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Abstract

The reservoir where the studies were carried ot evaginated by modification of an ol
oxbow lake of the Vistula RiverThe most important sources of inflowing waters iagustrial
waters from “Putawy Fertilizer Factory”. The highevariability of concentration, was NHN
and also C] Ny, and P@>. Some significant correlations between chemicapprties of water
and algae (especially green algae and diatoms) Vewed, which suggested that this
phytoplankton was mainly responsible for the biadmnical cycles in the shallow, strongly
polluted reservoir. Another interesting phenomenaas the statistically positive correlation
between the density of cyanobacteria and potassiinich suggested that it may play an
important role in their abundance.

INTRODUCTION

Major efforts have been made to understand therdigsaof ecosystems by
focusing on the chemical nature of organisms wetipect to their environment
and on the quantitative role of organisms in thgomaycles of chemical
elements. Both topics have become an important goakological research
(Cole 1983). The nutrients, as the abiotic pare@dsystems, can enter, leave,
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and re-enter living systems repeatedly. Nutriemi$ @inerals are continually
recycled through biotic communities.

Autochthonous processes are significant in the esyabf nutrients in
"closed" freshwater ecosystened lakes). However, allochthonous nutrients
play a more important role in reservoirs. Industn@aters, containing
pollutants, can accelerate an increase in nutkeeds in reservoirs, and in this
way modify their environments. In this case theylagge a pool of
macroelements, which are included into biogeochaimigcles. Autotrophic
microorganisms, manufacturing macroelements inrtbain cells, introduce
them into bio-cycles. Because planktonic algaechiaracterised by short life
cycles, their dynamic growth respond quickly to s in environment. They
could be specific indicators of environmental cleang

Particular groups of algae can respond differentty the same
environmental factors, however each population shdw own response to
change. This is the reason why the structure ofqutgnkton, its density and
contribution of particular species in relation tdal biomass is variable. Every
trophic system is characterized by specific sedschange. The seasonal
succession of phytoplankton, especially in lakegontrolled by a combination
of physical, chemical, and biological variables rfaeret al. 1986). Reynolds
(1984) defined three categories of agents affectthg dynamics of
phytoplankton: (a) the autogenic succession dubd@daptation and response
of species to highly stable physical conditionstlod environment (thermal
stratification), the depletion of nutrients, ané thteraction between organisms
(i.e. the feeding), (b) the allogenic direction,emh changes in biocenosis are
induced by permanent changes in the water colunentduexternal physical
disturbancesi. accidental water mixing, floods, storms), (c) ttesersion
(return) as a result of transient disturbances ed®ed by the return of the
system to its initial condition.

The investigations were carried out in a small masie that is permanently
supplied with an industrial effluent containing ptdnts. In contrast to large
reservoirs, wide variability and unpredictabilithazacterize smaller ones. The
aim of this study was to determine the relationglgpween the development of
planktonic algae and the chemical composition @iafpemical cycle) of a
shallow, polluted reservoir.

Study area

The reservoir we investigated is located in sougtera Poland, Europe
(21°54’E, 51°28'N, near the town of Pulawy). Thesersoir is an industrial
water collector of the Fertilizer Factory and wasiied in the late 1960s from
an ox-bow lake of the Vistula River by its techhicaodification. The
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maximum area amounts to about 28 ha but changesndieyy on the water
level. The mean depth averages 1 m and the capaeibout 279 x 10m’. The
waters inflowing to the reservoir have differenigors. There are natural
ground water inflows, influxes from neighbouring-loaw lakes of the Vistula
River, industrial water discharged from biologicahd chemical sewage
treatment plants of the “Pulawy Fertilizer Factoryieated water from a
thermoelectric power station, cooling water withigh concentration of salts,
leachates from an ash and slag disposal site, andcipal sewages of the town
of Putawy. All water sources are introduced inte thannel where they are
mixed, and then they flow into the reservoir (Fig. The nearest point of
sewage discharge is situated about 1 km from therveir.

POLAND

Warsaw (Warszawa)

Putawy

A - investigated reservoir

B - chemical sewage treatment plant

C - channel leaded industrial waters

D - ash and slag disposal site

E - preliminary sedimentation reservoir
F - Pulawy Fertilizer Factory

Fig. 1. Localization of the investigated reservoir.
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MATERIAL AND METHODS

Samples for analyses were collected from the serfayer of water at four
sites on the reservoir (Fig. 2). Samples werertakery month from February
to April, from October to December 2000, and in iRO01. Two sampling
sites (1, 3) were located where the reservoir wagnsant and the other two sites
(2, 4) in zones of fast water flow (inflow to regeir and outflow to the Vistula
River).

Samples for quantitative analyses of algae wersepved with Lugol’'s and
concentrated by sedimentation (Starmach 1955).oBleytkton density was
calculated according to Lurgt al (1958). Non-fixing samples for taxonomic
analyses were taken, too.

The chemical analysis of water was according tontégowicz et al.
(1999). Flame photometry was used to determifieN&’, Ca™ and the AAS
method for Md". A colorimetric method was used for soluble ,2@blue
molybdate - phosphate complex). NHN was analysed according to the
method by Nessler and NEN as a colour compound with phenyldisulphonic
acid. Chloride anions were determined by the aogeetric method (titration
with AgNQs). Total nitrogen was given as a sum of Kjeldahtagien forms
plus NG-N.

The program Statistica 5.0 was used to determiree dbrrelation
coefficients and ARSTAT (Agricultural University ibublin) for multifactor
variance analysis.

Ple

Fig. 2. Sampling points P1-P4.
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Table 1
Some chemical properties of water.
o . Average
Parameter Minimum Maximum (;() SD V*
pH 6.9 8.1 7.5 - -
Conductivity | 55 1245 700 348 0.50
[uS/cm]
[mg I]
Na' 41.4 108.2 77.0 20.0 0.26
K* 6.0 13.9 8.7 2.6 0.29
ca” 57.1 122.2 78.2 19.2 0.25
Mg*™* 3.2 15.6 10.9 3.8 0.35
NH,"-N 0.06 5.2 0.8 1.3 1.56
NOs-N 1.5 9.0 3.8 1.6 0.41
Niot. 2.8 29.5 13.1 7.0 0.67
PO,* 0.09 1.9 0.6 0.4 0.53
Cr 80.0 212.0 171.8 50.5 0.71
SD

*V — coefficient of variation; V=—

X

RESULTS

Water chemistry

Chemical element concentrations, pH and EC varigihd the sampling
period (Table 1). The highest concentrations wesg BI, and C&". Sodium
and calcium, on the contrary were the most stablesttuents among the
chemical elements (see the coefficients of vamaitioTable 1). Water with salts
concentrated by evaporation from the cooling towees mixed with other
industrial waters and introduced without purifioatito the reservoir. Other
sources of Naand C&" were leachates from an ash and slag disposalTsite.
highest change of concentration, although in aomamange of values, was
NH,"-N, and subsequently for CINy, and PQ3 All the investigated
parameters showed statistically significant diffees and only sodium was
different between sampling sites of the reserviible 2).
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Table 2

Variance analysis - statistical significant differences of water parameters.
Parameter Factor Fo P(F>Fo) P
pH term 3.793 0.0128 *
EC term 373.621 0.0000 **
Na’ term 908.400 0.0000 *x
Na' point 3.600 0.0338 *
K* term 186.729 0.0000 i
ca’ term 984.195 0.0000 *x
Mg"™ term 243.382 0.0000 *x
NH,"-N term 22.146 0.0000 *x
NO;-N term 6.872 0.0006 *x
Niot, term 32.253 0.0000 *x
PO,° term 44.668 0.0000 *k
Cr term 150.680 0.0000 *x

Algal analysis

Diatoms (especially centrics) and green algahldrococcaley were the
most abundant phytoplankton during autumn in thele/lveservoir. At sites
where the water was stagnant, there were also muwseruglenophytes and
cyanobacteria. During spring, the most abundantgptgnkton at sites 1, 3, and
4 was diatoms. They were small centrics diatomadias single cells or joined
in chains. However, at site 2 the most numeroustoptgnkters were
euglenophytes. Among centrics specie8. ambigua, A, subarctica,
A. granulata, Cyclotella meneghiniana, C. atomusradiosa, Stephanodiscus
binderanus, S. hantzschii, S. minutulus, Thallasiosf. guillardii , were noted
very often.

Green algae were representede.g Actinastrum  hantzschii,
Dictyosphaerium pulchellupMicractinium pusillum, Pediastrum biradiatum,
P. boryanum, P. duplex, Scenedesnacsiminatus,S. cf intermedius (=
Desmodesmus intermedjus. opoliensig= Desmodesmus opoliensig&\mong
euglenophytes the most abundant wénaglena acus, E. desés intermedia,
E. geniculataand among cyanobacteri@scillatoria tenuis, Woronichinia
compactgfull list of algal species is in appendix).

Most of the recognized algal species were recor@dsd common,
cosmopolitan, and present in eutrophic, polluted larackish waters. Some of
them were characteristic of water rich in orgaratiytants.
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Table 3

Significant coefficients of correlation between algae density and water
parameters.

Parametef Total algae density Density of diatoms Densitgden-algae
Correlation Level of Correlation| Level of | Correlation| Level of
coefficients| significance | coefficients| significance| coefficients| significance

pH 0.751 0.032 0.754 0.031 0.712 0.048

EC 0.883 0.004 0.839 0.009 0.808 0.015

Na’ 0.890 0.003 0.848 0.008 0.836 0.010

ca” 0.899 0.002 0.907 0.002 0.861 0.006

Niot. 0.918 0.001 0.904 0.002 0.864 0.006

PO, 0.791 0.019 - - 0.737 0.037

Cr -0.926 0.001 -0.935 0.001 -0.905 0.002

Density of cyanoprokaryotes
K" | 0.809 | 0.015

The phytoplankton density did not show statisticalgnificant differences
between sampling sites, (38.017; P(F>p=0.0086), which meant that
differences in chemical parameters between samgliteg did not influence
the development of algae.

The total density of phytoplankton showed strorgnigicant correlations
with some water parameters. Most statistical catiehs were positive and only
chloride had a negative correlation (Table 3). Cthly density of diatoms and
green algae was strongly correlated with a majaritythe physico-chemical
parameters. The density of diatoms showed positimeelations with pH,
conductivity, N&, Ca™, total nitrogen but a negative correlation with. Chey
did not show correlations with B® The density of green-algae showed
positive correlations with pH, conductivity, NeCa™, total nitrogen, P’ and
a negative correlation with Cl

Cyanobacteria had a significant positive corretatigith K™ (Fig. 3).
Euglenophytes did not show significant correlationgh the investigatea

parameters.

DISCUSSION

The large variability of the measured chemical peters was due to the
heterogeneity of industrial water and the numbermpoliutant sources. The
domination of N4 CI, and C&" was a reflection of the industrial effluents from
the “Putawy Fertilizer Factory”. In spite of then=tant loading of particular
chemical constituents, their variable concentraiower time suggested that
discharges of contaminants were dynamic and canédbdifferent portions to
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Fig. 3. Correlation between density of cyanobacteria and K concentration.

the water inflow. Thus, the reservoir was very dyita and an unstable
environment for living organisms. Additionally, theéme of total water

exchange was very short (from hours to days) whiah have unexpected
effects on phytoplankton.

Thus, the reservoir is very homogenous in respechemical composition
of water but simultaneously strongly diversifiedtive time. It testifies to very
good mixing of water within the precincts of objecid rapid water exchange.

Biochemical cycles of particular nutrients are ceeted with each other
because biomass of all organisms is composed ofdh®e components. The
fundamental composition of organisms is the atoratm C:N:P=106:16:1. In
lakes polluted by sewage the optimal ratio of NsRariable and ranges from
17:1 to 10:1, but when the ratio of N:P is <10 &7hen N or P are limiting,
respectively (Wojciechowski 1987). Permanent inflok phosphorus and
nitrogen from the outside of the reservoir meardt thoth nutrients were
available throughout the year. Absorption of nutitseby planktonic algae was
possible during the entire growth period.

A strong positive correlation between the densityalgae and phosphate
suggested that P might be the factor which limited growth of algae
especially theChlorococcalegthe greens showed a strong positive correla in
with phosphate). This relationship demonstratese®ential role of planktoni
assemblages, especialBhlorococcalesin the cycling of phosphorus in tr
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small and high polluted reservoir. The numerousgmees of some species of
green algaee.g Desmodesmus opoliensigere correlated with the availability
of nutrients. It has been reported that polymomphi$ Desmodesmugormerly
Scenedesmysgn freshwater ecosystems might be coincident with cess
environmental changes (Trainor 1998). Some spemiesable to produce a
“succession” of phenotypes or morpliBesmodesmusan form morphs with
colonies with long spines and multiple bristlesed@nce of spines and bristles
may indicate an increase in nutrient uptake (Traid®93). The rate of
phosphate uptake by living organisms is rapid,h&dycling of phosphorus is
rapid as well. The complete cycle of P in lakesgeenfrom 5 to 10 days, in
ponds from 2.5 to 10.5 days, and in the epilimrmobtakes only a few minutes
(Wojciechowski 1987). Cells of algae very easilgddP (Lean and Nalewajko
1976). Ten minutes after the death of algal céfis,inorganic phosphorus is
released. After 30 minutes 12% is released, arat 2% hours 50-60% of the
total phosphorus is transformed into phosphatesgi@l 1999). However,
phosphates are consumed by living organisms veigkigu Replacement can
occur in 10 minutes. The bio-circulation of phospi®is the fastest of the
chemical elements. The fast cycle of phosphorus regponsible for the
numerous presence of minute species, which bemhyg strategists.

Because the reservoir we studied is shallow, tloetecyf phosphorus was
different than in stratified reservoirs. Weak sdlitypof orthophosphates in the
warm, oxygenated epilimnion of deep reservoirs eauke settling into the
hypolimnion and eventually in the sediments, whienmight be absorbed by
clay minerals or precipitate as insoluble compoundsiron, calcium and
aluminium. Re-entry of phosphorus from the sedimeist rather slow and
release from the iron compounds is possible onljeuranaerobic conditions,
which occur at the bottom of many reservoirs. PBhages can return to the
upper layers during the spring and autumn overtrrduring floods. In
polymictic reservoirs phosphate might return frdme tsediment to the water
column more often, but at the same time, everyutition causes oxygenation
of surface sediment layers and stops the releasavaiflable forms of
phosphorus. In the reservoir we investigated theae a permanent influx of
phosphates, which was constantly available forkeptyy algae. We don’t know
if phosphorus which originates outside the shall@servoir plays a more
important role for the planktonic assemblages flamsphorus “returning” from
the sediments. Maybe yes because it is presentaithble during the whole
year, however this problem needs more careful etudihe differences in the P
cycle in the investigated reservoir and deeperrvege might be connected
with the lower release from the sediments. Many a@lg especially
cyanobacteria, are able to undergo "luxury consiompiof phosphorus during
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periods when its concentration is disproportionadl digh in comparison to
other nutrients, culminating in P accumulating aseserve in the cells, and
using P during periods of deficits but here thadaitsfdo not exist.

A large portion of phosphorus retention is takerchlcium ions if they are
co-precipitated with phosphate chemically stablasoiuble compounds,
hydroxyapatites, in sediments. Also precipitatidrcalcium carbonate, within
biological decalcification of water, is able to demse the concentration of
phosphates during the co-precipitation process dKeiet al. 1983, Koschel
1997). Calcium can also stimulate the developmémtigae. In alkaline water
with a high concentration of Cathe cyanobacteria have optimal conditions for
growth. There were no statistically significant retations between
cyanobacteria and calcium concentration in thervese However, such a
relationship was observed between calcium condinsaand the density of
diatoms and green algae. The ecological role dfiwal in the regulation of
species composition and their abundance is ratdlatively minor or it is
unclear (Reynolds 1984).

Nitrate is an important growth stimulating nutridat algae. Algae (other
than cyanobacteria) are not able to fix atmospherimgen, and have a
preference for the uptake of nitrate-nitrogen jteitnitrogen or ammonium ions.
The largest demand for fixed nitrogen was demotedrdy the green-algae,
followed by cyanobacteria and it was lowest fortahas. In alkaline water
ammonium-nitrogen is taken up rapidly by algae endcid water it is nitrate-
nitrogen. Many algaee(g green algae) can also use urea, as the source of
nitrogen.

The seasonal variability of nitrogen availability aquatic ecosystems is
very closely connected with seasonal growth of pbignkton. In the temperate
zone, seas and freshwater reservoirs, the contientraf nitrates decreases
after the spring bloom. In summer, the planktoa igtle smaller, which results
in a renewal of nitrogen reserves and utilizedrlaiering the autumn diatom
bloom. In winter, when phytoplankton is very loviaetreserves of dissolved
nitrate increase. During the spring overturn, ttaains will take advantage of
the nitrate present in the water column. Thereat such seasonality in the
reservoir of “Putawy Fertilizer Factory” becausee tinflux of nitrogen is
continuous. Interestingly, there is no significaotrelation between algae and
nitrate- or ammonium-nitrogen. However, there wasignificant correlation
between the density of algae and total nitrogepossible relationship between
phytoplankton and nitrogen might have the followiagplanation. Regular
supply of nitrate-nitrogen stimulates the growtld atevelopment of diatoms,
and a limited supply of ammonium-nitrogen couldeaff the growth and
development of green-algae. The absence of sedtgorelises perturbation in
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the annual cycle of algae, which is present in poltuted reservoirs. Thus,
when diatoms and green-algae “normally” appear tteyelop in parallel. We
believe that both forms of nitrogen are fixed imgbel, that is nitrate-nitrogen
by diatoms and nitrate-nitrogen and ammonium-nérofy green-algae. In this
case both forms of nitrogen are incorporated perafito the bio-cycles
irrespective of the season. The increase in corat@n of nitrate- and
ammonia-nitrogen (from spring and summer) in thatdnally” functioning
reservoirs is accompanied by the development amdirdmce of diatom or
green algae assemblages. However, Balgillariophyceaewvere grouped in the
area of high N@-N values.Chlorophyceadrequently manifested dependence
on NH,;"-N (Wilk-Wozniak and Kosiski 2001).

Another interesting, statistically significant oglation is the relationship
between cyanobacteria and.KSome investigators have shown the demand for
potassium by blue-greens.,g Oscillatoria rubescenseeds 10 mg/L of Kfor
optimal growth (Staub 1961). In this reserv@scillatoria tenuiswas noted,
which suggested relations with some chemical patensie similar to
O. rubescens

A significant negative correlation between the dgnsf algae, especially
diatoms and green algae, wasa&id it was probably a salinity factor. However,
a high concentration of chlorides does not haveffatt on the abundance of
euglenophytes, such &uglena deseswhich is resistant to an elevated salt
content. The presence of brackish water diatoradsis unaffected by a high
salt content.

The large and permanent influx of nutrients is mpartant stress factor
because the variability is huge and unpredictalitat is the reason why in this
reservoir phytoplankton is the dominant speciesegwesented by the “r”
strategy. They are tolerant to a very rapidly clamgnvironment. The algal
cells are small and numerous, reproduce quickly lzance a short generation
time. In the reservoir we investigated, nutriemisorporated by algae into their
cells are recycled into bio-cycles faster and ieatgr amounts than in other
reservoirs.

The statistical correlations demonstrated that allew, polymictic
reservoirs which are heavily polluted by allogesithstances such as diatoms
and green algae can make significant contributitmsthe bio-cycling of
nutrients.

Future investigations should be undertaken to stethtionships between
the appearance and development of particular algaties and the different
forms of nitrogen. This would document the impoc&rof the nitrogen cycle
for certain dominant species.
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Appendix

List of algal species found during the spring and autumn investigations.

SPRING AUTUMN
CYANOBACTERIA CYANOBACTERIA
Oscillatoria tenuisAgardh Anabaena planctonicBrunnth.
CHRYSOPHYTES Aphanothecep.

Synura uvell&Ehr. emend. Kors.
BACILLARIOPHYCEAE

Amphora ovaligKutz.) Kiitz.
Anomoeoneis sphaerophoffahr.) Pfitz.
Asterionella formos#lass.

Aulacoseira ambiguéGrun.) Simon

A. granulata(Ehr.) Ralfs (Ehr.) Simonsen
A. subarcticaO. Mill.) Haworth
Caloneis amphisbaer(®ory) Cl.
Cyclostephanos dubiyfricke) Round

C. invisitatus(Hohn) Theriot, Stoermer & Hakansson,
Cyclotella atomus

Cyclotella meneghinianKiitz.

C. pseudostelligera

C. radiosa

C. stelligeraCl. et Grun. (in Van Heurck)
Cymatopleura soleBréb.) W. Sm.
Diatoma tenuisAg.

Diatoma vulgarisBory

Fragilaria ulnavar. acus(Ktz.) Lange-Bertalot
Melosira variansAg.

Nitzschia acicularigKutz.) W.Sm.

N. sigmoidegNitzsch) W. Sm.
Rhoicosphenia abbrevia{€. Ag.) Lange-Bertalot
Stauroneis phoenicentrdghr.
Stephanodiscus alpinttust.

S. binderanugKiitz.) Krieger

S. hantzschiGrun. (in Cl. & Grunow)

S. minutulugKutz.) Cl. & Méller
Thalassiosira guillardiHasle

T. pseudonanséasle & Heimdal

T. weissflogi{Grun.) Fryxell & Hasle
EUGLENOPHYTA

Euglena acu&hr.

E. desedo. intermediaKlebs

E. ehrenbergiKlebs

E. geniculataDuj. em. Schmitz

E. spirogyraEhr.

E. viridis Ehr.

Microcystis aeruginoséKiitz.) Kutz

M. wesenbergiiom.) Kom. in Kondr.
Woronichinia compacté_emm.) Kom. et Hindak
BACILLARIOPHYCEAE

Anomoeoneis sphaerophoftahr.) Pfitz.
Asterionella formosd#dass.

Aulacoseira ambiguéGrun.) Simon

A. granulata(Ehr.) Ralfs (Ehr.) Simonsen

A. subarctica(O. Miill.) Haworth
Cyclostephanos dubiygricke) Round

C. invisitatus(Hohn) Theriot, Stoermer & Hakansson,
Cyclotella meneghinianktz.

C. stelligeraCl. et Grun. (in Van Heurck)
Cymatopleura sole¢Bréb.) W. Sm.

Fragilaria crotonensisKitt.

Fragilaria ulnavar. acus(Kiitz.) Lange-Bertalot
Melosira variansAg.

Nitzschia sigmoidegNitzsch) W. Sm.
Stauroneis phoenicentrdghr.

Stephanodiscus alpinttust.

S. binderanugKitz.) Krieger

S. hantzschiGrun. (in Cl. & Grunow)

S. minutulugKitz.) Cl. & Méller

Thalassiosira guillardiHasle

T. pseudonanélasle & Heimdal

T. weissflogi(Grun.) Fryxell & Hasle
EUGLENOPHYTA

Euglena desef®. intermediaKlebs

E. spirogyraEhr.

E. viridisEhr.

CHLOROPHYCEAE

Actinastrum hantzschiiagerh.

Crucigenia tetrapedigKirchn.) W. & G.S. West
Dictyosphaerium ehrenbergianuég.
Micractinium pusillumFres.

Pediastrum biradiatunMeyen

P. boryanun(Turp.) Menegh.

P. duplexMeyen

Lagerheimia citriformigSnow) Collins

Phacus curvicaud&wir.

Trachelomonas planctonicawir.

CHLOROPHYCEAE

Crucigenia tetrapedigKirchn.) W. & G.S. West
Dictyosphaerium pulchelluwood 1872

Pediastrum boryanur(Turp.) Menegh.

Pediastrum tetragEhr.) Ralfs

Scenedesmus acuminafusgerh.) Chod. (Lagerh.) Chod.
Scenedesmus obtusdsyen

Scenedesmus opolienBiEht. 1896 Pesmodesmus opoliengR.
Richt) Hegew. comb. nova)

Scenedesmus quadricau@arp. (Bréb.) sensu Chod.
CONJUGATOPHYCEAE

Closterium moniliferun§Bory) Ehr. ex Ralfs

Scenedesmus acuminafusgerh.) Chod. (Lagerh.) Chod.
Scenedesmus intermedii@®@smodesmus intermedjus
Scenedesmus opolienSlicht. 1896 Pesmodesmus opoliengB. Richt)
Hegew. comb. nova)

Scenedesmus quadricaud@iarp. (Bréb.) sensu Chod.

Tetraedron caudatur(Corda) Hansg.




