg and wave
action, has been considered the main factor determining the small biomass and mean body size of filtering
zooplankters, as it clogs their filtering apparatus (Haberman, 1984). Revival of the ecosystem through the
increasing water level at the beginning of the 1980s was reflected in a decrease of rotifer biomass (Haberman,
1983) However, no significant trends were observed in the biomass of crustaceans and rotifers in a 30-
year time series, though it established several changes in the species composition.

Zoobenthos

Among the bottom fauna of L. Vértsjarv Chironomidae dominate in all zones of the lake In 1973-1978 big
larvae of Chironomus plumosus L. formed on the average 60.8 % of macrozoobenthos biomass (Kangur,
1982). During the rising phase of the water level in 1973-1993, a general tendency towards increasing the
abundance and biomass of Chironontidae and Oligochaeta, as well as decreasing the abundance of Mollusca
was noticeable. In 1973-1993 the annual mean abundance of bottom animals fluctuated from 520 to 1600 ind
m”, and biomass from 1.6 to 26.4 g m” (Kangur e al., in press). As annual differences in zoobenthos amount
are strongly influenced by changes in Chironomidae whose abundance depends on meteorological conditions
during the reproduction penod and on fish pressure (Kangur, 1982), no significant correlations occurred
between zoobenthos and the water level. As a rule, the littoral area has been the richest in species diversity, as
well as in abundance and biomass. Merely Chironomus plimosus achieved its highest biomass in the muddy
profundal area (Kangur ¢r al., in press). In dry years the shoreline recedes in places up to a kilometer in the
second half of summer, leaving large littoral areas, where the benthic fauna cannot survive, dry. A more
stable water regime would gain these areas of high bottom fauna production available for feeding the
basically benthxvorous fish community.

Aguatic macrophytes

Wind-exposed northern and eastern coasts of the lake are bordered with a mostly continuous belt of
Phragmites ausmralis (Cav.) Trin. ex Steud., followed by submerged Potamogeton perfoliatus L. at a
depth of about 2 m. Only in places exposed to the strongest wave action, the reed-beds become narrow or
fragmentary, often separated from the shore by a shallow open water area. The western coast is richer in
vegetation. The wide zone of Phragmites australis and Schoenoplectus lacustris (L.) Palla), starting nght
on the shore, has dense vegetation. The zone of ﬂoatmg-leaved plants (Nuphar luteum (L.) Smith) is
distinct in places, while the zone of submerged vegetation is everywhere well formed. The southern
corner of the lake is fully overgrown with macrophytes. All types of aquatic macrophytes are abundantly
represented, and become often merged. This description by Maemets (1973) rendered briefly here, is still
valid, though the area and density of macrophyte stands has increased. Depending on fluctuations in the
water level the abundance and distribution boundaries of different species vary greatly. Besides
eutrophication, also lasting low-level periods in dry years contribute to the broadening of reed-bed areas.

The formation of macrophyte stands along the shoreline northward of the mouth of the R. Tanassilma has
been associated with the extremely low water level in 1939-1940 which enabled emergent macrophytes
(Phragmites australis, Schoenoplectus lacustris) and submerged vegetation to fix and extend to the
previously sandy areas (Pihu, 1959). More intensive shore abrasion occurring at higher water level would
prevent rapid overgrowing of shallow areas, especially in the southernmost part of the lake.

Fishes
The most abundam fish in Lake Vorts;arv is bream (Abramis brama (L.)), its mean biomass in' 1981-1990 was

47.9 kg ha’, production al 1 kg ha' y". kae-perch (Stizostedion lucioperca (L.)and pike (Esox Iucius L)
with blomasses 11.5 kg ha™ and 7.8 kg ha™, respectively, occupy the leading position among predators. The
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production of pike is 5.6 kg ha" y' The abundance of the eel (4nguilla anguilla (L.)) population depends on
S y 3

the introduction of glass eels. About 35 million glass eels have been regularly introduced into the lake during
1956-1993 (Nbdges er al., in press).

In the 1950s and 1960s L. Vortsjarv was regarded as a ruff (Acerina cernua (L.)) lake because the bulk of fish
caught here consisted of ruff, young perch (Perca fluviatilis L) and roach (Rutilus rutilus (L.)). In the 1970s
commercial trawling was stopped, glass eels were regularly introduced into the lake and the protection of
commercial fishes was improved. These measures resulted in a rapid growth of stocks and catches of

commercial fishes (mainly pike-perch and eel) and in a sharp decline in the abundance of less valuable small fish
(Pihu, in press).

Several winter fish kills (in 1939, 1948, 1967, 1969, 1978, 1987) have been documented during this
century (Kirsipuu e al., 1987). Most of them (1939, 1948, 1967, 1969) coincided with low-level periods
and, hence, with a higher primary production in the preceding summer and oxygen depletion during
winter. The winter of 1995/1996 has been another example of the disastrous consequences of the low
water level After the highly productive summer of 1995 the lake was frozen at an extremely low level
The winter has been cold and the lake has been covered by thick ice (~0.6 m) and snow (~0.3 m). There
have been no thaws from mid-December till the beginning of March. The lowest oxygen concentrations

during the studied 30 years (2.3 mg "' just below the ice, 0.4 mg I in the bottom layer) were registered
on st March

The flocding of lakeside meadows starts at the water level of 34.47 m (Pihu, 1959). In dry springs the
flood plain remains dry, and the spawning area of pike is restricted. Strong winds coinciding with low

water in May endanger the spawn of pike-perch, which can be buried under sediments (A. Kangur, oral
communication).

Prospects in water level reculation

Lake Vortsjarv with its large drainage area, bad outflow conditions and flat shores is a complicated object
for level regulation. The requirements of fishery, water economy, agriculture, recreation and water
transport must be taken into account while designing the regulation scheme. The following goals can be
set

- to reduce both the annual and long-term water level fluctuations;,

- to prevent low level and to keep the leve! as high and as stable as possible;

- to raise the flood level so as to form water-meadows, i e. the water level must exceed 34.4 m;

- to prevent the regulated maximum level from exceeding natural maxima in order to avoid flooding of
buildings and roads;

- to guarantee the sanitary minimum flow in the River Suur Emajogi.

Outflow calculations (Kaljumde and Koskor, 1980) showed that a constraint level regulation of
L Vértsjarv is impossible as it would requires far better outflow conditions. Nineteen regulation scenarios
were tested in which the minimum levels varied from 33 0 to 33 7 m, the maximum levels from 34.0 to
34.8 m, and the difference between minimum and maximum levels from 0.6 to 1.8 m. By blocking the
outflow it would be possible to prevent dropping of the water level below the set minimum value,
however the level might be higher than desired in years of large runoff from the drainage area. Lowering
the set minimum level is not recommended, as it would result in a decrease of maximum levels by 30 - 50
cm in dry years, but only by 5 cm in rainy years. The regulated maximum level can be lower than the set
maximum in dry years and exceed the latter in rainy years. All requirements would be satisfied in the best
way when using the following regulation scheme: filling of the lake proceeds in April-May when the
regulator is closed. Lowering of the water level starts in the second half of May at the maximum flow rate
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determined by the outflow conditions, until it reaches the set minimum (usually in September). The water
level would increase slightly in November-December. In years when the lake cannot be regulated due to
the high level in the R Pede, or due to excessive inflow, the regulator would be opened and the natural
regime established. It would be reasonable to keep the minimum level at 33.7 m which is the long-term
average and to which the level can be lowered in most cases (75% of years). The regulated maximum
water level is to be 34.8 m in which case forced maxima would reach 35.6 m.

As a result of regulation measures water level dynamics does not change much. It will generally follow
the natural pattern but will proceed at a higher level and will have a smaller amplitude. The level will be
about I m higher during low-water periods. Extraordinary high levels do not exceed much natural
maxima, as the natural level equals at 1% probability 35.50 m and the regulated level 35.6 m. The annual
mean amplitude of level fluctuations will decrease by 0.3 m (from 14 to 1.1 m), the annual maximum
amplitude by more than | m. The sanitary minimum flow in the R. Suur Emajogi will be guaranteed, while
fishery requirements can be satisfied partially: meadows will not be flooded only in exceedingly dry vears

Arguing against this water level regulation plan Raukas and Tavast (1990) have pointed out
intensification of shore abrasion in the eastern and northern shores and the expansion of continuously
flooded areas

CONCLUSIONS

Lasting iow-water periods in L. Vortsjarv are accompanied by a number of adverse biological phenomena
consisting generally in destabilizing of the ecosystem. An increase in phytoplankton and bacterioplankton
biomass deteriorates the transparency and gas regime of the lake. Low-level periods accelerate the
overgrowing of shallow areas with macrophytes and deteriorates the spawning conditions for pike by
restriction of spawning places and for pike-perch by the spawn being buried under sediments. By means
of the regulation of the water regime, by raising the minimum and maintaining the optimum level,
conditions in the lake can be improved. Greatest success would be achieved by reducing sediment
resuspension and by strengthening light limitation on phytoplankton, which would control primary
production and the amount of particulate matter in the water.
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ABSTRACT

The Azov Sea is a shallow inland sea on the North-Eastern side of the Black Sea, bordered by Russia
and the Ukraine. The main tributaries of the Azov Sea are the rivers Don and Kuban, which together
provide 80% of the fresh water inflow. A small outlet provides exchange with the Black Sea, which
results in a salinity gradient across the Azov Sea of 0 to 18 promilles. The Azov Sea is used for
shipping and tourism, while valuable wetlands are situated on the eastern and western sides. However,
the sea’s most striking feature is its high productivity. In the early 1930's the ecosystem was able to
sustain fish catches of up to 300,000 tons per year, including economically valuable species like
sturgeon. Due to changes in its drainage basin, the ecosystem of the sea has suffered severe impacts on
its functioning. The habitat suitability of key species of the area was evaluated using water quality
model results and an inventory of species distribution and species habitat requirements data. For a
number of management scenarios based on water-use in the area, changes in habitat suitability could be
quantified. Habitat suitability was recalculated into potential carrying capacity for each species. From .
the results is was concluded that changed salinity gradients within the sea and low oxygen concentration
are a major cause of changed habitat suitability of species. Other causes, such as loss of spawning
habitats for migratory fish in bordering rivers were not taken into account.

KEY-WORDS:

Habitat Evaluation Procedure/ Integrated System Analysis/ Azov Sea/ Ecology/ HEP/ water
management/ modeling/ impact assessment/ ecotope/ carrying capacity/ habitat suitability
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INTRODUCTION TO THE PROJECT

The ecosystem of the Sea of Azov is impacted by anthropogenic activities in its drainage basin.
Impacts such as use of fresh water for irrigation, industrial and agricultural chemical pollution, use of
fertilizers and fisheries have led to major changes in the species composition within the Sea. The
changed characteristics of this ecosystem are illustrated by frequent occurrence of benthic anoxia.
the almost total decline (2% of reported catch in 1930’s) of fisheries and the blooming of new
species. In 1994-1995, an evaluation of habitat suitability for key species within the Azov Sea was
conducted on top of an integrated study of relations between water resources, water quality and water
management based on the standard Delft Hydraulics Framework for Analysis. The objective of the
ecological evaluation was to gain an understanding of the present ecological status of the Sea of
Asov, its natural functions and the relationships between physico-chemical characteristics and the
impact upon the life-cycles of key-species within the study area. However, it is emphasized that this
study aimed to, at most, illustrate the potential of the methodology by identifying and quantifying
major impacts and provide quantitative links to effects within the ecosystem of the Sea. This paper
therefore, serves to illuminate the methodology rather than to provide a calibrated and validated
habitat evaluation for the study area (Delft Hydraulics, 1996). Finally, an important objective was to
provide an integrated management tool to local experts in order to enhance the region’s expertise for
execution of integrated water management studies. This tool is called the Asov Sea Decision Support
System.

Integrat m Man.

The management of ecosystems deals with a variety of user functions and environmental aspects. In
the past, water resources and water quality used to be carried out separately. More and more,
however, the approach to both water resources and water quality management are integrated to
enable the assessment of impacts of managerial actions on the quality of (surface) water, sediment
and biota in rivers, estuaries and coastal zones. This integrated approach of water management
increases the complexity of the decision making, as can be seen from figure 1 that shows the Delft
Hydraulics framework for analysis.

Complex water management decision
problems can be made more manageable by
including all the available knowledge in a
Decision Support System (DSS). A Decision

Support System should be considered as a

learning  device  that  allows for

approach pretiminary snalysis

experimentation, interpretation and

communication so as to find creative

solutions ‘and new ideas. It implies an

¢ implementation of a computer program that:

Figure 1 Delft Hydraulics Framework for
Analysis
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. assists people in their decision process; serves as a learning device that allows for experimen-
tation, interpretation and communication so as to find creative solutions;

. supports rather than replaces judgement of these people;

. improves the quality of the decision making process, rather than the, quality of the final
decision.

1 Sea Decision § g

7

Development of the Azov Sea DSS was started as an illustration of the power of integrated management.
The system is limited to the Azov Sea itself. The rivers Don and Kuban and more than 20 small rivers in
its drainage basin, and coastal emission sites of polluted substances were treated as point sources on the
boundary of the system. This set-up limits the type of strategies and measures that can be analysed, but
decreases the complexity of the DSS. A modular approach for the DSS was chosen, which facilitates later
improvement or replacement of parts of the system. The basis for the Azov Sea DSS is formed by:

¢ asimulation of the system hydrodynamics; a database on pollution loads, organized by a Waste Load
Management tool;

e asimulation of physical, chemical and basic biological processes;

¢ an ecological evaluation tool;

¢ amap-based presentation and evaluation tool;

» a user friendly shell which integrates the different modules (a suite of so called Case Definition,
Case Management and Case Analysis tools).

HABITAT SUITABILITY EVALUATION

The evaluation of habitat suitability within the scope of this study is based on standard Habitat
Evaluation Procedure (HEP) as described by the US Fish and Wildlife Service (1980). In this study
ecotopes (comparable with cover types in HEP), are not pre-defined in the study area. Instead,
species habitats are identified and located in the study area (therefore including all ecotopes that
provide support to the species). On the basis of distribution of habitats, identification of species’
habitat requirements and determination of suitability defining factors such as the hydrodynamics,
morphology and quality of the water system, a Habitat Suitability Index (HSI) is derived. Habitat
requirements are derived from field observations and life history studies. The HSI is expressed as an
index rating between 0.0 and 1.0, expressing the suitability of each environmental factor in the
habitat. The overall habitat suitability is determined by combining separate indices per environmental
factor.

The potential carrying capacity (PCC) of the habitat for a species is derived from the overall HSI in
combination with the habitat area (A), expressed in habitat units (HU) and a given actual carrying

capacity (CC) of the species (Duel et al., 1995).

pHSI = Function { field value, habitat requirements}
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HSI = minimum (pHSI,, pHSI,, pHSI , pHSI,)
HU=HSI* A
PCC =(HU,. /HU,) * CC
where
HSI = habitat suitability index
pHSI, = partial HSI for environmental factor 1
HU = habitat units (ha)
HU_= habitat units of a case
HU,= habitat units of the actual situation
A = habitat area (ha)
PCC = potential carrying capacity (numbers or mass)
CC = carrying capacity of the actual situation

THE AZOV SEA PROBLEM

The Azov Sea is an integral part of the Black Sea water system. The Black Sea is semi-enclosed, the
only exchange with the Mediterranean and the worlds oceans being the Bosporus. The catchment basin
of the Black Sea (figure 2) covers an area of 2.2 million km?, includes territories of more than 17
nations and is inhabited by approximately 162 million people. Economic developments in its drainage
basin have affected the quantity and quality of the freshwater flow into the sea. Economic
developments include the development of agriculture and industry in the drainage basin and on its sea
shores, the exploration and transport of oil and increases in fishery efforts on the sea itself. Because of
the enclosed nature, these developments have resulted in a severe stress of Black Sea ecosystems
including the Azov Sea system.

W n water li 4

The Azov Sea is a shallow inland sea on
the north-east corner of the Black Sea.
Its size is approximately 300 x 150 km,
with a surface area of 35,000 km? and an
average depth of no more than 9 meters.
The total area the drainage basin is
approximately 570,000 km’. The
average natural flow of fresh water into
the Azov Sea is 43 km’ per year, with
large yearly fluctuations between 30 - 50

km’.
T The exchange with the Black Sea is
Figure 2 Black Sea and Asov Sea drainage basins mainly wind driven and can only take

place through the Kerch Strait. The
estimated residence time is between 10 - 20 years.
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The quality of the Azov Sea water system is very much dependent upon the quantity and quality of the
fresh water runoff from its drainage basin. The main influencing river is the Don, with an average
natural flow of 28 km® (65% of total in flow) per year. The Kuban contributes approximately 12 km®
(27%). The remaining inflow comes from more than 20 small rivers. Both the seasonal variations and
the yearly variations of fresh water runoff are very high, causing frequent shortages of fresh water in the
region. On the other hand, flooding of the lower reaches of the river Don and its estuary is caused by °
high runoff in spring, due to melting snow and rain (figure 3).

Natural flow regime
until dam construction,
1901-1951

Flow regime in period
after construction of the
Tsymlyansk reservoir
(1952-1985)

Esshuge nnis

SssEHSsBERERERER EEARE

Figure 3: Historic and present flow regime of the river Don

In the 1920's and after 1945, agriculture, industry and urban settlements were developed at a large scale
in the region. The need for a steady water supply for irrigation, drinking water, industrial use and
navigation called for the construction of reservoirs. At present there are 130 reservoirs in the basin,
containing up to a maximum of 35 km? of fresh water.

It is estimated that 50% of the annual runoff in the Azov Sea Basin is used for economic activities. The
nonretrievable use has resulted in a reduction of the freshwater flow into the sea of more than 20% and
has caused a steady increase in salinity from an average of 10%e in the 1930's to almost 14%. in the
1970's. The remaining flow is highly regulated, decreasing the frequency and severity of spring
flooding. The quality of the remaining flow has been affected by emission of insufficiently treated or
untreated waste water from industrial, domestic and agricultural sources. Concentrations of heavy
metals, pesticides and oil products have been steadily rising until the economic decline of the 1990's.

P f habi i

The ecology of the Azov Sea is characterised by the very high spatial and temporal variability in
physical, chemical and morphological conditions. The system in the sea itself is linked to bordering
estuarine and riverine ecosystems. The coastal zone has extensive wetland ecosystems which form the
transitional interface connecting the terrestrial drainage basin and the Sea of Asov itself.

The Sea of Asov coastal wetlands include habitats such as reed dominated marshes, forested riverine
flood plains, inland lakes and lagoons, limans (a coastal lagoon with a salinity gradient), deltas, coastal
lagoons and bays, and associated mud and sand flats, as well as artificial wetlands such as fish ponds,
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rice paddies and salt ponds (Wilson, 1994). Main wetlands are situated in the mouth of the river Don
and Kuban totaling approximately 200,000 ha of wetlands, salt lakes and foredelta. The human impact
on the water resources of the drainage basin has affected the habitats of species in the ecosystem. For
many migrating fish species access to important spawning areas has been cut off by the construction of
dams (e.g. Sturgeon species). Other spawning areas have decreased due to the decrease of frequently
flooded land. The species diversity of primary producers and higher trophic levels has decreased and
the ecosystem seems more vulnerable to disturbances like the introduction of the ctenophore
Mnemiopsis leidyi from the Black Sea. The habitat conditions for this jellyfish have apparently
become more favorable and have resulted in periods of total dominance, in which it outcompetes all
other planktivorous species for food sources.

APPLICATION OF THE HABITAT EVALUATION PROCEDURE

The careful selection of key-species is important, based on the assumption that the selected species
represent the status of the ecosystem as a whole. Species selection was based upon data availability
of its habitat requirements and sensitivity to pollution, its geographical distribution and its
commercial value. From the groups phytoplankton, zooplankton, zoobenthos and fish. a number of
species were selected for further assessment. Life histories, habitat requirements and field data on
actual distribution were collected for each species. The species represent typical marine/brackish and
typical fresh water types. For phytoplankton, zooplankton and zoobenthos the characteristics of
habitats are not further defined (“all-functions”). In principle, the whole sea area is available as
potential habitat for these species. The selected benthos species constitute a large percentage of totai
biomass of zoobenthos in the sea of Azov. For fish species, important habitats in relation to its life-
cycle (spawning, feeding and wintering habitats) were identified as much as possible.

The habitat quality of the following species is studied:
Phytoplankton

e Sceletonema costatum
®  Microcystis pulverea

Zooplankton
o Oithona nana
o Calanipeda aqua-dulcis
e  Mnemiopsis leidyi
Zoobenthos

¢ Balanus improvisus

o Cerastoderma lamarci
e Mytilaster lineatus

e  Nereis succinea
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Fish species
e Fluvial anadromous species: Bream (4bramis brama), Roach (Rutilus r.), Pike-
perch (Stizostedion 1.)
e Migratory species: Sturgeon, Acipenser stellatus, A. guldenstadti
e Marine species: Turbot (Scophtalmus m.), Anchovy (Engraulis c¢.), Kilka
(Clupeonella sp.), Gobius sp.

Input of hydrodynamics and water quality model data

Results of the assessment are based upon the output of hydrodynamic and water quality models for
three modelled cases. The following cases are studied:

1. Actual situation 1991 (“actual™), see figure 3

2. Best case with natural river flow (“pristine™), see figure 3

3. Worst case with 20% further reduction of river inflow (“20%rrf)
On the basis of the description of species requirements, the crucial spawning and larval feeding
period (approx. the second week of April to end of August for most key species) was used to
subselect data from the model dataset. The following model-parameters are used in the ecological
assessment:

e Salinity

e Daily Averaged Oxygen concentration

¢ Night time Minimum Oxygen concentration

e Dissolved Copperl

e Dissolved Zinc'

e Total Oils' (1 =model underestimates pollutant concentrations due to lacking loads)

The geographic figure shows a result of the actual situation for salinity at decade 13. The time series

show clear salinity gradients in the Azov Sea for 5 gridcells going from the strait connecting the
Azov Sea to the Black Sea (cell 484) to the mouth of the river Don (cell 123). Similar results are
available for other environmental factors (figure 4).

Habitats of Clupeonelia sp. (Kilka) ! :

Spawning Habitats

Figure 4: Salinity distribution derived from the model application
Figure 5: Distribution of Clupeonella habitats in the Azov Sea
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Habitat mappi i i itivi

In order to perform a habitat suitability evaluation, habitats were mapped for each species. In figure 5
the distribution of the fish species Clupeonella is shown. In figure 6, habitat requirements for
environmental factors available from the model are listed.

Figure 6: Spawning habitat requirements and sensitivities of Clupeonelia for available
environmental factors (Copper, Zinc and Total Oils in ug/l, Oxygen in mg/l, Salinity in 0/00)

Data on sensitivity to pollution were derived from Mance (1987) for copper and zinc, using lowest
chronic LC50’s found for marine fish larvae. An arbitrary factor of 0.10 was used to establish a lower
limit. Total Oils, Oxygen and salinity data were provided by local experts.

Calculation of HSI’s

For each combination of a species and its habitats a HSI was calculated. The HSI is the aggregation
of indices for individual parameters over all gridcells within a theme. Figure 7 shows the partial
HSI’s per gridcell within a habitat for each environmental factor. Depending on the habitat
requirements of species, changes in the environment will improve or deteriorate the suitability of the
habitat. Figure 8 shows the impact of changing oxygen concentrations on habitat suitability.
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Figure 7: Partial HSI’s per gridcell within Clupeonella spawning habitat for each environ-
mental factor (decade 17, April st = 1). For legend see figure 8.
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Figure 8: Impact of night time oxygen concentrations on habitat suitability for Clupeonella
Figure 11: Resulting HSI’s for each species habitat

RESULTS OF THE ASSESSMENT

Given a set of environmental conditions, described within a case, some species will benefit, and
others will be negatively impacted. From the three cases studied, “20%rrf” will tend to increase
salinity by reduced river flow (when compared to actual). The case “Pristine” will result in a reduced
salinity for large parts of the study area by increased river flow. This reasoning clearly indicates that
impacts to typical fresh or marine species may be expected if salinity is the most limiting parameter.

Furthermore, it should be noted that the distribution of the habitats for each theme is fixed to the
present known distribution. Results of three cases are shown in Figure 9. Figure 10 shows that
oxygen concentrations have improved considerably in the pristine case. Habitat suitability is now
limited only by salinity. See figure 11 for results of all species habitats.
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7Reduced River Flow B

Figure 9: HSD’s calculated for each case for spawning habitat of Clupeonella

From the results shown
in figure 7 it can be seen
that salinity and oxygen
concentration are the
factors most strongly
affecting the habitat

suitability for
Figure 10. Most limiting factors in the pristine situation Clupeonella.
Considering micro-

pollutants, oil pollution resulted in somewhat reduced habitat suitabilities. Copper and zinc did not
affect the habitat suitability of any species (not shown). However, concentrations of all pollutants are
underestimated by the water quality model possibly at least by a factor 2 due to an at present
incomplete set of waste loads data. From the results shown in figure 10 it is concluded that
significant impact of management scenarios might be expected on the habitat suitability for a number
of species. Within the limitations and assumptions of the approach, this results in increased or
decreased carrying capacity expressed as biomass or catch (Table 1). Going from the actual situation
to a less saline pristine situation, catch of fresh water species such as Stizostedion/Pike-perch
increases. The migratory species Acipenser/Sturgeon clearly profits. On the other hand, for the
marine species Clupeonella/Kilka the pristine case improves habitat suitability due to improved
oxygen conditions and for Scophtalmus/Turbot, this case leads to a strong decrease of catch due to
freshening of the system. In contrast, marine species profit if the river flow is further reduced (case
“20%rrf). Catch of Turbot is even increased to over 600% of the actual situation.

DISCUSSION AND CONCLUSIONS

The present selection of environmental factors within this study is based on the limited availability of
parameters from the hydrodynamic and water quality modelling. In reality, other parameters will
influence the suitability of habitats to species. For instance, it is well known that temperature ranges
are of relevance to spawning of species.
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Table 1: Calculated Habitat Units and Potential Carrying Capacity for Species Habitats

habitat area actual  20%rrf pristine actual  20%rrf pristine
Species Habitat (ha) HU (ha) HU (ha) HU (ha) CcC PCC PCC
Calanipeda aqua-dulcis-ALL_FUNCTIONS 3692589 1749313 1235560 22591605 B 5800 - 4097 7598
Heterocope caspia-ALL_FUNCTIONS 3692589 600077 340519 1540913 B 1000 567 2568
Balanus larvac-ALL_FUNCTIONS 3692589 3434971 3487379 3328204 B 1000 1015 969
Acartia (Azov Sea)-ALL_FUNCTIONS 3692589 3422863 3329199 3325055 B 300000 291791 291428
Oithona nana-ALL_FUNCTIONS 3692589 1254282 2880005 50202 B 1000 2296 40
Mnemiopsis leidyi-ALL_FUNCTIONS 3692589 3367272 3438672 3233750 B 3000000 3063613 2881042
Cerastoderma I.-ALL_FUNCTIONS 929704 758790 742491 740204 B 4500000 4403336 4389777
Nereis succinea-ALL,_FUNCTIONS 3692589 3163190 3135574 3067258 B 500000 495635 484836
Balanus improvisus-ALL_FUNCTIONS 1057360 768259 943801 293640 B 1000000 1228492 382214
Mytilaster lineatus-ALL_FUNCTIONS 438281 217470 383817 21370 B 3500000 6177224 343938
Engraulis encrasicolus-FEEDING 3443844 177824 112306 642188 C 15000 9473 54171
Engraulis encrasicolus-BREED/SPAWN 3443844 177824 112306 642188 C 15000 9473 54171
Abramis brama-WINTERING 893997 475985 390421 447002 C 1500 1230 1409
Abramis brama-FEEDING 893997 475985 390421 447002 C 1500 1230 1409
Gobius niger-WINTERING 120823 90292 102741 75487 C 250 284 209
Gobius niger-FEEDING 929704 598201 695578 482641 C 250 291 202
Gobius niger-BREED/SPAWN 21674 14640 17065 11604 C 250 291 198
Clupeonella sp.-WINTERING 303959 244647 186780 302265 C 2000 1527 2471
Clupeonella sp.-FEEDING 3692589 2712223 2225592 3140414 C 2000 1641 2316
Clupeonelia sp.-BREED/SPAWN 671498 228566 266529 210008 C 2000 2332 1838
Mugil so-iuy-FEEDING 802303 47268 192787 4926 C 435 1774 45
Stizostedion lucioperca-WINTERING 1442969 1111722 972334 1401478 C 1000 875 1261
Stizostedion lucioperca-BREED/SPAWN 21420 13741 11157 19951 C 1000 812 1452
Rutilus rutilus-WINTERING 488277 333317 347143 276441 C 200 208 166
Rutilus rutilus-FEEDING 488277 333317 347143 276441 C 200 208 166
Acipenser guldenstadtii-WINTERING 447261 216139 165414 275264 C 750 574 955
Acipenser guldenstadtii-FEEDING 3692589 1908385 1555376 2295569 C 750 611 902
Acipenser stellatus-WINTERING 306900 146036 111215 187395 C 300 228 385
Acipenser stellatus-FEEDING 3692589 1908385 1555376 2295569 C 300 245 361
Scopthaimus m.-FEEDING 3256068 351803 2478106 15871 C 300 2113 14
Scopthalmus m.-BREED/SPAWN 262380 32427 199224 32427 C 300 1843 300

HU - Habitat Unit, CC- Carrying Capacity, PCC - Potential Carrying Capacity, Bold = ‘90-’94 averaged data obtained from local experts,
B - biomass (ton), C - Catch (ton/yr), underlined PCC’s give lowest value per species over its known habitats

Furthermore, additional contaminants such as pesticides and PAH’s will induce extra stress to
species. For the latter substances, no data were available to justify their modelling. For studied
pollutants loading data are incomplete, resulting in an underestimation of ambient concentrations. At
present calculated low levels, impact of oil is already seen, therefore worse pollution effects on
habitat suitability may be expected. When looking to distribution data, it is now assumed that no
changes in distribution occur in the future under different hydrodynamic regimes as identified in the
cases that were studied. In effect, this will probably not be the case. For some migratory species
(such as Acipenser/Sturgeon) a part of its habitat is not included in the study area. Improvement of
habitat suitability within the study area does not necessarily imply improvement of habitats outside
of the study area.
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The calculated PCC could be affected by food limitations and other species interactions that are
excluded in this approach. Improved PCC for the pristine case shows increases of a factor 6 for some
species. However, reportedly increases of a factor 50 should be possible for some species. This
indicates that (1) some limiting factors are not included and (2) habitat area is probably not a constant
factor. These aspects need to be studied in more detail in future.
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ABSTRACT

Floodplain - ecosystem functioning is directly linked to hydrology, hydraulics and geomorphology and
therefore to flood dynamics, the driving force for floodplain - ecosystems. If it is well established that flood
dynamics are controlled by climatic and/or morphodynamic changes, human activity also has to be considered
in Western Europe drainage basins.

This study focuses on the causes of flood dynamic changes that alter floodplain - ecosystem functioning. It has
been conducted on an upstream reach of the Garonne River (South-West France), where training works are
moderate. Changes of flood dynamics which correspond to a decrease in flood-peak discharge and regularly
flooded areas might be linked to climatic changes, but are certainly linked to Man's impact on the channel and
the upstream drainage basin.

Two main human impacts have accelerated channel incision: gravel extraction and dam construction after 1960.
The channel volume increased up to 30 to 40 % causing a recent increase of the mean bankfull discharge.

Bankfull discharge is usually associated with floods with a recurrence interval (T) of 1.58 years. In the studied
river reach, discharges for a 1.58 yr flood were calculated for three time periods of 30 years between 1827 and
1993. For the last 30 years a value of 1 200 m’ s" was found. It represents the lowest value among the 1.58
flood discharges calculated among the three time series.

The lag between cross-section increase and flood-discharge decrease for a given return period indicates a
perturbation of the dynamic equilibrium of the Garonne River and outlines Man's impact on the fluvial system.

One of the effects of channel capacity increase is demonstrated by flood peak propagation times. Flood peak
propagation in the reach under study can be considered according to two phases. Below bankfull stage, flood
peak propagation attains 11 km h™' whereas during overbank flooding the flood peak propagation may slow
down to 5 km h'. Thus, if high frequency floods don't produce overbank flooding, flood peak propagation
times are generally higher.

Contemporary flood dynamic changes are determined and examined. Since these hydrological and closely
related geomorphological changes are altering the floodplain - system, they have to be known for a further
understanding of the ecological functioning of these river ecotones.

KEY-WORDS: Garonne River, human impacts, channel incision, channel adjustment, bankfull discharge, runoff
fluctuations, overbank flow, flood dynamics, fioodplain, flood peak propagation, roughness coefficient
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INTRODUCTION

Most river systems in Western Europe have endured direct or indirect human impacts (Petts, 1984). The
interrelationship between flow regime, sediment load transport and channel response has been recognized for
quite a long time (Fargue, 1868; Leopold and Maddock, 1953; Schumm, 1969). Especially the importance of
single flood events of high magnitude and low frequency, as well as bankfull discharge or dominant discharge,
for channel and flood plain changes is well known (Tricart, 1960; Wolman and Miller, 1960; Beven and Carling,
1989; Gumell and Petts, 1995).

Case studies show the different adjustments of fluvial systems to changes of the river channel control variables
(e.g. Babinski, 1992; Sear, 1995; Ibanez, Prat and Canicio, 1996). The hydrological regime, stream channel and
flood plain morphology is a function of the characteristics of the whole drainage basin including geology,
geomorphology, vegetation, land use and sediment sources and availability (e.g. Gregory and Walling, 1973;
Lyons and Beschta, 1983). There was always a strong interference of human activities, the natural conditions of
the environment and the related channel adjustments (Darby and Thome, 1992; Thoms and Walker, 1992;
Ligon et al., 1995). For example, land use changes due to agricultural practices can increase erosion of fine
particles and, consequently, increase the particulate matter transport in the draining river (Schlosser and Karr,
1981; Loughran er al., 1986; Quine and Walling, 1993).

The geomorphological implications of channel and floodplain changes affect not only the physical, but also the
biotic functionning of the aquatic-terrestrial transition zone or ecotone. Therefore, a holistic approach of the
geomorphological and ecological processes of the whole system are necessary.

The historical changes of the Garonne River, the urban, industrial and agricultural developments are outlined by

Décamps et al. (1989). This paper focuses on more recent hydrological, geomorphological and related
ecological effects due to Man's activity.

THE UPPER GARONNE RIVER

Garonne
River

Figure 1: The Garonne River and the study area.
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The Upper Garonne River, SW France covers a drainage basin of about 32 350 km® upstream the confluence
with the Tarn River (Fig. 1). The total length of the river from the spanish Pyrenees to the Gironde estuary
north of Bordeaux is 478 km, 247 km drain the upper basin. Steep gravel bed mountain rivers with gradients
higher than 0.003 drain forested watersheds. The Upper Garonne River is either a rather straight or a low
meandenng river where no distinguished braided zones can be recognized. The river dams on the stream
channel of the Upper Garonne River were mainly constructed to produce hydro-electricity.

Flow Regime

The mean abundance at Toulouse is 194 m’s™ (19.4 I's'km?). More than 30 % of all floods which attained at
least two meters at Toulouse and those with highest peak discharges occured during the two spring months of
May and June (Fig. 2), when precipitations are high.
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o Monthly distribution of daily annual maximum discharges of the
Garonne River at Toulouse (Portet) in % from 1910-1993 (n=84).

® Floods 2 2.00m at Toulouse from 1827-1993 (n=278).

Figure 2: The general flow regime of the Garonne River at Toulouse

Comparing the lowest discharge ever measured (17.1 m’s") and the highest discharge estimated from the
catastrophic flood of June 1875 (8 000 m’s"), the excessive character of the regime becomes evident. The
hydrographs from 1977 and 1989 at Verdun (Fig. 3), situated in between Toulouse and the Tarn tributary
(Fig. 1), show the high flow variability of the Garonne River. Sudden increases of discharges by factors of up to
seven are observed.
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Figure 3: Daily discharges at Verdun during a high water level year and a low water level year.
RUNOFF FLUCTUATIONS

During the 19th century more natural catastrophes such as avalanches and flood events generated in the
Pyrenees (Métaili€, 1991; Steiger, 1990; 1991). However, their main causes are still subject of controversy.
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Changes in the precipitation regime as well as the deforested and overexploited Pyrenees landscapes at this
period are accused. Most probably though, a combination of these two factos is responsible for this phenomen.

During the 20th century, a rather humid period from 1910 till 1940 can be distinguished in reference to the
interannual mean of 194 m’s’, followed by a dry period during the 1940s till the end of the 1960s (Fig. 4).
From 1970 until 1982 higher annual discharges have been observed. During the 1980s the trend to a dry
period was as distinguished as during the 1940s. The general cyclic trend of higher and lower annual discharges
has to be considered as natural (Probst, 1989).

Irrigation of water indigent cultures such as corn augmented significantly after the 1960s, and therefore does
not significantly affect low flow nor annual discharges prior to this period. After this period, low discharges
during the 1980s were accentuated by an increased water consummation. However, these low discharges are also
related to low precipitations and therefore to a decrease of water storage in aquifers and a decrease of”snow and
ice storage in the high Pyrennes mountains (Lambert et al.,1989).

Pumping in the river and aquifer, as well as the functioning of hydropower plants, may influence daily
discharges, especially at low water flow during the summer and irrigation season. Recent estimations for the
Garonne River upstream Toulouse suggest that only 5.5 % of the total annual discharge are prelevated by
drinking water, industries, irrigation and water transferts to canals (Agence de I'Eau, 1994). However, the
percentage increases drastically during low water periods. 30 to 50 % of the discharge might be removed. Thus,
even monthly abundance may be perceptibly changed.
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Figure 4: Moving averages (5 years) for annual discharges at Toulouse between 1910 and 1993. Water
intake due to irrigation practices was low before the 1960s and increased since.

BED LOAD DEACREASE AND CHANNEL INCISION

At least since the end of the last century, the channel bed of the Upper Garonne River was never completely
covered by a coherent layer of gravels and cobbles. Harlé, Serret and Denizot observed respectively in 1895,
1900 and again in 1953, a few years before the beginning of industrial extraction of gravels in the river bed,
that the calcareous molasse, the bedrock, appeared in the river channel.

These observations confirm the fact, that no braiding of the Upper Garonne River has been documented.
Braiding of a river is correlated to steep gradients and also to high bedload charges (Leopold and Wolman,
1957). The small part of the Garonne's catchment in the Pyrenees mountains (<15 %), relative low relief
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energies and little glacial activity are certainly responsible for low bed load supply. The first locally introduced
artificial bed load retention artifices in altitudes from about 1 500 m to 2 600 m have been constructed in 1870
and in the 1920s and 30s on natural tamns, deep lakes formed in abandoned cirques. To our knowledge no
studies have been published to estimate the alteration of the bedload transport of the upper Garonne River by
these first constructions on the river network in the Pyrennes Mountains. The major hydroelectric power plants
on the river in between the Pyrenees and Toulouse have only been constructed after 1960. This cascade of dams
stops the bedload supply to the downstream reaches.

Intensive industrial gravel extractions in the main channel downstream Toulouse started in the middle of the
1960s. Thus, on one hand bed load was extracted artificially and on the other hand bed load transfer from the
upstream sections was interrupted by the construction of dams. Today, the only bed load sources consist on
bank failures. However, even though that the Garonne River has never been canalized in this section, at least
30 % of the river banks, especially concave banks, were stabilized after the high magnitude flood of February
1952 between Toulouse and the Tamn River (S.M.E.P.A.G., 1989).

A net increase in channel depth during the last 20 to 30 years was observed. A channel incision of 1.50 m in
only 22 years, from 1959 to 1980 (66 mm y™') and 0.78 m from 1970 to 1984 (55 mmy"') were estimated by
Beaudelin (1989)). Furthermore, field observations after a series of floods in the first half of the 1990s revealed
a tendancy to bank erosion. Local bank failure and therefore channel width increase up to several meters has
been observed after the last high magnitude floods in 1991, 1992 and 1993. Channel capacity could increase
by 30 to 40 %.

BANKFULL DISCHARGE

Bankfull discharge, which can be associated to the dominant discharge concept, plays an decisive role in fluvial
morphology. It is considered as an important parameter controling channel and flood plain morphology (e.g.
Wolman and Miller, 1960). Dury (1973) and other authors found a mean return period of 1.58 yrs for this
specific discharge. Despite some controversials about this value (e.g. Williams, 1978) it is still used as an
indicative value. Furthermore, it is well accepted now, that the river bed is a product of a range of discharges
rather than only of one single discharge (Biedenharn and Thorne, 1994).
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Figure 5: Discharge with a return period of 1.58 years calculated for different time periods at Toulouse.

To better understand the evolution of the theoretically discharge with a return period of 1.58 yrs, it has been
calculated for several time periods (Fig. 5). The discharge associated to a return period of 1.58 yrs decreases
from the beginning of the century till today. The lowest value of 1 200 m’s" was obtained for the period from
1964 to 1993. This means, that the calculated bankfull discharge decreased by about 30 % from 1 500 m’s* at
the beginning of the century to 1 200 m’s" nowadays.
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CHANNEL ADJUSTMENTS

According  to the conceptual model of channel adjustments to runoff and bedload changes, it would be
expected that a decrease of a representative discharge (Q,) and a similar decrease in bed load (Q,,) induces a
decrease in channel width, in the width-depth ratio and in meander wavelength (e.g. Knighton, 1984).
Contrarily, sinuosity should increase, but changes to depth and slope would remain constant.

1 Q.. Q, =w,d, (w/d),A, S, s
(Knighton, 1984)
Q, = arepresentative discharge Q,, =bedload
w = channel width d  =channel depth
w/d = width-depth ratio A =meander wavelength
S = sinuosity s =channel gradient
* = increase =decrease

Observed channel adjustments on the Garonne River to discharge and bed load decrease don't correspond to the
adjustments proposed by the general model. This situation translates Man's impact on the fluvial system. The
main causes are dam construction hampering bed load transfer downstreamn and gravel extraction in the river
channel. The river adjusts its stream power by stream bed erosion. Stabilization of concave banks stopped
natural meandering, but lateral erosion occurs on oversteepened and fragilized banks, which have not been
protected.

If channel incision is higher than the channel width increase, the width-depth ratio actually increases. Otherwise
it might stay stable. Meander wavelength and sinuosity don't change due to the stabilization of the concave
banks. Channel gradient probably increases, but no topographic survey could be undertaken.

OVERBANK FLOW

The increase of the cross-sectional area, due to channel incision and channel widening during the last three
decennaries has modified the frequency of flood plain inundation downstream Toulouse (Steiger and Gazelle,
1994). Especially low frequency floods are concerned and not as much high magnitude floods. For a same
discharge of 1250 m’s’ the gauging height at Verdun decreased by 84 cm between 1961 and 1992. Hence,
today higher discharges are needed to cause overbank flow. Consequently, the lowest flood plain level is
inundated less frequently.
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Figure 6: Relationship of the inundated floodplain area and the maximum discharge of different floods with
varies recurrence intervals (T) of the Garonne River between Toulouse and the Tarn affluent.
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In Fig. 6 the relationship of peak discharge and the inundated flood plain area has been established for several
floods of different magnitudes. The entire river reach between the Toulouse and the Tarn tributary of 70.6 km
channel length has been divided into an upstream reach (23.0 km) and downstream reach (47.6 km). Several
differences between the increase of the inundated surface and the increase of the maximum flood discharge are
observed. The first floodplain levels of the upstream reach are more constrained than on the downstream reach.
Therefore, a net increase of the inundated floodplain area occurs between 1 900 m’s” and 2 600 m’s” on the
downstream reach, while a comparable increase occurs only between 2 600 m’s’ and 3 500 m’s’ on the
upstream reach.

The graph for the entire river reach shows a threshold value at 1 900 m’s’, which corresponds to the mean
annual flood with a recurrence interval of 2 to 3 years. From this discharge on, inundated floodplain surface
increases almost linearly with an increasing discharge. A linear regression model was established (2). Thus, the
inundated floodplain surface (ISF) corresponding to discharges higher than 1 900 m’s”’ can be estimated for
the Garonne River between Toulouse and the Tarn River.

2) ISF(km?) = -38.721+0.028 Q (m’s™)
r’ = 0.999; P = 0.0006

Overbank Flooding Index

In order to compare inundated floodplain areas of different river reaches, an Overbank Flooding Index (OFI)
was calculated for seven sub-reaches.

OFT: inundated floodplain area / channel length
L*/L=L
It exists a statistically significant correlation between the Overbank Flooding Index for the annual most

probable flood and the channel gradient (Fig.7). An increase in channel gradient induces a decrease in
inundated floodplain area. Water velocity increases and flood water is evacuated more quickly.

OF1

y = 148,97 - 135,66x
n =0,742
109 p=00006 g

0,0006 0,0007 0,0008 0.0009 0,001

slope gradient
Figure 7: Relationship between the Overbank Flooding Index (OFI) and the river bed slope gradient.

However, no significant correlation between the Overbank Flooding Index for the mean annual or less
frequently floods and the channel gradient exists. Therefore, channel gradient has an influence on floodplain
inundation during low magnitude floods, but not during high magnitude floods. The sinuosity coefficient does
not have a significant influence on the inundated floodplain surface. No statistically significant correlations
between the Overbank Flooding Index and the sinuosity coefficient were found.
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Flood Wave Propagation

For a long time men were intrigued by the spontaneous, rapid and often catastrophic floods of the Garonne
River at Toulouse (Serret, 1900; Pardé, 1935; Gazelle, 1984; Lambert, 1982). The dams built on the Garonne
River during the 1960s for hydroelectricity production (Fig. 1) do not significantly influence flood peak
propagation. The size of the reservoirs was not calculated for this purpose. Besides, their retention capacity is
highly reduced due to an important upfilling by sediments.

Downstream Toulouse, where significant overbank flooding may occur, the influence of the floodplain on flood
peak propagation (FPP) was examined. The gauging stations are situated at Toulouse and Verdun (Fig. 1).

FPP = L (km h™)

Atp
FPP = flood peak propagation (km h™')
L = distance between two gauging stations (km)

Atp = flood peak propagation time between two gauging stations (h)

Flood peaks of high frequency floods without important overbank flooding (800 - 1200m’s™) progress with
celerities of 8 to 10kmh™' between Toulouse and Verdun (Tab.1). Flood peak celerities are two times slower for
flood events with peak discharges of 1 800 to 2 700 m’s', covering large parts of the adjacent alluvial plain.
The threshold discharge is about 1 200 m’s”, corresponding to the bankfull stage.

Table 1 Flood peak celerity times for flood events below and above bankfull discharge
between Toulouse andVerdun (50.7 km channel length).

Month Year max. flood gauge height  Flood peak celerity
at Verdun . Toulouse-Verdun
(m) (km h™)
March 1991 3.54 8.5
April 1992

Mai 1992

Mai 1991 5.24
Juin 1992 5.51 5.1
September 1993 5.88 5.1
October 1992 591 5.5

In general flood peak propagation celerity depends as well on water velocity, which is affected by vegetation, as
on the presence of floodplains. The presence of the flood plain changes the cross-sectional area between floods
without and with overbank flooding. During overbank flooding the cross-sectional area increases and- thus, flow

velocity may decrease (v = %). Flow velocities may also decrease due to a higher roughness coefficient on the
floodplain.

However, flood peak celerity of the flood of December 1993 is twice as fast as the other above bankfull stage
floods with maximum flood peak heights of more than 5.00 m at Verdun. Assuming that the cross-sectional

area between the floods of December 1993, Mai 1991 and June 1992 did not change significantly, other
parameters affecting flood peak celerity have to be examined.
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The spatial distribution of precipitation on the drainage basin might have favoured higher flood peak celerities
during the flood of December 1993. But even though precipitations were slightly higher in the Pyrenees
comparing the flood of December 1993 to those of Mai 1991 and June 1992, differences were not high enough
to explain the observed phenomen.

Change of the roughness coefficient of the floodplain may have played a role. Vegetation is largely developing
in May and June, while winter interrupts the vegetative period in December. Manning's roughness coefficient
(n) may change on floodplains with medium to dense brush in summer from 0.160 to 0.045 in winter (Gregory
and Walling, 1973). Using these values, mean flow velocity on a floodplain with a flow depth of 1.00 m and a
width of 100 m, estimated with Manning's equation could therefore increase from 0.2ms" to 0.7ms"
according to the season.

(3) vzlrzus”z(ms")
n

v = mean velocity

r = hydraulic mean radius

s = slope of river bed

n Mannning's roughness coefficient

The differences between the inundating flood of December 1993 with high flood peak progression times and
the other inundating floods, can also be explained by the time sequence of floods. Time sequence is another
important factor in controlling the varying rates of recovery from flood-produced changes. Beven (1981)
points out that the effectiveness of floods of a given magnitude will vary significantly depending on preceding
events, or 'event ordering’. That is, effectiveness or efficiency of an event will be more efficient if it follows a
preceding event quickly (Kochel, 1988). Geomorphic effectiveness is defined as the modification of landforms
(Wolman and Gerson, 1978). In the case of accelerated flood wave propagation during a high magnitude flood
we might call effectiveness higher progression times and therefore changes of the hydraulics and morphological
processes. The flood of December 1993 has been preceded by a high magnitude flood (T=8 years) in
September 1993. This preceding event has modified the roughness coefficient by weighing down the vegetation
which could not recover before the December flood event. Thus, in relation with the seasonal effect, the event
ordering also influenced directly the flood peak propagation time of the largely inundating flood of December
1993.

CONCLUSION

The Upper Garonne River supports less river training works compared to the downstream section and other
european rivers. Main human interferences on the river channel are experienced only after the middle of this
century. Therefore, the phenomena observed today on the Garonne River lag behind others rivers, such as north
alpine rivers. However, these anthropogenic interferences on the Upper Garonne River alter directly fluvial
dynamics which control ecological processes on the aquatic-terrestrial interaction zone or ecotone.

The flow regime is subject to natural cyclic trends, but water discharges may significantly be altered especially
during low water periods. None of the major constructions on the Upper Garonne River hamper significantly
flood peak propagation. But channel adjustment to bed load decrease and river training works by channel
incision and widening has an influence notably on the flood peak propagation time of high fequency floods.

The most probable annual flood (T=1-1.5 yrs) covers less than 5 % of the whole floodplain surface. The mean
annual flood (T=2-3 yrs) does not even subrmerge 10 % of the total floodplain. These surfaces have a tendancy
to decrease, affecting floodplain system functioning. Especially the most dynamic and fragile riparian zone
boarding immediately the river is mostly disturbed. Agricultural impacts and the decrease of overbank flooding
reduced the riparian vegetation and only incoherent patches of riparian zones sustain. A significant riparian
forest decline during the last 10 to 15 years was observed (James, 1996).
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The anthropogenic impacts such as bank stabilization and gravel extraction favoured the recent channelization
of the upper Garonne. In the river system vertical accretion processes are now the dominating floodplain
construction processes. A gradual decrease of accumulation rates might be expected, altering nutrient cycling
on the floodplain.

This study shows some of the closely linked geomorphological and ecological interactions of modern human
impacts on a fluvial system. Even though river training works on the Upper Garonne River have to be
considered as moderate compared to other European Rivers, irreversible changes are taken place.
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A PRELIMINARY TELEMETRY INVESTIGATION ON THE OBSTACLES TO
ANADROMOUS SALMONIDS MIGRATION IN SPAWNING STREAMS OF THE
BELGIAN ARDENNES (RIVER MEUSE BASIN)

Ovidio, M., C. Birtles., E. Baras and J.C. Philippart
University of Li¢ge, Laboratory of Fish Demography and Aquaculture
10, Chemin de la Justice, B-4500 Tihange
Belgium

ABSTRACT

In the course of the 'Meuse Salmon 2000' programme aiming at the restoration of the Atlantic salmon
Salmo salar and sea trout Salmo rrutta in the River Meuse Basin, most large dams are progressively
equipped with fishways to restore the free circulation of spawners between the North Sea and the first major
spawning streams, the River Ourthe and its tributaries. Spawners entering the River Ourthe would still be
confronted to so-called minor obstacles, aiming at water regulation for tourism purposes but of which the
actual impact on fish migration has never been investigated. In order to test for the actual free-circulation of
salmonid spawners in the upper River Ourthe and to locate potential spawning grounds, a probe fish (489
mm FL male sea trout) was tagged with an intraperitoneally implanted radio-transmitter. From the 18th of
ovember 1995 onwards, the trout was tracked in a part of the river (44 km upstream of the confluence)
which was thought to be devoid of any major obstacle to fish migration. Three days after its release, the
trout had migrated over 6 km up to a small weir (1.8 m high). During four consecutive days, the trout was
consistently located downstream of the weir but no successful climbing was observed, reflecting the poor
efficiency of the central fishpass under dry weather conditions during summer and autumn. The trout then
settled in a deep run habitat, 150 m downstream of the weir and no upstream excursion was recorded until
the first major rise of water level, four weeks later, even when the weir was opened for water regulation
purposes. When the water level was maximum (24th of December), the trout moved upstream of the weir
and migrated over 28 km during the next 72 hours up to a spot identified as a potential spawning redd
from habitat features, and where it was consistently located till the 315 of December. These results, though
most preliminary, clearly indicate that even minor obstacles may cause a substantial lag in trout migration
of which the impact on spawning success remains to be determined. Since similar minor man-made
obstacles are most frequent in the salmonid spawning streams of the Belgian Ardennes, it is thus uncertain
that migratory trout having successfully climbed the major obstacles since the North Sea would find their
way to the spawning redds. As a corollary, it is suggested that more detailed case studies should be
undertaken, ideally via the use of telemetered probe-fish, in order to provide management policies that
would represent a suitable compromise between users of water resources with apparently conflicting
interests (water regulation, tourism, nature conservancy).

KEY-WORDS: Hydraulic Works / Dam influence / Salmo trutta L. / Migration / Radio-tracking / Belgium.
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INTRODUCTION

The Atlantic salmon Salmo salar and the sea trout Salmo trutta trutta of the river Meuse Basin, which once
represented an important natural resource in Belgium, The Netherlands and France, have totally disappeared
from this river basin since the 1930's. This extinction was mainly due to water pollution and the building of
weirs and dams for navigation, hydropower generation and river regulation purposes. Significant efforts
have been made to improve the water quality and the restocking of juveniles gave encouraging results.
However huge weirs and dams still compromise the successful recolonisation of the river basin by adults. In
the course of the 'Meuse Salmon 2000’ programme aiming at the restoration of these species in the River
Meuse Basin (Philippart, 1985; Philippart ez al., 1990; Philippart er al.., 1994, Philippart er al., 1996), most
large dams are progressively equipped with fishways to restore the free circulation of spawners between the
North Sea and the first major spawning streams, the River QOurthe and its tributaries (figure 1). Spawners
entering the River Ourthe would still be confronted to so-called minor obstacles, aiming at water regulation
for tourism purposes but of which the actual impact on fish migration has never been investigated. The aim
of this preliminary study was to describe the behaviour of trout facing these so-called minor obstacles in
order to test for their real impact on migration patterns.

METHODS

Study Area

A capture site ("grosses battes" dam)
B release site (Bomal dam)

C Barvaux dam

D spawning redds (Fronville)

F Hotton dam

i

10 km
Figure 1: Map of the study area, the River Qurthe sub-basin

The study was conducted in the Belgian Ardennes, in the main tributary of the River Meuse, the River

Ourthe and one of its sub-tributaries, the Aisne stream (figure 1). The study site was located in between the

villages of Bomal and Hotton even thought to be devoid of any major obstacle to fish circulation. Water

temperature and level fluctuations were measured daily (0.1°C and 1 cm reading accuracy, respectively).

Water flow data were communicated by the SETY (Ministry of Equipment and Transport, Walloon Region).
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Fish tagging

On the 17th of November 1995, a wild sea trout (male, 489 mm FL) was captured by electrofishing (EPMC
generator, 2.5 KVA, DC) just downstream of the “Grosses Battes" dam on the River Ourthe. The fish was
then transferred 45 km upstream, equipped with a 40 MHz activity radio transmitter (BE-512 model; ATS,
Inc.) then released 200 m downstream of a small dam in the Aisne stream (figure 1).

The implantation procedure of the transmitter went as followed. The trout was anaesthetised with
a 0.25ml 11 solution of 2-phenoxy-ethanol. Once it had reached the tolerance stage (£ 5 min), it was
placed upside down into a support made of wet paper, that was adjusted to its shape (R.S. McKinley, Univ.
Waterloo, Canada, pers. comm.), always making sure its gills were kept under the anaesthetic solution . A
midventral incision was made between the pelvic girdle and the papilla, with its length minimised (+3 c¢m in
average) to enable the passage of the alcohol sterilised transmitter with a slight external pressure. The
incision was closed by two separate stitches, 9-10 mm apart, using sterile catgut (2.0 Dec) on cutting
needles. The trout recovered its posture and swimming around 3 min after surgery and was transferred to
the study area .

The trout could be detected at a maximum distance of 500 m (depending on local environment). It was
located every day since the 215t of November 1995 with a Fieldmaster radio receiver and a loop antenna
(ATS) and its position was determined by triangulation. It was located to an accuracy of 2m? by reference
to labelled marks on the banks of the river (at the time the trout was downstream of the Barvaux dam).
Locations were carried out as frequently as every 2 to 10 min during the tracking.

RESULTS AND DISCUSSION

Once the trout was released, no obvious deviance from normal behaviour was observed as long as it was
located (+ 2 hours). The next day, the trout had left the tributary and started migratory upstream the river
Ourthe. On the 215t of November 1995, the trout was found just 400 m downstream of a small mobile dam
(Barvaux dam, see figure 1). This small dam (1.3 m high), constituted of two Separate parts which can be
elevated or lowered via hydraulic arms, is equipped with a central fish pass consisting of 7 successive 1 m3
pools (plate 1).

During the next three days, the trout was located below the dam and on two occasions, it was observed
trying to clear it, but in vain. Precise locations were undertaken in order to understand the behaviour of the
trout as it faced the obstacle and to detect whether the trout would use the fish pass or not to clear it. It was
obvious that the fish pass did not attract the fish which was mainly located near the left weir or near a sewer
on the left hand bank (figure 2). In addition, if the trout would have found the entrance to the fish pass, it
would further had to leap into it as the first pool was about 20 cm above the river level due to extremely low
autumnal rains. Similar observations were made on each tracking day until the 24th of November 1995.
From the 25th o the 28th of November, the trout was located about 100 m downstream of the dam and no
more attempts to clear the dam were observed. On the next day, the trout moved another 100 m downstream
into a deep run habitat (suitable habitat for adult trout). During the following weeks, it was consistently
located in this habitat, only leaving it for short excursions (+ 30 m) which were regarded as feeding
behaviour. The situation remained unchanged until the 22" of December despite the mebile dam had
been lowered 9 days earlier for water regulation purposes. As a matter of fact, the trout did not move until
the water level started increasing on the 239 of December 1995 when we located it 60 m downstream of the
dam and just below the dam on the next day (figure 3).

Ecohydraulics 2000 - Québec, June 1996



AB86 - Effets directs et a distance des ouvrages de génie

Plate 1: Downétream view of thé Bari'aux dam'

sewer

* Fish pass
== Flow direction
s location positions of the sea trout

Figure 2: Locations of the radio tracked sea trout below Barvaux Dam on the 234
of November 1995 (Julian day 326) in between 13:07 and 15:06 h. The
influence areas of spillways, sewer and fish pass are represented by
ellipses and numbers 1, 2 and 3, respectively.

On Christmas day, it cleared the dam and was located 2.5 km upstream. The mean water flow increased
from 5.3 m3s-1 on the 20th of December to 65.8 m3s-! on the 24th of December then decreased to 61.8
m3s-! on the 25t of December. From the moment the dam was cleared, the length of upstream daily
joumeys increased substantially: 2.5, 12.5 and 13 km on the 25, 26 and 27th of December respectively. On
the next day, the trout was located on the edge of a potential spawning redd (in Fronville, see figures 1 and
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3) where it remained until the 318t of December 1995. No spawning activity was dectected at the time of the
day (13:00-17:40 h) when the trout was located.

distance (km) A
40 Fronville
(redds)
30
20
arrival at the
Barvaux dam dam opening
10 i ‘
R0 S s A L e
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Figure 3: A. Daily movements of the radio tracked trout related to its
release site, from the 18th of November 1995 (julian day 321)
to the 15t of January 1996 (julian day 1). Point (321,0)
corresponds to the release site (Bomal dam). B. Variations of

water level (cm) and temperature (°C) in the River Qurthe
during the study.
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Further tracking (January-late March) indicated that the trout resumed its upstream migration from the
moment water temperature was above 3°C. It travelled to a second dam (1 m high) in Hotton (figure 3)
which it did not clear, probably due to low water levels. It then moved 2 km downstream and settled in this
arca until the third decade of March 1996, when it started a downstream migration down to Barvaux. Most
movements were favoured by high water levels but their lengths were substantially less at low temperature.

CONCLUSIONS

This preliminary study using a probe fish (Salmo trutta L.) clearly shows how a small dam, thought to be
insignificant towards the free movements of fish, can disrupt and/or enable the upstream spawning
migration of anadromous Salmonids. These first resuits also show that this is not a local problem (limited to
the Barvaux dam) as a similar problem was observed at the Hotton dam during the study. Therefore, the
locations of the trout near the dam made by a precise telemetry tracking technique, enabled us to
understand that the interruption of the migration would be due to a mismatch in the conception of the fish
pass, at least in its functioning under low water levels. Since Salmonid spawners enter tributaries or resume
their spawning migration in early autumn, it would be crucial that these mobile weirs be lowered as early as
the end of October (if the meteorological conditions would permit it) to enable the free access to spawning
redds. The creation of all these small dams in the study area is a result of increasing tourism activity, with
dams mainly aiming to maintain minimum levels for water sports during spring and summer, when the
water levels are usually low. The natural richness of the region developed its attraction for tourism activity
but the increasing success of tourism nowadays imperils nature conservancy, essentially because all users
and managers of water resources are not conscious of their own impact on these resources. In order 1o
provide comprehensive information to resources users, detailed investigations should be undertaken to
analyse interactions which were thought to be insignificant at first sight but could prove more serious in the
long run, as suggested by this telemetry study on the impact of small dams on migration patterns of trout.
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ABSTRACT

European el is an amphihaline sea pawning fish. It colonizes continental waters, its growth area,
by anadromous migration from the estuaries and progressive sedentarisation. Characteristics of
the migrating population change in relation with the distance to the estuary because migrating
eels are in a growth phase. Potential obstacles to the migration of fish in general, and the
colonization of eels in particular, are more and more numerous in French rivers. To assess the
effects of those obstacles, it was essential to describe the process of the colonization on a river
which would not be affected by obstacles.

The Loire river, in its low part, is characterized by the lack of obstacles to the anadromous
migration. The hydroelectric dam of " Maison Rouge" is located on the Vienne river, one of its
main tributary ; it represents the first obstacle to migration at 200 km from the estuary. A trap
was set immediately downstream the dam. The monitoring of catches was realized in 1994 and
1995 from April to November. The collected data allowed to describe the migration process of
eels during the season. This paper presents seasonal tendencies of the migration and
characteristics of migrating eels.

The migration season was long, from April to October. The migration intensity varied during the
season and eels' sizes ranged between 80 and 540 mm. Several cohorts were observed in the
migrating population. One year old migrating eels were observed, but they were scarce.

The heterogeneity of eel size distribution characterizes two behaviors in the migration: a diffusive
migration which would correspond to a progressive colonization of the water basin; and a focused
migration of eels directly towards the upper zones of the water basin. Obstacles to the migration
could have quantitative but also qualitative effects on eel populations in a water basin.

Keywords : eel / upstream migration / fresh water
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INTRODUCTION

Eel is an amphihaline sea spawner fish. It colonizes continental waters, its growth area, by
anadromous migration from estuaries. The first phase of this migration has often been studied,
either in estuaries and tidal areas, or in river areas located immediately upstream estuaries (table
1). Those studies mainly described the process and the effect of abiotic factors during early
phases of the migration. Depending on sampling strategies, results referred to the whole
population of eels or to part of it.

Table 1: Various study sites for eel migration

Author Distance from the = Number of obstacles in
estuary the downstream part
Moriarty , 1986 15 km 0
Legault, 1994 17 km 3
White et Knights, 1994 0236,2 035
Naismith et Knights, 1988 0,5km 2 15 km 0al
Dahi, 1983 35 km 0

However, because eels can colonize the entire catchment area, it seemed essential to describe the
anadromous migration on a bigger spatial scale. This study was conducted in the river Vienne,
which joins the Loire basin 200 km upstream the estuary without any obstacle to fish migration,
It provided comparative elements to assess the influence of the factors of degradation of
migrating ways on eel distribution in continental waters.

METHODOLOGY
Study site

The dam of Maison Rouge is located on the Vienne river, a major tributary of the Loire river.
Both rivers join upstream the city of Saumur, at 195 km from the Atlantic ocean, and 142 km
upstream the city of Nantes which corresponds to the upper limit of tide. The dam is the first
obstacle to fish migration. It is located 60 km upstream the junction of both rivers, 255 km from

the ocean (fig.1) and 202 km upstream Nantes. The catchment area upstream the dam covers 19
600 km2,
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Figure 1 : The lower river Loire and location of Maison Rouge dam
The dam is composed of a weir crest and a power plant. The hydro production is supported by 3
Francis turbines ; the maximal water flow is 105 m3/sec. This obstacle to fish migration is
equipped with 3 fish ways, among which only one is functional. The latter is composed of 2
successive pass with baffles separated by a pool. It is equipped with a trap in the upstream part
and a lift-net in the medium pool.

Trap system

The trap was located on the left side of the river, above the turbine floor, beside the fish way. It
was composed of 2 crawling ramps separated with a resting pool. At the top of the system, the
trapping and irrigation system open into the stocking tank. The ramp substrate is of the "mixed
type" defined by Legault (1992) in the Dordogne river.

Figure 2: The trapping system
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Technical characteristics of the trap allow it to be functional when river flow is comprised
between 16 m3/sec and 284 m3/sec. However, the stocking tank is not accessible when the flow
is over 199 m3/sec.

Water was pumped up from the river and stocked in a water tower. A hose-pipe was installed by
E.D.F. (French hydro company) to constantly supply the trap system with water.

Experimental design

All eels going through the trap were caught and stocked in a tank. Qualitative and quantitative
data of migrating populations were collected each time the trap was hold up, then eels were
released upstream the dam.

In 1994 and 1995, eels were collected between April and November. The number of trap holding
by week was determined according to the migratory intensity (table 2).

-periods of low or medium migratory intensity : 2 to 3 collections a week

-periods of high migratory intensity : S to 6 collections a week.

Table 2 : Duration between 2 trap holding in 1994 and 1995.

Year 1994 1995
Duration of yields Number of samples Number of samples
0 day * 0 1
1 day 64 38
2 days 34 44
3 days 13 25
4 days 1 4
S days 0
Total 112 113

Coliected data

The trap was visited in the moming. The whole batch of eels caught was weighed, then individual
biometrics data were collected on the whole sample, or on a subsample when more than 200 eels
were caught.

Abiotic data were collected during the study but will not be presented in this paper. They will be
used when the whole study be completed.
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RESULTS
The study has been planned on 3 years, from 1994 to 1996. Only results of the two first years of
monitoring of the trap (1994 and 1995) are presented here.

Weekly captures

Weekly catches were calculated from one or several trap sampling. When the trap was visited
after several days of collecting, the mean daily catch was calculated as the ratio of total catches
to the number of days of catching. This ratio was then allocated to each day of the catching
period and weekly catches were determined using standard weeks as defined by Lewis and Taylor
(figure 3).
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Figure 3. Weekly catches in 1994 and 1995.
The period of monitoring extended on 26 weeks in 1994, and 31 weeks in 1995. Total catches
reached 10 921 eels in 1994 and 5 720 eels in 1995. Weekly catches varied from 0 to more than 3
500 eels a week. Catches were low until week 23 and most eels were caught between weeks 24
and 34 (table 3 and figure 3). After week 34, catches decreased to 1,2% of total catches in 1994,
and 0,3% in 1995.
Table 3. Seasonal tendency of catches.

% annual yields
Period 1994 1995
Before June 11 week N° 24 5,1 1,7
Between 11/06 and 27/08 93,7 98,0
After August 28, week N°34 1,2 0,3
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However, seasonal tendency differed slightly between both years. In 1994, two periods of high
catches were separated by a period of low catches. In 1995, only one peak of catches was

observed.

Eels length,

The size distribution of eels caught in 1994 and 1995 was determined from length measurements

(figure 4).

The size range of eels was wide, from 80 to 540 mm. A first mode was observed in the small
sizes, between 80 and 160 mm; it was sharp in 1994, smoother in 1995. A second mode was

observed between 170 and 540 mm.
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Figure 4. Size distribution of eels caught in 1994 and 1995.
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DISCUSSION
Recruitment index

The trap system acted as a new fish way on the dam. The sampling strategy we used permitted to
catch eels going upstream. As they crawled through the system, we supposed that those eels were

in an anadromous migration process.

The other available fish ways seemed inefficient for eels. Crawling zones exist on the weir crest,
but they have vertical parts which are not usable by eels longer than 100 mm. Moreover, they
cannot be used by smail eels when they are covered by an homogeneous water layer or when they
are dry (Legault, 1988). One of the fish way on the dam is not suitable for eels : to pass
upstream, eels have to jump a step of 40 cm. On the other fish way, current speed is too high.
Sampling realized in the resting pool did not permit to catch more than 7 ecls in 1994 (Andrieu,
Bessy, Delbreihl, 1994). The trap comesponded to the preferred way to get over the dam. Thus,
our results are representative of eels colonizing the upstream water basin.

The amount of catches we realized was low compared to the catchment area upstream the dam.
The recruitment index was 0.56 eels/km? in 1994 and 0.29 eels/km? in 1995. Those indexes are
lower than the one measured in the Arguenon river (561 eels/km?: Legault, 1994) with the same
catching system. They are also lower than recruitment indexes calculated in the Shannon river
(Moriarty, 1986) or in the Gudena river in Denmark (Dahl, 1983). The indexes we calculated are
also low compared to annual catches of glass-eels in the Loire estuary (several tenth of metric
tons). Our data would then indicate a very low recruitment in the water basin of the Vienne river
and more generally in upstream zones of the Loire basin. Because the area we studied was free of
obstacle to migration, we think that this low recruitment could indicate the sedentarization of part
of the population migrating from the estuary; it could also result of mortality. However, we do
not have any assessment of the number of migrating eels reaching the dam, neither the initial
assessment of the number of eels going through the estuary. It is then impossible to assess the
sedentarization rate of eels downstream the dam.

Migration intensity during the season.

Our data give a first insight into the seasonal dynamic of eel anadromous migration. They
indicate a long season of migration from April to October with variations of intensity during the
season. Indeed, more than 90% of the annual migration was concentrated in less than 10 weeks
although the migration season extends over 22 weeks. The tendency of the migration intensity
indicates one main period for migration. The date of this period differed slightly for both years
and occurred between the end of June and the middle of August. In the Vienne river, migration
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ended later than in the Thames river (Naismith and Knights, 1988) where the migration was
achieved mid-July. The achievement of the monitoring study will allow to assess the effect of
abiotic factors on anadromous migration and to characterize inter-annual variations of the peak
of the migration. However, our results yet permit to define priority periods of efficiency for fish

pass when working on the restoration of migrating ways.

Migrating eels

The age interpretation of eels we caught was not realized during this study. However, we used
length to age keys calculated on eels of the river Vilaine (Mounaix, 1992) and eels of the river
Rhine (Meunier, 1994).

Table 4 : Length to age relationships for eels.

Continental age 1 2 3 4 5 +
(yean

Mounaix, 1992 140 235 296 306 335 451
Meunier, 1994 168 195 281 307 346

The polymodal decomposition of eel size distribution was realized using length to age relationship
described in the Vilaine river. They have been corrected to integrate the shortest growth period
(table 5). Normsep software was used to characterize cohorts, to calculate their mean size and to
determine their proportion to total catches (table 6).

Table 5: Parameters of polymodal decomposition (Normsep method).

troncature point 160 250 290 310 340 510
lower limit of the mean. 110 170 240 280 320 340
upper limit of the mean 130 230 270 305 335 440

Table 6 : Results of the polymodal decomposition.

1994 1995
Age Lengths Number Frequency Lengths Number Frequency
0+ 122.2 424 3.9 118.9 45 0.8
1+ 217.3 631 5.8 215.0 121 2.1
2+ 258.2 2342 21.6 259.5 1337 23.3
3+ 298.6 1208 11.1 282.2 1735 30.2
4+ 333.0 2730 25.1 3249 1183 20.6
S+et+ 340 3537 32.5 340 1318 23.0

Calculated lengths to age were lower than the ones observed in the Vilaine water basin at the end

of the growth period. Ninety percent of our catches were realized between June and August. Our

data would then correspond to a shorter period of growth than the study in the river Vilaine; this

would explain the difference in length to age. However, our results remain comparable with those
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observed in the river Vilaine and in the river Rhine. Age composition of catches in the Vienne
river differed from those calculated in the rivers Severn and Avon (White and Knights, 1994) and
in the river Gudena (Dahl, 1983). However, those authors used a different method to assess the
age, also growth parameters could be affected by the northem location of those rivers.

The age composition indicates the heterogeneity of migrating populations of eels. More than 5
age groups were observed, from eels in their first year of continental life to eels living in
freshwater for several years. The O+ group was the scarcest, from 0,8 to 4% of annual catches.
Proportions of older age groups varied with the year. In 1994, the 5+ group was prominent and
4+ group was abundant. In 1995, their proportion diminished as groups 2 and 3 increased in
number. This could be related to the opening of the trap in 1994. Big eels gathered at the bottom
of the dam could have gone through the first year the trap and so their proportion have decreased
in 1995. This would conclude on the efficiency of the trap as a fish way. The continuity of the
study in 1996 will allow to check this efficiency, as well as to determine mean ages of eels
arriving on a river site when no obstacle affect the migration.

Our observations illustrate the specificity of anadromous migration of eels. To the opposite of
other fish migration, eel migration is a several year process, and migrating eels are in a growth
phase. The variety of age groups indicate the heterogeneity of migration speed. As some eels
cross the 200 km distance in a few months, other ones reach the dam after several years. Then,
migration speed would vary from more than 200 to 50 km per season. The heterogeneity of
migration speed was also observed on the river Severn and the river Avon where it varied from a
few meters to more than 2 km a day (White and Knights, 1994). Two different migration
behaviors can be described. On one hand, a slow diffusion migration which would lead to the
colonization of the entire water basin ; on the other hand, an focused migration where eels rapidly
reach upstream zones. However, the ability of eels to get through obstacles varies with fish size
(Legault, 1988). Only small eels can get through vertical obstacles. So, the capacity of eels to get
through obstacles will vary according to their size and to their progression speed. Obstacles to
migration could then affect not only the number of migrating eels, but also their progression
speed and the migrating behavior of cohorts.
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ABSTRACT

The habitat monitoring program along the northeastern coast of James Bay was implemented more than 10
years ago in order to validate the projected impacts described in the La Grande-2A and La Grande 1 hydro
project environmental impact assessment. The modified hydrograph of the La Grande River, resulting from
the commissionning of the two generating stations, was expected to cause the impacts. Before the
monitoring progam could be drawn, it was essential to study in some detail the various components of these
coastal ecosystems. This characterization led to the selection of a single component and of a sampling
technique adequate for an efficient monitoring after the progressive commissionning of the hydroelectric
system.

Coastal eelgrass beds are the only environmental component retained for long-term monitoring. These beds
constitute an important habitat for a variety of organisms, most of which are mobile and may be influenced
by factors other than the changes created by the hydroelectric projects. Since eelgrass beds are fixed and are
submitted to salinity changes in the zone of influence of the projects, they were the only component
selected.

The dry leaf biomass and the shoot density in eelgrass beds were monitored at six permanent sampling
stations; their annual variations were assessed, and increasing or decreasing trends were highlighted. Climate
conditions and water level have a direct influence on the annual production of eelgrass. In the longer term,
the isostatic land-rise has a dominant influence on the distribution of eel-grass beds; its impact is modulated
by the physical characteristics of the sampling stations. Aerial photographs (scale 1:10 000) taken in 1986
and 1995 help compare the distribution of eelgrass before and after the commissionning of the power
stations.

With the results obtained thus far, it is now conceivable to develop a predictive model of the evolution of
eelgrass beds which takes into consideration the isostatic land-rise rate, eelgrass densities and biomass and
physical parameters such as water level, foreshore siope and climate.

KEY-WORDS: Monitoring / Coastal habitats / Discharges / Eelgrass beds / Salinity / Impacts /
Hydroelectricity / Isostatic land-rise / Biomass / Shoot density
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INTRODUCTION

The eastern James Bay coast harbours large marine eelgrass beds (Zostera marina L.) which are ecologically
important to migratory birds. Prior to the regulation of the La Grande River,, little was known on the
distribution and ecology of these habitats. In fact, only a preliminary mapping of eelgrass beds along eastern
James Bay had been conducted by the Canadian Wildlife Service in 1974-1975 (Curtis, 1975).

The operation of the La Grande phase 1 complex, the overequipment at the La Grande 2A station and the
commissionning of the La Grande 1 station have an influence on the La Grande River hydrograph and, as a
consequence, on the winter freshwater plume along eastern James Bay. As mentionned in the impact
assessment report of the La Grande 2A and La Grande 1 hydro projects (SEBJ and HQ, 1985; 1986; 1987),
lower salinities in coastal waters could have negative impacts on the distribution and abundance of marine
eelgrass, a strict halophyte species.

For this reason, the James Bay Energy Corporation (SEBJ) initiated in 1982 a research program on the
eelgrass beds, which later became the basis for the on-going eelgrass monitoring program (Lalumiére ez al.,
1994; Lalumiére and Lemieux, 1995).

This paper reviews the monitoring program over the years and highlights the major trends observed to this
day.

ENVIRONMENTAL MONITORING: BACKGROUND INFORMATION

The design of the research program responds to the basic objectives of the environmental monitoring
which are:

- to follow the actual evolution of eelgrass beds in relation with predicted changes;

- to detect rapidly the unpredicted impacts that may occur;

- and to improve the impact prediction methods and the design of future environmental monitoring
programs.

During the last decade, the La Grande River hydrograph was the object of rather important modifications
(Figure 1). The main feature of the new hydrograph is a gradual increase of winter discharges, as a result of
increased power production in winter. The main consequence of these new flow characteristics is mostly felt
on the extent of the La Grande River winter plume (SEBJ and HQ, 1985; 1986). Research has shown that,
under ice cover, the freshwater plume extends much further than in open water (Messier et al., 1989; CSSA,
1987). Several factors may influence the mixing of freshwater and saltwater: the extent of the ice cover,
tide cycles, river discharges, ocean floor topography, certain exceptional meteorological events, and coastal
currents (Messier and Anctil, 1996). The result is a great variability of winter salinities in coastal habitats.
In summer, the La Grande River discharges are similar to natural discharges and the extent of the plume is
limited by the intense mixing caused by ocean swell and tidal currents (SEBJ, 1990).

Figure 2 illustrates the projected modifications of the 5%o surface isohaline contour along the James Bay
east coast. In order to understand the modifications caused by an extended winter plume, SEBJ initiated a
coastal salinity monitoring program (CSSA Consultants Itd, 1987; 1989; 1993; 1995).

In theory, all coastal habitats and resources located inside the zones of plume changes could be more or less
influenced by a decrease of winter salinity below 5%. (SEBJ and HQ, 1986). The selection of a component
to be monitored had to take into account the sheer size of the study area, the logistics constraints
associated with research in remote areas, and the restrained circulation along the coast during the goose
hunting season.

Two criterias led to the selection: the component had to be linked directly to the projected impacts
described in the impact assessment study, and the natural variability of the biological component had to be
considered. We had to be able to separate the mid and long term changes caused by natural variations from
the changes induced by the hydroelectric project.
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Figure 1. Mean monthly discharges of the La Grande River (1960-1995).

Marine eelgrass beds answered the requirements best and were selected for the environmental monitoring
program. They constitute essential habitats for migrating waterfowl (Reed et al., 1996); they also host a
large variety of aquatic organisms. While several organisms are highly mobile and thus are influenced in
other areas by factors other than those related to the hydroelectric projects, eelgrass beds are fixed and are
directly affected by salinity changes induced by the project. It must be noted that marine eelgrass is a strict
euryhaline halophyte species which cannot tolerate freshwater in permanence.

In a first phase, the eelgrass beds were the object of a bioecological characterization (Lalumiére, 1988) to
assess their ecological value and to better understand the eventual impacts of changes caused by the
operation of generating stations.

Eelgrass monitoring addresses two separate aspects: eelgrass production at permanent sampling stations, and

eelgrass distribution along the northeast coast of James Bay. Indeed, large-scale changes could occur along
the coast without being detected at permanent sampling stations.

METHODS

Permanent stations

Six permanent stations (Figure 2) were established according to projected changes of the La Grande River
winter plume. Stations Attikuan I and Attikuan II, located north of the La Grande River, and Station Dead

Duck, south of the river, are outside of the zone of influence of the new winter plume and are used as
reference stations. The stations at Kakassitug, Bay of Many Islands and Tees Bay are all within the zone of
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Figure 2. Predicted 5%o surface isohaline contour after the La Grande Complex commissionning and
location of eelgrass permanent sampling stations.

The three most commonly used parameters to measure eelgrass production are the shoot density and dry
biomass, and the rhizome biomass (Thayer et al. , 1984; Kentula and MclIntire, 1986; Jacobs, 1979; and
McRoy, 1970). Shoot density and biomass are easy to measure, but rhizome biomass is not; indeed it is hard
to separate clearly dead rhizomes from live ones, which may introduce a manipulation bias from year to
year. Since sexual reproduction intensifies as a result of environmental stress (Philipps, 1980; Philipps et al.
1983), an increase in the density of reproduction shoots may reflect changes in environmental conditions.

Therefore, the parameters selected to monitor eelgrass production at six permanent stations are: shoot
density and dry biomass, and the proportions of vegetative and reproductive shoots.

Sampling methodology has evolved between 1982 and 1989. From 1982 to 1986, techniques used in similar
studies were followed (Grontved, 1957; McRoy, 1970): eelgrass was collected with a Grontved sampler
operated from the surface along transects parallel to shore (0.5 and 1.5 m deep). Handling the sampler was
an uneasy task and sorting the samples proved rather difficult; experimental sampling by divers rapidly
demonstrated greater efficiency and reliability (Lalumiére, 1986). This technique has been used
systematically since 1988.
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Also, instead of sampling eelgrass along transects parallel to shore at 0.5 and 1.0 m depth, sampling has
been conducted since 1988 along five equidistant transects perpendicular to shore and at three distinct
depths (0.5, 1.0 and 1.5 m and 2.0 m at Attikuan I). Each sampling point is located by surveying equipment
from fixed landmarks. The statistic validity of the sampling design was verified by Scherrer (1990).

Finally, to account for the influence of climate on the growth of eelgrass, a weather station is in operation
since 1992 near the mouth of the La Grande River, recording water temperature, wind speed and direction,
and solar radiation.

Eelgrass distribution

There are various tools available to map the distribution of eelgrass beds. A classical approach is to use
aerial photographs combined with ground-truthing (Jacob 1979; Nenhuis, 1983; Orth and Moore, 1983;
Orth et al., 1986). Satellite imaging (Landsat, Spot), airborne sensing (e.g. MEIS), and echosounding
(Spratt, 1989) are more and more often used to map vegetation cover on a small scale (Ackieson and
Klemas, 1987); but these techniques have rarely been used to map eelgrass distribution. They also require
ground-truthing.

Eelgrass distribution monitoring is based on mapping from aerial photo-interpretation of about 2000 colour
photographs, scale 1: 10 000, taken in 1986 and covering approximately 150 km of coastline. Eelgrass bed
boundaries were determined and the beds were grouped under two classes of shoot density: high density (>
50% cover) and low density (< 50% cover). Helicopter surveys were combined with validation dives to fix
the limits more accurately.

The resulting map, scale 1:125 000, shows that eelgrass distribution is not continuous along the coast. Beds
are not found at the mouth of tributaries where substrate is unstable and salinity is low (Skinner, 1974).

In 1996, a new eelgrass distribution map will be produced from a new set of aerial photographs, scale 1:10
000, taken in 1995. Comparison between the 1987 and 1996 maps will reveal the evolution of eelgrass
distribution along the whole northeast coast of James Bay over the last decade.

RESULTS AND DISCUSSION
Monitoring at six_permanent stations

Eelgrass production (shoot density and dry biomass per m2) is not the same at all stations, nor at all depths
(Tables 1 and 2). Monitoring at the six permanent stations indicate that the annual variability observed in
dry biomass production may be high at a given station (Table 1). In addition, the annual variations recorded
do not necessarily follow the same pattern from one station to the other, nor even at the three depths at a
given station. .

Shoot density also shows a high annual variation at a given station and between stations (Table 2). The
variation decreases with depth which reflects a greater environmental stability in deeper waters. At a depth
of 0.5 m, shoots are usually more abundant but shorter.

In the early years of monitoring, it was difficult to outline any increasing or decreasing trends in eelgrass
production and even more difficult to pinpoint the environmental causes of these high variation. In
addition, there were no obvious differences between reference stations and stations located within the reach
of the winter plume. : .

In parallel to the eelgrass monitoring program, SEBJ was also monitoring the La Grande River winter plume
(CSSA Consultants 1td., 1987; 1989; 1993; 1995; Messier and Apctil, 1996) on both sides of the river
mouth. So far, the results of this program cannot be linked to any biological data.

However, field observations strongly suggested the occurrence of good and bad eelgrass production years.
Obviously, the climate conditions and the annual fluctuation of water level in coastal bays, during the
growth season, seem to have a determining influence on eelgrass growth. Result interpretation should also
take into consideration the relatively fast isostatic land-rise (= lcm/year) observed along the coast
(Tushingham 1992).
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Table 1. Variations in mean dry leaf biomass (gDWm'z) at the six sampling stations.

Depth 1985 1986 1987 1988 1989 1990 1991 1993 1994 1995

(m) x C x Cl x Cl X Cl x Cl x a x Cl X ClL. X Cl x Cl
Attikuan 1

0,5 - - 216 126 - - 116 46 109 167 - - 74 47 87 52 68 +48 60 147

1,0 - - - - - - 234 46 218 169 - - 198 157 187 137 120 27 134 140

1,5 - - 104 162 - - 180 122 140 45 - - 107 50 277 %175 106 +25 188 195

2,0 - - - - - - 83 167 93 *19 - - - - 190 126 130 +15 148 143
Attikuan 11

0,5 - - - - - - - - 189 +39 - - 139 %7 - 178 126 137 26

1,0 - - - - - - - - 241 0 - - 208 148 - - 192 42 252 160

1,5 - . - - - - - - 164 54 - - 212 9 - - 111 36 165 183
Kakassitug

0,5 254 187 344 117 - - 194 74 263 130 234 163 189 85 382 82 354 174 456 44

1,0 - - - - - - 472 £192 358 51 272 196 294 79 415 $54 295 61 559 132

1.5 244 1134 229 +123 229 77 399 *109 387 42 317 28 392 +109 361 +72 298 458 548 1548

Baie of Many Islands (2A)

0,5 - - - - - - - - 22 ti4 - - 202 +60 - 36 44 37 155

1,0 - - - - - - - - 63 130 - - 175 167 - - 54 123 198 183

1,5 - - - - - - - - 119 65 - - 124 37 - - 64  +42 211 188
Baie Tees

0,5 - - - - - - 73 46 82 33 - - 31 13 - - 57 +37 37 23

1,0 - - - - - - 38 121 48 Tt5 - - 15 %10 8 +06 9 19

1,5 - - 114 131 - - M +5 53 +21 18 +6 - 18 11 31 +27
Dead Duck

0,5 - - - - - - - 154 +37 - - 111 +10 - - 5 18 0 10

1,0 - - - - - - - 140  $30 - - 172 55 - 1St +59 175 131

1,5 - - - - - - - - 13§ 128 - 141 £20 152 +45 177 123

2138 2p $930.4an0 s3p 2oupISIP P 12 Y2241p SIFFT - YOIV

CI : Confidence interval of the mean (P < 0,05)
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TABLE 2. Variations in mean shoot density (shoot m"2) at the six sampling stations.

Depth 1985 1986 1987 1988 1989 1990 1991 1993 1994 1995
(m) x Cl x Cl x Cl x Cl X Cl x CI X CI X Cl x Cl X Ci
Attikuan 1
0,5 - - 1475 626 - - 1123 1526 923 M4 - - 403 1312 1053 1330 659 1304 536 1243
1,0 - - - - - - 583 1235 694 185 - - 583 +131 670 1213 45 123 419 1141
1,5 - - 345 166 - - 329 +142 457 123 - - 3718 17 508 *104 375  +74 369 137
2,0 - - - - - - 227 +107 284 +51 - - - - 486 58 399 +60 248 58
Attikuan 11
0,5 - - - - - - - - 1761 X6 - - 1156 1254 - - 1373 +247 1582 1281
10 - - - - - - - - 614 9 - - S13 10 - - 554 195 702 1108
1,5 - - - - - - - - 421 mn - - 451 +0 - - 301 176 390 158
Kakassitug
0,5 1465 +174 7158 3% - - 982 139 1640 1246 836 195 931 406 1737 +411 1039 166 1751 1307
1,0 - - - - - - 689 206 880 55 578 123 699 1154 887 139 665 140 1108 1255
1,5 420 1257 290 1264 350 +108 512 14 834  +149 516 6 757 190 787 *150 617 £I185 948 1235
Baie of Many Islands (2A)
0,5 - - - - - - - - 157 53 - - 5§52 ti24 - - 165 174 100 138
1,0 - - - - - - - - 320 103 - - 484 +108 - - 233 185 545 1252
1,5 - - - - - - - - 548 171 - - 455 199 - - 187 110 490 189
Baie Tees
0,5 - - - - - - 339 251 376 t144 - - 228 1107 - - 295 158 274 194
1,0 - - - - - - 129 152 205 137 - - 62 30 - - 45 141 41  +42
1,5 - - 316 158 - - 88 127 206 5t - - 89 30 - - 78 152 106 188
Dead Duck
0,5 - - - - - - - - 931 +i78 - - 936 +103 - - 199 1349 0 0
1,0 - - - - - - - - 405 132 - - 463 1220 - - 426 241 547 *246
1,5 - - - - - - - - 290 72 - - 226 143 - - 247 162 326 148

: Confidence interval of the mean (P < 0,05)
mean
no data available

SOIV - SHI0M [IAID JO S199J9 10U pue 193X
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Considering the weather data available, results show that there is a linear relationship between the number
of degrees-days of growth and the shoot density. At the Kakassituq station, the number of degrees-days of
growth accounts for 45% of annual variations in shoot density at a 1.5 m depth. In shallower waters, this
relationship is also statistically significant, but R% decreases. indicating that other factors are also acting
strongly (possibly water level, foreshore dynamics, ice action or isostatic land-rise).

After 10 years of monitoring, a simple linear regression highlighted increasing or decreasing trends in the
mean dry biomass produced at each of the six stations (Figure 3). At depths of 0.5 m and 1.0 m, decreasing
trends are recorded at all stations with the exception of Kakassituq but not all trends are statistically
significant. At depths of 1.5 m and to 2.0 m at Attikuan I, increasing trends are observed at all stations with
the exception of Tees Bay. In general, production has decreased in shallower waters and has increased at
deeper locations. Reproductive shoot density at all depths has remained quite stable throughout the
monitoring program.

Data analysis from the tide gauge at Churchill, Manitoba (MDES, 1992), along Hudson Bay, reveals high
water level variations during the growth season, and between various growth seasons (Figure 4). From one
year to the next, water depth during the growth season varies and probably influences greatly eelgrass
production, particularly leaf length.

The results of the monitoring program strongly suggest that the annual variations of eelgrass production are
likely induced, in large part, by the combined action of climate conditions and water level variations during
the growth season. Isostatic land-rise would account for longer term increasing or decreasing trends. The
foreshore slope at sampling stations would modulate the response of eelgrass production to isostatic land-
rise. The gentler the slope, the more intense the effect. For example, the slope at station Attikuan 1 is
gentler than at station Kakassituq and eelgrass production has decreased more markedly in shallow water at
that station.

Assuming that isostatic land-rise has a slow but continuous influence, it is likely that eelgras will gradually
disappear from shallow waters and that eelgrass beds will slowly move offshore.

A small scale map monitoring becomes an interesting tool to follow this effect.

Small scale mapping

Small scale mapping done in 1986-1987 was compared with similar mapping by Curtis (1976). A difference
in methodology between the two studies limits the comparison; but it still reveals that the concentration
zones of eelgrass beds have pratically remained the same over that period. Some changes in boundaries and

extents of eelgrass beds are evident; but, it remains difficult to assess the actual causes (natural, man-
induced, methodological bias).

However, a comparison of aerial colour photographs, scale 1:10 000 taken in 1995 and 1986, using the
same methodology, reveals marked changes in the distribution of eelgrass in some coastal bays with gentle
slopes. These beds are located either inside or outside of the zone of influence of the La Grande River plume
and reflect a process affecting the whole coastline.

After 10 years of eelgrass monitoring, the main conclusions are :
1. Since there were no references to orient the monitoring of eelgrass, it was necessary to design and

develop a methodology appropriate for both types of surveys (permanent stations, and overall study
area), in parallel to the actual monitoring;

2. Permanent stations were selected on the basis of projected changes of the river plume. Looking back, a
different selection could have been made. For example, with the commissionning of additional power
stations, the Dead Duck station has become included inside the La Grande River freshwater plume.

3. We must remain cautious when interpreting annual data, especially for a short time series. Certain

influence factors, such as isostatic land-rise, have only a mid to long-term impact and several years of
data are needed to detect any trends;
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Figure 3. Evolution of mean dry leaf biomass at the six sampling station.
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Figure 4. Mean water level during the growth season (June-July-August) at Churchill, Manitoba (1985-1995)
(Churchill tide gauge data from MDES,1992).

4. A large-scale monitoring of eelgrass beds (permanent stations) combined with a small scale monitoring
(mapping) has produced useful complementary data;

5. Decrease in winter salinity has little, if any, negative impacts on eelgrass for the following reasons:

— during the growth season, coastal water salinities are comparable to natural conditions;

— eelgrass has always survived in Tees Bay, a station located immediately to the south of the mouth of the
La Grande River, certainly influenced by the river plume;

— at deeper locations, eelgrass production is still comparable, if not better, to the early years of
monitoring.

Isostatic land-rise has a dominant influence on the growth of eelgrass in shallow water and its effects
would largely mask the potential impacts of lower salinities.

Only a long term follow-up will confirm these hypotheses and will verify to which extent a decrease of
winter salinity will be felt only in the long term by eelgrass.

6. Finally, the results for shoot biomass and density suggest the possibility of developing a predictive model
for the evolution of eelgrass beds taking into account the landrise rate, the climate, the sea level and the
foreshore slope.
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ABSTRACT

The present study deals with the morphosedimentological evolution of lake shores in Pointe-Taillon Conservation
Park, which is located in the Northwestern part of the Lac Saint-Jean, some 250 km North of Québec City. The
present study is a part of a study on shore erosion requested in 1991 to the Consortium formed by Le Groupe LMB
Experts-Conseils 1992 Inc. and Le Groupe-Conseil LaSalle Inc. (1992) by the Ministere de I'Environnement et de 1a
Faune du Québec. This study was requested in order to help the Ministry to ensure an optimal management of the
Park. As the shores within the limits of the Park are active, the Ministry wanted to know if the existing
infrastructures and the ones planned could integrate in the long term together with the local natural heritage.
Following a review of litterature, an analysis and interpretation were carried out on the basis of aerial photographies
taken from 1959 to 1991. A division of the 16 km long shoreline into 7 homogeneous zones was undertaken
considering morphosedimentology and wind exposition features.

Pointe-Taillon is a delta constructed by the Péribonka River into the Laflamme Sea, which was replaced by the Lac
Saint-Jean after the last glaciation period (10 000 years B.P.). Lac Saint-Jean became a reservoir after a generating
station called Isle Maligne was built up in 1927 at its outlet by Alcan. On the Péribonka River, three generating
stations of a total capacity of 1 117MW were constructed between 1952 and 1960. The high water levels contributed
to erosion, so that 95% of the total length of the Pointe-Taillon lake shoreline is active. Shrubs and trees stratas were
removed by waves activity and recent cycling track and a peat bogs are close to the edge of the terrace. The photos
from 1959 up to 1985 show little erosion along the shoreline. But from 1985 to 1991, the total volume of sand
eroded from the shores was 200 x 103m3, which means an average annual shore retreat of 0,55m. It could be
related to the exceptional mid-november 1989 storm, when the water level was at 101.5 m, nearly the maximum
level of operation during summer and fall, which coincides with the foot of the shores.The prevailing Westerly
winds produced high energy waves that undermined the bottom of cliffs. Since then, slope equilibrium has not been
reached and erosion is still going on. These winds have become also the main transforming factor of the beach
during the free ice period., since the sediment load input from the Péribonka River has decreased.

Soft remedial measures using faggots, shrubs and herbaceous plants are proposed. Betwen littoral and pre-littoral
zones, setting booms attached with cables to concrete blocks could break high energy waves. These measures would
contribute to shore stabilisation and vegetation and habitat protection. In order to slow down shore drift, the
construction of a groin is also suggested. A monitoring program should be implemented in view of following
evolution of shoreline and to evaluatuate the efficiency of remedial mesures set up.

KEY-WORDS: Morphosedimentology, photointerpretation, evolution, shore, beach, littoral, erosion, littoral drift,
waves, remedial measures, habitats, vegetation, monitoring.
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CONTEXT

The present study deals with the morphosedimentological evolution of lake shores in Pointe-Taillon Conservation
Park, which is located in the Northwestern part of the Lac St-Jean, some 250 km North of Québec City (Figure 1)
(Denis, 1992). This lake occupies a huge depression of more than 1,000 km3. Its outlet is the Saguenay River which
flows into the St-Lawrence estuary, some 180 km to the South-East of the Lac Saint-Jean. The present study is a
part of a study on shore erosion requested in 1991-1992 to the Consortium formed by Le Groupe LMB Experts-
Conseils 1992 Inc. and Le Groupe-Conseil LaSalle Inc.(1992) by the former Ministére du Loisir, de la Chasse et de
la Péche du Québec,. This study was requested in order to help the Ministry to ensure an optimal management of
the Park. As the shores within the limits of the park are active, the Ministry wanted to know if the existing
infrastructures and the ones planned could integrate in the long term together with the local natural heritage.

METHODS

Following a review of litterature relevant to the region and to the object of study, an analysis and interpretation were
carried out on the basis of aerial photographies taken from 1959 to 1991, the scale of which varied from 1:13 000 to
1:40 000. A preliminary division of the 16 km long littoral zone was undertaken taking into account morphology
and wind exposition features. Distances were subsequently calculated three times, in order to obtain a mean value,
from points located at the edge of the littoral terrace (upper part of the shoreline-Figure 2) to fixed points such as
crossroads found on aerial photographs. This work was carried out with the assistance of a Hilger & Watts lens
(x 5) including a micrometric scale (0.1mm). Errors were reduced by using reference maps. By comparing
distances measured on aerial photos of different years, taking into account their scales, evolution of the shores was
evaluated. On aerial photos, accumulation features were also observed both in the littoral and pre-littoral zones.

At the date at which the aerial photos were taken, the water levels of Lac Saint-Jean, were also obtained from Alcan
and were considered throughout the study. Wind directions, speeds and frequency were those recorded by
Environment Canada at the Roberval meteorological station (Figure 1).

Field observations were carried out between August 31 and September 1, 1991. The height of the shores was
measured with a scale and the slope with a clinometer. A Brunton compass was used to get measurements of the
orientation of the shoreline and of the direction of some of the layers of sediments. Geological and morphological
features were also recorded. All these observations contributed to increase the accuracy of shoreline divisions and
descriptions (Figure 2).

POST-GLACIAL HISTORY

Pointe-Taillon is a deltaic accumulation which was built up at the contact point between the Péribonka river and the
Laflamme Sea (Laverdiére et Mailloux, 1959) at the end of the last glaciation. After that period, the Lac Saint-Jean
gradually replaced this brackish water body. The Laflamme Sea was an extension of the Atlantic Ocean which
invaded that inland topographical depression, some 10 000 years B.P. (Lasalle et Tremblay, 1978). The Laflamme
Sea incursion occurded after the ice remaining in the depression and the gacial tongue that scoured the Saguenay
Fjord had melted away. The marine transgression into these lowlands occurred before the isostatic rebound forced it
to regress and to be replaced by fresh waters.

While the earth crust was recovering from ice pressure, the Péribonka River fed by fluvioglacial waters was

building up a delta of luniform shape whose front was eroded and transported by littoral drift. Many deltaic terraces
were built up at differents levels from 198m to 105m (Tremblay, 1985). With the lowering of the base level, the

1 Now called Ministére de I’Environnement et de la Faune du Québec.
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Figure 1: Location map of Pointe-Taillon
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Figure 2: Main components of the littoral zone and remedial works

Péribonka River has eroded its previous deposits and embanked. The coarser particles have accumulated in the
littoral zone as frontal and top layers prograding over the basal layers of finer materials that extended in the pre-
littoral zone which was deeper and less turbulent.

Pointe-Taillon was formed by the combined action of the Péribonka River and the Laflamme Sea, at the end of the
marine transgresion, that is between 7 000 years and 5 000 years B.P. (Lasalle et Tremblay, 1978). On the surface
of the delta, channels and troughs between sand bars and levees were formed. Before vegetation developed, these
accumulation landforms were transformed under wind action into sand dunes. Some of the oxbow lakes gradually
became peat bogs.

As to the present watershed of the Péribonka river, it covers an area of 27 000 km2. Its waters run into the Lac
Saint-Jean, in combination with four other major rivers. The mean annual discharge at its mouth is 589 m3/s. Lac
St-Jean became a reservoir after a generating station, called Isle Maligne, was built up in 1927 at its outlet, by Alcan.
Water level goes down to 97.73m in April and then it rises up to 101.84m in June and remains at 101,54m from
July to December (Figure 3). Half of Lac Saint-Jean is about 10m deep, especially at the outlet of the main rivers,
and the central part of it is 40m deep. The deepest zone is more than 65m. As far as the hydroelectric development
of the Péribonka River is concerned, three generating stations of a total capacity of 1 117 MW were built up across
this river, between 1952 and 1960.

FIELD OBSERVATIONS

More than 95% of the total length of the Pointe-Taillon lake shoreline is active. All of it is composed of fine to
coarse-size sands (0.075mm- 5.0mm) except in the last zone to the NW (No.7) which is made up of gravel and
pebbiles (Figure 1). The sand layers are often cross-bedded or truncated. Their mean height ranges from 0,75m to
3,0m and their slopes from 250 to nearly 900. In some places, erosional scars were observed, such as undercutting
at the foot of the banks, abrasion scarps. Elsewhere, there was a small debris talus whose slope was about 350 and
whose height was about one third of the total height of the bank. Above, a nearly vertical wall could be seen. The
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Figure 3: Lac Saint-Jean daily water levels before (B.1.) and after impoundment (A.L)

only zone where the shoreline is not all active is zone No.I: about two thirds of it is active. A poorly developed
berm is present in the upper part of the beach. In that zone, bushes and trees are still in place in the one third
uneroded portion of it. Elsewhere, the bush strata has been eroded and the trees, mainly Poplars and Jack Pines have
fallen or are falling down.

During field observations, the water level was at 100m above mean sea level, so the beach was extending from 65m
at the Southeastern limit of the Park to 300m at the Northwestern part of it, with a mean slope of 50 to 80- The beach
is composed with fine sands overlying silt and clay sediments.

Rock-fill protective berms with a geotextile underneath, were constructed during the spring of 1991 in the most
active zones which are zones Nos. 2, 3 and 4. The total length of these remedial works is 1,87 km. They are 1 to 2m
high and 10 to 15m wide. As to the anorthosite angular blocks used, their mean diameter is 1m. The decision to
build up such structures was linked to the shores retreat following the development of a cycling track the year before
along the edge of the deltaic terrace. Sometimes, this track follows the boundaries of large bogs where special
devices allow for birdwatching and plant observation.

The first three homogeneous zones from a morphosedimentological point of view, extended from the eastern limit
of the Park to a point where the shore changes from an East-West to a Southeast-Northwest direction. Zones No.4
to No.7 extend in this last direction. Accordingly, the first group of zones face directly winds blowing from the
South while the last group face winds from the West.
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RECENT EVOLUTION OF THE LITTORAL ZONE

The littoral zone comprises both the shore and the beach (Figure 2). First, I will focus on shore erosion and then on
beach evolution.

Bank erosion

By comparing aerial photographies of different dates and measuring distances from the edge of the deltaic terrace to
fixed points as previously mentioned, the evolution of shores in every homogeneous zone has been followed from
1959 to 1991, that is over a period of 32 years.

The photos from 1959 up to 1985 show little erosion along the shoreline. Of course, it was different from one zone
to the other and more or less important, from time to time. During this 26 years period, the shoreline was almost
stable, except in zone No.2 where the average annual retreat was about 0.4m. Zone No.1 was the only zone that
seemed to have advanced.

Table 1 shows results of erosion that occurred between 1981-1991. Aerial photos taken on June 18 and 19, 1981
and the ones taken on August 25 and September 3, 1991 are of the same scale (1:15 000), so errors from width
measurements are reduced. The total volume of sediments eroded from the shores during that period was
200x 103 m3, which means an erosion of 13m3 of sediments per one meter of length for the total shoreline studied
and an average annual shore retreat of 0.55m. Zone No. 5 was the most eroded, with 48% of the total volume of
eroded sediments. Zone No.2 follows with 25%, while zones No.3 and No.4 attain respectively 11% of that
volume. In these last three zones, rock-fill protection berms were constructed in 1991.

Table 1: Volume of eroded sediments (1981-1991)

Erosion
Homogeneous Length X Width* X Height = Volume Volume /
zone (m) (m) (m) (m3) length
{(m3/m)
1 640 X 1.00 X 0.75 = 480 0.7
2 2,849 X 11.25 X 1.50 = 48,076 16.9
3 2,690 X 2.85 X 3.00 = 22,999 - 8.6
4 2,043 X 8.35 X 1.25 = 21,323 104
5 5,179 X 6.00 X 3.00 = 93,222 . 18.0
6 1,018 X 5.95 X 1.00 = 6,057 . 5.9
7 970 X 3.70 X 1.00 = ;3,589 3.7

: 195,746 m?

-
)
g

* Measured on aerial photographies.

This important erosion occurred between 1985 and 1991, since conditions observed on air photos from 1959 and
1985 were not that deteriorated. It could be related, in all probability, to the exceptional mid-november 1989 storm,
when the water level was at 101.5m, nearly the maximum level of operation during summer, which coincides with
the foot of the shore (Figures 2 and 3) according to the agreement signed between the Ministére de I'Environnement
et de la Faune du Québec and Alcan in 1986. The prevailing winds with a fetch of 25 to 30km produced high energy
waves that undermined the bottom of cliffs. Since then, slope equilibrium has not been reached and erosion is still
going on. Gravity processes act at the foot of parts of the cliffs overhanging scars and landslides can occur.
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Beach evolution and littoral drift.

According to Tremblay,1985, with the help of oblique photos taken in 1927 (one year after impoundment),
sedimentation forms were observed in the channel between the island and the Northwesternmost part of Pointe-
Taillon.

But since then and since the Péribonka River was hamessed, sediment load input has decreased. Waves raised by
prevailing winds from Westerly directions (60% of the time during summer) that can blow at a mean speed of
20 kmv/h have become the main transforming factor of the beach during the period free of ice. They induce littoral
drift by shore currents. On different aerial photos series, one can observe forms vanishing, such as small islands
and shoals in the channe! mentioned above. Towards the Southeast, series of sand bars and troughs, parallel to the
shore, are easily seen on vertical photos. These subaquatic forms end one kilometer after the shoreline changes to a
West-East direction. From that point to the Eastern entrance to the Park, they are replaced by oblique short bars
inclined towards the Southeast. In the pre-littoral zone, sand-bars and troughs can also be seen on aerial photograhs.
They are parallel to the shoreline. The shore drift will not last, since the Péribonka river load input has stopped. On
the other hand, during summer, when water level is low and the weather is dry, fine sediments of the beach can also
be transported by the wind. Such conditions occurred in 1968 and in 1991 when the water level was very low at
100.28m and 100.0m, respectively.

REMEDIAL MEASURES

During the spring of 1991, rock-fill protective berms were built up in three of the four most active zones of Pointe-
Taillon Park. It was urgent to protect the shores themselves, as well as the recent bicycle track and the peat bogs
located just beyond the shoreline. In other sensitive places around Lac Saint-Jean, Alcan has been using these hard
techniques for several years. Elsewhere, gravel with sand on top of it was spread over levelled slopes or groins were
constructed to provoke sedimentation ( Marsan, A. & Ass., 1983).

At Pointe-Taillon, in order to protect other parts of the shore, namely in the most eroded zone No. 5, faggots
together with shrubs and herbaceous plants fixed in between can be used in the slope, while logs can be put at the
foot of the talus, parallel to the shoreline (Figure 2). Such techniques and others we could call soft measures are
quite common measures proposed both by the Ministére de I’Environnement et de la Faune du Québec and by
Environment Canada. They were also recommended by Le Groupe-Conseil LaSalle inc. and by Le Groupe LMB
Experts-Conseils 1992 Inc.(1992). Wood debris already on place or fallen from the deltaic top surface couid be
used for such a purpose. In addition to these techniques, we suggest to install booms with cables attached to
concrete blocks, at the boundary of littoral and pre-littoral zones (Figure 2). Such booms could be found in the
neighbourhood, since lumber and pulp and paper companies were using them to gather logs. By setting up these
booms on a line parallel to the shoreline, erosion activity of high energy waves could be stopped along the most
sensitive shores. Low energy waves left behind the booms will not undermine the foot of these shores. Thus,
riparian vegetation will be able to develop and contribute itself to shore stabilisation.

While setting up booms, an adequate distance must be left between each of them, so that boats can access lake.
Cables that link booms and concrete blocks must be adjusted to fluctuate with water levels. If ice conditions bring
too much problem, booms could be removed just before the formation of the ice cover.

Another measure could also be considered. It deals with shore drift. If Park managers want to slow down the sand
transportation from the beaches, they could construct a groin of wooden pilings, transverse to the shoreline, at the
Eastern boundary of the Park. This work would help to have beaches broadened upstream and narrowed
dowstream. Recreational uses of the beach will take advantage of this measure. However, there is a need of studies
to be done on a scale-model in order to know if erosion problems among others can come out dowstream .
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A monitoring program should be implemented in order to follow the evolution of the littoral zone (shoreline and
beaches) and to evaluate the efficiency of remedial works set up. On many reservoirs operated by utilities and pulp
and paper companies, such remedial measures could be initiated in order to protect sensitive shores together with
vegetation communities and habitats.
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ABSTRACT

Two processes determining water availability to riparian vegetation along the Sabie River in Kruger National Park
are addressed, including, bank seepage in extensive alluvial deposits, and surface flooding in bedrock dominated
morphologies. A bank seepage mode! relating water availability for transpiration to river flow conditions is
presented, together with validation and verification provided by analytical and numerical solutions, and field data,
respectively. An illustrative application shows that reservoir releases may be specified to optimise the spatial
distribution of bank storage. Surface flooding provides recharge of local subsurface storage in bedrock dominated
areas of the River. An aerial survey of riparian tree mortalities shows a strong correlation with bedrock influence,
indicating the importance of local bedrock topography in determining water availability to riparian vegetation in
these areas. This is confirmed by the distribution of drought stress levels amongst a tree species across the macro-
channel in a bedrock dominated channel type. Construction of the Injaka Dam on a tributary of the Sabie River
in the upper catchment will provide the means to regulate winter base-flows and associated water availability to
riparian vegetation in alluvial areas, but may impact severely on the vegetation in bedrock influenced areas by
reducing surface flooding.

KEY-WORDS: Kruger National Park / Sabie River / Fiuvial Geomorphology / Riparian Vegetation / Bank Seepage
/ Reservoir Releases / Surface Flooding / Distributary Channels / Drought Conditions / Riparian Tree Stress
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INTRODUCTION

The Kruger National Park (KNP) in the Mpumalanga Province, South Africa, (Fig. 1) is one of the world’s
fourteen major nature conservation areas, covering an area of 19 485 km? (Paynter and Nussey, 1986) and provides
refuge to an abundant diversity of wild animal and plant life. Seven major rivers flow through the Park (from west
to east) and are critical for the existence of unique biota within the riparian zones of the rivers. As a result of
increasing human population pressure for land and water resources in the upstream catchments west of the Park,
the flow regimes of a number of rivers have been modified from perennial to seasonal and even ephemeral systems
such as the Letaba River (Venter and Deacon, 1994), while other rivers such as the Sabie are experiencing reduced
flows giving rise to increased stress levels amongst the natural riverine biota. There is consequently an urgent need
to effectively manage the water supplies to the rivers for the maintenance of the riparian ecosystems. In particular,
the provision of adequate water supplies to meet the consumptive (transpiration) and non-consumptive (habitat)
demands of the riparian vegetation needs to be addressed, since the vegetation contributes to the habitat of
invertebrates, fish, reptiles, amphibians, birds and mammals. The riparian vegetation also influences fluvial
geomorphology by reducing energy gradients and enhancing sedimentation (Hicken, 1994). This paper focuses
on the availability of water to the riparian vegetation along the impacted but relatively pristine Sabie River in the
KNP.
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Figure 1: Location of the Injaka Dam, gauging station X3H006 and study sites along the Sabie River in
the Kruger National Park, South Africa
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The natural flow regime of Sabie River has been modified by well developed afforestation and increasing
abstractions for irrigation, resulting in continued depletion of winter base-flows. This is confirmed by the lowest
average daily discharge rates recorded in the Sabie River at a station in the upper catchment (station X3H006 in
Fig. 1) during 1992 (0.774 m*/s) and 1983 (0.839 m*/s). A reduction in the expected annual rainfall and increase
in variability over the period 1910/11 to 1985/86 have also been reported (Mason, 1995). Further modifications
to the flow regime will result from the construction of the Injaka dam on the Marite River, a tributary of the Sabie
River (Fig. 1). The Injaka Dam has a design gross storage capacity of 123 x 10° m*/a (16% of the mean annual
runoff of the Sabie River catchment in South Africa) and construction commenced in 1995. The primary objective
is to supply domestic water to a large rural population, whilst providing higher assurance supplies for agriculture
(Department of Water Affairs and Forestry, 1994). The dam will result in substantial flow reduction during the
summer, but provides the means to regulate flows during winter thereby avoiding the impending flow degradation
of the Sabie River to a seasonal system.

The Sabie River is incised into a macro-channel that has contained all recorded flows within its banks. The
interaction of the underlying bedrock, sediment, channel hydraulics and riparian vegetation has resulted in a river
system displaying five principal channel types, including, multi-thread bedrock and mixed anastomosing; mixed
pool-rapid; braided and single-thread (van Niekerk et al., 1995). Two distinct processes distribute water to the
woody riparian vegetation along the Sabie River depending on the degree of bedrock and alluvial influence,
including, (1) bank seepage in predominantly alluvial channel types; and (2) surface flooding in predominantly
bedrock influenced channel types.

Bank seepage from active channels in laterally extensive fluvial deposits provides recharge of subsurface storage.
Laterally extensive macro-channel deposits typically occur in single-thread, braided, and isolated alluvial sections
of the predominantly bedrock influenced pool-rapid and anastomosing channel types. In these hydraulically
connected surface-subsurface systems, the consumptive water use by vegetation (potential transpiration) is limited
only by plant physiology and climatic conditions, since groundwater is freely available provided adequate base-flow
is assured.

In the predominantly bedrock influenced channel types, irregular bedrock topography obstructs seepage from
surface water. These channel morphologies are typically characterised by irregular cross-sectional geometries and
an intricate network of active and seasonal distributaries. Surface flooding is considered an essential process in
these areas of the Sabie River, supplying flow to seasonal channels thereby recharging local subsurface storage and
riverine vegetation. The construction of the Injaka Dam may impact severely on the riparian vegetation and related
ecosystems in bedrock dominated areas by significantly reducing or eliminating high-flows that periodically
inundate cut-off distributaries.

These two processes providing recharge of subsurface water, required to meet transpirative demands, are addressed
here. A model relating the temporal and spatial availability of subsurface water to surface flow has been developed
for use in extensive alluvial deposits. Code validation and field verification of the model are presented. An
application considers the response of phreatic surface levels to reservoir releases of varying magnitude and
duration, illustrating that release policies may be optimised using ecological criteria. Signs of drought stress and
in several cases fatalities amongst a number of riparian tree species following a recent drought are used to show
the importance of surface flooding in morphological channel types with substantial bedrock influence.

MODELLING SURFACE-SUBSURFACE SEEPAGE IN ALLUVIAL DEPOSITS
Numerical Model of Bank Storage Dynamics

The temporal distribution of water in river banks, or bank storage dynamics, may be modelled by numerical
solution of the governing partial differential equations describing flow in the saturated and unsaturated zones,
subject to the appropriate boundary conditions. The input data required include the temporal distribution of river
stage; cross-sectional surface and bedrock topography; alluvial-hydraulic characteristics; climatic conditions (eg.
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evaporative demand and rainfall). Incorporating vegetation water use in the model requires additional data,
including actual transpiration (function of potential transpirative demand and soil-water potential) and the spatial
distribution of roots. Deterministic modelling of bank storage is therefore relatively data intensive, particularly
when consumptive water use by riparian vegetation is included.

Two Dimensional Vertical Saturated Flow Model

The equation describing two-dimensional transient flow through a vertical cross-section of unit width is given by

9 ., 0h 9, 0h oh
1 —(x < kI =5
M ax(K‘ax) * az(K‘ az) S, ot * 4

where x is the horizontal direction, z is the vertical direction, & is the piezometric potential, K, and K, are the
horizontal and vertical saturated hydraulic conductivities respectively, §, is the specific storativity, g, is the sink
per unit volume (eg. transpirational extraction), and ¢ is time. Saturated flow dynamics is frequently modelled by
including a phreatic surface boundary condition that assumes an instantaneous response of the unsaturated profile.
The phreatic surface boundary condition for two-dimensional vertical flow may be expressed as

® 2y L g 5 S
ax(K, aJc) az(K hy (S,+ ) +q,

where S, is the specific yield. Backward-difference time approximations may be used to express equation (1) in
finite-difference form for each node covering the domain of interest. A standard direct solution procedure (LU
decomposition with partial pivoting) is used to solve the simultaneous set of finite-difference equations. The
assumption of a constant specific yield (equation (2)) is appropriate for long-term hydrogeological investigations
and for free-draining materials, but may be inadequate for time-dependant absorption and drainage conditions.
Contemporary studies are directed at coupling saturated and unsaturated flow models (Zarandy, 1993), to
adequately describe unsaturated flow dynamics.

One-Dimensional Unsaturated Flow Model

The one-dimensional (Richard’s) equation describing vertical flow in the unsaturated zone is given by

day _ _dy,a 8¢ ay
) o = KOG - ) - a5

where ¥ is the soil suction, 8 is the volumetric water content, and K (y) is the unsaturated hydraulic conductivity.
Representing the unsaturated zone by a number of vertical models (neglecting horizontal flow) allows a integrated
saturated-unsaturated flow model to be developed by coupling equations (1) and (3) across the phreatic surface.

Code Validation and Model Verification

Bank storage response to a sinusoidal stage hydrograph (Fig. 2, inset) is modelled using the saturated (equations
(1) and (2)) and coupled saturated-unsaturated (equations (1) and (3)) flow models. A homogeneous and isotropic
bank zone is used; the flow system is confined laterally by an impervious boundary (Fig. 2, inset); and the phreatic
surface is initially horizontal. The response is also modelled using the one-dimensional analytical model of Cooper
and Rorabaugh (1963) and numerical model of Hornberger et al. (1970) (Fig. 2). The model of Cooper and
Rorabaugh (linearisation results from the approximation of constant saturated thickness) underestimates bank
seepage, with the numerical models producing higher estimates and showing close agreement. The adequacy of
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assuming a constant specific yield (equation (2)) is confirmed by comparison with the coupled saturated-unsaturated
model.
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Figure 2: Bank seepage response to a sinusoidal fluctuation of river stage

A study site (site 1 in Fig. 1) on the Sabie River was instrumented to collect data for parameterisation and
application of the bank storage dynamics model (Birkhead er al., 1995). The site was selected based on the
presence of considerable alluvium (Fig. 3, inset) and suitable biological characteristics. Local hydraulic conditions
at the site produce significant longitudinal seepage, and resulted in the extension of the model to quasi three-
dimensions. The predicted groundwater response to a sequence of stage hydrographs using the calibrated model
are plotted against measured data in Fig. 3. The rapidity of the groundwater response is acceptably replicated by
the model, with peak attenuation and lag increasing with distance from the active channel. The model is also used
to synthesize the groundwater response to nine distinct hydrographs recorded over the period December 1992 to
January 1995. The measured and modelled peak levels are plotted in Fig. 3 (inset) and show excellent correlation,
yielding a regression coefficient R* = 0.996.

Spatial Distribution Of Maximum Phreatic Levels Resulting From Reservoir Releases Of Varying Duration.

The two-dimensional saturated flow model is applied to illustrate the implications of different release hydrographs
on the spatial availability of water in a river bank. The release volume, channel geometry and alluvial-hydraulic
data used in the analysis are given in Table 1. Manning’s resistance equation is used to establish the uniform rating
curve. A fixed volume of water is released from storage at different constant rates of rise in river stage. The
model is used to predict the maximum phreatic surface level at different distances from the channel resulting from
the releases of varying peak stage and duration (Fig. 4). The analysis shows that at a given distance from the
channel, a maximum level is obtained which is associated with a specific release hydrograph. The locus of maxima
vary spatially, with lower magnitude (higher duration) events resulting in higher levels further from the channel.
The maxima are less distinct with increased distance, however, due to the effects of flow attenuation (as observed
in Fig. 3), and marginal benefits are achieved by varying the rate of rise for x > 10 m.
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Figure 3: Measured and modelled groundwater response at site 1 on the Sabie River

Table 1: Release volume, channel and alluvial characteristics

Release Volume (m?) 100 000
Channel bed width (m) 1
Channel side slope 1:1
Manning’s resistance coefficient 0.03
Base-flow river stage (m) 1
Lateral extent of deposit (m) 100
Hydraulic conductivity (m/day) 10
Specific yield 03

Storage releases may therefore be defined to satisfy specific ecological requirements. For example, assuming a
riparian plant species located 5 m from the river bank requires periodic inundation of the root zone up to a level
of at least 1.45 m. This may be achieved for the allocated release volume (Table 1) by providing rates of rise in
stage level in the range 3 to 40 m/day (Fig. 4, inset). Values outside of this range will fail to satisfy the ecological
requirement. Spatial optimisation of bank storage for different channel geometries has shown that maximisation
is a consequence of non-linear rating relationships (ie. discharge rate increases exponentially with stage) that are
generally characteristic of natural river systems. Hydrographs released from upstream storage are modified with
distance travelled (unsteady flow and temporal bank storage effects), resulting in different bank storage responses
downstream. For the illustrative example, the event at the upper limit of the range (40 m/day) must be specified

as the release to ensure that attenuation does not reduce the rate of rise in stage below that needed to satisfy the
downstream ecological requirements.
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Figure 4: Spatial distribution of maximum phreatic surface levels resulting from different releases

SURFACE FLOODING, DROUGHT CONDITIONS AND RESULTANT STRESS AMONGST RIPARIAN
TREE SPECIES

In predominantly bedrock influenced morphologies, recharge of local subsurface storage and associated water
availability to riparian vegetation depends on the activation of seasonal distributaries by surface flooding. A severe
drought from 1990 to 1992 provided an opportunity to observe the effects of drought stress and the importance
of surface flooding in bedrock influenced morphologies. The distribution of stress levels and mortalities amongst
riparian tree species were recorded along the length of the Sabie River in the KNP.

Distribution of Riparian Tree Mortalities

An aerial survey of dead riparian trees covering the extent of the Sabie River in the KNP was undertaken in March
1993. The number of individual mortalities and species were noted, together with their location along the River.
The number of dead individuals were weighted according to the density of trees, and the relative proportion of each
species, in each of the channel types. The results of the analysis are presented in Fig. 5, and show a clear
correlation of higher mean species mortality with increased bedrock influence. The above average mortality for
certain species is attributed to the effect of low replicate numbers on the weighting procedure. An exception are
the higher occurrences of Ficus sycomorus and Combretum erythrophyllum in bedrock and mixed anastomosing
channel types, which may possibly be related to higher consumptive water requirements. Spatial distributions of
tree mortalities in bedrock dominated morphologies were observed to be patchy during the aerial survey. This
patchiness was attributed to the influence of local bedrock topography, preventing subsurface seepage from active
distributaries. To test this hypothesis, the distribution of stress levels across various channel types were surveyed
in the field. The results from a bedrock anastomosing morphological channel type are presented.
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Figure 5: Distribution of weighted mortalities of the riparian tree species Breonadia salicina, Syzygium
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The condition of riparian tree stems, bark and leaves within a 20 m wide belt transect across the macro-channel
were recorded as visual indictors of drought stress. The proportional occurrence of dead tree stems was found to
provide a suitable measure of stress conditions. Figure 6 shows the distribution of stem conditions for Breonadia
salicina superimposed on a cross-sectional profile through the bedrock anastomosing channel type (site 2 in Fig.
1). The 125 m section of the 300 m wide macro-channel contains one seasonal and two active distributaries. High
stress levels observed in B. salicina are associated with individuals located along the seasonal channel and also,
to a lesser degree, on the north bank of active distributary 1. 27% and 12% of the trees (6 individuals within an
area of 20 m x 20 m) colonising the north and south banks of the seasonal channel, respectively, showed between
75% and 100% stem mortality. The stage levels in the active channels corresponding to a discharge rate of 6 m*/s
are indicated, with flow activated in the seasonal distributary at this discharge rate (Broadhurst et al., 1996). The
spatial distribution of tree stress in B. salicina illustrates the importance of surface flooding for recharging local
subsurface storage along cut-off channels. Consequently, flow conditions over the drought period, relative to
historical flows, are examined.

low Condi

Since surface flooding activates flow in the seasonal distributaries, where riparian vegetation stress levels are noted
to be highest, the maximum average daily discharge recorded over the summer periods is relevant. The discharges
at the gauging station (station X3H006 in Fig. 1) located in the upper catchment, with the longest available record,
are examined (Fig. 7). The flow reductions resulting from abstractions along the intervening stretch of river are
neglected. The lowest recorded maximum average daily discharge occurred during the 1991/92 season (6.4 m*/s),
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Figure 6: Distribution of proportional stem condition for the species Breonadia salicina across a bedrock
anastomosing channel type

with the second lowest (8.2 m®/s) recorded during the 1982/83 season. The 1981/83 period also experienced the
lowest successive two and three seasonal flows in terms of peak discharge, as may be inferred from Fig. 7. Itis
possible that the maximum flow during 1991/92 dropped below a critical level, but this is unlikely since the
differences between the flows during the 1982/83 and 1991/92 seasons are not markedly different; the lower
summer flows during the early 1980’s were more persistent and no tree mortalities were observed during this
period. Although surface flooding has been shown to be an essential process for recharging subsurface storage
in bedrock influenced morphologies (Fig. 6), analysis of the flow record does not provide an adequate explanation
for the widespread tree mortalities observed in 1992. The relative local climate at Skukuza over the drought period
is therefore also examined for a possible reason.

limati iti

The annual rainfall and Symons pan evaporation recorded at Skukuza are presented relative to mean annual values
in Fig. 8 and Fig. 9, respectively. The lowest rainfall and highest evaporative demand were recorded over the
1991/92 season, with marginally higher rainfall and lower evaporative demand during 1982/83. 1991/92 may also
be shown to be the season ending the successive two and three most severe dry periods on record.

Based on these data, the widespread riparian tree mortalities are attributed to the below average rainfall and above
average evaporative demand which intensified over three seasons, coupled with the low summer-flows experienced
in 1991/92. The accumulated effect and timing of these severe environmental conditions are likely to have depleted
the energy reserves of tree species to critical levels, whence stress and mortalities were noted.
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Figure 9: Pan evaporation recorded at Skukuza relative to the mean annual from 1960/61 to 1992/93
CONCLUSIONS

The two process determining water availability to riparian vegetation are dependant on the degree of bedrock
influence and associated connectivity between surface and subsurface water. These processes include, (1) bank
seepage in extensive alluvial deposits, which may be modelled deterministically; and (2) flow activation in cut-off
seasonal distributaries by surface flooding. Application of a bank storage dynamics model shows that reservoir
releases may be managed to maximise phreatic surface levels in the bank, but benefits are reduced with increased
distance from the river. Riparian tree mortalities following a recent drought are strongly correlated with the degree
of bedrock influence. Stress conditions noted in a particular species across a bedrock dominated morphological
channel type show stress levels to coincide with a cut-off seasonal distributary. This illustrates the importance of
periodic surface flooding which will be severely reduced by construction of the Injaka Dam. The widespread
riparian tree mortalities observed along the Sabie River in 1992 are attributed to the timing and combination of
low summer-flows and extreme climatic conditions.
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ABSTRACT

The impact of freshwater discharge on stratification-destratification processes and the psositon of the salt
wedge was examined in the Miramichi Estuary (New Brunswick, Canada). Variations in the longitudinal
and vertical salinity gradients in the upper reaches of the estuary were described for 2 dates with relatively
low freshwater discharge and 2 dates with relatively high freshwater discharge during the summer of 1992.
The vertical salinity gradient in the upper reaches of the estuary, quantified using the Stratification
Parameter, was similar to other salt wedge estuaries. The power required to mix the discharge was at least
two orders of magnitude higher in the upper reaches of the estuary than in an estuary with similar shape
and depth. An analysis of the isohaline curves showed that the tip of the salt wedge was consistently
located further upstream than was suggested previously. The analysis also showed that the magnitude of
freshwater discharge alone does not determine stratification, even when the assessment is limited to the
upper reaches of the estuary.

The extensive intrusion of the salt wedge into the upper estuary indicates a larger nursery and rearing
habitat for brackish water biota than was previously realized. Furthermore, the stability of vertical
structure should result in a relatively constant and predictable environment for finfish and invertebrates.
Expsosure of juvenile finfish to sediments containing high levels of metals and organic pollutants may be
determined by vertical stratification.

KEY-WORDS: estuaries/ freshwater discharge /stratification /ecology /mixing power .
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1. INTRODUCTION

Many abiotic factors interact in estuaries and affect estuarine ecology. Among them, the presence of a
salt wedge and stratification-destratification processes have important effects on pelagic and benthic biota
(Schroeder et al., 1990). Longitudinal salinity gradients and the location of the salt wedge influence the
distribution of zooplankton (Bousfield, 1955) and both larval (El'sayed 1967; Laprise and Dodson 1989;
Locke and Courtenay, 1995) and adult (Hanson and Courtenay, 1995) fish. Transport in surface or bottom
currents, selected by vertical migrations between strata, is important to both invertebrate (Bousfield, 1955)
and fishes (Laprise and Dodson, 1989).

The Miramichi Estuary (New Brunswick) is one of the largest estuaries in eastern Canada. It supports a
number of important commercial fisheries as well as the biggest Atlantic salmon (Salmo salar) population
in North America. Located in the southwest portion of the Gulf of St Lawrence, the drainage area of the
Miramichi Estuary covers 14 000 km?. The river portion of the estuary is typically less than 1 km wide
and stretches approximately 50 km from the head of tide near Red Bank, to Sheldrake Island (Figure 1).
The Inner Bay encompasses an area of 300 km? with depths typically varying between 2 and 5 m. A
dredged channel, over 7 m deep, extends from outside the Barrier Islands to the town of Newcastle.

A number of studies have been carried out on the Miramichi Estuary over the past 50 years. Bousfield
(1955) provided the first important report on the physical oceanography of the estuary. More recently,
research effort has intensified and has led to a detailed analysis of the seasonal variations in the physical
oceanography (Lafleur et al., 1995) as well as a general description of the stratification in the estuary (St-
Hilaire et al., 1995). Much of this work relied on moored instruments and was concentrated in the lower
part of the narrow portion of the estuary, between Newcastle and Cheval Point (Figure 1). Both of these
studies showed that freshwater discharge greatly affects the stratification of the Miramichi. Lafleur et al.
(1995) concluded that with increased freshwater runoff a thicker halocline develops and longitudinal
salinity gradients between Chatham and the Inner Bay strengthen at the bottom but weaken at the surface.
St-Hilaire et al. (1995) compared mixing powers of the wind, tides and the resistance to mixing related
to freshwater discharge. For weak freshwater flows, the stratifying effects are always greater than the
mixing power of winds and tidal currents. The study concluded that the estuary remains stratified during
the ice-free season.The spring-neap migration of the salt wedge was estimated to be 8 km and the seasonal
migration appeared to be 18 km (Lafleur et al., 1995). The question of the upstream limit of that migration
could not be completely answered because of the lack of data in the upper part of the estuary.

Although these previous studies provide a good overview of the physical oceanographic conditions of the
estuary, there is little information available on the extent of the upstream migration of the salt wedge and
the influence of discharge on the stratification in the upper reaches of the estuary, upstream of Newcastle.
Moreover, previous studies used different definitions of the salt wedge. Vilks and Krauel (1982) defined
the salt wedge by water of salinity greater than 12%,, . Lafleur et al. (1995) defined the limit of the sait
wedge as the upstream limit of the salt-water intrusion at the bottom of a stratified estuary. Our definition
is more quantitative and based on potential ecological applications and thus differs from that of Vilks and
Krauel (1982). The limit of the salt wedge is the upstream location where bottom water has a measurable
salinity (i.e greater than 0 + 0.02 Practical Salinity Units, as measured by Conductivity, Temperature and
Depth sensors).

The objective of this paper is to describe the variations in the longitudinal and vertical salinity gradients
in the upper reaches of the estuary, and the influence of freshwater discharge. The characterization of the
salinity gradients in the upper estuary was done through two types of analysis: (1) a descriptive study of
isohaline curves and (2) a comparison of the power required to mix the discharge on days with similar
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freshwater flows. Shroeder et al. (1990) used the same technique on a similar estuary, Mobile Bay
(Alabama), which is also river-dominated. We were thus able to compare the two estuaries.

2. MATERJALS AND METHODS

Salinity data were obtained from a series of CTD (Conductivity,Temperature, Depth) casts taken on 4
dates (25 May, 10 June, 15 July and 25 August) in 1992, between Red Bank (km 0) and Newcastle (km
22). The instrument used to perform the CTD casts was a SEABIRD SBE-19 equipped with a
conductivity cell, a thermistor and a hydrostatic pressure sensor. Table | gives the precision of the
sensors. The SEABIRD was also equipped with a pump to ensure constant flushing of the conductivity
cell. At each station, the CTD was held just below the surface for 45 seconds to allow the pump to be
activated and to enable constant flushing of the conductivity cell. The CTD was then lowered at a
constant speed of approximately 0.5 m s from the surface to the bottom. Measurements were recorded
every 0.5 seconds. The data stored in the CTD was downloaded later to a computer. Salinity was
calculated from conductivity, temperature and pressure data using the Practical Salinity Scale (Fofonoff
and Millard, 1983), which is virtually identical to the Parts Per Thousand (PPT) scale.

Table 1. Sensor Precision (SEABIRD CTD)

Sensors Precision

Pressure (Depth) 0.25% of full range (25 cm)
Conductivity 0.01 mS cm’

Temperature 0.01 °C

Isohaline curves were constructed from CTD salinity data using a Contour Graph routine with a Distance
Weighed Square (DWLS) smoothing function (Systat, Version 5.0). Freshwater discharge data were
obtained from Environment Canada for station 01BO00! (Southwest Miramichi at Blackville), located
upstream of the sampling area. This station has the largest gauged drainage area on the Miramichi drainage
basin ( 5 050 km?). The annual mean at the station is 146 m® s”' (Inland Waters Directorate, Environment
Canada, 1991). The discharge values at the hydrometric station were used to estimate the discharge for
the entire estuary, based on the ungauged:gauged area ratio (2.772:1).

2.1 Estimation of power required to mix the discharge.

Many simplified mixing models exist for estuaries. The main mixing factors are the wind and tidal
currents. These factors are sufficient to mix the water column if their combined power is greater than
the energy flux caused by freshwater flow, in the form of buoyancy variations. The method used here to
estimate the power required to mix the freshwater flow is that of Shroeder et al. (1990) which is simpler
than the method used by St-Hilaire et al. (1995) and allows for direct comparison between two estuaries:
Mobile Bay (Alabama, U.S.), studied by Shroeder et al. (1990), and the Miramichi. Mobile Bay is also
strongly influenced by discharge. It has a similar shape to the Miramichi and is relatively shallow (3 to
4 m). Equation 1 was applied to the discharge data for the sampling dates.

I W,= p' D(ghp. Qp./A)

Ecohydraulique 2000, juin 1996, Québec



Coastal - estuarian - fluvial interactions - A137

where: W, = Power required to mix a river discharge Q (W m?)
p' = Surface-to-bottom density deficit (10 kg m™)
D = Typical water depth in the study area (3 m)
g = Ggravitational acceleration
A = Area of the estuary (300 km?)
p. = 1020 kg m™ typical density

W, values were calculated for sampling days with equation 1 and estimated values of discharge. The
surface to bottom density deficit (p') was estimated from our salinity data and temperature data from
Figure 8 of Lafleur et al. (1995).

The stratification (S,) parameter was also calculated from CTD casts. S, is simply a ratio of the bottom
to surface salinity difference to the depth-averaged salinity ( Equation 2, from Kjerfve and Greer, 1978).
It is often used in conjunction with other oceanographic parameters to quantify the stratification of
estuaries (Hughes and Rattray, 1980).

) S, = As/s,

P

where: As = Bbottom to surface salinity difference
s, = Depth-averaged salinity

3. RESULTS

3.1 Discharge and Power Required to Mix Discharge

Analysis focused on 4 dates during the summer of 1992 for which CTD data were available. The dates
selected allow comparisons between two events with discharges near historic summer means (Table 2):
10 June (Q = 142 m’ s”") and 25 August (Q = 166 m* s') . The other two survey dates (25 May, Q =
318 m* s and 15 July, Q = 304 m* s') had discharge higher than summer means but similar to the 1992
summer mean (Table 2). The main hydrological event is the spring flood associated with snowmelt
(Figure 2). This is reflected in Table 2 by the higher monthly mean discharge for the month of May
which in 1992 was lower than the historical mean. Sampling began during the falling limb of the main
spring flood (25 May or day 145, Figure 2). During the sampling period, there were 3 important
hydrological events with discharge exceeding 200 m’s" at the hydrometric station. The maximum
estimated discharge during the sampling period was 923 m’s’ on 6 August while the minimum was
89 m’s” on 24 June. Generally, the months of July and August had higher than usual discharge (Table
2).

Table 2. Monthly mean discharge: 1992 and historical means (From Inland Waters Directorate,
Environment Canada, 1991)

Historical (1918-1990) monthly Calculated
Months mean estimated for the estuary Monthly mean for 1992
(m3 s-l) (m3 S-l)
May 887.0 676.4
June 307.7 169.6
July 166.3 3423
August 155.2 320.2
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Figure 2. Daily discharge for the Miramichi Estuary, estimated from Hydrometric station 01BO001
The highest W, value was 49.8 x 10* W m?, obtained on 25 May for a discharge of 318 m*s™ while
the lowest value was 2.3 x 10* W m?, obtained on 10 June for a discharge of 142 m’s" (Table 3).
The W, value for 15 July, which had a similar discharge to 10 June, was only 2.3 x 10* W m?

Table 3. Power required to mix the freshwater discharge in the upper reaches of the estuary

Dates Surface-bottom Discharge Power
density deficit W,
p'(kg m*) (m’ s™) (10* W m?)
25 May 4 318 49.8
10 June 0.4 142 23
15 July 3 304 35.7
25 August 3 166 19.5

3.2 Isohaline Curves

Figures 3 to 6 show isohaline curves from 4 CTD surveys. Dense horizontal isohalines represent strong
vertical stratification. On 25 May (Figure 3, Q = 318 m’ s™'), the entire water column upstream of km
17 had a salinity less than 2 PSU. The water column between km 10 and km 20 showed little vertical
stratification (less than 0.4 PSU m™). Vertical stratification started to increase at km 20. At km 25, the
salinity at the surface was 5 PSU and reached 14 PSU at a depth of 3 m. Figure 4 (10 June, Q = 136
m’® s™) shows a similar position of the salt wedge, in spite of the fact that the discharge had decreased
significantly from May 25. On 15 July (Figure 5, Q =304 m’s™), the 2 PSU isohaline was pushed back
downstream of km 20. A strong vertical gradient of 1 PSU m™ occurred at km 25. Figure 6 (August
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Figure 3. Isohaline curves from CTD data, Miramichi Estuary, 25 May (Q =318 m’s"). The
darker line represents the bottom. Distances on the x axis are taken from Red Bank and
increase in the downstream direction.
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Figure 4. Isohaline curves from CTD data, Miramichi Estuary, 10 June ( Q = 150 m’s"). The
darker line represents the bottom. Distances on the x axis are taken from Red Bank and
increase in the downstream direction.
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Figure 5. Isohaline curves from CTD data, Miramichi Estuary, 15 July (Q = 304 m's"’. The
darker line represents the bottom. Distances on the x axis are taken from Red Bank and
increase in the downstream direction.
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Figure 6. Isohaline curves from CTD data, Miramichi Estuary, 25 August (Q = 166 m’ ™).
The darker line represents the bottom. Distances on the x axis are taken from Red Bank and

increase in the downstream direction.
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25,Q =166 m’ s') shows the 2 PSU isohaline extending from km 3 to km 7. Salinity of 15 PSU was
measured at km 25 near the bottom. Table 4 gives the position at which the 2, 5, 10, 15 PSU isohalines
are near the bottom on the 4 sampling dates:

Table 4. Position ( river km) of isohalines on 4 dates and stratification parameter (S_) at km 18.

Date 2 PSU 5 PSU 10 PSU 15 PSU S, at km 18
25 May 12 16 17 20 1.01

10 June 11 17 17.5 -- 1.29

15 July 16 18 21 -- 1.7

25 Aug 3 4 5 24 0.66

Table 4 also provides values of S, the stratification parameter, at km 18, a station included in all 4
surveys. The stratification parameter (S,) varied between 0.66 and 1 7. The highest value of S, was
obtained on 15 July when the discharge was estimated to be 304 m’ s, on the rising limb of the second
major summer discharge event (Figure 2). The lowest value of S, (0. 66) was obtained on 25 August (Q
= 166 m’ s'). For a similar flow on 10 June, S, was nearly twicc that value which means that the
stratification was much greater.

4. Discussion and Conclusion

4.1 Stratification

Data from the 1992 survey confirmed that the upper Miramichi is of the salt wedge type, as stated in
previous research (Vilks and Krauel, 1983; Willis, 1991). S, values from Table 4 are similar to other salt
wedge estuaries such as the Mississippi River with stratification parameter values between 1.2 and 1.9
(Kjerfve and Greer, 1978). The Columbia River, which is also characterized by a strong vertical salinity
gradient has S, values between 0.3 and 3 (Hughes and Rattray, 1980). In spite of varying discharge, the
stratification parameter remained higher than that of partially mixed or well mixed coastal plain estuaries
such as the Mersey River (U.K.) and the Santee River (U.S.A.; Kjerfve and Greer, 1978).

Power required to mix the discharge was at least two orders of magnitude higher in the upper portion of
the Miramichi Estuary than in an estuary with similar shape and depths (Mobile Bay, Alabama) where
Shroeder et al. (1990) calculated a W, of 2 x 10 W m? for a river discharge of 500 m® s”. For a
discharge of 318 m’s™', the power requlred to mix the discharge in the upper Miramichi Estuary was 49.8
10* W m® St-Hilaire et al. (1995) used a two-layered model to calculate the resistance to mixing for
the Miramichi Estuary and found values between 26 and 50 x10* W m™ for the same period in 1991.
The values in 1991 and 1992 were of the same order of magnitude, although mean discharge was greater
in 1992.

Lafleur et al. (1995) stated that the salt wedge migrated further upstream than Newcastle (km 22) without
quantifying this migration. Our data suggest that the tip of the salt wedge, when defined as water with
measurable salt content, was consistently located at least 4 km upstream of Newcastle and as far as 17 km
upstream of Newcastle between 25 May and 25 August (Figure 6). In fact, salinity of 2 PSU was detected
near the bottom at Red Bank on August 13-14 1992 (A. Locke, unpub. data).

Ecohydraulics 2000, June 1996, Québec



A142 - Interactions fluviales - estuariennes - cétiéres

Hydrological conditions on the Miramichi showed important fluctuations in 1992. Three major
hydrological events occurred between 23 June and 15 August. The first two surveys (25 May and 10
June) were conducted immediately after the spring flood. The 25 August survey was conducted after the
largest flood of the summer period. It appears that freshwater discharge was insufficient to push back the
salt wedge downstream. This may be explained by the short duration of that hydrological event. However,
the energy budget is not complete without tidal and wind inputs. Moreover, the time lag between the
discharge measurements between the hydrometric station and the upper reaches of the estuary is unknown
but could be significant. :

The average discharges for the months of July and August were more than twice the historical means.
The baseflow conditions for the 1992 summer were therefore far from low, which implies that the salt
wedge could migrate much further upstream in severe low flow conditions.

Both stratification and position of the salt wedge can differ significantly for events with similar discharge.
Figures 4 and 6 are a good example. The stratification parameter is significantly smaller on August 25
than on 10 June, when isohalines were denser vertically. The location of the 2 PSU isohaline is 7 km
further upstream on 25 August than on 10 June. The energy required to mix the discharge (W) was
more than 8 times greater on 25 August. Factors such as tidal currents may explain such differences.
Data from Lafleur et al. (1995) show that the tidal mixing power calculated at Chatham (km 25) was
greater on August 25 than on 10 June. Again, this is an indication that a complete energy budget may
be needed to fully understand the processes at work.

Comparison of similar hydrological events enabled us to examine the possible variation in the stratification
of the estuary. The magnitude of freshwater discharge alone did not determine stratification, even when
that assessment is limited to the upper section of the estuary. Duration of hydrological events, as well as
tides and winds must also be included in an initial assessment of the oceanographic conditions.

4.2 Ecological implications

Longitudinal stratification in salinity has important implications for the distribution of fauna within the
Miramichi Estuary. Spawning and nursery areas of a number of recreationally and commercially important
fish species are defined by salinity. In early June 1992 for example, striped bass (Morone saxatilis)
spawned immediately upstream of the edge of the salt wedge (river km 11-13) and resulting larvae were
also most abundant near the edge of the salt wedge (Robichaud et al., 1996). Larvae of other anadromous
fish species that spawn in tidal fresh water were also most abundant near the edge of the salt wedge,
including the commercially important rainbow smelt (Osmerus mordax), gaspereau (4losa pseudoharengus
and A. aestivalis), and Atlantic tomcod (Microgadus tomcod). Distributions of larval fish may be related
to the distributions of their zooplankton prey. Bousfield (1955) and Locke and Courtenay (1995)
documented pronounced changes in species composition along the salinity gradient of the Miramichi
Estuary. An important prey item found in the guts of larval tomcod, smelt and gaspereau, the calanoid
copepod Eurytemora affinis, was most common in waters of surface salinities of 1-15 PSU (Locke and
Courtenay, 1995).

Vertical stratification also has major implications for the distribution of estuarine fauna. Vertical migration
between water strata moving in different directions or at different speeds serves as a mechanism of
longitudinal transport for zooplankton organisms in the Miramichi. Species-specific differences in
migration patterns of immature barnacles alter their ultimate destination in the estuary and serve to
spatially separate congenéric adult populations (Bousfield, 1955). Vertical stratification also affects the
distribution of phytoplankton and the nutrients on which they depend. A salt wedge and its associated
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counter current may act as a nutrient trap and prevent downstream flushing of phytoplankton and nutrients
(Correll, 1978). Furthermore, over the short term, a stratified water column may enhance productivity by
keeping phytoplankton in the photic zone.

Vertical stratification may also be important in determining the degree to which fauna are exposed to toxic
contaminants. The upper Miramichi Estuary between McKay’s Cove and Sheldrake Island serves as a
nursery area for smelt, gaspereau and tomcod (Locke and Courtenay, 1995). Over the last 50 years, this
area has received effluents from two pulp and paper mills, municipalities totalling approximately 50,000
people, commercial and recreational shipping, a wood preservation plant and an oil-burning electrical
power station (Courtenay et al., 1995). MacKnight (1990) and Courtenay et al. (1995) document high
levels of certain metals and organic contaminants in the sediments of this part of the river, an area where
long-term trapping of sediments may occur (Kranck and Milligan, 1989). Vertical stratification of the
water column may limit remobilization of sediment-trapped contaminants, whereas the break-down of
stratification, or vertical migration of organisms into contaminated strata, may expose the sensitive early
life stages of fish and invertebrates to toxic substances. Effects of poliutants on ichthyoplankton of
Miramichi Estuary and their prey are unknown, but developmental abnormalities have been recorded in
Atlantic fishes elsewhere (e.g., Longwell et al. 1992), and contaminants are present in adult benthic fish
and invertebrates in the Miramichi system (MREAC, 1992).

The tendency of the upper Miramichi Estuary to remain stratified despite variations in freshwater discharge
implies that flood events have a minor impact on conditions in this nursery habitat for larval fishes.
Longitudinal transport in surface and bottom currents should remain relatively unaffected. Salt water
intrusion as far upriver as Red Bank ensures that there is a large amount of habitat for brackish water
species. In years of lower freshwater discharge, brackish water habitat would presumably extend even
further upriver.
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ABSTRACT

In 1993-1995 there were made investigatigations aimed at developing control of ecological
situation in the basin of the Kislogubskaya Tydal Power Station (Kislaya Bay, Barents Sea).
The quantity influence of abiotic factors on the biota was assessed using the monitor species
Littorina littorea, as an cxample. The following can be recognized as the major ecological factors
limiting development of the hydrobionts in the water area studied: water temperature and
transparence, concentration of biogenes and oxygen. range and rhythm of tidal oscilations.
Principles of the formation of the natural-and-technical system on the basis of the Tidal Power
Station (TPS) are proposed.
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INTRODUCTION

The world community considers investigations of sea coastal zones as one of the priority problems for the
near future. It is impossible to solve many problems of coastal zones without searching for quantity
interrelations between biotic and abiotic characteristics of environment. Allowance for and prediction of
mutual influences and changes in biota and abiotic factors will allow to minimize the possible negative
consequences for the coastal zone. Solution of this problem is of vast practical importance (Zair-Beck L. A.,
Shilin M. B.. 1993; Fedorov M. P., Shilin M. B., Ivashintsov D. A., 1995), and it is ultimately aimed at
estimating the consequences of anthropogenic impact on the ecosystems of the sca coast zones. It should be
pointed out that the assortment of that impact has extraordinarily widened by the end of the 20th century
and includies various kinds of hydraulic construction, sea farming (macriculture), loads due to water
transport, mining and transportation of rineral deposits etc. As for the methods of quantity account and
measuring anthropogenic pressure, they are only being developed. Besides, while working on large and
relatively homogeneous water bodies, a researcher is bound to collect a huge mass of facts to support
statistical regularities. The cost of the experimental work of this kind as well as the ensuing laboratory
work on the collected material proves to be extremely high. The financing problems significantly hinder
development of this sphere of ecology.

Because of this, we consider as promising the idea of searching for quantity relationships based on much
more limited material which could be obtained on small isolated water areas where the values of abiotic
parameters would vary within a limited area. Fulfilling the requirements are semi-enclosed sea areas such as
fjords, gulfs, lagoons of atolls,caldera of extinct volcanoes etc. Though such water bodies could have some
specific features, in general they might be considered as natural models of coastal water ecosystems. Carrying
out studies in similar model water areas with pronounced environmental gradients allows to receive the
hydrobionts’ responce to extremily different combinations of media variables. This is the way to prognostic
modelling of relations between the biotic and abiotic components of ecosystems.

We choose the Kislaya Bay as a model water body experiensing anthropogenic impact from operation of the
TPS and crib farms located there (Fig. 1,2).

DESCRIPTION OF THE STUDY AREA

The floatable construction methods was used in the Kislaya Bay in 1965-1968 for erecting the TPS. The
floatable hull of the Station powerhousc measuring 36x18x15 m at 5.000 t displacement was erected in a
dock at Kola-Bay, near Murmansk. The hull packed with equipment and set afloat was then tugget to the
construction site and sunk with water and sand ballast on the previonsly prepared underwater foundation in
the Kislaya Bay. That “Russian model” of TPS prove efficient for the realization of the tidal power, but
ecologically not safe.

The Kislaya Bay, which is about 3.5 km long and less than 2 sq km in ares, separated by the dam of the TPS

from the Ura Bay of the Barents Sea, is under a complex impact of a number of anthropogenic factors. The

quantity estimation of the biota’s reaction to these factors allowed to determine the following limiting

factors:

B weekened water exchange between the Bay and the Sea, which results in freshening of the TPS basin by
the brooks entering it, and degradation of the sea species ; :

B technogenic transformation of level oscillations (changes in range, disruption of rhythm);
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W predisposition to asphyxiation phenomena due to the excess biogenes coming from aquaculture farms
(sea cage farms for humpback salmon Oncorhynchas gorbuscha, trout Sslmo trutta and cod Gadus
morhua), combined with no vertical mixing at the bottom in summer.

CALENDER OF EXPEDITION AND METHODS USED

The investigations from 1993 till 1995 included studies of hydrological and hydrochemical conditions of
hydrobionts' habitat in the coastal zone of the Polur seas: execution of in situ observations for ecoeconomic
grounds for organizati on of farms to breed trout, humpback salmon and mussel, including exploitation of
the current hydraulic structures (the compiex of the TPS Kislaya Bay). selection of monitoring species and
development of monitoring techniques for the areas under study; looking into industrial comercially
valuable populations of hydrobionts in the coastal and central parts of the Barents Sea.

In the cource of the first stage of the work over the shallow parts of the Barents Sea coastal zone (Kislaya
Bay. Ura Bay, Motovskiy Bay) there have been made 51 of observations (Fig. 2) for stations in the Kislaya
Bay of determination of sea-water temperature and salinity, hydrochemical elements content (diluted
oxygen,phosphates,alkalinity),and associated standart meteorological observations. Simultaneously with the
bydrometeorological observatios in the tide periods there have been made 5 hydrobiological surveys with
benthos sampling on the grounds including 9 stations (Fig.2., Grounds 1, 2, 4, 5) and 18 stations (Ground
3). From all the grounds samplcs were taken on three different horizons (upper, lower and middle littoral)
(Fig . 4). Besides, 300 sampling frames 33sm x 33sm in size were investigated. In the head, middle and
estuarine parts of Kislaya Bay there were made three diving stations with benthos sampling at the depths of
up to 10 m (Fig. 2).

The dependence of the biota characteristics (quantity Nand biomass B) on the primary (limiting) factors was
studied employing Multiple Regression Analysis (MRA) (Pesenko Yu, A,, 1982). When constructing the
regression equations we used the quantity of monitoring species for each station N, specemens/sq m, its
biomass B, g/m?, daily duration of the ebb period t. hrs/day, and mean weighted salinity S, %. The
calculation of self organizing models of the monitoring specics distribution was carriedout by the MGAA
(Method of Group Argument Account) (Pogrebov V. B., 1990) with reducing the coefficients of the full
description to zero. Unlike the classical regressive analysis which accurately describes the relation between
variables in the studied interval, the MGAA is mainly directed to finding the most general and stable
relationships. The latter determines its high cognitive and prognostic possibibilities.

As a supporting function we used a square polynomial with the argument covariation of the form
= 2
m A= A +A SHA S +At+A St,

where A is the index of the species abundance, quantity or biomass; S is salinity, %; t is duration of the ebb
period, hrs per day.

The regression coefficients were estimated by the method of least squares.
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RESULTS

The analysis of the results obtained testifies to presence in the basin of the Kislaya Bay of two near-sutface
water masses (north-eastern and south-western oncs) separated by a well-defined frontal interface represented
in all measured hydrological characteristics (temperature, salinity and density). The so-called south-western
water mass mainly forms under the influence of the fresh-water runoff of the large brooks. The so-called
north-eastern water mass mainly forms due to the water exchange through the dam of the TPS, and by all
measured characteristics it can be attributed to the water of the ajacent Ura Bay (Fig. 3).

A scheme of the littoral benthos organismes distribution has been drawn (Fig, 4).

The composition of the coastal biological commaunities in the Bay is very depleted. Macrophyte algae form
small colonies, but not a2 continuous border as in the neighbouring bays. Correspondingly, there are no
species accompanying brown algae which usually find food and shetter in their thickets.

The data of studied values of studied values of the quantity of Littorina snails averaged for the whole Bay
show that their quantity N(Fig, 5, a) and biomass (Fig. 5, b) almost equally change, depending on salinity
changes and duration of ebb. The quantity of snails decreases 2z duration of the ebb period increases. The
dependence on changes in salinity is of more complex character.The minimum quantity is recorded with
salinity of 30.3-30.7% (Fig. 5, 2, b). With the salinity increasing or decreasing the values of N and B start to
increase, Evidently the obtained parameters under study differ from classical bellshaped curves of
distribution of biological variables over environmental gradients.

It is not excluded that the significant deviations from the bellshaped distribution is caused by strong influence
of unaccounted factors (turbulence, oxygen regime, etc.).

To control the ecological situation in the water body under study we think it niecessary to do the following:

1. To increase water exchange in the TPS basin through non-stop station operation combined with no-load
water passage through the upper and lower discharge sluices.

2. To pump air or aerated surface water into the oxygen-free depressions (artifical circulation) through
pexforated pipes.

3. To increase the number of species in the biota by creating of artifical biotopes (artifical kelp in the lmoral
zone) and introduce cornmercially valuable species (king crab Paralithodes camtschatica).

4. To develop poly-mariculture, in particular sca urchins Strongylocentrotus droebachiensis in cribs which
eat algal film on nets.

" 5, To improve quality of pelletized feed.

Realization of the proposed decisions should facilitate formation of the natural-and-technical system on the
basis of theTPS where the coastal zone management principles could be perfected.
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TWO LAYER FINITE ELEMENT NUMERICAL MODEL FOR SIMULATING
SALMON RIVER ESTUARIES

Jean-Loup ROBERT, Frangois ANCTIL and Yvon OUELLET
Département de génie civil, Université Laval
Québec, Canada
Jean-Loup.Robert@gci.ulaval.ca

ABSTRACT

Many salmon river estuaries on the Saint-Lawrence maritime estuary are, during the upstream migration of
the salmon, under low discharge conditions and consequently present strong stratification. Two
hydrodynamic parameters have a significant importance for the use of the estuary by the salmon : the
velocity distribution and the layout of fresh and salt water masses.

The use of a numerical model must allow the verification of hypothetical physical modifications of the
estuary on the currents and the salt intrusion. The proposed model has been developed in a way to well
represent the typical characteristic of the estuary to be studied, i.e., a strong stratification, weak vertical
mixing and large tidal flats. The approach is based on the superposition of two two-dimensional
hydrodynamic models, one for the fresh water and one for the salt water. For the tidal flats, the concept of
negligible height of water has been used. This implies to take in account the flow regime in the friction
term. The finite element method has been used to obtain the numerical formulation of the model.

KEY-WORDS: “Estuary / Hydrodynamic Model / Salt Water / Density / Finite Element / Tide / Two Layer
Model.
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INTRODUCTION

In many small estuaries, conditions of strong stratification are often observed. In few of those cases, the
transition between fresh and salt water is so small that the interface between the two masses of water can be
seen by eyes because of the sharp change of refraction index. Some measurements done since two years in
Matane river estuary show obviously a such condition.

In an other hand, it seems that the behaviour of migratory fish is influenced by those specific salt and clear
water distribution in a sense that they could use the estuary as an area of transition and rest before going
farther upstream for the spawn. As those conditions can vary during the tide cycle and depending the water
discharge from upstream, it could be interesting to know in detail the hydrodynamic behaviour of the
estuary. A numerical model can be considered for that purpose but two problems arise.

First is the need of a three dimensional model. Indeed, a vertically integrated shallow water equation based

model could not represents correctly the hydrodynamic process because nor physical nor water quality

stratification can be taken in account. In an other point of view, full three dimensional model are heavy to
run, expensive in both human and computer time and their calibrations is not easy.

The second problem comes from the morphology of the estuary itself in a sense that low tide flats play an
important role in the current pattern and must be considered if we intend to do a realistic simulation. If it is
not so difficult to include tidal flats in a two dimensional model, the same is much more complicated in a
three dimensional model.

In order to keep the advantage and the simplicity of a two dimensional model and to benefit the realism a
three dimensional model, we decided to develop and test a vertically integrated two layer model, one for the
clear water over the second one for the salt water, considering that a such model could only be applied in
strongly stratified estuaries.

MODEL DEVELOPMENT

We describe here the essentials of model development with a special care on the difference of density
between clear and salt water.

verni ion

We start from the general equations written from the principle of momentum and mass conservation
(Liggett, 1994):

Momentum:

du Juu oduv duw 1dp
1 Qu, duu duv duw 19 _x
() W Tk oy ez Tpax

ov duv odvv ovw 10p
2 N —_—t—t—t— = Y
@) at+ax+ay+az+pay
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(3) 8_W+M+M+aw_w+l@=2

Mass:

du ov dw
(4) —a;‘f'-a—yﬁ-g—

In which the assumption of a non viscous flow is taken and where:
(5) X=fv+K,(,Y=—-fu+Ky and Z=-¢g

with the Coriolis’ coefficient f =2wsin¢, with o, the angular speed of the rotation of the earth [rad/s], ¢, the
mean latitude [degree], K, and K,, tidal forces in x and y directions.

Then we add an assumption concerning the vertical distribution of pressure. Indeed, if slow vertical motion
applies, the vertical acceleration of a mass of water can be considered small in respect of the gravitational
acceleration. Then, the third momentum equation (eq. 3) reduces to:

d
(6) 5 +pg=0
z

Which defines the hydrostatic pressure assumption.

The above system of partial differential equations describe the instantaneous motion of water which includes
the fluctuation of velocity and pressure. It is not practical to keep those instantaneous parameters because
the need of a very small time scale. If we agree that some mean parameters could be used, the instantaneous
parameters are replaced by the sum of a mean value and a fluctuation which is caused by turbulence. Then
the mean value of equations themselves can be taken over a period of time. As the mean of a fluctuation
over that period can be considered as zero, the major part of fluctuation terms vanishes from the equations
except for those which content the product of two fluctuations. In that case, those products are not zero and
we have a closure problem.

In order to close the system, we must adopt a turbulence model. Here, we will use the simplest one, the eddy
viscosity concept by adding tc the equations some viscous terms similar to the Newton's law of viscous shear
stress. The two first momentum equations (1) and (2) are then rewritten according the assumption that now
u, v, and p are mean values over a period of time:

du Jduu duv duw 1op 1ot 9%, o
7 U U QWY W s P 1T Ty Ty |
™ % ox oy oz VToax p(ax+ay+az

dv  duv  dvv  dvw 1op 191, 91, 91,
8 SAPLLAMCAA AL AP PRI LY ek L VA A
@) ot Bx+8y oz u+pE)y p[ 8x+3y+az
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These two equations with the simplified third momentum equation (6) and the continuity equation (3)
constitute the base of the model to be develop.

Vertical integration
Principle

The formulation of the two-layer model is based on vertical integration of the system of equations in to
steps, from -h to m; and from m; to 7, in order consider only the vertical mean values of physical

parameters in each layer (fig. 1).

A

z /— Free surface

Clear water
_— Interface
' >
Salt water h Datum
Fig 1 - Definition of boundaries in vertical direction.
The manipulation of equations is done with the Leibnitz rule:
aj“hf(x,y,z,t)dz " If(x,y,2,t) m a(=h)
9 = = 222 dz+f(x,y,M,t)— —f(x,y,~h,t) —
© = [ FELED gy sxy,mO T - Ky b0 TS

Once the vertical boundary conditions known, the definition of mean value parameters are introduced. By
example, in the case of x component of water velocity, we have:

(110) ’ U= }u(z) dz

-h

1
h
Vertical boundary conditions

As the free surface, the internal interface and the bottom surface can be assimilate to stream lines, we can
state that a particle of water cannot cross them. This is rigorously true for the surface and the bottom but
this is an assumption for simplicity in the case of the interface. Those surfaces are defined by:

(11) Z =‘ns(x9yqt)7 Z; =ni(xvyat) and Zy =—h(x,)’,t)
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respective z positions:
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(13)

(14)
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of any points of those surfaces can be obtained by total time derivative of

dz - on, on, on,

g, == S UM Te v D

W,
dtl=n, =w(n;)= 3t +u(n;) Ix +v(n;) Jy
& —wem=u-n v h)—
dt z=-h

Those vertical components of velocity will be used after application of Leibnitz's rule, having for effect to
eliminate all explicit reference to vertical velocity in the resulting formulation.

The application of the Leibnitz's rule to the equation 4, 6, 7 and 8 and the introduction of the expression of
vertical velocities at the boundaries deal to the following set of equation which will be used in the numerical

model :

Pressure distribution :

(15)

Momentum equations :

if : m,<z<m,
p(z) = pog(n, —2)
if : ~h<z<y,

p(Z) = g(Pons + (ps - pO )n. - psz)

au, oU, oy, m, 1 1, i1 Ho

v, fv4gTh o [ - By -

(16) S % BT o [t -] . U,=0
a;z Uzaai vaal—fV+ [(1-"—0}? "O%"s}
a7 t X y X P, Ix

[ ]- V2U2—0

oV, av v, on, s_Lil_H o2

18 v, e fU g o -t ]-£vy =0
(18) Y +U, —+ 5 +fU, +g ay o [‘ty 'ty] oV
CAZSRTRCACSRVACAC PR SO | PO 9 Lo XL
(19) E3 ox oy ps ) Oy p, dy

_B:]h_z[t; —‘l:‘y’]--':’%VZV2 =0
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Continuity equations :

an,, anU, 3hV, U, 3hV,

20 =0
20) ot ox oy ox dy
Em ah U2 oh,V,
21 =0
21 at ox ay
Friction terms

The stresses applied on the fluid at the surface and the bed are to be specified. The effect of bed roughness
cant be taken in account in the salt layer using the Chézy formula :

(22) b Uz\/Uz Vz\/U22 +V,?

Tx_pg CZ et 1'- =pg C‘Z:

Cc is the Chézy coefficient.

At the interface, from the Newton's law of viscosity and the Prandtl's mixing length concept, the following
relationships are developed :

(23) T =§z—7‘2AUVAU2 +AV? and T =/‘;Z—"\‘2AV\IAU2 +AV?

h, +h,

with Az = , AU=U,-U,, AV=V, -V, and A, a friction coefficient at the interface related to the

square of the mixing length.
If necessary, at the free surface, the wind stresses can be evaluated by :

(24) T, =C,p,W,|W| and 1t} =C,p,W,|W|

where C, the drag coefficient at the surface, p,, the density of air and W, et W, are velocity component of
wind speed W.

Finite element formulation

The above set of equations is first introduced in an integral form according the weighted residual method.
The weight function is chosen in the same functional space than the unknown functions which defines the
Galerkin method. This formulation is then modified by integration by part of the second order terms to
obtain a weak form allowing the use of lower degree interpolation polynomials and to make explicit some
boundary terms to impose flux boundary conditions (Dhatt and Touzot, 1981).

The interpolation functions are chosen as quadratic two-dimensional polynomial function for the velocity
components and linear one for the interpolation of the positions of free surface and internal interface.
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These polynomial function are defined on a six node triangle (fig. 2) where surface positions appear only at
vertex nodes. '

U,

Vi

U
v2 Y
2 VI
~ JALD
\J U2
v,
n;

Fig. 2 - Element definition

The introduction of the polynomial interpolation function element by element in the elementary integral
forms results in a discrete form as a set of non linear algebraic equations. This non linear time evolution
problem is solved by the use of implicit Euler scheme to approximate the time derivative and by a Newton-
Raphson procedure to process non linearity :

25) [M+ AK(U,,,)] (AU} = {MHU,, - Ue.o } - A K(U )]0} BV

where M is the mass matrix, Ky, the tangent matrix and F the solicitation vector containing the effects of
boundary conditions.

MODEL APPLICATIONS
Validation

The first problem with numerical modelling is to validate the formulation of the model and its translation in
computer code. At the beginning, in order of increasing difficulties, some basics tests are performed. Those
tests range from still basin, steady uniform flow to internal wave propagation. We will not describe all those
tests here, we will just mention that they have been very useful to correct the coding of the model and that
they give very satisfactory resuits. Among those tests, one is particularly interesting in a sense that it
demonstrates the sensibility of one crucial but almost unknown parameter, the A coefficient at the interface.

The test case is performed in a rectangular basin (fig 3.) where the initial position of the salt water/clear

water interface has been set in an inclined position at 1,667%. Then the system starts in a free oscillation,
which is more or less damped.
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Fresh water

< 120 m >
Fig. 3 - Test basin for damped free oscillation.

For this case, the bottom friction remains constant with Chézy coefficient at 1000 m'?/s for a very low bed
friction. The salt water density has been set at a constant 1035 kg/m?. The interfacial coefficient has been
tested for a range of values from 0,1 to 10 m2. The greatest value is too strong, the interface takes a very
long time to return to its equilibrium position and there is no perceptible oscillation.

The difference of behaviour between the choice of 0,1 and 1,0 for the interfacial coefficient is very
significant. The time evolution position of the interface has been plotted for a point located at the left end
of the basin (fig 4). The damping is much more important for the biggest coefficient and it is obvious that
the propagation of the amplitude of an internal wave is strongly affected by the choice of this coefficient.

2,8
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2,4
2,2

o
1,8 /f
v,

1,4 4

Interface position (m)

1,2 -

0 500 1000 1500 2000
Time (s)

Fig 4 - Effect of interfacial friction factor of intemal wave damping.

The problem is that the A coefficient cannot be determined easily because it contains information which is
related to turbulence near the interface. The approach based on the mixing length concept comes from
physical considerations about the velocity profile in a steady uniform flow which is not the case here. The
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best way to calibrate this coefficient is to compare the behaviour of the model to measurement of the
evolution of the interface in a real case to be studied.

Tidal flats

Depending the topography of an estuary, uncovered surfaces, at low tide, can become a significant part of
the total surface of the estuary. In those cases, the boundary of the wetted part of the estuary must move
during the tidal cycle. This implies that, ideally, the finite element grid should follows the boundary between
water and bank and adapts its surface to the wetted part of the estuary at any time. This solution which is the
best in term of mass and momentum conservation needs complex algorithms and a very large amount of
computing time (Holz and Nitsche, 1980). In practical model, alternative procedure must be considered to
obtained a more economical model.

If the computing grid is kept immobile, two approaches can be used to approximate ebbing and flowing on
tidal flats. The first one consists to let the water level free to go under the bed and to tolerate negative water
heights. The second one is based on the control of water height to keep a very thin sheet of water over
uncovered flats.

The first approach is easy to implement and has the advantage to keep small hydraulic gradient at water line
near the bank where the free surface is nearly horizontal. In an other hand, this approximation present a
major disadvantage because it will not guarantee the mass conservation. More, in the case of a multi-layer
model, if the salt layer vanishes in some part of the domain, we cannot consider negative salt layer thickness.

The second approach necessitate more algorithmic care. The control of water height is done by temporarily
impose some water level or interface position at a very small height over the bed position. This can easily
done without modifying the structure of the matrix of the system of equations by applying a huge
coefficient at the diagonal term and correcting the corresponding solicitation term. The major drawback of
this method is the apparition of steep hydraulic gradient over bank slopes. This can be controlled if those
situations are considered as runoff flow (Zhang and Cundy, 1989). The thin sheet flow is generally laminar
and the friction term must be adapted to the flow condition using a White-Colebrook formula.

CONCLUSION

Considering the special cases of strongly stratified estuaries, a two layer finite element model has been
developed. This model combines the relative simplicity of two dimensional models and can approximate
complex three dimensional behaviour within the limits defined by the assumption adopted for its
formulation. It has been demonstrated that the choice of a turbulent model near the interface of the two
layer is determinant to control the propagation of internal waves and that a calibration must be done to
obtain realistic results. When the model is applied to inter tidal zones, the multi-layer concept forces the
control of layer thickness up to a very small value.
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ABSTRACT

With the development of rice cultivation, the major part of the Isle of Camargue, the central zone of the Rh6ne river
delta, was polderised. The central lagoon system of the Camargue (110 km’, 64 km’ for the Vaccards lagoon itself)
represent the main part of the * Réserve Nationale de Camargue ”. Without human intervention, this wetland is
hydraulically isolated from the Rhone river and the mediterranean sea. It receipt drainage water from its remaining
catchment area, due to precipitations and flooded rice fields.

The hydrological study concerned the Fumemorte catchment (65 km’, with 20 km’ of rice fields) which was
previously ungauged. Intensive hydrological studies were conducted during the years 1993 and 1994, coupled with
a continuous monitoring at the outlet of the catchment, of nitrogen (N), phosphorus (P) and total and organic
suspended materials (TSM and OSM) . The land use was obtained from satellite images processing with ground
truth, and included in a georeferenced data base. The knowledge of spatial and temporal variability of irrigation
volumes, combined with information on fertilisation practices, estimates of Rh6ne water quality and atmospheric
inputs, was used to quantify the total loads entering the catchment. Mean annual fluxes of 402 tons of nitrogen (N)
and 153 tons of phosphorus (P) entered the catchment. With a scenario of maximum transfer, only 6 % of
introduced N and 4 % of P were exported from the Fumemorte catchment to the Vaccargs lagoon. Organic matter
exported by the drainage network represents 5 to 6 times the quantity introduced with the Rhéne water. Due to
sedimentation in the rice fields and the drainage network, exportation of sediments is inferior to importation with
irrigation water. Fish population dynamics in the Camargue has been studied in different compartments, including
the drainage network of the Fumemorte drainage basin. On the base of previous and ongoing studies, potential
impact of hydraulic management on fish populations is discussed.

KEY WORDS : Camargue / Rhone delta / Rice cultivation / Phosphorus / Nitrogen / Irrigation / Drainage / Wetland
/ Fish population / Fertiliser.
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INTRODUCTION

A considerable increase of rice crop production was observed in the Rhéne river delta, or Camargue, after World
War IL. From 11 km’ in 1946, the area devoted to rice cultivation reached 160 km’ in the 60's. Rice cultivation
radically changed the hydrological regime of the Great Camargue, the central part of the delta, between the two
branches of the Rhéne. Great quantities of irrigation water from the Rhone river are introduced in the rice fields
from may to september. The drainage volume could not be supported by the system of lagoons without risks of
inundations for the surroundings area when heavy rains appeared in the autumn. As a consequence, on the base of
the already existing drainage basins and networks, the major part of the agricultural catchment was equiped in the
mid 50's with pumping stations for the drainage. So, since this date, 55 % of the potential agricultural catchment
area of the lagoons is polderized (figure 1). The Fumemorte catchment (65 kmz) represents 55 % of the area
actually drained to the lagoons, although some hydraulic transfers may occur from the normally polderized basins
to the Vaccares during the crop season (Heurteaux, 1994 ; Chauvelon, 1996). It was attempted to estimate the
hydrological balance of the system (Heurteaux, 1994), with rclatively sparse data concerning hydraulic
management of the system. Research were conducted at the field scale to quantify processes affecting the nitrogen
cycle in‘rice fields (Minzoni ef al., 1988; Golterman et al., 1988).

Unpolderized

B polderized

FU: Fumemorte
catchment

Figure 1: The Great Camargue : lagoon system and drainage basins (After Chauvelon, 1996).
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Others works tackled quality of irrigation and drainage waters (Godin, 1990; De Groot, 1992). Nevertheless, due to
discrete sampling and the absence of drainage discharge data, fluxes entering the Vaccares lagoon system could not
be estimated accurately.

The objectives of the work presented here were not to analyse precisely the bio-geochemical processes affecting
the transfers of nutrients and sediments, but to estimate the major inputs and outputs of the catchment. Setting by
this way, the bases for an estimation of fluxes entering the lagoons and their implications for primary production
and eutrophication (Chauvelon, 1996).

It is conceptually sound to think that the hydraulic artificiality of the system has an impact on the status of the fish
populations and their migrations within the hydrosystem. Studies were conducted, focusing on the fish of the
Vaccares (Bardin, 1994; Leroy, 1994), the freshwater irrigation and drainage system (Jeudy, 1995), and temporary
marshes connected to it in the Fumemorte catchment (Crivelli, 1981; Pont ef al., 1991; Rosecchi and Crivelli,
1995). A review of major potential impacts due to hydro-agricultural practices and works on fish populations
status and migrations will be discussed.

STUDY AREA

The Rhone river delta or Camargue, is located in the french mediterranean coast, at 80 km West of Marseille. It is
characterized by a globally warm and dry climate. Winds are frequent and violent in all directions, but with a net
predominancy of N-NW winds (called "mistral"). Potential evaporation and evapotranspiration are intense (1,300
mm yr'l) due to high summer temperature, solar radiation and windy conditions. Precipitations are not abundant
(590 mm yr'1 on average on a 50 year period of observations), and characterized by a rather important temporal
variability (coefficient of variation of annual precipitation depth is estimated to 29 %).

In the Camargue, rice is cultivated on leveled fields of 1 to 3 ha, delimited by bunds. The fields are flooded during
the crop period (from mid april or may to september) and drained dy ditches. Cut-offs are made in the bunds, in
order to manage some rough weirs (usually with plastic bags filled up with ground). These weirs are used to control
the water levels according to different crop stages and to allow the dewatering of the rice fields. The mean drainage
density in the agricultural zone is 10 km km” (Chauvelon, 1996), the drainage is realized by gravity flow in a
meshed network in the case of the unpolderized drainage basins. In 1994, rice fields covered 145 km’ in the Great
Camargue, from this total, 40 km’ were on the actual drainage basin of the lagoons, the half being on the
Fumemorte catchment.

Since the completion of its endykement, in 1869, the Great Camargue is hydraulically isolated from the Rhéne
river and the sea without human intervention. At the S-E of the Great Camargue, salines were also isolated from the
lagoons system, in order to control water salinity (figure 1). The only gravity input of Rhéne water in the system
occured in October 1993 and January 1994, because of dyke breaching, causing severe flooding in the North of the
delta. In general, inputs and outputs of water in the delta are, to a certain extent, controlled by man. This does not
mean, however , that hydraulic data are easy to acquire, because water boards represent only half of the irrigation
pumping capacity, the remaining being private. Furthermore, the gravity drained basins were ungauged, and the
management of the sea dyke is not well known. The major problem lies in the fact that there is a lack of
centralization of data concerning the hydraulic management of the system, mainly because historically, water
management has always been a source of social tension in this area.
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The central lagoons of the Camargue (Vaccargs and "Etangs inférieurs”or coastal lagoons) extend over a large area
(about 110 kmz) but are shallow (1 m deep on average). They constitute a hydraulic unit in which water levels and
salinities vary in space and time according to climate, the action of the sea and, above all, man's activities
(Heurteaux, 1992). The Vaccards is a permanently flooded lagoon of 1.5 m mean depth and 64 km’ area, whose
intermittent connection with the sea is controlled by means of sluices through the seadyke, at the Grau de la
Fourcade (figure 2). There is a natural channel (Grau de Morngs) between the Vaccares and the coastal lagoons, for
a Vaccares level inferior to -0.30 to -0.40 m (a.s.l), hydraulic connection between the two sub units is cut.
Generally, salinity of the coastal lagoons is greater than in the Vaccares, due to increase by inflow of sea water and
salt-laden groundwater (Heurteaux, 1992; Chauvelon, 1996).

The Fumemorte canal is a drainage canal, 0.5 to 1.5 m deep, 14 km in length. A raisable barrier was installed near
to the mouth of the canal in November 1987, to prevent incursions of saline water from the Vaccares. The stream
cross section is reduced, and downstream the weir, a drowned hydraulic jump appears, depending of the hydraulic
gradient between the canal upstreams the weir and the Vaccargs. The agricultural area is not the only managed part
of the catchment, artificial connections between the main drainage network and marshes exist. These 1%‘?errmttent
connections and their management changed the ecological functionning of temporary marshes previously not
colonized by fish (Crivelli, 1981; Pont et al., 1991). Among these marshes, two were studied for fish populations
dynamics purposes (Rosecchi and Crivelli, 1995; Poizat and Crivelli, in prep): the Relongues Nord and Relongues
Sud, that are flooded seasonnally by autumn and spring rains. When the level of the Fumemorte is between -0.15
and -0.10 m (a.s.1) the connexion with the Relongues Nord is cut, and if it falls to -0.15 to -0.20 m (a.s.l) it no
longer communicates with the Relongues Sud.

| Rhone river ]

O

Irrigation network

1 arshes
Rice fields

Drainage
network

Sea dyke

1 Shutter weir of the Fumemorte
2 Grau de Mornés (natural channel)
.3 Grau de la Fourcade (sluices)

Figure 2: Diagrammatic map of study area.
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MATERIAL AND METHODS

Land use and other geographical data

Digitized maps of agricultural ‘and natural plots, hydraulic networks and wetlands were made from aerial
photographs, and integrated in a georeferenced data base to permit actualization of land use. All parcels were
gathered in larger agricultural units attributed to their own irrigation station (Chauvelon, 1996). Supervised
classifications were realized on satellite images from Landsat Thematic Mapper-5, using a combination of Near
Infra-Red (NIR) and Mid Infra-red (MIR) bands, well adapted to discriminate rice fields from their surroundings
(Sandoz, 1996) after their filling.

Estimation Of Nutrients And Sediments Inputs

Importation with irrigation water

Concentrations of total suspended materials in the RhOne river were obtained on a daily basis for 1993 and 1994
(Pont, pers. comm.). Concentrations of nitrogen, phophorus and organic carbon were calculated using the relations
presented by El Habr and Golterman (1987), between concentrations and discharge of the Rhéne. The volume
introduced for the irrigation of rice fields was obtained using the method described by Chauvelon (1996). It
consisted of a distributed approach based on an experimental survey of pumping stations (duration of pumping,
gauging tests, management practices) with the spatial and temporal sharing out of their irrigation volume between
agricultural units.

Fertilisation Of Rice And Wheat

An enquiry about the nature and quantity of fertilisers used for rice and wheat crops on the Fumemorte catchment
was conducted. Informations on the timing of fertilisation was also acquired. The sample covered 86 % and 70 %
of the areas devoted to rice and wheat cropping respectively. Using the georeferenced data base it was possible to
calculate fertiliser input on a discrete manner, taking into account the spatial variability of fertilisation practices.

For the farms not sampled, fertilisation application recommended by the French che Center were used
(Chauvelon, 1996). The French Rice Center recommend a total application of 150 kg N ha' for nce cropping. With
a timing of application : 0 DAS, 30 DAS, 60 DAS (DAS : Days After Sowing), with 50 kg N ha" at each date. The
used form of nitrogen is ammonium sulfate or prilled urea. Phosphorus (under the form of P,0,) is applied with the
first N application (60 to 80 kg P ha). For the fertilisation of wheat 120 kg N ha” and 80 kg P ha” are used.

Atmospheric Nitrogen and Phosphorus Inputs
In order to estimate direct atmospheric inputs of N and P with rain, data from the literature were used with our
precipitation measurements. For N, we retained the value of 0.5 mg I, measured in the west mediterranean coast

(Loye-Pilot et al., 1990). For concentrations of phosphorus we used the value of 0,04 mg I' P recorded by Auby et
al. (1994).
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Fluxes at the outlet of the catchment

Because it was not possible to derive a rating curve from level / discharge measurements, a ultrasonic open channel
flow gauge was used to obtain the discharge at the outlet of the catchment. The device typically consisted of 3 to 4
pairs of transducers for velocity measurements and a piezocapacitive level sensor.

Between the gauging section and the shutter weir at the outlet, an automatic sampler was installed. In each flask of
the sampler, 10 ml of a solution (20 g l") of mercuric chloride were introduced before the sampling cycles. This
was done in order to stop the biological activity in the samples, before their collection and refrigeration. Before
each sampling, the suction pipe was automatically flushed out by air forcing. The chemical analysis were carried
out according to the French norms for water analysis (AFNOR) by a specialized laboratory: ortho-phosphate (and
total phosphorus after acid hydrolosis) using molybdate-antimony, ammonia using indophenol, total nitrogen using
Kjeldhal method. Water samples were filtered on GF/C filters, dried at 110 °C, to obtain total suspended material,
than passed to oven at 500 °C to derive the organic suspended material.

RESULTS

Inputs with irrigation water

During the crop season of 1993 and 1994, more than 50 10° m’ of water from the Rhéne river were introduced for
irrigation in the agricultural area of the Fumemorte catchment (table 1). The associated sediment importations were
mainly mineral, for both years, total loads of total suspended material (TSM) were superior to 2,000 tons (table 1).
Inputs of nitrogen (N) and phosphorus (P) due to irrigation water were of the same order for the two studied years.

Table 1: Importation of irrigation water (10‘ m’ yr"), sediments, nitrogen and phosphorus (103 kg yr'l) from
the Rhone to the Fumemorte catchment (from Chauvelon, 1996)

Year IRRIG. TSM OSM N P
1993 56.2 2,300 69 69 9.5
1994 52.5 2,200 80 65 9

Fertilisation and atmospheric inputs

The major importations of nitrogen (about 300 tons each year) and phosphorus (about 120 tons) are due to the
fertilisation practices, mainly for rice cultivation (table 2). It is worth noticing that estimates of atmospheric inputs
with precipitations, in particular for nitrogen (N atm and P atm in table 2) are not negligible.
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Table 2: Importations of N and P with fertilisers and precipitations (10 kg yr’ ) on the Fumemorte
catchment (from Chauvelon, 1996)

Year N rice P rice N wheat P wheat N atm P atm
1993 302 122 40 26 16 1
1994 295 117 33 22 12 1

So we can estimate, on average for the two studied years, that annual loads of 402 tons of nitrogen (N) and 153
tons of phosphorus (P), all sources combined, entered the catchment of Fumemorte.

Dissolved And Solid Fluxes At The Qutlet

Although inverted flow may occur, mean daily discharge varied between O and 10 m’ s™ in 1993 and 1994. In the
absence of precipitations, the drainage of the 20 km’ of rice fields of the catchment, during the irrigation period,
corresponded to a discharge of about 3 m’s" at the outlet (Chauvelon, 1996). Increases of annual drainage volume
and associated fluxes for the year 1994 (table 3) were due to a wetter autumn. Actually, the mesured precipitation
depth for September 1994 (280 mm) was the highest of the last 30 years. Comparing inputs and outputs of TSM
(table 2 and 3), we may conclude that a sedimentation occured in the rice fields and the drainage network. The
fluxes of organic suspended material (OSM) were 5 to 6 times greater than inputs with irrigation water. Only 6 %
of introduced N and 4 % of P were exported from the Fumemorte catchment to the Vaccars lagoon (table 2 and 3).

Table 3: Annual drainage discharge (106 m yr'l) and sediments, nitrogen and phosphorus fluxes (103 kg yr'l)
from the Fumemorte catchment (from Chauvelon, 1996)

Year DRAIN. TSM OSM N P

1993 454 1,500 390 21 6

1994 53.4 1,940 536 23 6
DISCUSSION

Dissolved and solid fluxes

The lowest detectable values for concentrations were S0 10° g1 for P-PO,, 100 10" g 1" for total-P, 500 10" g I'
for total-N, and 50 10~ g I for N-NH,. It is important to notice that a number of water analysis results were
expressed as « inferior to these values ». In these cases we retained the limit values (Chauvelon, 1996) for the
calculation of fluxes. As a consequence the calculated fluxes were made according to a scenario of maximum
transfer from the catchment. Despite the fact that the fluxes are to considered as maximum values, we can conclude
that transfers of nutrients from the catchment to the lagoon system are low. The intensity of nitrification-
denitrification processes in rice fields was already demonstrated in experimental plots in the Camargue (Golterman
et al., 1988; Minzoni et al., 1988); El Habr and Golterman, 1990). Boisserie (1990) reported that a quantity up to
10 % of applied N could be lost by volatilization in rice fields. Stutterheim (1994) showed that the efficiency of
applied nitrogen for fertilisation of rice in the Camargue was about 20 %. Other authors emphasized the fact that
precipitation under the form of apatite was the major process affecting phosphorus in the irrigation and drainage
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waters in the Camargue (Godin, 1990; De Groot, 1992). Extrapolating to the whole catchment, and comparing to
other mediterranean catchment-lagoon systems, it seems (Chauvelon, 1996; Chauvelon, in prep.) that the Vaccar2s
system could be classified as « poorly feeded » by its catchment, as far as N and P are concerned.

Even for a rainy year, with an area of more than 2,000 ha of rice fields, importation of sediments with irrigation
water globally compensate for the erosion of the catchment. The organic matter of the drainage water probably
corresponded to exportation of biomass (green and blue-green algae) from the rice fields, and to phytoplankton
production in the drainage network (De Groot, 1992; Chauvelon, 1996).

Eventually, despite the relatively great quantities of fertilisers used for rice cultivation in the Camargue, it does not
seem that a problem of anormal eutrophication should occur in the lagoons of the « Réserve nationale de
Camargue ». Nevertheless, a potentially important aspect of water quality in the Camargue concerns the fluxes of
pesticides and heavy metals coming from the Rhéne or introduced in the agricultural system. Further studies
focusing on these problems ought to be done, because of their importance for the ecological functionning of this
protected area.

Impact of rice cultivation and hydraulic management on fish populations

Introduction of irrigation water has two main effects. The first is that some fish are pumped with the water and
introduced in the hydraulic network of the Camargue, contributing by this way to the recruitment (Crivelli, 1981).
With irrigation pumping, recruitment concerns either species that could only enter the network by this way
(juveniles of shad (Alosa fallax), barbel (Barbus barbus), or species that are also capable to come from the sea and
the lagoons (mullet (Mugil cephalus, Liza ramada); eel (Anguilla anguilla)) (Crivelli, 1981). A migration may
occur from the irrigation to the drainage network, but essentially by transit via marshes.

Secondly, a direct consequence of rice irrigation is the produced drainage volume of the agrxcultural areas.
Although 15,000 m ha" should be sufficient for rice irrigation, values as important as 40,000 m ha’ were observed
(Chauvelon, 1996). By this way, an important freshwater volume is exported and stocked in the drainage network
during the period of natural hydric deficit. Globally, this drainage volume offers a vital space for freshwater fish
species such as: black bullhead (Ictalurus melas), goldfish (Carassius auratus gibelis), ( Pumkinseed sunfish
(Lepomis gibbosus), carp (Cyprinus carpio), pike (Esox lucius), pike perch (Schizostedion lucioperca), roach
(Rutilus rutilus), radd (Scardinius erythrophtalmus), tench (Tinca. tinca). Because the salinity of the Vaccares
between 1982 and 1993 was superiorto 15 g l'l, (Heurteaux, 1992) the drainage network was the only refugee for
these species. Due to rice fields drainage, the levels in the Fumemorte canal and its affluents prolongate the period
of connection with temporary marshes and their use by fish for reproductive and trophic purposes (Rosecchi and
Crivelli, 1995; Poizat and Crivelli, in prep.).

The drainage volume partly compensate for the evaporation of the lagoons, and maintain a level (except in 1989, a
particularly dry year) which permit the hydraulic connection between the drainage network, the Vaccargs, the
coastal lagoons and the sea. By this way, migration of fish within the hydrosystem is potentially always possible,
whereas the lagoon system was partly dewatering during the summer before rice cultivation appeared in the
Camargue (Heurteaux, 1992). Migrations between the sea and the coastal lagoons are totally conditionned by the
management of the sluices of the sea dyke. Generally, the management of the sluices is done (total aperture) in
order to permit the outflow of water from the lagoons, when N-NW winds are blowing in winter, allowing fish
migrations. From February to June, at least one sluice is opened each night to allow recruitment (Bardin, 1994).
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The raisable barrier on the Fumemorte canal may have a negative effect on fish migrations from the lagoons to the
drainage system (Crivelli, unpubl. data), especially at the beginning of the irrigation period, when levels rise in the
drainage network, or in winter if the Vaccares level is low because of drought. Weak swimmers such as shrimps
(Crangon crangon; Palaemonetes spp), small fish species (pipefish (Syngnatus abaster); three spined stickieback
(Gasterosteus aculeatus); sand smelt (Atherina boyeri)), and fry (notably of mullet (Mugil cephalus, Liza ramaday))
may particularly be affected by this obstacle.

Hydro-agricultural management in the Camargue has both negative and positive effects on fish populations status
and migrations. Because of a management scheme not always adapted to the timing of fish migrations, in particular
in the case of the shutter weir at the outlet of the Fumemorte, fish from the Vaccares should have difficulties to
enter the freshwater system. Nevertheless it seems that agricultural drainage contribute, to a certain extent, to the
compensation for climatic extreme events and their effects on fish population status, in this highly artificial
hydraulic system.
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ABSTRACT

The Madajarve wetland, the riverhead of R. Tanassilma, is a marshland 6 km long and about 0.5 km wide,
formed in an ancient glacial river valley in Central Estonia. Its natural catchment area embraces 17.58 km? of
mostly cultivated lands and belongs to the drainage area of Lake Peipsi. From the adjacent town of Viljandi,
belonging to the drainage area of the Gulf of Riga, the wetland is separated by a water divide. The upper part
of the wetland was drained at the beginning of this century and was used as a meadow. The hydrology and the
vegetation of the wetland were thoroughly studied in 1921. Since 1948 Maidajarve wetland has received
precipitation runoff and untreated urban wastewater from the town of Viljandi by a outlet which passes the
water divide. In 1990-91 urban discharge amounted 2534 thousand m'-y™ (80.4 I'sec™’) which is equivalent to
runoff from a 10 km?’ area of natural basin. This supplementary runoff, making up more than a half of the
natural one, has essentially changed the water regime of the wetland. As a result, former meadows have
become swampy. Vegetation has undergone great changes and become poor due to increased nutrient and
organic matter loading and changes in the water regime. Pollutant loads, calculated for different substances
in population equivalents (PE), were nearly equal showing the predominance of domestic wastes in urban
- runoff. The mean value 15,130 PE is in a good accordance with the real number of inhabitants in the
region. The nitrogen load originating from wastewater exceeds 5-fold this from an equivalent rural area, the
phosphorus load 33-fold and the BOD; load by two orders of magnitude. The upper 2 km reach of the
wetland, previously covered by a species-rich grassland vegetation, is overgrown with a mono-species cattail
(Typha latifolia L.) community. Downstream, in places of former swamp vegetation, it is replaced by dense
stands of reed (Phragmites australis (Cavan.) Trin. ex Steud.), and small groups of birches and willows. In
spite of the minimized species diversity of the vegetation the survived plants are well adapted to the high
pollutant load, and the wetland serves as buffer area which efficiently reduces the amount of several pollutants. .
The mean mass balance of substances for 1975-91 showed an average reduction of more than 99 % of coliform
bacteria, 96 % of total solids, 94 % of permanganate oxygen demand, 87 % of BODs, 51-71 % of different
mineral nitrogen forms and up to 63 % of total nitrogen in the wetland. Still, only 7 % of the total phosphorus
load was accumulated, while the amount of phosphates increased more than twofold due to mineralization.

KEY-WORDS: Wetland / Hydrological regime / Wastewater treatment / Macrophytes / Mass budget /
BOD:;s / Phosphorus / Ammonium / Nitrification / Denitrification
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INTRODUCTION

The present paper represents an environmental impact assessment of long-term urban wastewater
dxscharge into a river valley wetland in Central Estonia and was ordered by the town council of Viljandi.
The main objectives of the investigation were:

1. to characterize long-term changes of the wetland, caused by supplementary runoff and the pollutant
load,

2. to find out basic processes controlling the reduction of pollutants, and to evaluate their efficiency,

3. to estimate ecological hazards and hazards to public health in downstream areas.

DESCRIPTION OF THE STUDY SITE

The 34 km long River Ténassilma in Central Estonia starts from a wetland located in an ancient glacial
river valley, at a distance of 0.5 km from the town of Viljandi (23,000 inhabitants). In its upper course the
river flows on the bottom of a 30 m deep and up to 900 m wide ancient valley thh a 400 m wide flood
plain. The 454 km® river basin has a mean specific discharge of 8.1 l'sec™ (Noukogude 1978)
which is collected by 21 tributaries. The two largest among them enter the main river bed only 2 and 2.5

km downstream of the river head, bringing water from nearly half of the basin. Upstream areas contribute
only 6.2 % to total runoff (Fig. 1).

Vilgita Other Joonakiila
Stream tributaries Stream
33 km® 132 km® 70 km®
7% 30% 15 %
Wetland basin |3 l4
28 km? L !
6% ~ R. Tinassilma 454 km?

100 %

water divide R. Arma
' 191 km?
VILJAND 42 %
L. Viljandi

Figure 1: Scheme of the basin of the River Tinassilma. 1- § - measuring profiles

The flood plain wetland in the river head area is bounded by a water divide on the south and extends, as a
400-500 m wide and about 6 km long marsh, in NNE direction. Higher parts of the marsh were drained in
the 1860s and repeatedly in the 1920s, and were used as haylands and peat mines. Since 1948, large
amounts of untreated domestic sewage from the town were discharged to the wetland. At present the
upper 2 km reach of the plain valley bottom, beginning from the wastewater inlet, is evenly covered with
dense cattail (Typha latifolia L.) stands. Although old drainage ditches may still be partially functioning
during flood, this 69 ha area has almost no surface overflow and is wholly functioning as a root system
and peat filter. Intensive microbiological processes produce a lot of heat and prevent deep freezing of the
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soil even in severe winters. Two small lakes are located in the downstream part. Passing the first lakelet,
the main part of the flow concentrates into the river channel, and the width of the wetland vegetation belt
narrows down to 100 m. High water covers the slope areas of valley bottom only temporarily in April

MATERIAL AND METHODS

The investigation was based on hydrochemical analyses of (1) wastewater for the period 1985-1991 (Fig

1, profile 1), (2) effluent water from the wetland (profile 2), and (3) river water below the two larger
tributaries (profile 3) for the period 1975-1991. In all years the four hydrological periods (winter low
flow, spring flood, summer low flow, autumn high flow) were represented each by one to three analyses.
Data on sewage amount (monthly discharge) were obtained from the local environmental agency. A
highly significant correlation was found between daily flow measurements at the hydrological station
which was operating on R. Tanassilma in 1955-1969 (profile 4) and at a hydrological station operating up
to now on the adjacent R. Navesti (r = 0.95; n = 5 480). Runoff for profiles | and 2 was calculated from
regression proportionally to the area of their basins. The transport of substances for measuring profiles
was calculated by multiplying monthly runoff by ingredient concentration and expressed as kg-month

One-month gaps in concentration measurements were filled by linear interpolation. Longer gaps were first
filled by extending the results pertaining to the same hydrological period to neighbouring months (e.g.
results of July to June or August), until the gap narrowed to one month, which was thereafter filled by
linear interpolation. Microbiological samples for determining the total count of bacteria, numbers of
denitrifying, saprophytic and coliform bacteria were collected from profiles 2, 3 and 5 during winter low
flow and flood peak periods in 1994. A 1:10,000 topographic map and aerophotos made at the flood
peak of 1994 were used for describing flow conditions and for delimiting the areas of different plant cover
involved in water purification. The investigation of the wetland area carried out by Rumma (1923) was
used as the main reference for judging of changes in the hydrological regime and vegetation

RESULTS

Hydraulic and pollution load

The hydraulic load of the Tanassilma wetland is formed by runoff from the natural basin and by the
sewage of Viljandi. The natural catchment area embraces 17.58 km’ of mostly cultivated lands and belongs to
the drainage area of Lake Peipsi and the Narva River. Runoff water from about 60 %, i.e. 10.5 km? of the
natural basin passes measuring profile 2. From the adjacent town of Viljandi, belonging to the drainage area of
the Gulf of Riga, the wetland is separated by a water divide.

Sewage water is collected from approximately 2/3 of the town area and from two smaller settlements, and is
discharged to the wetland by a pipe which crosses the water divide. The town is situated on the high western
bank of the Tanassilma valley sloping steeply towards the wetland. A small stream which runs just along the
eastern border of the town and enters Lake Viljandi, intersects the passage of runoff waters to the wetland. A
combined sewerage is used in the town with precipitation water forming part of discharge However, a big
difference in the seasonal dynamics of wastewater discharge and runoff from natural areas (Fig. 2) allows to
assume a rather small proportion of precipitation water in total discharge. In 1990-1991 sewage discharge
fluctuated from 132 to 311 thousand m™ month™ and was almost not affected by flood in April (159
thousand m*month™). The mean annual discharge in 1990-91 was 2.53 million m® or 804 l'sec’, i.e.
approximately equivalent to runoff from 10 km” of the natural basin. Consequently, total discharge to the
wetland can be dealt with as discharge from an area of about 28 km?, with two thirds of it having a
natural dynamics and one third being rather constant. '
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The 6 km reach from the water divide to the mouth of the Arma River with a total area of 92 ha forms a
natural buffer zone before water enters a larger system. Effluent water from this area was controlled by
measuring profile 2. The ‘pollution load was derived as the sum of sewage load and runoff from the
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Figure 2. Seasonal dynamics of sewage discharge (profile 1) and runoff from the natural basin
(profile 3)

Table 1: Total and specific pollution load to the wetland

Constituent Load from the Load from the natural Speclﬁc load
sewerage basin (t - y") (kg-ha'-y")
(t-y') (PE)
Total suspended solids (TSS) 416 ? 4522
Biochemical oxygen demand (BODs) 240 12177 6 2674
Permanganate oxygen demand (CODy,) 844 ’ ? 9174
NHN 59 - 641
NO,:-N + NO;-N 1 21 239
Total nitrogen (No) 75 17067 21 1 043
PO,-P 3 03 36
Total phosphorus (P..) 9 16145 0.3 101
Mean: 15130

natural basin (Table 1). The latter was calculated according to Maastik (1984) as runoff from a
predominantly (75 %) reclaimed basin. The following equations were applied to recalculate the load of
different consntuents into populatlon equivalents (PE) (Maastik, 1984): 1 PE = 19.71 kg BODs -y~ =
0.53 kg Piou - y"' = 4.38 kg Nyt  y. The pollution load in PE, derived from different sewage constltuents

gave rather similar estimates, which shows the predominantly domestic origin of wastewater. The mean
value of 15,130 PE is in a good accordance with the real population in the urban area.
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Mass budget of substances

The removal of substances was calculated as the external budget between measuring profiles 1 and 2

(Table 2). A comparison of profiles 2 and 3 enabled to evaluate quality differences between rural runoff
and pre-treated urban discharge. :

Table 3: External mass budget of the wetland and the role of urban sewage constituents in
downstream water

Component Input (t - y') Output (t-y*) Removal Profile 3 Role of urban
(Profile 1)  (Profile 2) (%) t-yh discharge (%)
Water 3 803 000 65 911 000 6
TSS 416 18 96 290 6
BOD; 246 36 85 175 21
COD\, 844 48 94 783 6
NH-N 59 29 51 50 58
NO,-N + NOs-N 22 6.4 71 120 5
Niat 96 35-96 <64 539 6-17
PO.-P 3.0 6.3 -110 11.4 55
Pio 8.9 8.0 10 16.3 49

Total suspended solids (TSS)

The annual average of the removal of suspended solids in the wetland area was 96 % Wastewater
particles settle down or are removed by filtration through the rootzone. Output particulate matter consists
mainly of detrital plant material but may contain also mineral particles during flood. The high
proportionality of TSS transport with water flow confirms the mainly natural origin of output particles. In
April the transport of TSS exceeded seven times the mean value of the rest of the year while retention
dropped to 63 % (Fig. 3).

Biochemical oxygen demand (BOD;)

A decrease in BOD; in the wetland, based on the heterotrophic degradation of organic matter, varied as a
temperature function from 75 % in winter to 97 % in summer (Fig. 3). Only during high flow in April and
November the purification efficiency was lower, probably due to the overflow of wastes. Contrary to the
concentration of suspended solids, that of BODs was inversely proportional to water flow. Both the high
concentration of BOD:s in the winter season and high flow in April resulted in an increase in BOD; runoff
at profile 2. Six per cent of water carried 20 % of BOD; to profile 3, which shows a higher pollution
potential of wetland runoff compared to waters from the rural basin.

Permanganate oxygen demand (COD,,)

The reduction efficiency of CODy, was high (94 % on the average) and less temperature dependent than
that of BOD;. The transport of CODy, was proportional but its concentration inversely proportional to
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Figure 3: Seasonal dynamics of the concentration and transport of pollutants at measuring profile 2 (A)
and their removal in the wetland in percenages from the input (B)
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water flow at profile 2. Considering CODy,, the quality of output water from the wetland did not differ
from the quality of rural runoff.
NH~N

The reduction of ammonium nitrogen varied in a wide range from 5 to 85 % (mean 51 %) of the input in
different seasons, clearly depending on temperature (Fig. 3). Approximately 80 % of nitrogen in sewage
water was discharged as ammonium, and its concentrations at profile 2 remained extremely high (4 - 14
mg - I''). The seasonal dynamics of NH,-N concentrations was formed mainly as a result of the dilution
rate. Besides intensive leaching in winter, a high peak occurred also in April. Derivation of NH,-N from
urban wastes made up nearly 100 % of its total transport at profile 3 in summer, while rural runoff waters
contained only trace concentrations of ammonium. On the average 60 % of NH,-N was discharged from
the area the hydraulic load of which formed only 6%

NQO>-N and NOs+-N

The removal of oxydized forms of mineral nitrogen in the wetland was rather high reaching a mean value
of 71%. These nitrogen forms were loaded mainly from the natural drainage basin (Table 1) but were also
formed in the wetland as products of nitrification. As the seasonal dynamics of the load from the natural
basin was unknown, the dynamics of nitrate removal could not be analysed. The patterns of concentration
and transport at profile 2 were similar to those of suspended solids, both demonstrating a strong
proportional relation to water runoff. The concentrations of nitrites and nitrates in runoff water from the
wetland were equal or even lower than their concentrations in rural runoff, which demonstrates a high
denitrification potential of the wetland.

Total nitrogen (N,

The shortage of data on total nitrogen for profile 2 hindered the building of a correct mass balance for the
wetland, which can therefore be discussed only in terms of boundary conditions. Proceeding from the
total load of nitrogen (96 t - y') and supposing that all nitrogen in the wetland output was in the mineral
form, the highest possible retention of N, will reach 63 %. Actually there is always a certain proportion
of organic nitrogen in runoff water, the real nitrogen removal being smaller. The runoff of total nitrogen
derived from the wetland forms 6 - 17 % of its runoff at profile 3: 6% in case all nitrogen is discharged in
the mineral form and 17 % in case all 96 t - y"' of nitrogen passes the wetland without any retention. The
real value remains somewhere within these limits. :

Total and phosphate phosphorus

The seasonal dynamics of Py, and PO,-P were similar to the dynamics of NH,-N and CODyy,, i.e. they
were mainly shaped by the dilution effect of water (Fig. 3). The leaching of both forms with effluent water
was rather stable and did not exhibit any distinct seasonality. As a result of mineralization the amount of
output phosphate constantly exceeded the input, and the calculated retention obtained negative values,
being on the average -110 %. In the case of P, periods of predominating accumulation alternated
irregularly with periods when leaching exceeded the input. The annual retention of 600-900 kg P, yields
a removal efficiency of 7-10 %. At profile 3 the load by effluent water from the wetland formed 55 % of

PO,-P load and 49 % of P, load, which exceeded 8-9-fold the proportion of the hydraulic load from this
area.

Microbiological status

According to the saprobity classifications of Estonian waters by Maastik (1984), and Jarvet and Saava
(1990) (Table 3) the status of the R. Tanassilma during winter low flow was characterized as a-
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mesosaprobic to hypersaprobic at profile 2, b-mesosaprobic to polysaprobic at profile 3, and oligo- to a-
mesosaprobic at the mouth of the river. The situation improved during flood, when the waters could be
classified as oligo- to a-mesosaprobic. In general, the number of saprobic bacteria indicated lower
saprobity than the total count and coli-index. All counts decreased from profile 2 to profile 5, showing a
rather oood self—punﬁcatlon capacity of the river. On the basis of the mean value of the coli- index in
sewage, 10° cells I as given by Maastik (1984), only a rough estimate of the disinfecting efﬁcxency of the
wetland could be made. A decrease in the coli-index was at least 99.8 %, however, the remining 0.2 %
still exceeded the sanitary standard (5 000) nearly S00 times (Table 4).

Table 3: Saprobity and microbiological status of the R. Tinassilma. h - hypersaprobic, p -
polysaprobic, a — a-mesosaprobic, B — B-mesosaprobic, o - oligosaprobic, TCB - total count of

bacteria
Date Profile TCB Saprobacteria Coli-index  Denitrifying bacteria
10° cells m1™ cells mI"! cells I' cells mI™!

27.02.94 2 11.7 h 36 000 a >2400000 h 600

3 54 p 2 400 B >240000 p >250

5 29 B 8100 24000 « >250
12.04.94 2 50 a 7 800 B 62000 « 250

3 26 B 2 400 B <5000 8 250

5 23 B 1 800 B 600 o 60

The influence of urban pollution on downstream areas

On the basis of a comparison of measured monthly mean concentrations of pollutants and maximum
permissible concentrations (Saava, 1990; Jarvet and Saava, 1990, Table 4) three components of
environmental hazard are singled out: phosphorus, ammonium and coliform bacteria. Calculations showed
that the additional nutrient load by downstream tributaries and self-purification during flow compensate

Table 4: Correspondence of effluent water quality from the wetland to sanitary and ecological

standards
Parameter Standard Measured Measured / standard
Coli-index, cells I 5 000 62 000 - 2 400 000 12 - 480
TCB, 10° cells mI" 3 50-11.7 17-39
Saprobacteria, cells ml” 5000 7 800 - 36 000 16-72
BOD;, mg 1" 3 5-20 17-67
CODy;,, mg 1! 15 10-17 07-11
NH,-N, mg I’ 0.4 4-14 10-35
NO,-N, mg I'! 0.02 0.01 -0.05 05-25
NO;-N, mg I'! 12 02-19 02-16
PO,-P, mg 1’ 0.03 06-33 20-110
Py, mgl’ 0.10 1-38 10 - 38
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exactly each other, and the amounts of nutrients registered at profile 3 (16.3 t Py, and 539 t N per year)
reach L. Vértsjarv. The mass budget of substances for L. Vortsjarv, a 270 km?® shallow eutrophic
waterbody, revealed the second highest Py, loading and the third highest N, loading to the lake by the R
Tanassiima (NGges and Jarvet, in press). High bacterial pollution turns the whole river into an insanitary
state, especially during low flow periods. ’

Long-term changes

An increase in the hydraulic load caused by urban wastewater has remarkably changed the water regime
of the area. Former drained grasslands which spread in the upper parts of the valley bottom in the 1920s
(Rumma, 1923) have turned into an impassable swamp. The previous border of the swamp at a distance
of 1.8 km from the water divide can still be recognized by a sharp front in vegetation where the
dominating cattail (Typha latifolia) is replaced by dense reed (Phragmites australis) stands. The present
hydrological situation resembles that of the beginning of this century, when the outflow of L. Viljandi was
clogged, and one part of water flowed to the direction of the Tinassilma valley. The increased water flow
has kept the two swamp lakes described by Rumma in a state of intensive overgrowing with sphagnum
and emergent or floating-leaved vegetation (Carex limosa L., C. lasiocarpa Ehrh., Phragmites australis.
Iypha latifolia, Ramnculus lingua L., Glyceria spp., Nuphar Iuteum L., Alisma plantago-aquatica L |
Sagittaria saginifolia L., Sparganium emersum Rehm.). As a result of the increasing pollution load most
of the species have vanished. Besides cattail and reed only Glyceria plicata Fr. and some carex species
have tolerated the changes.

Two groups of substances with a different chemical behaviour could be distinguished by means of
statistical analysis of the time series for 1975-1991 The first group consisted of natural
macroconstituents of water such as Ca™, Mg, SO,” and HCOs", not discussed in this paper, whose
runoff was closely related to water flow. Among the analysed polluting components CODyy, showed a
similar pattern. The second group was formed by three main pollutants, NH,-N, PO,-P and BOD:;s, which
were almost not affected by flow on a long-term scale, but had significant (p < 0.01) intercorrelations
(NH4-N - BODs r = 0.74; NH,-N - PO4-P r=062; BOD;s - PO,-P r= 0.55). The runoff of ammonium
and BODs are both inversely correlated with the capacity of oxydation processes in the wetland. An
increase in these variables gives evidence of a temporal or spatial broadening of anaerobic conditions.
which inhibit nitrification and aerobic destruction of organic matter. A similar behaviour of phosphate is
probably caused by the different solubility of Fe?* and Fe' phosphate.

DISCUSSION

Processes involved in the reduction of pollutant runoff

Filtration, sorption, and sedimentation

Suspended solids of wastewater as well as insoluble products of chemical reactions and complexation
precipitate rapidly when flow rate decreases. In the Midajarve wetland where the major part of water
passes the area as subsurface flow, the filtration of solids by peat and the rootsystem represents one of the
main retention processes. The low P removal efficiency points to the saturation of soils with phosphorus.
Adsorption and precipitation of phosphate through the ligand exchange reactions with aluminium, iron
calcium and clay minerals are the main removal mechanisms for phosphorus in most macrophyte systems
(Gumbricht, 1993), however, the adsorption capacity of soils is finite and will be exhausted after some

years depending on the initial adsorption capacity of soil and phosphorus loading rate (Jenssen er al .
1991; Teal, 1991).
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Bioproduction and burial of sediments

In the course of bioproduction the atomic ratio of C, N and P uptake by plants is equal to 106:16:1
(Redfield, 1958). In natural wetlands where plants cannot be harvested, most of the assimilated
substances will be released by destruction, and the role of plants as a sink of nutrients is extremely small
(Obarska-Pempkowiak, 1991; Teal, 1991). Still, in the Madajarve wetland the accumulation of
phosphorus in newely-formed peaty sediment is probably the only process controlling the retention of
phosphorus, as older sediment layers are saturated with phosphorus and have lost the sorption potential.
The seasonality of nutrient uptake by plants was clearly reflected in ammonium runoff which increased
remarkably in the cold season. In general, the role of plants in supplying a surface for micro-organisms, in
stabilizing accumulated sediments, in aerating and maintaining the permeability of soils (Hofmann, 1991)
1s much more significant than their direct accumulation capacity.

Destruction and mineralization

Higher than 95 % reduction of BODs and COD\y, levels, and an increase in the PO,-P/P,, ratio of effluent
water point to intensive and sufficient mineralization in the Madajirve wetland. Large loading of easily
decomposable and oxygen consuming material lowers the redox potential of the soil and contributes to
phosphorus mobilization (Holford and Patric, 1979). Ammonification as the main mineralization step of
nitrogen is almost completed already in the sewerage.

Nitrification

In prevailing anaerobic conditions of the wetland, nitrification is inhibited, and large amounts of nitrogen
leach in the form of ammonium. Apparent at a first glance contradiction between the efficient
mineralization and inhibited nitrification, both based on oxydation processes, can be explained by
physiological differences between bacteria involved. Decomposing heterotrophic bacteria (some of them
being obligate anaerobes) are able to use nitrates, sulphates and other oxydized compounds as electron
acceptors in anoxic conditions, unlike nitrifying bacteria which represent obligate aerobes and require a
certain amount of free oxygen in their environment.

Denitrification

The lower concentration of nitrates in treated urban discharge compared to rural runoff water shows a
high denitrification activity of the wetland. Anaerobic environment and a source of organic carbon,
needed for denitrification, occur commonly in wetland systems; however, oxydizing conditions necessary
for nitrate formation are often limited, hence the rate of nitrification restrains the rate of denitrification
(Brix and Schierup, 1990) and nitrogen reduction as a whole.

The role of the water recime

Changes in hydraulic loading have probably played a minor role in the long-term changes of the area,
compared with the role of pollution, but cannot nevertheless be neglected. First of all, they are
responsible for the expanding of the wetland area southward to such an extent that this part forms the
main buffer zone at present. As shown by van der Valk (1990), a rise of the water level in a wetland
resulted in the elimination of wet-meadow species which could not survive permanent flooding and whose
seeds did not germinate under water. In steady state conditions during the last decades, water level
fluctuations affected the processes controlling the retention and/or leaching of substances. Fieeman ef al.
(1993) demonstrated an increased release of many solutes including nitrate (1250 %), sulphate (116 %),
dissolved drganic carbon (37 %), sodium (66 %), chloride (65 %), iron (168 %) and magnesium (16 %)
when the water table height was reduced in peat-soil cores from a riparian wetland. The authors conclude
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that wetlands may only represent a temporary solution to water quality problems, the beneficial effects of
which can be reversed by climatic change.

CONCLUSIONS

In the conditions of supplementary runoff and pollution load from domestic wastewater a stable wetland
community has formed which is dominated by broad-leaved cattail next to the sewerage outlet and by bur
reed in the lower regions. The low retention of phosphorus, ammonium and coliform bacteria represents
the main danger to the water quality of downstream systems. The leaching of phosphorus is intensive due
to the exhausted adsorption capacity of the soil. Anaerobic conditions predominating in the wetland
affect both phosphorus and nitrogen: the former by mobilizing iron, calcium and aluminium compounds
which otherwise bind phosphorus, and the latter by the hindrance of nitrification carried out by obligatory
aerobic bacteria. In spite of the high retention efficiency (over 99 %) of coliform bacteria, their number in
effluent water exceeded sanitary requirements up to 500 times during the winter low flow period.
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ABSTRACT

The aim of this study is to advance the knowledge and understanding of influence of different macrophyte stands on
velocity distribution and, consequently, their influence on the flow resistance in the channel. With this aim in view,
engineers and biologists have worked together to determine the influence of macrophyte stands on velocity
distribution and on generation of turbulent kinetic emergy and shear stress. Cross-sectional distribution of
longitudinal velocity components and turbulent characteristics of flow velocity, as turbulent kinetic energy (k) and

turbulent shear stress (-pu'w'), were systematically analysed in this study, as this may be taken as a measure for the
prevailing flow resistance.

The analysed macrophyte stands show different kinds of plant structures and of biomass distribution, like the pillar-
type or canopy-type (Wychera et al., 1993). Velocity was measured with different discharges at three different sites
of the channel. Combined examinations show clear influences of water plants. A cross section zone with low velocity
develops, exactly correlating with the area of the macrophyte stand. This causes a steeper gradient of velocity
distribution in the cross section of the channel and an increase of the velocity maximum. Furthermore, turbulent
kinetic energy and shear stress distribution show a peak at the boundary between free flow and macrophyte stand.
These effects become more significant due to an increasing biomass concentration and also due to plant structures.
The analyses have shown that the influence of water plants on velocity distribution and flow resistance depends on
structure and biomass distribution of the water plants. The flow patterns, caused by the waterplants in the channel,
makes it easier for submerged vegetation to spread from quicter water into swifter water.

KEY-WORDS: Velocity measurements / field measurements / open channel hydraulics / turbulence / flow resistance
/ macrophytes / flow pattern / habitat / shear stress / biomass analyses
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1 INTRODUCTION

Rivers provide habitats for a rich variety of vegetation. As flow and substrate vary, their effects on plants vary as
well, and so in one river site there may be many microhabitats each with specific flow and substrate conditions and
thus at different vegetation. As soon as the flow pattern of a section of the river allows the development of plant
colonies, these colonies alter the flow velocity as well as the substrate, so that they are then able to spread over the
whole cross section of the river. Patches of quict water tend to develop in them, while flow increases between the
plants. Plants therefore alter the flow pattern of a stream as well as they are altered by it. Velocity is greater beside
macrophyte stands and least downstream of them. This means that different habitats suitable for other plants occur
around the larger weed beds. One species can allow another species to develop upstream of it in a site which would
otherwise have too fast flow (Haslam, 1978). From an environmental point of view the conservation of vegetation is
very important. From the hydraulic point of view, however, the attitude towards the colonisation of a river section by
water plants is different, as problems, resulting from this colonisation, may arise in various respects:

e Reduction of cross-sectional flow velocity

o Increase of flow velocity in the cross-sectional area which has been reduced by the vegetation

o Decrease of flow velocity near the macrophyte stand

o Increased sedimentation in the cross-sectional areas with reduced flow velocity

For the recording and better understanding of these interactions between stream patterns and vegetation, the velocity
was extensively measured by means of a three-dimensional electromagnetic current meter, together with detailed
mappings and biomass investigations of the vegetation in a natural open channel. The present investigation is aimed
at presenting and identifying the mean cross sectional velocity distribution (u), the turbulent kinetic energy (k) due to
temporal fluctuations of velocity components and turbulent shear stress (-m) for natural river flow.

2 EQUIPMENT AND DATA COLLECTION
Data were collected by the measuring of velocities, mapping and assay of the biomass of the submerged vegetation.

2.1 Equipment and data collection of velocity

Velocity data were collected using a 3-dimensional electromagnetic current meter (an ALEC ACM-300). The
accuracy and basic capabilities for the current meter are presented in table 1.

Table 1: Current meter specifications

Current Meter  Manufacturer Parameters Range Accuracy Time Constant
ACM-300D Alec Electronics u,v,w 0~+250cm/s +2%orlcm/s 05s
’ Co.

The sensor has a diameter of 20 mm and was mounted on a traversing mechanism (a catamaran) which carried the
current meter and the data logger. The catamaran was secured to a rope bridge and could be positioned with an
accuracy of + 0.02 m. Two anchor sticks located on both side of the probe fixed the catamaran précisely within a
cross section of the channel. The probe could be fixed at any point of the cross section, the density of measuring
points being raised in transitional areas between quieter and swifter flow (transition of plant body - free flow,
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transition of bottom -free flow) up to a minimum distance of measuring points of 0.05 m in vertical, and 0.20 m in
horizontal direction. Figure 1 shows the profiles with all measuring points. The minimum distance between probe and
bottom was limited to 0.03 m. 4
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Figure 1: Profiles with all measuring points

For this study, velocity data were collected at the rate of two samples per second to study turbulent velocity
fluctuations. The sampling time was 45 up to 180 seconds, depending on the situation in the river. In transition areas
with a steep gradient of velocity, thus also with high turbulent kinetic energy rates, the measuring time was longer
(180 s) than in cross-sectional areas showing a lower gradient of velocity and lower turbulent kinetic energy rates (45
s). The measuring time was chosen to be shorter in the zones of low momentum exchange, measuring being
conducted at a greater number of measuring points in these zones.

2.2_Detailed mapping and assay of biomass

In order to be able to record the influence of the plants on stream patterns in mathematical terms and to compare
these data, the structure of submerged macrophyte stands was described in the way of the vertical distribution of
biomass. After having measured the flow, the macrophyte stands in the analysed area were measured exactly and
drawn in an accurate scale map. After that, biomass was assayed by the stratified-clipping method (Myneni e al.,
1989; Wychera and Janauer, 1990), dividing the stand into 10 cm horizontal strata. Ten replicates were made at each
site. All plants were cleaned and dried to determine dry matter per unit area, so that, consequently, the entire amount
of biomass in the analysed section could be calculated.

3 DESCRIPTION OF THE FIELD SITE
The experiments were conducted in three different parts of the channel (Figure 2) with partly vegetated cross sections

during summer (August - October 1995). These cross sections were selected with respect to different structures of
plants and growth of the macrophytes and different morphological characteristics.
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Figure 2: Field site of the analysed channel parts with macrophyte stands

The three analysed sections are:

cross sections through a small baylet (back water region) with a macrophyte stand of Myriophyllum spicatum 1...
This section lies in a straight part of the channel with variable widths and depths. Caused by the geometry of the
channel, a flow reversal developed in the examined baylet. The macrophytes settled in the quict water zone of the
baylet. The distance between the analysed profiles are about 8.0 m. The first profile goes through the macrophyte
stand and the second lies directly behind it. '

cross sections through a channel part with a shallow water region, also with a stand of submerged macrophytes
(Potamogeton lucens L.). In this part of the channel, there is a sudden widening of the cross section, in the quiet
water zone of which macrophytes settled. There are no bends in this part of the channel. The examined cross
sections were located as in case 1, that is, in and behind the stand, respectively, at a distance of 4.0 m to each
other.

cross sections in a straight part of the channel, which shows almost constant widths and depths, with a
macrophyte stand (M. spicatum) at the margin of the channel. The profiles are at a distance of some 1.7 m to each
other. Profile 1, again, lies in the macrophyte stand and profile 2 directly behind it.

Table 2 summarises the morphological and hydraulic conditions for the field measurements for each of the analysed
channel zones:

Table 2: Hydraulic conditions for the field measurements

Nr. Channel Profile Meanflow Channel Meanbulk Reynolds Discharge Measuring

sections number depth width velocity numberRe Q[m%s] - pointsin
h [m] B [m] Up [m/s]  (ca. 18°C) the cross
section
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1 small baylet 1 0.54 21.20 0.22 1.12-10° 2.47 115
2 0.55 17.50 0.20 1.04-10° 1.96 83

1 (1994) 0.49 18.70 0.19 0.88-10° 1.77 112

2 shallow 1 1.07 22.85 0.24 2.42:10° 5.83 166
water region 2 1.02 22.80 0.25 2.41.10° 5.74 152

3 straight 1 0.76 10.40 0.24 1.72-10° 1.87 69
channel 2 0.77 10.00 0.23 1.67-10° 1.78 62

4 THE STRUCTURE OF SUBMERGED MACROPHYTES

The structure of macrophyte stands and individual plants depends very much on environmental factors, like light,
flow velocity, water depth and sediment. Therefore, in the examined part of the channel, quite different structures of
one macrophyte species, M. spicatum, were found (see Figure 3). In zones of quiet water the watermilfoil showed
rather equal biomass distribution along the more or less parallel vertical axis of the individual plants in the layers
between 0.10 and 0.60 m waterdepth. In the first 0.10 m, however, 61 % of the total biomass were collected. M.
spicatum, a species normally occurring in quiet water, was found in the analysed area directly in the flow. The
structure of the plants, however, was clearly adapted to the altered environmental factors. At approximately 0.50 m
water depth the mean length of the plants was 2.30 m. 41 % of it were in the uppermost 10 cm. M. spicatum showed
longer internodes and less whorls to offer less resistance to flow

Figure 3: Habitus of M. spicatum-stands in the baylet and in the free flow

In addition, P. lucens, another submerged species, was analysed (sec Figure 4). This species can be assigned to the
so-~called canopy-type, with a significant concentration of biomass in the top layers (Wychera et al., 1993). 60 % of
the total biomass were coliected in the first 0.10 m. In the layers between 0.10 and 0.40 m depth, there were only 9 %
of the total biomass. P. lucens has large submerged leaves and offers a high hydraulic resistance to flow. Therefore,
it only grows in areas with very low current.
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Figure 4: Habitus of P. lucens-stand
5 ANALYSED HYDRAULIC PARAMETERS

The data analyses of the velocity measurements were conducted by evaluating the cross-sectional velocity
distribution u, turbulent kinetic energy (k) and turbulent shear stress (-pu'w'). For this purpose, horizontal profiles
were laid in the analysed part of the channel. Denoting the instantaneous flow velocity into two parts, a time-

averaged component and a fluctuating component, the relationships for the three velocity components (u, v, w) can
be written:

1) u=u+u' V=V+v W=w+Ww
with u, v and W as the time-averaged components and u', v' and w' as fluctuation components.

5.1 Turbulent energy

Turbulent energy

@ k=%(F+Vﬁ+F)

is computed from the fluctuating velocities due to the transfer of momentum (Bhowmik ef al., 1995) and, therefore, it

may be regarded as a parameter for the hydraulic flow resistance taking effect on the current. The higher the

turbulent kinetic energy of each measuring point gets, that is, the more the velocity components differ from the mean
value of the velocity time-scale, the greater seems to be the frictional influence taking effect on the current. The
theoretical concept (Kolling, 1994; Nezu and Nakagawa, 1984; Nezu, 1993; Nezu et al., 1993; Nezu and

Nakagawa, 1993) determining k as evaluative parameter is described as follows:

¢ In a circular, completely filled flow cross section, ideally, there is an isotropic turbulence.

e In any flow cross scction with a geometrical shape differing from the ideal circular shape, the turbulent
fluctuation of the velocity components normal to wall and open surface of the water is disturbed, which causes an
anisotropy of turbulence. '

e Channel bank and channel bed cause a significant alteration of the anisotropy of turbulent fluctuation. Water
plants and riparian spinney produce the same effects.
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¢ Thus a system of secondary currents develops, overlying the axial current.
» By turbulent exchange of momentum, the secondary currents for their part influence and alter the axial velocity
distribution within the profile to a large extent.

Thus the cross-sectional and the vertical distribution of turbulent fluctuations, expressed by the parameter k, serves
as parameter for the flow resistance in the channel.

5.2 Shear stress

For two-dimensional turbulent flow, turbulent shear stress or Reynolds stress is defined as:
3) T.,=-puw

The Reynolds stress arises from the correlation of two components of the velocity fluctuation at the same point. A
non-zero value of this correlation implies that the two components are not independent of one another (Tritton,
1988). Reynolds stress is mainly generated by momentum exchange of big turbulent elements. The force appearing at
the surface normal to Z, that is, shear stress (Prandtl, 1993). Collected Data were used to compute the turbulent

shear stress, -pu'w'.
6 RESULTS

In the following two different macrophyte species (P. lucens and M. spicatum) are compared to one another, on the
one hand with regard to their flow resistance in the stream. On the other hand it is shown that in completely different
stream pattern one and the same species (M. spicatum) finds conditions which allow further spreading of the
vegetation. This investigation is based upon the measuring of velocity in three different sections of the channel.

6.1 Comparison of a P. lucens-stand to a M. spicatum-stand

When comparing a P. Iucehs-stand to a M. spicatum-stand, especially the different plant structures and the different
flow resistance are analysed.

6.1.1 P. lucens-stand in a shallow water region

As shown in table 2, the measuring of velocity was carried out with a flow of approximately 6.0 m*/s. The profiles
were located about 15.0 m downstream of a sudden cross-sectional widening, allowing the development of a slight
reverse flow at the left channel side. The P. lucens-stand came to a width of 6.5 m and a longitudinal extension of
12.0 m. Characteristic of the plant structure in this stand are the big leaves and firm, inflexible stalks (see figure 4).
Thus the stand causes high resistance to flow.

Figure 5 shows the alteration of the velocity gradient, caused by the reduction of biomass in the longitudinal course
of the channel. As the first profile goes through the stand, it shows a steeper gradient than the second profile. This
steep gradient is due to an increased anisotropy of turbulence (impairment of the momentum exchange, caused by
vegetation) in the transitional area between main stream and stream in the plant stand, as a consequence of the high
biomass concentration (62.7 g/m? averaged over depth). At the same time this observation can be proved by a
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notation of shear stress and turbulent kinetic energy (see figure 5). The maxima of shear stress lie in the area of
highest biomass concentration, yielding values around 2.0 N/m?. The maximum of turbulent kinetic encrgy (0.02)
referring to Unsd is also found in the area of highest biomass concentration. The notation of shear stress and
turbulent kinetic energy for different depths of the channel was chosen because of the biomass variable in flow depth.
The highest concentration of biomass is found in the upper 30 cm (117.8 g/m? in the upper 30 cm and 47.7 g/m? in
the lower 120 cm). The maxima of the distribution of shear stress and turbulent kinetic energy also lie within the first
30 cm. The Y-axis (ordinate) presents the right margin of the weed bed (in flow direction).
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Figure 5: Stream velocity distribution with biomass concentration (both averaged over depth), distribution of
turbulent kinetic energy and distribution of shear stress in four different depths of the channel (P. lucens)

6.1.2 M. spicatum-stand in the baylet

In this stand the measuring was conducted with a discharge of 2.0 m*/s. The first profile was situated at about 11.5
m downstream of the baylet opening, directly in the plant stand, and the second profile was 8.0 m downstream the
first one, at the end of the plant stand. The M. spicatum-stand came to a length of 12.0 m and to 2 maximum of cross
dimension of 4.5 m. The plant structure of this stand is characterised by bushy growth and flexible leaves (see figure
3). Therefore, in comparison with P. Jucens-stands, there is less resistance to flow. Again, the preferred stream area
is the zone of quieter flow (see figure 6).

Figure 6 shows the velocity distribution averaged over depth of the two analysed profile and the measured biomass
concentration also averaged over depth. Looking at the velocity gradient, the distribution of shear stress and kinetic
turbulent energy, there are essentially similar results as those described of P. lucens-stand: The gradient of velocity
distribution is flatter in the cross section through the plant stand than in the cross section downstream of the stand.
The distribution of shear stress and turbulent kinetic energy referring to U, t00, show higher values in the upper
25 cm, that is in the areas of higher biomass concentration. The values come to 1.0 N/m? (distribution of shear
stress) and 0.01 (turbulent kinetic energy referring to Uge’). The highest concentration of biomass was found in the
upper 20 cm (56.1 g/m?), whereas in the lower 50 cm of total flow depth 8.3 g/m* were collected. In contrast to the
results conceming P. lucens-stands, the maxima of shear stress and turbulent kinetic energy are lower, despite a
higher velocity maximum (43.7 cm/s compared to 39.7 cny/s in the P. lucens-stand) and a greater difference in
velocity between the zone of quieter flow and the main stream. This might be explained by the plant structure which
causes less resistance to flow.
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Figure 6: Stream velocity distribution with biomass concentration (both averaged over depth), distribution of
turbulent kinetic energy and distribution of shear stress in three different depths of the channel (M. spicatum)

6.2 Comparison of two M. spicatum-stands

Comparing the M. spicatum-stands in the baylet and those in the straight part of the channel, the emphasis is put on
the plant structure adapted to the current and the different types of habitats resulting from it.

6.2.1 M. spicatum-stand in the straight section of the channel

In this stand the measuring of velocity was conducted at a flow of approximately 2.0 m¥s. The analysed profiles
were laid through and behind the stand at a distance of 1.7 m. The M. spicatum-stand reached a longitudinal
dimension of 5.0 m and a width of approximately 2.5 m. Longer intemnodes and therefore less whorls (see figure 3)
provide better adaptation of the plant body to the stream conditions.

Figure 7 shows the two analysed cross-sections through and behind the M. spicatum-stand, respectively, with the
velocity distribution averaged over depth and the values of biomass concentration. Again, there is a visible alteration
of the velocity gradient, caused by the reduction of biomass in the longitudinal course of the channel. Due to the
vegetation, the profile is clearly divided into areas of swifter flow and quieter flow. The biomass concentration in the
uppermost 30 cm of total flow depth (54.7 g/m?) divides the stream pattern horizontally as well as vertically. In the
first 5 - 10 cm, flow velocity is reduced to almost 0 cm/s, and, downwards, it is gradually accelerated up to 10 - 15
cm/s (see figure 8). Thus, a first unstructured cross section yielded a markedly increased variety of biosphere.
Despite a high biomass concentration in the surface area, the distribution of shear stress and turbulent kinetic energy
bave no marked maxima, but very low similar values across the channel. The Data indicate a rather low resistance to
flow.
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Figure 7: Stream velocity distribution with biomass concentration (both averaged over depth), distributien of
turbulent kinetic energy and distribution of shear stress in four different depths of the channel (M. spicatum)
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Figure 8: Cross section through a stand of M. spicatum in the straight channel part

6.2.2 M. spicatum-stand in the baylet

The growth pattern of this M. spicatum-stand is in many respects different from the stand in the open stream,
described above: The main internodes are markedly shorter and the plants have lots of branches with short
internodes. The whorls are concentrated at the top of the plants. The structure of the plant in this case rather
resembles the species existing in quiet water. Figure 9 shows the velocity distribution of the same cross section with
the measured flow values of two subsequent years, with and without vegetation. It clearly indicates that in this case
the water plants settled exactly in the transitional area between reverse flow and main stream, that is in the cross-
sectional area with the least velocity. The geometry of the channel morphology provided very good stream conditions
for the habitat of the stagnophil species M. spicatum. The emerging water plants intensified these stream conditions
and extended the quiet water zone. Thus, the quiet water zone in the cross section became larger, which again altered
the habitat and allowed a greater variety of plants.
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Figure 9: Comparison of the velocity distribution of cross section 1 through the M. spicatum-stand in the
baylet and the same profile without the macrophyte stand (Measuring: September 1994)

7 CONCLUSIONS

By coordinated measuring of the velocities and detailed mapping of the macrophyte stands the interaction of stream
pattern and aquatic vegetation became clear. On the one hand, it could be observed that by particular morphological
conditions in the channel stream pattern arises as new habitats, which are preferably colonised by macrophyte stands.
The examples 1 and 2 (P. lucens- and M. spicatum-stand) clearly show that the plants settled exactly in the area of
slow flow between reverse flow and main stream, and that emerging vegetation intensified the previous stream
pattern. By comparing the values measured before the colonisation by macrophyte stands and during the maximum
extension of the stands, the measuring being conducted within and downstream of the stands, the following
alterations could be observed: The gradient of the velocity distribution in the transitional area as well as the
maximum of the velocity distribution rose, and the transitional area between negative and positive flow rates became
wider and its dimensions were adapted to the size of the macrophyte stands. On the other hand, in channel parts with
more unfavourable stream conditions (e.g. swifter flow in straight, narrow sections), as shown in example 3, the
settlement of aquatic vegetation seems to be largely independent of the existing stream pattern. In this case
submerged macrophytes settled at the margin of an unstructured profile without a zone of quieter flow. By measuring
the flow velocity in the macrophyte stands and downstream of them, it became clear that there was a pattern of
swifter flow and quieter flow, which divided the water in the channel into different habitats.

Furthermore, the analyses showed that the habitus of the plants (size of the leaves, branch structure) is adapted to the
respective site, thus causing less resistance to flow in areas of swifter flow. Because of its big and stiff leaves a P.
Iucens-stand causes a higher resistance to flow, which is expressed by the distribution of shear stress and turbulent
kinetic energy. Therefore, altered stream conditions have more influence on this stand than on a macrophyte stand
with flexible, small leaves, such as the M. spicatum-stand described in example 3.
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9 NOTATIONS

u,v,w Velocity components
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uw, v, w Fluctuating velocity components
u, v, w Time-average velocity components

-pu'w' Turbulent shear stress

X Longitudinal coordinate
y Lateral coordinate

z vertical coordinate

k Turbulent kinetic energy
Txz Turbulent shear stress
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ABSTRACT

Extensive measurements of near-bed hydraulics were made over a laboratory reconstruction of a section (1.5m x
0.5m) of a mountain cobble-bed stream using laser-Doppler velocimetry. Using these data four hydraulically different
habitat types are identified in the above-bed benthic zone. The identified habitat types include: the exposed tops of
roughness elements (TOPS), the sheltered lees of roughness elements (LEES), the exposed faces of roughness
elements (FACE), and the partly sheltered areas mid-way between roughness elements (MIDS).

The four hydraulic habitat types are discussed with reference to the flow classification scheme of Davis and Barmuta
(1989) (as clarified by Young (1992)), and with reference to the altemative classification of Barmuta (1994). The
four categories of hydraulically rough flow recognised by the former system are: chaotic, wake interference, isolated
roughness, and skimming flow. The two categories of flow recognised by the latter system (found between bed
roughness elements) are cavity flow and diverse wake flow. It is demonstrated that the latter two flow types are not
greatly different from the former classification. It is also shown that in skimming flow (and cavity flow), only LEES
and TOPS will occur. In the other flow types, all four hydraulic habitat types will occur.

There is therefore a lower diversity of hydraulic habitats in skimming flow than in wake interference, isolated
roughness or chaotic flow. Similarly, there is a lower diversity of hydraulic habitats in cavity flow compared to
diverse wake flow. In addition, it is speculated that in skimming flow (and cavity flow) fluid exchange between the
main flow and the flow between roughness elements is much less compared to other flow types. These differences are
expected to affect both the density and diversity of benthic species occurring in these flow types. This expectation is
qualitatively supported by the differences in macroinvertebrate species diversity and density in cavity flow and diverse
wake flow reported by Barmuta (1994).

Analyses of the velocity data show significant differences between all four hydraulic habitat types. The average
velocity in the most sheltered habitat type was 4% of the mean near-crest flow velocity, or just 1.7% of the
mainstream mean velocity. In the partly sheltered habitat, the average flow velocity was 33% of the mean near-crest
flow velocity, or 14% of the mean mainstream flow velocity. It is concluded that velocity measurements made near
the crests of the bed roughness, do not characterise the flow conditions between roughness elements in cobble bed
streams.

It is concluded that only one of the flow type thresholds has important ecological implications. This is the threshold
which represents the change from skimming to wake interference flow, and the change from cavity to diverse wake
flow. This threshold is relatively easily identified in the field, and should be considered when sampling zoobenthos.

KEY-WORDS: near-bed flow / stream hydraulics / benthic habitats / laboratory modelling
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INTRODUCTION

Stream ecologists have for some time devoted considerable effort to researching the factors affecting the distributional
patterns of benthic invertebrates (e.g. Percival and Whitehead, 1929; Edington, 1968; Rabeni and Minshall, 1977;
Hearnden and Pearson, 1991). Both biotic and abiotic factors are known to influence the abundance and distribution
of benthic fauna.

Because abiotic factors have been shown to influence the microdistribution of benthic invertebrates in so many
studies, it is often assumed that it is these factors that are critical (Hart, 1983). In particular, many studies have
reported the influence of flow velocity and bed substrate on microdistribution (e.g. Minshall and Minshall, 1977;
Rabeni and Minshall, 1977; Hearnden and Pearson, 1991). Both Scott (1958) and Allen (1959) considered velocity as
the most important parameter in determining distributional pattems of benthic invertebrates. Recent studies have
begun to investigate whether or not biotic constraints prevent species from inhabiting unoccupied areas with tolerable
physical conditions. For example, Pecarsky et al. (1990) present data which support the ‘harsh-benign’ hypothesis.
This hypothesis suggests the degree of harshness to predators is a good predictor of predator impact on preferred prey
species. In some cases therefore, abiotic factors appear to dominate over biotic factors in determining
microdistribution.

The importance of flow velocity to benthic invertebrates relates to physical stress, feeding and respiration. The
magnitude of the flow velocity, together with the body shape, determine the drag force which must be withstood. In
addition, the rate of change of flow velocity, together with body size (volume) determine the acceleration reaction
forces which must be withstood (Koehl, 1984). Increased velocities increase the exchange rate between the organism
and the surrounding water, thereby promoting respiration and the acquisition of water-bourne food (Giger, 1973).

While ecologists have recognised the importance of flow velocity for some time (e.g. Percival and Whitehead, 1929;
Edington, 1968), understanding was limited by a paucity of reliable velocity data describing benthic flow regimes
(Davis, 1986). In many ecological studies mean flow velocities have been used to describe near-bed conditions, which
as shown by Davis (1986) is inappropriate. There is however, an increasing awareness amongst ecologists of
hydraulic theory and its relevance to habitat description, in particular the need to accurately describe near-bed
conditions. For example Nowell and Jumars (1984) and Davis (1986) both give detailed descriptions of flow
microenvironments with special emphasis on boundary layer concepts, and Davis and Barmuta (1989) explain the
relevant parameters for describing and classifying both the mean flow and the near-bed flow.

Statzner et al. (1988) reviewed the techniques used to describe flow conditions in benthic stream ecology, and
concluded that the simple hydraulic parameters of mean flow velocity and depth are not particularly useful in
ecological studies, and that the more complex variables of Froude number, Reynolds' number, viscous sub-layer
thickness and roughness Reynolds' number should be used. The first two of these variables provide a description of
the mean flow, while the remaining two describe the near-bed flow; although as pointed out by Nowell and Jumars
(1984) rough turbulent flow is usual in streams and hence there is no viscous sub-layer. The roughness Reynolds'
number depends on the bed shear velocity, and is therefore the most relevant of these parameters for assessing the
hydraulics of benthic habitats.

Assessing the bed shear velocity in the field at a spatial resolution appropriate to zoobenthos is difficult. Statzner and
Muller (1989) describe a method for quantifying near-bed flow conditions using a standard set of uniform sized
hemispheres of different densities. This is a useful technique for estimating the near-bed flow conditions at the crest of
the bed roughness elements, and has lead to a rapid increase in field assessment of bed shear velocity (eg. Pecarsky et
al. (1990), Dobson ez al. (1992), Petts et al. (1993), Lancaster and Hildrew (1993), Gore et al. (1994), and Dittrich
and Schmedtje (1995)). Some of these studies have focussed on the relationships between bed shear velocity and
macroinvertebrate abundance.
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However, estimating flow conditions between bed roughness elements is not practical in the field. In cobble bed
streams especially, the areas between bed roughness elements are an important habitat for zoobenthos, and it would
therefore be useful to be able to infer something about the flow conditions between bed roughness from a knowledge of
the bed configuration and either the mainstream flow conditions or the near-crest flow conditions.

Davis and Barmuta (1989) identified four categories of hydraulically rough flow in streams namely: skimming flow,
wake interference flow, isolated roughness flow and chaotic flow. The definitions of these flow types stem from a
consideration of the energy dissipation characteristics of different bed configurations (Morris, 1955). They depend on
the nature of the turbulence structure of the flow near the bed, and in particular how the wakes behind bed roughness
elements interact (or not) with downstream elements. They therefore help describe the nature of the flow both at the
crests of the roughness elements and in the wake zones between roughness elements.

Young (1992) clarified the threshold criteria defining these flow types, and provided descriptions of each flow type.
Young (1992) also used the amended scheme to classify the flows in the experiments reported in this paper. It was
concluded that the flow was predominantly wake interference flow, but with patches of the other three flow types also
identifiable.

For this system of classification of flow regimes to be useful, it is necessary to demonstrate significant differences in
the near-bed flow velocities within each flow type. In this paper near-bed velocity measurements taken in the
laboratory flume are used to investigate the velocity differences between these different flow types.

METHODS

A brief description of the field and laboratory procedures is given below. For a more detailed account see Young
(1992).

A 1.5 m x 0.5 m section (lengthwise downstream) of cobble stream bed was carefully measured in the field. The field
site was a relatively straight section of the Taggerty River near Marysville, Victoria, in south-eastern Australia (37°
30'S, 145947 E). At the site the Taggerty River is a 4th order stream 420 m above sea level, with a catchment area
of 64 km®>. The reach is 7.5 m wide and at the moderate flows present during sampling was 0.2-0.25 m deep.
Average flow velocity in the field was 0.36 ms™, and mean bed slope for the reach was 0.006.

In the laboratory the section of stream bed was reconstructed in a glass-walled flume. Comparisons of roughness
parameters of the bed in the laboratory with those of the original stream bed indicated that mean roughness spacing
was comectly reproduced, but that there had been a significant reduction (40%) in the mean roughness height.
However, the laboratory bed was still considered to be sufficiently realistic for investigating near-bed flow patterns.
In the flume the bed slope was set to 0.006; the flow depth was 0.2 m and the average velocity was 0.35 ms™.

Detailed measurements of the near-bed velocities in steady flow conditions in the flume were made using a two-
component laser-Doppler velocimeter. The laser probe was mounted vertically above the flume, with beams entering
the water through the base of a small perspex view-box held level at the water surface. The probe supports were fixed
to a traversing table which allowed manual positioning of the probe in all three coordinate directions. A horizontal
- measurement grid was defined, its limits being 0.05 m inside each flume wall, and 0.05 m in from each end of the
reconstructed bed. The grid consisted of 15 points by 56 points, all at 25.2 mm spacings, thus giving a total of 840
horizontal measurement positions. At each grid location measurements were taken at 5 mm above the bed surface.
Measurements were made of both the downstream and cross-stream components of the velocity, thus also allowing
calculation of the magnitude and direction of the combined velocity vector. Between one and four thousand individual
measurements of each component were made at each location within a one minute sampling interval. The
measurements therefore describe the temporal variability as well as the spatial variability of near-bed velocities.

Ecohydraulics 2000, Québec, June 1996



A206 - Role des variables abiotiques

RESULTS AND DISCUSSION

Hydraulic Habitat Types

Using the flow areas as classified by Young (1992) for these experiments, an initial comparison was made of the near-
bed velocities in the four different flow types. This revealed that a wide range of velocities was experienced in all flow
types, and that the mean near-bed velocities were not greatly different between flow types. This was attributed to the
fact that within each of these flow types there are a number of different flow zones which are of relevance at the scale
of zoobenthos. For instance, the fast flows zones on the tops of roughness elements occur in all these flows types, and
are very different to the sheltered wake zones directly behind roughness elements. It is the nature of the flows in the
wake zones, that is between the roughness elements, that are expected to differ between flow types.

A consideration of a bed of block roughness elements, lead to the proposition that four hydraulically different habitats
exist in the above-bed benthic zone (Figure 1). These are:

the exposed tops to roughness elements (‘TOPS’)

the sheltered lees in the wake of roughness elements (‘LEES”)

the upstream faces of roughness elements which are exposed to the flow (‘FACE’)
the areas mid-way between a sheltered and an exposed face (‘MIDS’)

TN W

Figure 1: Conceptual definition of hydraulic habitats types

This scheme focuses at a smaller scale than the scheme of Davis and Barmuta (1989), and is therefore expected to be
more directly relevant to the prediction of zoobenthos distribution. It is apparent that the near-bed flow velocities in
each of these habitat types should be independent of the flow regime type, but that not all these habitat types will be
present in each flow regime type. For instance, where roughness elements are close together, the upstream faces are
not exposed to the flow, but are sheltered by the upstream element. The point at which an upstream face is first
considered to be exposed, is when the main flow no longer skims over the crests, but rather the wake from the
upstream element impinges on the downstream element. This corresponds to the definition of the threshold between
skimming and wake interference flow (Young, 1992). That is, the FACE habitat type will only occur where the
roughness elements are separated at least to the extent where the wake from the upstream element impinges on a
downstream element. The actual roughness spacing represented by this threshold is not well defined, but for stream
bed roughness is has been suggested that it is likely to occur at the point where the groove length is equal to the
roughness height. The FACE habitat is also considered to occur in isolated roughness flow, where although the wake
from the upstream element is dissipated before the next element is reached, the roughness elements are separated to the
extent that no sheltering of the downstream element occurs.

The MIDS habitat is not considered to occur until the roughness spacing is significantly greater than the skimming
flow-wake interference flow threshold. This threshold is the point where the FACE habitat first occurs, and until
roughness elements are much further apart the grooves will only exhibit LEES and FACE type habitats. The MIDS
habitat is therefore expected in isolated roughness flow, but also in wake interference flow (except perhaps near the
lower limit of roughness spacing).
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It is apparent than in this scheme all the hydraulic habitat types can be expected in both wake interference and isolated
roughness flow. As postulated by Young (1992), the threshold between these two flow types is unlikely to have much
biological relevance. Similarly, all the habitat types are expected to occur in chaotic flow, although under these flow
conditions the flow structure is far more complex and unstable, and the usual notions of ‘exposed upstream faces’ and
‘sheltered wake zones’ are not very applicable. In chaotic flow, the entire flow is affected by the geometry of the bed,
and the prediction of fast and slow water zones is extremely difficult.

In skimming flow, neither the FACE nor the MIDS habitat types are expected. Skimming flow is therefore
characterised by just two habitat types: (i) the exposed tops of roughness elements, a fast water zone; and (ii) the
sheltered lees behind roughness elements, a slow water zone. Skimming flow is thus characterised by a lower diversity
of hydraulic habitat types than the other three flow types. The threshold which distinguishes between skimming and
wake interference flow is therefore expected to be biologically significant.

Biological Significance

Bamuta (1994) reported a number of experiments, laboratory and field, investigating the effects of near-bed flow
regimes on benthic colonisation and distribution. He focussed on the nature of the flow between the roughness
elements by defining two types of flow in these regions namely: cavity flow and diverse wake flow. In essence this
recognises that the exposed tops of roughness elements are a separate habitat type, but that different habitat types can
be found between roughness elements due to the behaviour of the wakes. The description Barmuta (1994) gives of the
threshold distinguishing these two flow types, is identical to the (albeit poorly defined) threshold between skimming
and wake interference flow. As was concluded above for skimming flow, Barmuta (1994) concluded that cavity flows
were characterised by a less diverse range of flow pattems.

The possible biological implications of the differences between skimming flow and the three other flow types (or
between cavity and diverse wake flow) are several, although at this stage they are preliminary and speculative, The
smaller range of flow types, and thus less velocity-related niches, suggests that a lower species diversity would be
supported in skimming flows. This hypothesis is supported by the colonisation results of Barmuta (1994) who
observed higher species diversity in diverse wake flow compared to cavity flow. In skimming flow, the level of
exchange of fluid (and thus of dissolved and suspended materials) to and from the flow between roughness elements
and the mainstream flow will be less than for the other flow types. This is likely to impact on the available food
source for some zoobenthos, particularly filter feeders. Conversely, the low velocities between elements in skimming
flow, should increase the deposition of suspended material that does enter this zone, to the advantage of detritivores.
From these two hypotheses, it is difficult to predict whether the density of zoobenthos will be higher between
roughness elements in skimming flow or in other flow types. Clearly, different feeding groups will be affected
differently. Barmuta (1994) reported a higher density of zoobenthos in cavity flows than in diverse wake flows. He
reported a strong response from grazers and browsers; however, filter feeders ‘were too scarce t0o analyse properly’.
1t may be that the reduced drag and acceleration reaction forces experienced in the flows between roughness elements
in skimming flow, are an important factor in determining total species density.

The identification of four different hydraulic habitats and their dependence on the nature of the bed roughness,
together with the preliminary results of Barmuta (1994), suggest that the threshold between skimming and wake
interference has ecological relevance. When sampling zoobenthos, classification of the near-bed flow regime is

advised as this will provide additional information to help explain differences in species density and diversity between
sites.

Velocity Measurements

To determine the differences in flow velocities between the four hydraulic habitat types descriptive statistics of the
measurements from each habitat type were calculated. These are summarised in Figure 2 as conventional box-plots.
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These box plots were produced using the S Plus statistical analysis software (Statistical Sciences, 1993). The central
point of the box is the median, the box itself represents the inter-quartile range (IQR), and the ‘fences’ are at 1.5 x
IQR (to the nearest data point) or to the most extreme data value, measured from the edge of the box.

The six data sets analyses and presented in Figure 2 are explained below:

(i) Upen: this is the data set of sample means for each measurement location of the downstream component of the
flow velocity (in ms™). Negative values imply local upstream flow. The spread of these data represents the
differences between locations of the mean flow conditions in this component direction.

(ii) Vmes: as for Umean, but for the cross-stream velocity component.

(iii) UV - this is the data set of the vector sums of the two velocity components at each location. By definition, these
values are always positive.

(iv) UV . this is the data set of the direction of the net velocity vector. Zero degrees represents directly downstream
flow (With Ve = 0), + 180 degrees represents upstream flow (with Vi, = 0).

(v) U, this is the data set of the sample standard deviations from each measurement location for the downstream
component of the flow velocity. They provide an indication of temporal variability, or the turbulence level.

(vi) V,4: as for U, but for the cross-stream velocity component.
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Figure 2: Box plots of velocity measurements by hydraulic habitat type
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Given the accuracy of the measuring equipment and the large individual sample sizes (10004000 measurements),
every value in the data sets can be considered as ‘real’. This allows strong inferences t0 be made about near-bed
flows in each habitat type, since every statistical ‘outlier’ has a physical meaning. Furthermore, the size of the data
sets (91-367) allows their means and variances to be accepted as having been essentially determined *without error’.

The box plots in Figure 2 reveal several differences between flow conditions in these four hydrautic habitat types. As
expected, LEES and MIDS generally exhibit significantly lower downstream (Une) and combined vector (UV )
velocities than FACE and TOPS. However, positive and negative extreme values are to be found in all habitat types.
Note that these extremes are still average conditions at these particular locations. The cross-stream velocities (Vpen)

generally do not appear to be significantly different between habitat types. However, the hxghcst extreme values
(means) appear to be found in LEES.

The temporal variability in the downstream direction (U,q) is also generally lower in LEES and MIDS compared to
FACE and TOPS. In the cross-stream direction, the temporal variability (V) does not appear to be significantly
different between habitat types, although it is apparent that the highest variabilities occur in the sheltered habitats
(LEES and MIDS), and that in these habitats the magnitude of cross-stream variability is at least as high if not higher
than the variability of the downstream componerit.

Although the LEES Upg., data are more tightly clustered around the median than the MIDS U, data, higher
extremes (both negative and positive) are experienced in LEES. Again. note that these ‘extremes’ are still average
conditions for these particular locations. Although all V.., data are tightly clustered around zero, there are locations
where the average condition has a high cross-stream velocity. The largest cross-stream velocities are found in LEES.

Both the exposed habitat types show the UV . data tightly clustered around zero. In the sheltered habitat types the
average vector direction is more variable, especially in LEES. Extreme values (means) can be found in all habitat
types.

The box plots mainly demonstrate the differences between the sheltered and exposed habitat types. These differences
are generally as expected. Of greater interest is whether differences exist between LEES and MIDS, and between
FACE and TOPS; that is, can four different hydraulic habitats types be identified, or are there only two. To
determine whether any such differences exist, the s-test has been used to test pairs of means from the six data sets.

Table 1 presents the ¢ statistic for paired means, together with sample sizes, means and standard errors.

Table 1: means, standard errors and ¢ statistic for paired means

Type Statistic Upsean U Vaean Vi UV UVinge
LEES mean 0.0059 0.0393 -0.0028 0.0381 0.0448 -26.7
S.E. 0.0035 - 0.0014 0.0027 0.0014 0.0034 7.6
MIDS mean 0.0494 0.0517 -0.0028 0.0426 0.0616 -7.0
S.E. 0.0061 0.0016 0.0022 0.0014 0.0044 6.3
t statistic 6.19 4.61 0.00 1.93 246 2.00
FACE mean 0.1636 0.0750 0.0027 0.0502 0.1713 4.7
S.E. 0.0115 0.0020 0.0026 0.0013 0.0066 49
TOPS mean 0.1318 0.0825 -0.0019 0.0431 0.1411 -5.8
S.E. 0.0063 0.0025 0.0019 0.0010 0.0071 2.8
t statistic 2.44 - 1.92 1.03 3.09 242 0.21°

At the 95% confidence level means can be said to be different when ¢ > + 1.96. The significant ¢ values in Table 1
have been italicised. This test indicates that between LEES and MIDS there are significant differences between the
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mean values for all data sets except for Vaea. and V., Between FACE and TOPS there are significant differences
between the means of the Upea, Vi and UV, data sets. This analysis allows a qualitative description of the
differences between the LEES and MIDS habitat types, and between the FACE and TOPS habitat types.

Typically, LEES are characterised by lower velocities in the downstream direction (Upne.) than MIDS. Not only is
mean value of the LEES U, data significantly lower that that of MIDS, but there is very little overlap of the inter-
quartile ranges. As noted earlier however, LEES exhibits higher extreme U, values (positive and negative) than
MIDS. The mean temporal variability in the downstream direction is higher in MIDS than in LEES, although the
overall spread of the distributions are similar. In both LEES and MIDS the mean of cross-stream veloCity (Ve )
data sets are not significantly different to zero. The spread of these distributions are similar. The ¢ statistic indicates
that the mean temporal variability in this cross-stream direction is not significantly different between MIDS and
LEES. As suggested by the higher U, values, the mean UV, is higher in MIDS than in LEES. The mean UV .
is significantly different between LEES and MIDS.

The mean downstream velocity (Un.,) in TOPS is significantly lower than in FACE. Although the spread of the two
(Unen) distributions is similar, higher extreme values (positive and negative) are found in TOPS. In this downstream
direction the mean temporal variability is not significantly different between FACE and TOPS. Once again, the
average Ve, values are not significantly different from zero in either data set, although the distribution spread is less
in TOPS than FACE. In this cross-stream direction the ¢ statistic shows that temporal variability is higher on average
in FACE than TOPS, although Figure 2 shows a large overlap of the inter-quartile ranges and a similar spread
overall. As suggested by the higher Uy, values, the mean UV, is higher in FACE than in TOPS. The mean UV
is not significantly different between FACE and TOPS.

Interpretation of Hydraulic Habitat Types

The analyses of velocity measurements have identified that both sheltered and exposed hydraulic habitats exist in the
benthic zone. Only velocities above or near the crests of roughness elements can be simply measured in the field.
Dittrich and Schmedtje (1995) recognise three regions of a vertical velocity profile, including two ‘roughness sub-
layers’. They assert that the calibrated hemispheres of Statzner and Muller (1989) will characterise velocities in the
upper sub-layer well. They also assert that ‘because the mean velocities only vary slightly with water depth’ in the
sub-layer regions, measurements made here will characterise the near-bottom velocities well. However, the data
presented here indicate that at least for cobble-bedded streams, the velocities between roughness elements are very
different from those at or near the crests. Furthermore, these data show that velocities are not uniformly low in these
sheltered regions, but vary considerably both spatially and temporally, and depending on the bed configuration,
different sheltered habitat types (LEES and MIDS) can be identified.

Table 3 shows the downstream velocities and temporal variabilities (U,,) are-a percent of the mean mainstream flow
velocity. This shows that in the near-bed zone, average velocities vary between habitat types from less than 2%, to
nearly 50% of the mainstream flow velocity.

Table 3: Downstream velocities as a percent of mean mainstream flow

LEES MIDS FACE TOPS
Uszen mean 1.7 14.1 46.7 377
s.d. 15.8 20.1 31.2 34.2
Usa mean 11.2 14.7 214 23.6
s.d. 6.3 74 9.1 11.2

The data analysis supports the differentiation of four different hydraulic habitat types, and certainly confirms that
once the skimming flow-wake interference flow threshold is passed, a greater diversity of flow conditions can be found
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between roughness elements. This threshold clearly has biological significance, as different inferences can be made
about the between element flow regime above and below this threshold.

The nature of the four hydraulic habitat types can be summarised as follows:

LEES: a generally low velocity habitat but with high mean velocities at some locations. Velocities are quite variable
in time, so that benthos must withstand velocities several times as high as the mean.

MIDS: a generally low velocity habitat, but on average significantly faster flows than in LEES. Both spatial and
temporal variability are significantly greater than in LEES. Once again temporal variability are such that
benthos must withstand velocities several times as high as the mean.

TOPS: a generally high velocity habitat but with low mean velocities in some locations. Temporal variability is
highest in this habitat, so again, benthos must withstand velocities far in excess of the mean at most locations.

FACE: the highest velocity habitat but again both high and low mean values at some locations. Significant variability,
but less than in TOPS.

One general observation to emphasise, is that flows in the near-bed zone are highly variable in both time and space.
As organisms must be able to withstand extreme conditions not just average conditions, an assessment of this
variability is very important. In all habitat types, locations were found where the mean downstream velocity was
negative (ie. upstream).

The temporal variability discussed here is essentially random and short-term in nature (due to turbulence) and occurs
under constant discharge conditions. The longer term variations caused by changing discharge add another level of
complexity to the picture. However, many zoobenthos are able to move to more favourable locations in response to
these longer term velocity variations. The experimental data do not allow investigation of these aspects of near-bed
hydraulics.

The data here do not show the sequencing of individual velocity measurements, so it is not possible to assess the
magnitude of likely acceleration reaction forces in these flows, but they are likely to be significant component of the
total force acting on zoobenthos.

The relative flow magnitudes in these habitats (shown in Table 3) may be transferable to other situations, however,
more data is need to assess their dependence on relative roughness height The flow velocities between roughness
elements can also be considered relative to the near-crest flows. The mean velocity in LEES is just 4% of the near-
crest flows, and the mean velocity in MIDS is 33% of the near-crest flows. Theses figures highlight the dxffemnces
between the sheltered and exposed habitats.

CONCLUSIONS

From an analysis of near-bed flow velocities over a reconstruction of a cobble stream bed four hydraulic habitat types
have been defined; two being exposed and predominantly high velocity habitats, and two being sheltered and
predominantly low velocity habitats. Identification of these habitat types is based upon the threshold between
skimming and wake interference flows, and so their existence can be explained in terms of how the bed roughness
influences the near-bed flow. In skimming flow only two habitat types are observed, and so the variety of flow
conditions and the diversity of available niches are less. In wake interference (and other high energy dissipation
flows), all habitat types are observed, so under these flow types a greater range of ecological niches will be found.
The threshold between skimming and wake interference flow is therefore concluded to have ecological relevance, and
the colonisation experiments of Barmuta (1994) support this. The thresholds between other near-bed flow types
(isolated roughness and chaotic flow) do not appear to be ecologically important. It is recommended that
classification of the near-bed flow be undertaken in conjunction with zoobenthos sampling.
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ABSTRACT

Although fish have a well developed sound perception, characterisation of aquatic habitat rarely considers the
acoustical environment of streams. Fish may use flow noises to navigate while migrating, or when seeking
favourable conditions for feeding and avoiding predators. At this stage there is no accepted method for
characterising the acoustical environment of streams. This paper describes an approach to this problem and
presents the results of its application to a mountain stream and to a fish ramp in a lowland stream. In pool-riffle
streams, much of the underwater sound is generated at hydraulic jumps. The acoustics of hydraulic jumps were
examined using laboratory modelling. A relation was found between underwater 