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Abstract

The structure of a planktonic community was studied in April 1990 for 24 days (D1 to D24) during the natural
recolonization of a tropical pond (Céte d’Ivoire) made azoic by emptying and liming (DO). Abundances of bacteri-
oplankton, phytoplankton, protozoans and zooplankton were studied twice daily, whereas hydrological descriptors
(temperature, conductivity, oxygen, pH, dissolved nutrients, sestonic weights) were recorded several times daily.
After the pond treatment, the natural refilling from groundwater began immediately. The microheterotrophic (bac-
teria, flagellates, ciliates), phytoplanktonic (Coelastrum microsporum) and zooplanktonic (the rotifers Brachionus
plicatilis and Hexarthra intermedia) communities were first based on opportunist species favored by the initially
large nutritive availability. This close link with the trophic resources induced their rapid elimination, as soon as the
food source was depleted by overconsumption. Due to liming effects, great amounts of degradable organic com-
pounds allowed bacterial communities to develop before phytoplankton. This biological succession was first based
on a catastrophic-type system, successively controlled by bottom-up factors (proliferation) and top-down factors
(species collapse). Then, the colonization was completed with the development of secondary consumers (last stages
of Apocyclops panamensis and chironomids). The progressive complexity of the system ensured the attenuation of
the disturbing events. Finally, due to volume variations of the pond along the recolonization steps, the effects of the
dilution process on bacteria and chlorophyll biomass were studied. In a context of non-limiting nutrient substrata,
the microbial community was able to colonize the new volume within a few hours. Phytoplankton showed a more
complex adaptation to the volume increase, with mixed effects of grazing, sedimentation and diurnal productions.

Introduction

The hierarchical organization of a food 'web is com-
plex, being based on trophic level interrelations and
on controls (top-down or bottom-up factors) of the
various communities. This regulation is expressed
through competition for space and trophic resources,
and through selection of demographic strategies which
allow biotope colonization and species perennity.
Therefore, any ecological analysis implies to integrate
the simple static description of an ecosystem structure
in a dynamic context, including the system history.
Aquatic food web studies can be accomplished
through several non-exclusive approaches. It is pos-
sible to compare ecosystems in order to relate their
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organization levels to the external conditions by which
they are influenced. This analytical approach is often
difficult to achieve and can be biased since differ-
ences can-result from intrinsic organization factors
that are not directly perceptible. Another way is to
manipulate conditions in natural environments or in
controlled mesocosms. These modifications produce
less complex systems, thus permitting a better under-
standing of relationships existing between trophic lev-
els (Keller & Riebesel, 1989; Smith & Hollibaugh,
1989). Howeveér, the organization rules of these sim-
plified environments give only partial information on
natural ecosystems. One can also use the temporary
desynchronization observed during the natural colo-
nization of an initially azoic environment, showing an
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extremely low organization level (Connell & Stayler,
1977; McCormick et al., 1991). This approach is based
on the study of structuration steps, which are character-
ized by a succession of blooming and decaying phases.
These pioneer and poorly diversified communities are
regulated by endogenous factors (corresponding to the
dissemination ability of species) amplifying the effects
of even minimal changes in environmental conditions.
This unicity of system transformation corresponds to
a variability in the specific composition of communi-
ties, in which the various species assuming identical
functions are forming guilds (Adams, 1985). These
unstable phases precede a complexity of food webs,
and a relative biomass stabilization.

In tropical environments, and in favorable troph-
ic conditions, the climate can induce an acceleration
of community successions, particularly during pioneer
stages. In Layo ponds (Ebrié lagoon, Cote d’Ivoire)
used for fish breeding (Hem et al., 1994), several stud-
ies have shown the main steps of the structuration of
a system made azoic by emptying and liming (Legen-
dre et al., 1987; Arfi et al., 1991). From a high ini-
tial nutrient stock, exuberant phytoplanktonic blooms
are followed within a few days by large zooplankton-
ic developments. This general pattern is observed for
each colonization with high variability in abundance
and species composition, as well as in the periodicity
of their development (Bonou, 1990).

Unfortunately, these previous works have neither
described the processes of community changes with
sufficient accuracy nor explained why these phenom-
ena showed such high variability. This was essential-
ly due to (1) a sampling frequency unadapted to the
speed of successions and biochemical processes and
(2) an insufficient number of ecological descriptors.
A sampling strategy overcoming these inadequacies
was designed to enable a better understanding of pond
colonization during a study conducted in April 1990.
The biological consequences of progressive (gradual
filling of the pond from groundwater) or sudden (rain
event) increases in water volume of the pond (therefore
colonizable space) were also analyzed.

Materials and methods

The study was conducted from April 3 (D1) to 26
(D24) 1990 in a pond of the Layo aquaculture station
on the Ebrié lagoon (Cote d’Ivoire; 5 ° N, 5 ° W). The
pond was completely drained off and limed (0.2 kg
CaCO; m~2) on the afternoon of April 2 (DO0). At

the beginning of the survey, the wet surface and the
pond volume were estimated to 425 m* and 20.5 m3,
respectively.

Hydrology

The pond volume (V;, m®) was estimated twice daily
from measurements of the wet surface corresponding
to the water height (H;, m). The evaporation was esti-
mated daily in a flat tank (surface: 1 m?) placed in
the pond and extrapolated (E;, m?) to the wet surface.
Input from precipitation was measured on a daily basis
using a rain gauge placed on a pond bank and extrap-
olated (P;, m3) to the cumulated surface (816 m?) of
the pond and its drainage area. These data were used
to estimate the input from the ground water:

N; = (Vin — Vi) + E; — B
Sampling strategy

The number of samples collected varied according to
the descriptors:

— six values per hour at 10 cm below the surface were
recorded for temperature and dissolved oxygen;

— six samples per day (at 2, 6,10 am and 2, 6, 10 pm)
at 10 cm below the water surface were taken for
conductivity, pH and dissolved nutrients measure-
ments;

— twice daily (at 8 am and 6 pm), the whole water col-
umn was sampled for microbial and phytoplank-
ton analyses (integrated samples using a peristaltic
pump) and the water was filtered through a 63pum
screen at the pump outlet;

~ twice daily (at 10 am and 10 pm), the zooplankton
was sampled (‘Chinese hat’ 63 pm nets, 40 cm
aperture, 5 cm height). Three nets were laid on
the bottom and hauled 15 min later. The 3 sam-
ples were pooled, and buffered formalin (4% final
concentration) was added for preservation;

— once daily (11 am), the sediment was sampled (man-
ual PVC corers, 3.6 cm diameter for meiofauna,
7 cm diameter for macrofauna) and buffered for-
malin was added to the uppermost 5 cm of each
core for preservation. '

The groundwater was sampled every three days using a
piezometer located 40 m north of the pond. The atmo-
spheric water was sampled in the rain gauge reservoir.
Conductivity, pH and nutrient concentrations were
measured on these samples.




Physical, chemical and biological descriptors

Temperature (Thermistor), dissolved oxygen (YSI 58
oxygen-meter), conductivity (Taccussel conductime-
ter) and pH (Methrom pH-meter) data were measured
immediately or within a few hours after sampling.
Dissolved nutrient concentrations (NO,-N, NO;-N,
NHy-N, PO4-P) were measured using an AutoAnal-
yser (Strickland & Parsons, 1972). Proportions of ion-
ized and gaseous forms of ammonia were calculated
from the formula proposed by Aminot & Chaussepied
(1983).

Bacteria direct counts were determined using an
epifluorescence microscopy procedure (Porter & Feig,
1980). Mean bacterial volumes (up to 100 cells) were
calculated from measurements on photographic slides.
The carbon biomass was estimated assuming a conver-
sion factor of 0.12 pg C um™2 for cell size >0.2 pm3
(Nagata & Watanabe, 1990) and 0.20 pg C pm™3 for
cell size <0.2 pm?® (Simon & Azam, 1989). Het-
erotrophic nanoflagellates (glutaraldehyde-preserved
samples) were enumerated on Nuclepore filters (1 pm
pore size) with epifluorescence microscopy after DAPI
staining (Sherr & Sherr, 1987). Mean biovolumes were
also calculated from measurements on photographic
slides and the carbon biomass calculated from a con-
version factor (0.20 pg C pm—3, Borsheim & Brat-
bak, 1987). Glutaraldehyde-preserved ciliates were
enumerated using an inverted microscope (Uterméhl,
1958). Volumes were calculated from the measure-
ments of linear dimensions and converted into carbon
biomass using a factor of 0.12 pg C pm~2 (Turley
etal., 1986).

Identification and enumeration of phytoplankton
cells (Lugol preserved samples) were conducted using
an inverted microscope (Utermahl technique). Chloro-
phyll a concentrations (corrected from phaeopigments)
were determined fluorometrically after size fractiona-
tion (<3 pm, 3-12 pm and 12-63 pm) on Nuclepore
membranes and methanol extraction (Yentsch & Men-
zel, 1963).

Zooplankton organisms were identified to species
and stages on fixed material and counted on total sam-
ples or sub-samples in order to obtain at least 100
individuals per category.

Benthic animals were counted directly (macrofau-
na >1 mm) or after filtration through a 0.04 mm mesh
sieve (meiofauna <1 mm). All meiofauna specimens
were extracted by density separation with colloidal sil-
ica Ludox (De Jonge & Bowman 1977).
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Fig. 1. Daily variations of the pond volume estimated from the
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Fig. 2. Time series of dissolved oxygen of the pond water.

Results
Pond volume and conductivity

Once drained out, cleaned and limed (DO0), the pond
refilling occurred naturally from groundwater. Three
steps were defined (Fig. 1):

— aslow and regular increase of the water level (D1—
D6),

— a volume stabilization (D7-D17), corresponding to
a decrease of groundwater input and an increase
of evaporation rates. At the end of this period, a
decrease of the pond volume was observed, reflect-
ing an evaporation process more important than the
water input;

— a rapid volume increase, after the rain which
occurred during D17-D18 night (180 mm), D21
afternoon (52 mm) and D23 morning (6 mm).

Before the first storm, the pond volume was equal
to 92 m?. It increased to 246 m? after the first rain and
t0 325 m? after the second one. At the end of the study,
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the volume was equal to 335 m>. Between D1 and D17,
conductivity increased from 8.82t0 11.97 mS cm ! as
a consequence of intense evaporation. After the first
storm, conductivity decreased to 5.87 mS cm™!, and
was equal to 7.11 mS cm™! at the end of the survey.

Temperature, pH and dissolved oxygen

These variables showed large diel variations. Daily
temperatures ranged from 26 °C to 34 °C, with min-
ima observed around 6-7 am and maxima around 2—
3 pm. When the sky was cloudy, high values were
under 30 °C. Precipitation induced water cooling (24 ©
C, D17-D18 night). After alkalinization due to lime
spreading, pH values ranged from 7.0 to 8.5. The large
diel variability (minima at 2 am, maxima at 2 pm,
amplitude 1.5 pH unit) was inscribed within an alka-
linization trend. A few hours after liming, dissolved
oxygen values were close to 5 mg 17! in the residual
pool of water (Fig. 2). A 36 h anoxia period began 2
days after liming; afterwards, oxygen concentrations
showed obvious diel variations. The lowest values
(often close to 0) were observed early in the morn-
ing (around 6 am), the highest in the afternoon (around
4 pm). Two sequences (D5-D7 and D19-D21) with
high oxygen maxima (>16 mg 17!) and minima (4—
6 mg 171 framed a period (D8-D18) characterized by
low values close to O and high values never greater
than 12mg1~!.

Nutrients

Ammonia was the dominant form of dissolved min-
eral nitrogen (Fig. 3a). From D1 to D4, concentra-
tions increased rapidly and peaked at 412 uM 171
This increase corresponded to an eventual recovery
of ammonification processes and to the input of sedi-
ment pore water under groundwater pressure. This step
was followed by a decrease in concentrations, leading
to a temporary depletion on D6. Until the end of the
survey, ammeonia values fluctuated with a marked diel
rhythm and minimal values were noted in the late after-
noons. Owing to the large amplitude of temperature
and pH values and to their diel fluctuations, proportion
of ammonia under ionized and gaseous forms showed
large variations. At the beginning of the study, the high
increase in pH due to liming induced the change from
the ionized (NH4-N) to the gaseous (NH3-N) form of
most of the ammonia present in the pond water. Accu-
mulation of the ionized form began actually 36 hours
after lime spreading, when less alkaline pH conditions

occurred. Afterwards, NH3-N and NH4-N concentra-
tions showed an opposite diel rhythm. However, NHs-
N values increased with the progressive alkalinization
of the pond water. At the end of the study, the NH;
-N diurnal concentrations represented 20 to 40% of the
total ammonia between 6 am and 10 am, and 60 to 80%
between 2 pm and 6 pm.

Between D1 and D17, oxidized forms of nitro-
gen showed low concentrations (nitrate and nitrite
levels under 2 M I7! and 0.3 uM 1~! respectively,
Fig. 3b). After the first storm, rain water character-
ized by high nitrate concentrations (Table 1) induced
a sharp increase of that compound in the pond water.
Highest values for nitrate (20.1 upM 17!) and nitrite
(2.2 uM I~1) were immediately observed after the first
rain. They were followed by a gradual decrease up to
D24. Orthophosphate concentrations never exceeded
2.2 uM I, in accordance with the low PO,4-P load
of the input waters (Table 1). After a short sequence
of high values following the lime spreading (up to
1.3 uM 171), PO4-P concentrations remained close to
0.1 uM 17! until D8; then, they significantly increased
(2.2 pM 171 from D9. Afterwards, diel variations
were observed (Fig. 3¢), with nocturnal maxima 3 to
4 times higher than diurnal minima. From D18, these
diel fluctuations were attenuated with a sharp decrease
of maximum values, and the concentrations remained
close to 0.5 uM 171 ‘

Considering the nutrient concentrations in ground-
water and rainwater (Table 1), it appeared that ammo-
nia entered the pond mainly from groundwater, and
nitrate from precipitations, directly (the rain) and
indirectly (from groundwater). Ortho-phosphates, not
abundant in the water inputs, had a sedimentary ori-
gin. Their availability corresponded to the desorption
of forms adsorbed on clay due to the chemical con-
ditions induced by the pond treatment (emptying and
liming), and to the mineralization of organic detritus,
once favorable conditions to catabolic activities were
reached. Nutrient concentrations in the pond depend-
ed therefore on the equilibrium between the various
inputs and the biological immobilization.

Bacterioplankton

Twenty four hours after lime spreading, the bacterial
biomass was low in the pond water (0.03 ug C mI~!,
D1). Cell densities were low (0.6x 10° cell mI~'),
but the bacteria showed large biovolumes (average:
0.417 pm3). Then, bacterial abundances increased,
reaching a maximum of 42.5 x 10° cell mI~! (D4). The
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Table 1. Chemical characteristics (conductivity and nutrients) of ground and rain water

during the study.
\
Conductivity  NO;-N NO3-N NH4-N POy4-P
(mS cm™1) @eMI=h @M1 @MIT eMI1Th
groundwater
Dl to D17 9.86 0.6 0.2 294 0.7
D18 to D20 5.05 0.9 2.5 177 15
D21 to D24 4.73 179 46.8 116 0.8
rainwater
DI17-DI18 0.15 1.1 18.1 38.4 1.2
D20 0.05 0.2 2.6 9.7 0.3
D23 0.04 03 10.9 8.8 0.2

highest biomass (1.25 pg C ml~") was observed on D3
(Fig. 4). During this sequence, the percentage of fixed
bacteria increased in number (D1: 28%, D4: 50%) as
well as in biomass (respectively 32% and 41%). This
development was followed by a sharp decrease of den-
sities (11.3x 10° cell mI~!, D5 morning), inducing
a lower biomass (0.33ug C ml™!). Afterwards, the
average biovolumes and abundances remained stable
without obvious diel cycle (biomass ranging from 0.15
to 0.50 ug C ml~!).

Protozoa

Heterotrophic nanoflagellates (average cell biovol-
ume: 2.2 pm?®) first appeared on D2, and peaked
on D3 (0.13 pg C ml™!, Fig. 4). Their biomass
decreased sharply from D6, and remained low and
steady until D13. A second development characterized
by a high variability was then observed with a maxi-
mum biomass close to 0.06 g C ml~!. Ciliates (essen-
tially non-loricate oligotrichs from the genera Strom-
bidium and Strombilidium) appeared on D3 (Fig. 4) and
showed a maximum biomass on D7 (0.86 ug C ml~?).
This blooming sequence was followed by a decay, the
abundances remaining very low after D16.

Phytoplankton

Two algal blooms were observed, the first between D4
and D7 and the second beginning on D16 (Fig. 5). The
first was dominated by a colonial chlorophyte (Coelas-
trum microsporum), accompanied by cyanobacteria
(Chroococcus dispersus, Romeria gracilis and Syne-
chocystis sp.) and by other chlorophytes (Chlamy-

domonas sp., Chlorella sp.). During the second devel-
opment, Coenocystis reniformis, an other colonial
chlorophyte was the first to bloom (D16-D17), fol-
lowed after the first storm by C. microsporum (D19—
D24). Several species of the genus Scenedesmus
(S. sooi, S. falcatus, S. opoliensis, S. arcuatus and
S. smithii) accompanied the colonial chlorophytes.
Between these two major blooms, a diatom (Chaeto-
ceros whigami) was the dominant species, associated
with cyanobacteria (Oscillatoria sp., Synecocystis sp.)
and cryptophytes (Cryptomonas sp., Cyanomonas sp.).

Variations of the chlorophyll biomass closely fol-
lowed those of the total algal biovolume. A signif-
icant increase corresponding to the first algal bloom
was observed from D3 (Fig. 5) and culminated on
D5 (788 pg 171). Picoplanktonic cells (<3 um main-
ly cyanobacteria) formed 21% of the total biomass,
while larger algae (3—12 pm, mainly C. microspo-
rum) accounted for 51% of the total. A rapid decay
of chlorophyll biomass (34 pg 1=! on D9) followed
this exponential bloom. Afterwards, the values fluctu-
ated around 80 ug 17!, with cells of size comprised
between 12 and 63 pm representing the main part
(63%) of the biomass. During the second peak on D17
(384 pg 171), the largest part of that biomass corre-
sponded to 3-12 pm cells (size range of C. microspo-
rum and C. reniformis cells) while picoplankton con-
tributed only 9% of the total standing crop. During the
storm sequence (D18-D21), concentrations remained
high (average: 167 ug 171). From this step, a marked
diel cycle appeared, essentially based on cells >12 yum
(Scenedesmus sp.).

"
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Fig. 4. Daily variations in bacterial biomass (a) and heterotrophic flagellates and ciliates biomasses (b).

Zooplankton

Very little zooplankton (<1 ind. 17!) was sampled in
the pond before D5, and significant abundances were
only observed after the first algal bloom. From D6, 3
species appeared, each of them showing an exponential
development (Fig. 6):

— the rotifer Brachionus plicatilis peaked on DS§
(59000 ind. 171).

— the rotifer Hexarthra intermedia appeared when
B. plicatilis showed maximal densities and peaked
on D13 (35000 ind. 171).

— the copepod (Apocyclops panamensis) showed sig-
nificant development from D7 and the total densi-
ty (nauplii, copepodites and adults) increased pro-
gressively, reaching a maximum on D16 (5800 ind.
1.

While the abundance of the two rotifer species
decreased rapidly (at about the same rate at which they
grew), the copepod population maintained high den-
sities until the end of the study. No diel variations of
densities were observed for these three species proba-
bly because the sampling strategy (integrated sampling
of the whole water column) avoided vertical migration
effects.
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Benthos

Meiofauna organisms (nematodes, harpacticoid cope-
pods, ostracods) appeared simultaneously, but were
noticeably abundant from D7 (170 ind. 10 cm™?).
After, the standing crop ranged from 250 to 650 ind.
10 cm™2, The macrofauna was mainly represented by
a gastropod (Nemalia sp.), always observed with num-
bers ranging from 7 to 27 ind. 10 cm ™2, Chironomid
larvae were observed from D4 in the water column and
at the water-sediment interface. Their maximum den-

sities were observed on D17 in the water (11 ind. I=1)
and on D20 in the sediment (3 ind. 10 cm™2).
Discussion

Effects of liming

Liming is commonly practiced in aquaculture, in order

to accelerate organic matter decomposition in the sed-
iments, to precipitate dissolved organic matter present
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in the water column and to sterilize the ecosystem
(Delincé, 1992). Effects of liming are numerous on
water chemistry and on sediment pH and redox poten-
tial. Alkalinization induces a massive input of mineral
CO; and a chemical hydrolysis of the organic materi-
al in the water and in the superficial sediment (Arce
& Boyd, 1975; Hunt & Boyd, 1981). During refill-
ing by groundwater, the dissolved compounds present
in pore water entered into the pond (piston effect).
The pond, almost azoic, was then characterized by
high concentrations of ammonia and of labile organic
compounds. Then, the colonization process began in a

particular context due to liming consequences: turbid

and basic water rich in nutrients and dissolved organic
compounds.

Ecological successions

The initial conditions described above and particularly
the presence of easily degradable organic compounds
were favorable for the development of a trophic system
based on heterotrophy. Then, contrary to common suc-
cession patterns, the bacterial development preceeded
the algal bloom, which usually provides available sub-
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strates for bacteria (like exudates, Riemann & Sonder-
gaard, 1984). This bacterial development was based on
large cells, probably issued from the precedent commu-
nity and which disappeared rapidly by sedimentation
and/or lysis. Smaller cells produced a bacterial bloom
culminating on D3. The lack of qualitative data did not
allowed us to demonstrate an eventual link between
these two communities which were only separated
from morphological criteria (cell size). The activity
of the heterotrophic communities induced a high oxy-
gen demand, neither compensated by diffusion at the
air-water interface nor by an autotrophic activity, non-
existent at this time. This situation induced the tem-
porary anoxia observed during a 36 h period (D2-D3)
in the pond water. Decrease in bacterial density may
have resulted from the concurrent development of het-
erotrophic nanoflagellates, which are known to be able
to control the bacterial biomass in several freshwater
ecosystems (Sanders et al., 1989).

Due to liming effects, favorable conditions for phy-
toplankton (ammonia, pH decrease and light penetra-
tion) occurred after bacterial development. A phy-
toplanktonic community dominated by Coelastrum
microsporum, a colonial chlorophyte, showed an expo-
nential development from D3. Other algae (cyanobac-
teria, cryptophytes and other chlorophytes species)
were non colonial small cells. This algal bloom rapid-
ly reconstituted the oxygen stock and produced diurnal
oxygen over-saturations. It was also probably respon-
sible for the sharp decrease in ammonia concentration.
During the bloom period, low values of orthophos-
phates were found in the pond water while high values
were noted in superficial sediment. This phenomenon
suggested a diffusive flux of PO4-P from the sediment
toward the pond water, directly controlled by the bio-
logical demand. The decrease of the algal biomass lim-
ited the diurnal oxygen over-saturation and the oxygen
stock was then more limited at the end of the pho-
tosynthesis period, inducing again nocturnal anoxia.
During this decaying phase, the major regulation of
the autotrophic biomass was carried out through graz-
ing by upper trophic levels. Most of the control of these
organisms was probably conducted through grazing by
ciliates, able to ingest small seston particles (Beaver
& Crisman, 1989; Sherr et al., 1991) and later by the
rotifer Brachionus plicatilis, able to eat particles with-
in a large size range (Pourriot, 1977). The desynchro-
nization existing between the maximum densities of
flagellates, ciliates and rotifers (B. plicatilis) suggest-
ed that the heterotrophic flagellates were controlled
through predation. This possible regulation by ciliates

corroborates the previous works of Bernard & Raz-
zoulzadegan (1990), suggesting that oligotrich ciliates
of the genera Strombidium are able to eat prey of sizes
close to 2 um. The decreasing biomass of picophyto-
plankton and flagellates induced the progressive disap-
pearance of ciliates. The decrease of Brachionus densi-
ties probably had a similar origin (bottom-up control).
But for this species, the initial trophic-based control
induced an autoregulation by the modification of their
reproductive process. This led to a large decrease in
their fecundity, since the parthenogenetic mode was
replaced by a sexual reproduction mechanism, which
was characterized by production of resting eggs with
time differed hatching.

From D8 to D11, the environmental conditions
were characterized by a trend to PO4-P accumula-
tion in water, a partial reconstitution of the ammo-
nia standing stock and by significantly lower oxy-
gen maxima. The phytoplanktonic biomass was very
low and still dominated by chlorophytes (clear-water
phase). The zooplankton community was based on two
species at the beginning of their growth sequence, the
rotifer Hexarthra intermedia and the copepod Apocy-
clops panamensis. The biomass increase of H. inter-
media was lower than that of B. plicatilis. This lower
development may have resulted from a slower intrinsic
growthrate but also from significant densities of poten-
tial predators (adults of Apocyclops, chironomid lar-
vae) and/or from the relatively low trophic resources.
Indeed, when H. intermedia reached its maximum
biomass, the microheterotrophic organisms showed a
low abundance and the phytoplankton was essentially
represented by the nanoplanktonic diatom Chaetoceros
whigami. :

The adults and last copepodite stages of A. pana-
mensis were present in the pond at the beginning of the
study, and this phenomenon could be explained by the
release of dormancy of the last copepodite stages (C4—
C5) or by a simple recruitment of individuals which had
resisted the liming. However, the population increased
significantly only from D9. This development was
probably permitted by the first rotifer bloom which
provided prey for adults and stages C4—CS5, known to
be carnivorous (their direct ingestion of B. plicatilis
was verified experimentally in this study). High fecun-
dity rates were then observed and were enhanced dur-
ing the bloom of H. intermedia. The biomass increase
of Apocyclops was slower than that of rotifers, which
could be explained by its slower intrinsic growth rate.

The second algal bloom based essentially on
C. reniformis began on D16, simultaneously with the




decrease of rotifera biomass and could then be related
to the decrease in grazing pressure.

The first storm caused a doubling of the pond vol-
ume along with changes in physical and chemical
water characteristics (decrease of conductivity, nitro-
gen nutrient input, in particular nitrate). These new
conditions induced another proliferation of Coelastrum
microsporum, and the development of several species
of Scenedesmus. This phenomenon can be defined as
new space utilization by organisms from an already
structurated ecosystem. It was characterized by the
development of other species, substituted or added
to those already present in the pond. The relatively
slow growth rates of these species excluded bloom-
like sequences of development comparable to those
observed during the pioneer phase. Moreover, pre-
dation by carnivorous organisms (copepods and chi-
ronomids) allowed diversification of the food web in
the pond. This stabilization and diversification of the
heterotrophic communities contrasted sharply with the
persistence of a non-diversified autotrophic commu-
nity, featuring large fluctuations until the end of the
study.

In conclusion, the colonization appeared as rapid-
ly completed within 3 weeks. This may be related to
the vicinity of other ponds featuring different steps
of ecological maturity and which may have constitut-
ed a reservoir for all species. The timing in biologi-
cal group developments would then only depend on
(1) their intrinsic growth ability, (2) favorable phys-
ical and chemical conditions and (3) the availabili-
ty of appropriate trophic resources. This colonization
scheme, which requires the necessary transformation
of the environment by a community previously estab-
lished, agrees with the concepts developed by Clément
(1916) and recently discussed by Mc Cormick et al.
(1991). For these authors, communities are predom-
inant over populations in succession dynamics, and
particularly in the case of colonization of virgin and
non-isolated environments. Moreover, the large diel
variations observed in the pond for some hydrolog-
ical (like oxygen, Fig. 3) and biological descriptors
seemed unlikely to influence significantly the nature
and the thythm of successions. Each proliferation stage
was thus consecutive to drastic environmental changes
(physical, chemical as well as trophic factors). Once
these random disturbing events were ‘integrated by a
system very sensitive to the initial conditions, a log-
ical and determinist succession of ‘events could take
place and develop until a new perturbation. After, the
progressive complexity of the system will attenuate
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the sensitivity to random perturbing processes, ensur-
ing some resilience to the ecosystem (Frontier, 1977;
Frontier & Pichod-Viale, 1990).

Adaptation to volume variations

When no major water input was noted, organism
densities per volume unit were mainly controlled by
production, predation and sedimentation. A water
input induced a dilution and a decrease of abundances
expressed per volume unit. According to the volume
increase (difference between V., and V;) observed
between two consecutive samples at £ and #+1, it was
possible to calculate the theoretical density S at #+1
from the hypothesis of a stock conservation between
St and S;y;. From comparisons between this theo-
retical density (S; X V:/Vi41) and the observed values
(S¢41), it is possible to conclude that there was:

— adilution in the case of equality,

— a stimulation of production in the case of a positive
gap,

— a disappearance (lysis, predation, sedimentation)
greater than the production in the case of a negative

£ap.

The time series of the difference D between theo-
retical and observed bacterial and phytoplankton den-
sities are represented in Fig. 7. These two groups were
chosen because they are characterized by high growth
rates, allowing significant variations of abundance to
occur within the sampling interval. In order to com-
pare the two time series, the series were centered and
reduced. The D-index for bacteria showed large varia-
tions at the beginning of the proliferation phase (D1-
D3), with a nocturnal production exceeding the losses
and an equilibrated diurnal production. These varia-
tions were linked to the fluctuations of climatic condi-
tions enforced by a very low water level. Afterwards,
the presence of predators (flagellates, then ciliates)
might explain the drastic decrease of bacterial densi-
ties. From that step followed a sequence characterized
by bacterial communities showing productions rough-
ly equivalent to losses. The sudden variation of pond
volume due to rainfall was compensated immediately
by new production with a delay close to 12 h. The D-
index for the chlorophyll biomass showed diel succes-
sions characterized by diurnal increases and nocturnal
losses. Between D4 and D5, the productions observed
during the diurnal phases were higher than the losses
due to the combined effects of sedimentation and graz-
ing by protozoans. During the concomitant nocturnal
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Fig. 7. Time series of the D-index for bacterial and chlorophyll biomasses.

phases, the increase in biomass compensated approx-
imately the loss. This process was observed neither
from D6, with the sudden diurnal decrease of miner-
al nitrogen concentrations linked to the algal uptake,
nor afterwards, due to the successive developments of
flagellates, ciliates and rotifers (B. plicatilis). Thus, the
index variations reflected the phytoplanktonic biomass
stabilization on a 24 h scale, and diurnal algal produc-
tions compensated the daily losses due to sedimen-
tation and grazing. During the second algal bloom,
diurnal as well as nocturnal productions exceeded the
losses. This algal proliferation was suddenly stopped

by the first storm, which induced a drastic change of
chemical (nutrients, pH and conductivity) and phys-~
ical (light attenuation due to turbidity) conditions in
the pond. On the contrary to bacterial communities,
phytoplankton did not compensated immediately the
volume increase (therefore colonization space) by new
production. The fit of chlorophyll biomass was then
completed through alternations of exceeding diurnal
productions and nocturnal losses. These losses would
result from decreasing photosynthetic activities and/or
from increasing grazing activities.




Conclusion

During a recolonization sequence in a tropical pond
and due to the initial conditions (great amount of
easily degradable organic compounds) following the
liming process, heterotrophic communities (bacteria)
developed before the phytoplanktonic bloom. Devel-
opment of heterotrophic and autotrophic communities
was first carried out by growth of organisms in non-
limited nutrient conditions. This close link with the
resource induced a rapid elimination of the opportunist
species as soon as the nutrients were depleted owing
to their overconsumption. This biological succession
was based on a catastrophic-type system, successively
controlled by ‘bottom-up’ factors during proliferation
phase and ‘top-down’ factors during species collapse.
Therefore, any water input inducing a new supply of
nutrients could give the opportunity to other species
to develop and could produce a stimulation of produc-
tion. Besides this quantitative aspect, the selection of
the colonizing species was established in accordance
with their nutrient requirement and tolerance. The sys-
tem transformation was completed with the develop-
ment of consumers controlled through a predator-prey
equilibrium. The development of these organisms was
more or less independent of environmental conditions,
and the success of their installation was directly related
to the existence of a nutritive resource. Their prolifera-
tion was thus only possible within a narrow ecological
window, characterized by the temporal concordance of
abundantly available food and the lack of control by
predators. The opening of such a window was partic-
ularly limited in time because these organisms have
high metabolic rates and high food requirements.
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