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Spatial distribution of aquatic macrophytes
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Abstract. — Investigations on horizontal and vertical distribution of aquatic vegetation
have been carried out in the regulated lake Sainte Croix from 1985 to 1987. This re-
servoir, being filled in 1974, has been recently colonized by submersed vegetation. Mac-
rophyte data have been collected by using direct observations, echosoundings and
grapnel sampling. Two remarkable macroalgae (Tolypella glomerata, Charophyta from
temporary water bodies with high alkalinity, and Vaucheria nicholsii, Xanthophyta less
known in Europe) and six cosmopolitan phanerogams typical of alkaline waters were
recorded in the littoral zone, especially in the bays of Bauduen, Les Salles and Moustiers.
Macroalgae reached a maximum growth during spring. Phanerogams developed the
most in summer. Myriophyllum spicatum was the dominant species in the whole lake,
being ‘associated with Potamogeton crispus in the bay of Moustiers and P nodosus in
the bays of Les Salles and Bauduen. Macrophyte depth ranged from 1.9 to 11.3 m.
Mean depth was 4.4 m for all the species, varying from 3.5 m (Potamogeton pusillus)
to 5.5 m (V. nicholsii). The capacily of several predictive models to predict the depth
distribution of macrophytes in relation to transparency (Secchi disc) and water level
fluctuations is discussed. The best estimation occurs with a model based on mean
annual regulation level. Some other environmental parametres, such as nutrient-rich in-
flows, particularly from sewage supplies, may explain the clustered vegetation communi-
ties in some Iocalized stations.

Keywords : Macrophytes, hydroelectric reservoir, spatial distribution, transparency,
water-level fluctuations, sewage effluents.
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INTRODUCTION

The aquatic vegetation seems to be
more and more significant in regard
to the aquatic escosystem functioning
by interacting with phytoplankton
(Balls and al., 1985), nutrients (Riber,
1984; Anderson & Kalff, 1986; Nutall,
1985) and sediments (Smith &
Adams, 1986). The specific structure
of the macrovegetation and its evolu-
tion may indicate the trophic level of
the aquatic environments (La-
chavanne & Wattenhofer, 1975;
Burgermeister & Lachavanne, 1980;
Downing & Anderson, 1985; Ravera
and al, 1984) or the course of
eutrophication (Ozimek & Kowalc-
zewski, 1984; Best et al,, 1984). The
macrophyte developement can be re-
lated to nutrient load, mainly P-load
and at this time it is considered either
as a nuisance (Schloesser & Manny,
1984) or as a sewage clarifier (Galanti
and al, 1985; Blake & Dubois, 1982).
This submersed vegetation can also
perform a significant part in fish com-
munity dynamic as props for repro-
duction (Gillet, 1985), food and
shelter.

The present study carried out in
1985 and 1986 is a first evaluation of
the aquatic vegetation of Lake Sainte
Croix (Provence, France) following a
recent colonization. It includes a
floristic list and a map of the different
observed species. Spatial distribution
of the macrophytes is discussed ac-
cording to some environmental fac-
tors. Lake Sainte Croix was
completely filled up in 1974. No
vegetation was observed before 1980.
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The first large macrophyte communi-
ties were observed during 1982 and
1983 (Bressac & Champeau, 1985;
Chappaz and al., 1985). The reservoir
is destined at first for hydroelectric
production. Elsewhere, it is destined
for drinking water and leisure activi-
ties (tourism, fishing).

This work is a part of a general re-
search program on the functioning of
Lake Ste Croix, one of the five sites
studied by Greco 71 (CNRS)3 «Fonc-
tionnement des écosystéemes la-
custres».

. — MATERIAL AND METHODS

1 — Study site

Lake Ste Croix (48.7° latitude N and
4.3° longitude E) is located on the
River Verdon, at an altitude of 477 m
(normal retention level), downstream
from the Castillon and La Chaudanne
Reservoirs and above the Quinson
and Greoux Reservoirs (figure 1).
This reservoir is the most recent one
among this fitting out succession and
its construction was finished in 1974.

Since, the main characteristics
concerning the catchment area, the
water quality and the biological fac-
tors of the lake have been given by
Gregoire (1982), Champeau and al.
(1982), Bressac & Champeau (1985).
The lake is 11 kms long and 2 kms

3 Groupement de Recherches Coordon-
nées (Centre National de la Recherche Scien-
tifique).

b



Macrophyte distribution in Lake Ste Croix 129

Ste Croix

LEETN

=--=« Draining area limit of the River Verdon

0 20 km

Fig. 1. — Location of Lake Sainte Croix on the River Verdon.

wide. lts mean depth is 50 m (maxi-
mum 83 m, near the dam). Water re-
placement is 280 days long. The
reservoir exploitation for electric pro-
duction leads to annual water level
fluctuations («marling») over a range
of several metres. The maximum fluc-
tuation of 16 m was reached in
January of 1986.

Lake Ste Croix is a warm mono-
mictic type lake. Water temperature at
1 m depth ranges from 6°C in winter
to 26°C in summer. The maximum
depth of the thermocline is between
15 and 20 m. Water conductivity
(mean 300 p S.cm) indicates a quite
high mineralisation level owing to
abundant carbonates which lead to an
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alkaline water (pH near 8). As re-
gards the nutrients level and trans-
parency, Ste Croix can be considered
as a mesotrophic lake (Vaquer &
El Hafa, 1991). Mean values for total
phosphorus and total nitrogen are res-
pectively about 20 and 230 p g/l in
1985 and 1986. Water lake is charac-
terised by a low transparency : the an-
nual mean depth of Secchi disc is
5.4 m (between 2.3 and 11.4 m) and
corresponds with 18.9% of trans-
mitted light (on average, between 2
and 45 %). Mean attenuation coeffi-
cient (Kd) of downwelling light is
0.32 m~1 and euphotic depth varies
between 9.8 and 19 m along an an-
nual cycle. In contrast the low
chlorophyll-a  concentration levels
(~1mgm~3) and the maximum pri-
mary production rates (between 1.2
and 2 mg C m~3 h™) indicate an
oligotrophic status (Vaquer & EIl Hafa,
1991).

2 — Methods

Map-drawing was taken down during
1985. A general survey of the aquatic
vegetation was made all around the
lake. The three main bays being lo-
cated near by the Bauduen, les Salles
and Moustiers villages were more ac-
curately studied (figure 2). The
depths of the observations and sam-
plings have been referred to the nor-
mal retention level.

Submersed vegetation maps were
established according to transects
being carried out over the bays and
determined according to easy land-
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marks in situ which equally appeared
on geographic map.

Depth and bottom aspects are con-
tinuously recorded along the transects
by a graphical echosounder (Lo-
wrance x 15 MA). Echosounding
charts from the bottom line have per-
mitted to differentiate coarse and soft
substrates. At the same time, macro-
phytes were collected with a grapnel,
according to Schloesser & Manny
method (1982; 1984). Every minute,
a mark was made on chart to increase
the accuracy of the sampling point lo-
cation. Sampling points are about
30 m space out. Echos given by sub-
mersed vegetation are quite charac-
teristic of a species, according to its
morphology, its carrying aspect and
its growth form, as being confirmed
by grapnel sampling. The examination
of the echosounding charts have per-
mitted to establish in many cases the
continuity of the vegetation mats be-
tween sampling points. The echo-
sounding techniques have been used
by Stent & Hanley (1985) to deter-
mine plant heights and aquatic
vegetation biomass. Duarte (1987)
considers that sampling by echo-
sounding is as accurate as by diving.

Sampling characteristics are re-
ported for each bay in table 1. Know-
ing the transducer transmitting angle
(a = 89), the observed bottom area of
each transect S is determined as:
S=VL.zig(a), where L =transect
length and z = mean depth of trans-
ect. The prospected areas account on
average for 2.3 % of the total areas
of the three bays. This percentage is
similar to those determined in different

[
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Regulation area
Sewage inflow

Macrophytes
colonization area

Fig. 2. — Bathymetry, maximum extent of marling and macrophyte colonization areas in Lake Sainte
Croix in 1985.
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studies by using other methods as
direct observations or diving stereo-
photographies on covered areas
(Dubois and al., 1984; Carpenter &
Titus, 1985; Rersiett, 1985), or Ber-
natowicz sampler (Ozimek & Kowalc-
zewski, 1984).

The observations (echosoundings
and grapnel samplings) were made
from 25/07/85 to 5/09/85. The maps
were complemented by direct obser-
vations from the surface in the shal-
lowest areas and by diving in the
deepest zones. During the wintry
«marling» of 1986, the littoral area
and particularly the bays were quite
completely out of water and have
been visited on foot. So, the extent
of the macrophyte patches and the
distribution of the more littoral plants
which were not always taken in ac-
count in the transects have been
more accurately defined. At the same
time, substrate samples were directly
observed to make clear the bottom
type being colonised by each species.

Statistical calculations are based
on the species occurrence which
corresponds with its presence being
associated with its depth in a sam-
pling point.

Il. — RESULTS

Macrophytes were only present in
some shallow littoral areas of Lake
Ste Croix because of the very hilly re-
lief and the large range of water reg-
ulation of this hydroelectric reservoir.
The macrophyte list consists essen-
tially of two macroalgae, Tolypella

glomerata (Desv. in Lois.) Leonhardi
(Charophycea) and Vaucheria nichol-
sii Brown (Xanthophycea) and six
phanerogams, Potamogeton pectina-
tus L., P. crispus L., P. nodosus Poir.,
P. pusillus L., Myriophyllum spicatum
L. and Naias minor Ail.

The Potamogeton species are usu-
ally recorded in alkaline sites
(Hellguist, 1980; Kadono, 1982). P.
peclinatus and M. spicatum grew
generally in very alkaline waters (Ni-
chols & Shaw, 1986). Recorded mac-
roalgae are less well known,
particularly V. nicholsii which has
been very rarely observed on the
European continent and 7. glomerata
which is practically unknown in la-
custrine sites in spite of its wide dis-
tribution because of its large salinity
tolerance. Both these algae can
develop very thick and continuous
mats in Lake Ste Croix.

Tolypella glomerata and Vaucheria
nicholsii  showed their maximal
development during spring (March,
April). At the end of June, T. glomer-
ala  was almost completely
degenerated. Vaucheria was present
during the whole year but was in re-
sting phase from summer to winter.
The maximum development of the
most phanerogams was generally ob-
served during summer. A few mats of
the alga Spirogyra were also ob-
served, always in a scarce extent (up
to about some hundred m?2).

1 — Horizontal distribution

Large macrophyte communities were
essentially growing in the bays of
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Moustiers, Les Salles and Bauduen
and also on a shoal near the
Ste Croix village. Scattered macro-
phyte patches are also observed all
around the littoral zone, except in the
more downstream part of the lake
near the dam where banks are too
sloping (figure 2). The species dis-
tribution in each bay is presented on
figure 3 to 5. Calculation on species
occurrences (obtained by echosound-
ing and grapnel sampling) bring ac-
curacy to the whole observations.
T. glomerata is not taken in account
in this calculation because of its lack-
ing in the summer transects.

T. glomerata covered an important
area in the bay of Les Salles as well
on coarse substrates (silt and peb-
bles) in the upper part of the littoral
area, as on slime in its lower part. In
the bay of Bauduen, only some very
punctual mats of Tolypella were de-
tected.

V. nicholsii covered almost all the
slimy substrates in the bay of
Les Salles and, in a lesser extent, in
the bay of Bauduen. Its relative oc-
currence  represents  respectively
56.3 % and 47.5 % in each bay. Else-
where both these aigae were almost
lacking around the lake.

N. minor, scarce in the bay of Les
Salles and the bay of Bauduen, was
the more littoral among the species
encountered in Lake Ste Croix : it was
growing in the shallowest area, yields
to wave beats and continuous water
level fluctuations (figure 3).

Myriophyllum spicatum was the
dominant phanerogam with repre-
sented respectively 55.9 %, 16,6 %

and 41 % of the total occurrences of
the macrophytes in the three bays. It
was found on every substrate type
and even being fixed by its rhizoms
in rock cracks in the bay of
Les Salles.

P. pusillus was only present in the
slopeless part of the bay of
Les Salles being characterized by
little tufts on mixed silt and pebble
substrates (figure 4).

P. crispus was the second
phanerogam species occurring in the
whole lake and represented respec-
tively 41.2 %, 8.3 %, 1.6 % of the total
occurrences of the macrophytes in the
bays of Moustiers, Les Salles and
Bauduen. This macrophyte formed
scarce small patches (1 to 2 metres
wide) near the outflow of a sewage
treatment station in the bay of
Bauduen and a practically continuous
mat in the bay of Moustiers.

P. nodosus was the second abun-
dant species in the bays of Bauduen
and Les Salles where it represented
respectively 9/.8 % and 11.3 % of the
phanerogam occurrences. It was
totally lacking at Moustiers. It formed
more or less wide patches on every
substrate without pebble. its broad
ending leaves floated on the water
surface. At the end of July blossoming
and fruit bearing were observed.

P. pectinatus (figure 5) was not
abundant and formed small solitary
patches. Leafy ends of thick plants
floated on the water surface and
darkened almost completely the water
column.
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LES SALLES
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s Naias minor
WM vaucheria nicholsii
* X Tolypella glomerata

Fig. 3. — Distribition of Naias minor, Vaucheria nicholsii and Tolypella glomerata in the bays of
Les Salles, Bauduen and Moustiers in 1985.
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LES SALLES
Bay

MOUSTIERS
Bay

BAUDUEN
Bay

. Mpyriophyllum spicatum
*+® Potamogeton pusillus

Fig. 4. — Distribution of Myrophyllum spicatumn and Potamogeton pusillus in the bays of Les Salles,
Bauduen and Moustiers in 1985.
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In fact, all the species were present
in the bay of Les Salles but only
M. spicatum was common and abun-
dant in both the .other bays and near
the Ste Croix village. Specific rich-
ness was higher on the left shoreline
of the lake and decreased from the
upstream to the downstream part of
the lake.

2. Vertical distribution

The examination of echosounding
charts and grapnel sampling per-
mitted to give accurate ranges of the
depth of each macrophyte species.
Maximum depths of V. Nicholsii,
M. spicatum, P. crispus, P. nodosus,
P. pectinatus, P. pusillus and N. minor
are respectively 13 m, 9 m, 7 m,

Occurrences
120

80

40

Fig. 6. — Vertical distribution of submersed macrophyte occurrences. Too scarce P. pectinatus and

7 m, 6 m, 5.3 m, and 3 m. So, sub-
mersed vegetation area is low
limited to about a 10 m depth. 90 %
of the occurrences of V. nicholsii
were nevertheless above 8.5 m.
Phanerogams grew in shallower
zones : 90 % of the occurrences of
M. spicatum, P. crispus, P. nodosus
and P. pectinatus were respectively
observed at maximum depths of
62 m, 55 m, 5 m and 45 m
(figure 6). Spring observations (in
1985) of T. glomerata indicate the
maximum depth at 6 metres. The 0-
12 m water slice, submitied to
frequent level fluctuations was prac-
tically not occupied except for ter-
restrial plants and scarce N. minor
mats which where most of the time
out of the water and completely
dried-up during the summer of 1985.

N V. nicholsii
B M. spicarum
I P.crispus
B P.nodosus
% P. pusillus
W N. minor

A et

9 10 11 12

Depth (m)

Tolypella glomerata lacking during summer observations are not represented.

i



Macrophyte distribution in Lake Ste Croix

According to the whole lake’s data,
mean depths of all the macrophytes
are very close, between P. pusillus
(3.5 m) and Vaucheria. (5.5 m). How-
ever their comparison by t-Student
test (p < 0.05) shows significant
differences for all the species but the
three Potamogeton which grew at the
same depth range (tableau 2).

The comparisons of the mean
depth of all the species in each bay
by t-test and Mann-Whitney U-test are
presented in table 3 and figure 7. In
the bay of Les Salles, mean depths
between all the species are signifi-
cantly different except the mean
depths of M. spicatum, P. nodosus
and P, crispus. On the contrary, in the

Depth (m)
6 -

3.5 o

45 ¢ -

35 =

3 S
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bay of Bauduen only mean depth of
P. nodosus is significantly different
from the other species-ones while no
difference between species appears
in the bay of Moustiers. The mean
depth of M. spicatum is greatest at
Bauduen than in the other bays.

These differences between the
three bays can be doubtless attributed
to little mesological changes between
each station as, for example, Secchi
depth differences. So, during 85-86
annual cycle, the mean depth was
5.4 m in the central lake zone, 5.5 m
in the bay of Bauduen, 4.3 m in the
bay of Les Salles. It was only 3.3 m
in the bay of Moustiers where the
great water turbidity was linked to the

Vn= Vaucheria nicholsii

Ms = Myriophyllum spicatum
Pn=Potamogeton nodosus
Pc= Potamogeton crispus
Pp=Potamogeron pusillus

LS =Les Salles
Bd = Bauduen
Mt = Moustiers

>

Vo/LS Vn/Bd Ms/LS  Ms/Bd Ms/Mt

Pn/LS Pn/Bd Pc/LS Pc/Mt Pp/LS

Species/Station

Fig. 7. — Mean depths and standard deviation error bars of the five main species of submersed

macrophytes in the three bays.
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concentration of Mest from the River
Maire inflow (on average 53.7 mg.I™")
against only 1.8 mg.I”! in the whole
lake.

Il — DISCUSSION

Colonization by macrophytes of
Lake Ste Croix is relatively recent.
Before 1980 no vegetation was ob-
served either in this lake nor in
La Chaudanne Reservoir being lo-
cated immediately upstream on the
river Verdon. On the other hand, sub-
mersed vegetation was present in the
downstream reservoirs of Quinson
and Gréoux (Champeau and al,
1982) from which plants or pieces of
plants could have been brought up-
stream by water pumpages of the
Ste Croix factory. The first large mac-
rophyte communities (Polamogeton
sp., Naias sp. and Myriophyllum spi-
catum) were observed during 1982
and 1983 by Bressac & Champeau
(1985) and Chappaz et al. (1985).

The poor fioristic list includes no
particular species except macroalgae
whose Dbiological and ecological
characteristics are little known. The
simultaneous presence of the both
algae is notable by the analogy with
the association of Vaucheria dichot-
oma and Nitella flexilis pointed out by
Casper and al. (1985) in the
oligotrophic lake Stechlin. 7. glomer-
ata is known in alkaline to alkalino-
briny temporary stations (Corillion,
1975). The littoral area of the lake
being drained by water lowering

during relative long periods can be
compared to the temporary pieces of
water drying up.

Each macrophyte species would
characterize a different trophic level
according to a classification (tab-
leau 4) infered from Swiss lakes
studied by Lachavanne (1985).
Ozimek (1983) showed that M. spi-
catum is characteristic of eutrophic
stations while Chara species are
found in meso and oligotrophic sta-
tions. Ozimek & Kowalczewski (1984)
pointed out that a lake eutrophisation
could be expressed by a Chara —
dominant to a Potamogeton — domi-
nant vegetation transfer. In Lake Ste
Croix, macrophytes are clustered in a
few zones which are not repre-
sentative of the oligo-mesotrophic
lake status. The growth of the sub-
mersed vegetation in the bays and
near the Ste Croix village is favoured
by the nutrients present in the soil
before its overlaying, but also by
sewage supplies and by diffuse in-
flows from the nearby draining area
being nutrient-enriched because of
the important touristic flow around the
lake from May to October. Diffuse
nutrient inflows affect the whole littoral
zone, while urban effluents are more
localized and affect directly the three
bays and near the shoal water at the
base of the Ste Croix village.

The distribution of the main species
in these different areas reflects their
sensitivity or their tolerance to the
water quality. The few sensitive P,
crispus and M. spicatum are observed
in all the three bays, particularly at the
sewerage outflows of Bauduen,
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Ste Croix and Moustiers as being
noted in Switzerland by Burgermeister
& Lachavanne (1980, 1984). In con-
trast, the very sensitive Characeae
and P. pusillus only abundantly grew
at Les Salles and were hardly found
elsewhere. The dominant P. crispus
and M. spicatum in the bay of Mousti-
ers undoubtedly indicate a high pol-
lution level owing to nutrient-rich
inflow of the River Maire. Mean
values of total nitrogen and total phos-
phorus are 730.5 and 169.7 p I, i.e.
respectively 3.2 and 8.5 times more
than in the lake.

The horizontal distribution of the
macrophytes is mainly due to the very
sloping relief of the main part of littoral
area of the lake : submersed vegeta-
tion was only noted in the three bays
and on a few shoal. The bay banks
are little sloping and are covered by
a relatively thick layer of slimy sub-
strate (0.1 to 1 m) composed from
genuine soils, often cultivated before
water filing up (vineyards and
meadows), or by sedimentation. On
the other hand, the banks all around
the lake are generally very sloping
and composed from a slender
genuine soil from which the slimest
part has been carried by wave move-
ments. This eroding action concerns
the whole vegetation area because of
the large range of the marling. So the
soil along these sloping areas is ac-
tually constituted by pebbles and
coarse gravels. Slimy substrates are
favourable to the vegetable rooting
and can provide them some nutrients.
Their lack is a limiting factor of the
productivity of the scarcely observed
vegetation which cannot survive for a

long time. The shoal near the
Ste Croix village being colonized by
a relatively thick vegetation is a par-
ticular case : the quite smooth bottom
is mainly constituted by sand and fine
gravels and nutrients are provided by
the outflow of the village sewage.

Concerning venrtical distribution,
mean depth is 5.5 m for Vaucheria
against 4.4 m for all other species.
The maximal observed depth of Vau-
cheria and M. spicatum (respectively
13 and 9 m) correspond to the max-
imal depth being known for the most
aquatic macrophytes (on average
10 m for angiosperms and 12-14 m
for lower plants, Pip & Simmons,
1986). Concerning angiosperms, this
depth would correspond to the eu-
photic depth (1-4 % level of the trans-
mitted light).

Most authors agree to attribute to
light and correlatively to water trans-
parency the main factors of the ver-
tical distribution of macrophytes.
Several predicting models of the max-
imal depth of the macrophyte distribu-
tion have been developped from
bibliographic data or survey data of
numerous lakes by using Secchi
depth (Canfield et al., 1985; Cham-
bers & Kalff, 1985), mean attenuation
coefficient (Vant et al, 1986) or
downwelling light value (Duarte et al.,
1986). The depth of the macrophytes
distribution being predicted by using
these different models with the mean
values of Secchi depth (5/4 m) and
mean attenuation coefficient (0.32 m™
1) being measured in Lake Ste Croix
are relatively close to observed
values.



Macrophyte distribution in Lake Ste Croix 143

In the particular case of reservoirs,
Rerslett (1985) suggests a predicting
mode! of a characteristic depth («op-
timal depth») of macrophyte develop-
ment being based on the mean
annual regulation level. In Lake
Ste Croix, the predicted characteristic
depth (4.5 m) is very close to the ob-
served mean depth of the macrophyte
distribution (4.9 m). This observed
depth can be considered as the
characteristic depth according to the
90 % occurrences between 2 and
8.5 m.

All the models taking in account the
Secchi depth or the light characteris-
tics give generally a relative good
assessment of the maximal depth of
macrophyte colonization. The Rer-
slett’'s model, being based on mean
annual marling level, gives a good in-
dication for optimal development area.
In the particular case of Lake
Ste Croix, the unpredictable and ir-
regular water level fluctuations are un-
doubtedly the first significant factor
explaining the vertical macrophyte
distribution. Substrate characteristics
and nutrient supplies could explain
the horizontal macrophyte distribution
on a large scale in the lake. Smaller
patches would result from coloniza-
tion, interspecific competition and
clone development, according to Car-
penter & Titus (1985). The former
point is undoubtedly linked to a great
ability of vegetative multiplication of
all the species encountered, particu-
larly the  Potamogeton — ones,
whose the great development of rhi-
zomes and the production of various
vegetative propagules give evidence.

Sloping relief, marling, low Secchi
depth and/or attenuation coefficient
are actually the main limiting factors
of the spatial distribution of the sub-
mersed vegetation in Lake Ste Croix.
But its too recent colonization cannot
supply a sufficient retrospect to form
an opinion on its evolution. Punctual
observations during 1986 and 1987
have shown some significant changes
of vegetation areas. For instance,
P. crispus seemed to have the widest
extent, M. spicatumm became very
scarce. This study suggests the im-
portance of some mesological factors
acting on the macrovegetation
development and its implication on
the ecological equilibrium of a reserv-
oir. Considering the ability of plants to
trap nutrient inflows in the nearly
draining area, their conservation in
moderate proportions may constitute
an efficient protection against eutro-
phisation, as regards the water uses
for domestic needs and leisures.
Such reflections on the factors affect-
ing the colonization and growth of
macrophytes could be considered in
the water regulation management of
reservoirs.
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