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Th~ Marimba and Mukuyisi 'treams /klw dir«tly into the headwaters of th~ lake 

while fifteen small seasonal streams enter the lake at various points (MUIlro 1966). 

About 50% and 56~o of the total river now in the Marimba and Mukuyisi rivers 

re'pediyely i, partially treated wa,1ewater (Nhapi 2(04). The ecology of Lake 

Chiyero is intricately linked to tile land-use activities within it, catchment: about 10% 

urban development and 90% rural lands (Magadza 1997). Ten perceiU of the 

catchment lies within two major urban centre" Harare and Chitungwiza, and the re,t 

is in rural and commercial fanning areas. Three urban centres. Harare. Chitungwiza 

and Ruwa. sit directly upstream ofl.ake Chivero (Zan awe 1997. Figure 2.1). 

The estimated urban population of Harare and Chitungwila is around 2.4 million 

people (Nhapi 2004). Since the lake was impounded the population within the 

catchment ha, increased significantly (Table 2.2) and this has resulted in a 

corresponding increase in water uptake and waste production. The other urban 

>ettlements within the catelunent namely Chitungwiza. Ruwa, Norton and Epworth, 

have also expanded. A, a re,ull urban run-off and industrial and sewage effluent 

loading into the lake has increased and this 

28 
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Fil:llfe 2.l 

""" !!I1!mo1 Seo/,."il" Tcoa~~nt lVOO;s 

---. _._. 
R".,-
Ri'lI'< SW· Cl!lt:I>:md BO\IIl<,IiIIY 

Lake Cmr£!<~ Ca~cr,<rertI Be...:!",,}, 

LOCOltiou of Lake Chi,era in ~elOl!ion to the cij~' of Harare and the 
principal mIter lre:llmeni work •• wasle"aler treatment plants aud 
major ri\'cD< ('I1.J = Morton .Taffra) Water",ork,. I'E = Prince 
[,h,ard, \Vatcr\>ork.,) (Source: Nhapi 20()4) 

conlimlC" to negatively impact On the trophic ,lalus of the lake. The ulhcr SOurCe 01" 

r:<lllulanls inlo the lake is lc,,~hcd [cniiisc," from smali·scale but exteusive urban 

agricul!<uc. 
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TabJe 2.J 

~ 
. L I ."lL 

Tahlc 2.2 

Morphometric characteristics of Lake Chivero (Source: Burke & 
'J hornton 19H2) 

2~ 
~ 

'J he population oftouns in the Chh'cro c~tchm~ltl (Sourte: .sh"pi 
111114) 

The geolog] al the ,ile of the Jam wmpri<;es an ~xlx)SeJ fr~ctured b~nded ironstone 

surfac~ Ih"t overlie, a soliJ Jokrit~ OlLtnop (Burke & Thornton J982. M"n.twa 

19R2). The lah i, underlain by granite except for ~ portion oflhe northern nank with 

mda-,eJirn"nt, and metavok"nics . .Ii riJge of hill, that fcom the ~hutment of Ihe lake 

comprise, of a narrow bel! or >chi,ts anJ wnJeJ irnn.,tone,. The catchment of the 

main in11ow. Ihe l\.-lanyame Ri ."Cr. i, unJerl"in by rncks 0 r Archaean age. 

2.5.2 Oim"tc and hydrol,,!:y charactcri.,rks 

Precipitation over the Lake Chivero catchment i, ,eason,,1. Th~ rainy .,eaSCOl 

(,ummer) _Ipans Ko,'ember to April and the average daily temperature Juring th1.l 

peri{xl is 20 'c ,,'ith a mean di\ll'n~l vmiation of 12 "C (Ballinger & I'hornton 19R2). 

Most of the rain fall, from K"'~mlxr to l'ebruary, The rainfall paHern ,,\ L\k~ 

3(1 
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Chivero d~ring the 'tndy period is shown in Figure 2.2a. The hot dry ,eason, with an 

average daily temperature of 22 "C, OCCurs from September to November, The cold 

dry >eason, with an average daily temperature of 14 "c ()CGms ITom May to August 

Mean annual rainJal1 is approximately 7()() mm_ 'Ihe minimal recorded value i, 410 

mm and tOC maximal, 1236 mm (Hallinger & Thornton In2)_ Raintall is virtually 

re,tricted to th. ["'ri<Xl between November and April. 

Lake-level fluctuation follows a seasonal pattern tiklt is influenced by rainfall and 

riverine inflow, rlle lake level normally varies within about two metres of full supply 

level ~r annum with draw-dow1 levels of~p to 4 metres occurring d~ring periods of 

be low-average rainfall wl"'n tI"'re is red~ced Lnflow (Ilallingel' & Thornton 1982). 

I)~ring II", sludy period t),., water level wa" lowest in Fcbruary 2003 after which the 

reservoir tilled to capacity by tilC end of the rainy season in April (Figure 2,2b) and 

spilled between April and May. The watcr ic;'el dropped Ii-om May and reached the 

lowe't level in .lanuary 2()()4_ TI", lake level was lower in February 2003 than in 

January 2()()4_ n", lake ,taned re-filling in Feol'uary 21104_ TIle decline in lake level is 

primarily a "'Sflon'e to abstraction oy the City of Harare, which takes 60"/ , of the 

o~lflow capacity while evaporation accounts for approximately 300/0 (Ilallinger & 

ToornlOn 1982), 

J ,arge draw downs affect water cocmistry, mainly nutrient concentrations (\'larshall & 

FalCOller 1973, Mar,hall 1978) and probably phytoplankton, The eflcct is mainly 

through the variability in residence time, which depends on tOC rainlrtil pattern, Years 

of extremely high rainfall or drought (e,g. 1985 and 1995) can radically change water 
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0 150 
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0 100 
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R3inflln p~ttrrns (Source: Records from La!.e Chivero, I\a!ional 
I'arks and Wildlife Management Authurit)l (a) and lake lc\cI 
fluctuati"n" (Sourc~: nccurds from Zimbalmc National ' .... atn 
Anthnrity) (b) in L.ake Chivero (2003 -2005). 
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reside llce Ii mes (rlml"lltOll 1 ')~7) which mu,t have ligllifican! impacl oil the physicll­

cr.emical e,wirollment. ,,'hich will Ih~1l alTect ecological processe, in Ill<: lake, 

inclu(ling phytoplankton dynamics, Dilution occurs during high minf~11 periods ~Ild 

evaporativc cuocenlralilln during lu\\ rainfall (Scoll e/ ai, 1979). 

The physical limnology of l.ake C hi,' ero i, influenced mai Illy by air l~mlx:mlure and 

willds (Ward 19~21. II i, a ,,'arm mOllocnictic lake with a sillgle willler overlurn. Lake 

Cilivero is ,'ery susc eptibl~ to wind actioll due to iI, open morphometry, It ha, a 

,hallow profil e with I~rge littoral areas (,Ihornton 1987), Ovelturn sometimes occurs 

when ",m mer storms cool the surface walers. The consequent small maximllin 

differellce bem-een surface ~nd bOTIOln w~ter tempemtmes results in ~ high (Iegree of 

illstabil ily tl-.er~by easi I)' allowing turnover to occur ('vi Ullrl) 1%6), 

Ihe mean wind strength in the are~ is 1,6 m S·I and the m~"imum is 9.0 m s": tiJ<, 

prevailing wimi> arc easterly 10 nllrlh·easlerly (Ward 1981. \lunw 19(6), 

2.5.3 1'01lution proh1cms ill the trihutaries of 1 ,ake Chivero 

&arcily llf waler in Soulhem Africa, alld lhe conseql1ellt lack ofa rdiabl~ ",ppl)' of 

waler, has led in >everal cuunlries 10 the d~velopmelll of polieie, of re il1lroductioll of 

"trealed" municipal wastewal~rs illto watercomse' (Tlmmton 1987) t'hese 

inlroouclion, of treal~u emU, "ts a, water cOllser;'atioll measures Ioas reSl1lled in 

ellrichmellt alld extremely high productivily of several impoundments in Ihe region. 

AI presellt Lake Chivero is ~ SYSlem under extreme pressure both ~s a sourc~ of water 

~nd ~s a means of waste removal tilt the city llf Harare, IWlJ diametrically uPPllsing 

functions. 

The dIluent generate(1 from wa,lewaler lre~tment plants upstream is brllughl intll Hoe 

lak~ through ilS tribl1taries. M~cr.en~ (1997) observed that tl-.e Mukuvisi load lost ils 

sclf~purificaliun pruperlie> >u lhal dlluenl enlered lhe lake in an "unpuriroeu" >lale. In 

1~97 Chitungwiza aillne v,'a, ellimal<x1 10 (Iischarge aboul ~O 000 m' d" of efiluent 

into tloe lake (~1ngauza (1997) alld thi' qualltity mu,l hav~ illcreased Wilh the 

expansiL,n llf lhe lown. Cunlinuous inerea>e of le,\iage Illauing imll ll-.e lak~ is 

dlustrated by an increase from 30 000 ml day-' in 1960, to 40 000 m l day-' in I 964 up 
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3.2 MATICRIALS AND METHODS 

Physical and ch~mical paramders w~re monitorcd monthly from Febnmy 2003 to 

December 2004 at thr~e stations (l to 3, Figure 3.1). Sampling on each oee"sion was 

carried om bet\\'een 10,00 mn and 12.00 DllOn becmlse it w~s considered to be the pt'riod 

of maximum productivity in the l~kc. Integrated sample~ W~IT collected into a bllcket 

from 0 - 2 m, 2 - 4 m mxl4 - 6 m at St~tion 1. 0 - 2 m and 2 - 3 m ~t Station 2 mxl 0 - 2 m 

~nd 2 - 3.5 m at Station 3. The w"tcr sample~ were collceted into 2-litre polythcne 

boUle., th"t had been "eid-w,,~hed and rin~ed well with di~tilled water. 

Temperature, pH, conductivity, turhidity and dissolved oxygen Were immedi"tc1y 

measured on site using field meters. femperatufe was measured with a mercury 

thermometer. The pH was measured with a \VTW pI! 330i (GeOlech Environmental 

Equipment, Inc" Denver, Colorado. USA) meter calihrated using two-stagc calibration 

again.,t huffer~ at pH 7 and 9. Conductivity was measured with a WTW Cond 330i 

(GeOlech Environmental Equipment, Inc" lknver. Colorado, USA) meter and IT)XJrted at 

25"C. Turhidity was measured with a lIach Held Turbidimeter after c"libmtion with 

standards of 10 NTU and 100 NTU, Dissolved oxygen was determined by a \VTW' 

Oximeter 330 (Geotech Emiromnental Equipment. Inc .. Denver, Colorado, USA) meter 

that was calibrnted in wakr vapor-saturated ~ir using the OxiCaJ(~-SL calibration vessel. 

A stalld~rd 20-cm dimneter disc painted into bl~ck and white quadrants \\i~S used to 

measure Sccchi depth. 

While in the lield the collected ~wnples were stored in a cooler box wilh icc. On mTiv~1 

in the field laboratory unfiltered samples for total nitrogen and tot,,1 phosphor\ls were 

separated and immediately fhm"n. Smnples for nitrate, onhophosphiite and ammonium 

analysis were filtered through Whiitman Glass l'ibre 47 mm filter~ to remove sill parlicles 

and then stored under rel"rigeration. Samples were then transported under icc to thc 

anal)1icallaboratory where they were immediately processed. 
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Figur~J.l .'lap of Lak~ Chiv~n' ,h()wing th~ ,ampli"g '{idiom (Source: 

'fhlangll ct al. 2006) 

Concentrations of orthophosphate. nitrate. ammonium. total nitrogen and total 

phosphorus were determined by standard methods for chemical analysi~ of treshwater 

(Goltenmm c/ "I. 1978). Internal Cillihration was done using standards of known 

concentnltion prepared 10 the lahoratol) The concentration of the standards. which 

bracketed the concentration of the solmes, was used for calibration. Their respecth'e 

ahsorbencies were used to draw a linear relation between absorbance and COlKentnltion 

(Beer's law). The equation is 

y - hx+a 

where y = concentration 

X = ab~rbance 

b = a '·constant"'. the ~Jope, with units yix 

il - a "constant", the concentration at zero absorbance. units of y. 

The concentrations of the samples were read from the hne using the measure<1 

ilhsorbencies 

Orthophosphine was <1elermined colourimetrieally at a wavelength of 882 lUll after 

addition of molybdate antimony mixed with ilScorhic ilCi<1_ The concentration of nitrate 

was determined by the cadmium-copper reduction method (GoltelT11iln d at. 1 ~78) where 
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nitrate is reduced to nitrite in columns contaimng cadmium. which h~s been tremed with 

copper. The absorbance or colour that developed a[ler mixing the effluent with 

Slilphalamide and N-I Napthylethylenediamine was measured at 545 Illl. Ammonillln 

(NH,,-N) \vas detennined h)' the indophenol blue method (Goltenmm ~I 0/. 1978), This is 

a colorimetric method where the absorbance of a blue colour, which develops when 

ammonium reacts with phenol nitropmsside and an alkaline hypochlorite is me~sured ~t 

6.15 nm. Total nitrogen was delennined b)' the alkaline persulphate method. Total 

phosphoms was determined colorimetrically a[ler digestion of un!il!ered samples "'1th 

8% Ireshly prepared [Xltassillm persulphate In this process polyphosphates ~nd some 

organic phosphoflls com[Xlunds arc oxidiscd to orthophosphate. The intensity of the blue 

colour that developed in the reaction between phosphates and mol)'bdate anlimony in the 

presence or ascorbic acid was measured at ~~2 nm. 

3.2.1 J)"t" anal),,;, 

Data maniplliations and statistical computations were perrOlTned lI.~ing STATISTICA 7 

computer software package. rhe Pearson correlation test was applied to ~scerlain 

significant correlations between vari~bles. "lhis was tested on the whole data set collected 

over 23 months at stations I to 3. Pearson correlation tests were also carried Ollt between 

physical ~nd chemical data collected from the deep station (station 1) and two shallow 

stations (mean of st~tion 2 and 3), KruskaJ-W~llis tests (p < 0.05) were used to test lor 

difl"erences m physical and chemic~l characleristics bet",een the IWO years (2003 and 

20l\4). between the clear and the turbid st~te. between the deep and the shallow mne and 

among the three sites. for each ofthe physical and chemical v~ri~b)es, 

"lul(ivariate descriptive analyses were processed employing Prineip~l Components and 

Classification Analysis (PCCA) to ph)'sical and chemical data through cov~riance m~trix 

with dm~ transformation by r~nging using the programme SlAT1SnCA 7. All twelve 

variables collected on each date per site were used. TIle euphotic depth (L.,). where the 

light intensity is 1% of the surface intensity. was estimated rrom the Secchl depth (7SD) 

using an empirical relation that links the attenllation of light with depth ~ccording to a 
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{ker-Lambert law and th~ ass"mption thal. at the Secchi depth. the light intcnsity is 16% 

or (he inciden(l i ght intcnsity (J..cmmin 1995): L..u = 2.5 Zs[). 

.1.3 RK<;IJL TS 

3.3.1 Spatill.l and temporal vadation of physical vadables 

The clear and ("rbid states were ea~ily distingui~hed wilh rcspecl to physical and 

chemical characteristics. Turbidity, conductivity, total nitrogcn, nitrates and TN:TP ratio 

v,'<:re significantly high~r (p < 0.05) while tempera.tur~. Secchi d~pth tra.nspm~ncy. total 

phosphorus and orthophosphate were significantly low~r (p < 0.05) in the tu.rbid than in 

thc clcar stme Crablc 3.1). The clear stalc bad higher phm,phorus and transparelle) levels 

while the turbid state had higher nitrogcn and lowcr transparency levels (Table 3.2). 

The temporal vJriation in physical and chemical characteristics in the cuphotic zonc 

followed comparable patterns at th~ thr~e swtions (fib'l.lrcs 3.2 - 3.5). The mean ~uphotic 

ZOllC ranged from 2.4 m to 5.g m and \\ias deepest d"ring the clear statc, up to 6 m at 

Station I. Conductivity (Figure 3.2a) was significantly higher in 200..\ than in 2003 (p < 

0.05, Tabk 3.1). In 2003 thc avcragc conductivity in the lake ranged betwcen 327 and 

420 ~IS cm'] ""ith an averag~ of 383 ,IS cnfl. It incrcased as thc lakc Ievcl droPlXd, 

reaching a maxim"m or 420 flS em'] in D.:cemlxr ,~hen the lake had reach~d the lowest 

level recorded during this study. In 2004 conductivity in the lake ranged between 404 and 

502 liS cnfl with an av~rage of 4..\6 ,"S cm·l. In both 2003 and 2004 condudivih was 

lowest lxtwe~n february and /l.lay, when tIle lake was filling as it received river inflows. 

During (his period in 2004 ther~ \vaS a mark~d decrease in conductivity. b"t this had not 

heen apparent d"nng the previo"s year. Cienerally the patlern~ exhibited in both )ears 

wcre similar. indicating that prccipitation (lake Icvel tluctuation) is the major influencc 

on ionic concentration in the lak~. Diff~rences in conductivity levels ktw~en tl~ de~p 

and shallowzonc (p > 0.05. Tabk 3.1) and bctwe~n the thre~ sites (p > 0.05. Tabk 3.3) 

Were not stmistically signiljcanL 
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bctween (he deep and ~hal1ow ~.one (I' '" 0.05, Tahle 3.1) and between the three sites (p '" 

OJ)5, Tahle 3.3) wcrc not statistically significant. 

The temporal changcs in thc conccntration of dissolvcd oxygcn ocl\\(ecn fcbruary 2003 

and December 2()04 arc shown in figure 3,3b. In 2003. when therc \\(as no bloom in the 

lake, the average conccntrations ranged bctween 2.9 and 8,2 mg rl and sho\\(ed pulses 

lhal are positively correlated with chlorophyll a eonccntrations (r = 0.45, P < 0,05) and 

pH (r = 0,69, P < 0.05). In 2004 the averagc conccntration ranged octwecn 2.1 and 10.\1 

mg r', Following the onset of thc bloom in May 2004, dissolvcd oxygcn graduall)' 

increased in dlc lakc and rcached a maximum averagc conccntration of 10,8 mg r' in 

November 2004, after which levels dropped as the algal bloom crashcd in Decemocr 

2004. Dissolved oxygen concenlrations recorded prior \0 the collapse of dlc blOO<lI were 

8.4 mg r', 16.7 mg r' and 12,2 mg rl al S\a\ions I, 2 and 3 respectively, 

An asses~ment or temporal change~ in dissolwd ox)'gen linm Fehruary 2003 to fcbruary 

20()4 (Figure 3.3h) showed that lowesl dissolved oxygen le"eb in (he lake occulTed 

during lhe perin<.! awund January (0 'vlarch (except for February 2003 wben 

cyanohaclerial biomass was high). Periods of high dissolved oxygen concentration 

occurred oclwcen July and August, and octween October and November. Differences in 

dissolved oxygen concentration at the three sites (p > 0.05. Table 3.3) and between the 

dcep and shallow zonc (p > 0.05. Tahle 3.1) were not signiticant 

The pattern cxhibitcd in 2003 when there wal no hloom \Va<; di Ire[en! Jrom \hat in 2004 

when a bloom developed in the lake lo[ 6 months, although thcrc was no significant 

difference in conccntrations (p > (l.OS, Tahle 3.1), 
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Change~ in waler lemperature during the stU(ly period are shown in Figure 3.3e. The 

patterns during the two j'ear, mm"{)fed each Olher and (li'l'layed a wann monomictic 

themlal cycle. There was 00 ,ignilieam Jillerenee in temperalure values during the 1"'0 

year~ (I' > 0.05, Table 3.1). Water temperalme was highcst in summer and ,pring and 

lowest in winter (average, of 18.6 "c and 17.6 "c in July 200] anJ July 2004 

rcspectively). The lemperature dccrea~ed Irom 26.1 °c in Fehruary 2003 and reached a 

lowest levcl of llL6 "C in July 2(KlJ (Figure 3_3~)_ The temperalure then incre~,.,d, 

reaching ~ ma-;:imum of 26.1 "c in l\'ovember 200]. 'Inc same paltcm was rcpealcd in 

2(K14 hut the lowesl temperature in July wa, 1 "c lower in 2003, Diffcrenccs between lilC 

deep and the ~hallow zone (p:> OJ)), Tahle 3,1) or between the three ,tation~ (p> 0,05. 

lablc 3,3) were not statislieally ~ignili~anL 

3.3.2 Spatial and temporal variatioo (If chcmical \'ariahlcs 

The nm~emralion or nitrate was fairly unifmlll in the lake in 2003 (Figurc 3.4a). with an 

average eonecnlration oro, I mg 11 An n1~rea~e (0 an average concentration 0[0.3 mg rl 
occurred in June after which lcvc1~ Jropped lI\ July to an average 01-0_1 mg l·l, A slight 

in~rea,e o~~un-ed in August and thereafter the concentration dcclined to a lowe,( averagc 

or <: n.1 mg rl in '\jovemher. Nitrate concentrations remained low at an average of 

< O.lmg rL a( all station., until March 2(K14 when the average concentration inneased to 

0,2 mg 1'1. Nitrate conccntrations were highcr in 2(K14 (up (0 2 mg II) lhan in 2(lO3 

(0.1 mg 1'1) (Figure 3.4a). There was a significant difference in mcan concel1lra(ion 

hetween lhe two years (p < 0,05, Table 3.1). 'J11e notable fcature in 2(K14 was (he 

inerca~e in nitrate con~enlralion at all ~tation'> from an average concentration ofO,2 mg 1" 

in March to thc highcst average ~on~emraLion 01- 1_7 mg r' rea~hed in June (Figure 3.4a) 

thereafter declining until ~ovcmber. The perioJ or increase in ni(rale concentralion 

eoincidcd Wilh a ~hin li·om a clear 10 a turbid ~tme in re~ponse to the development of an 

algal bloom (Chapler 4). The peak 01- ni trate ~oncentration occulTed in June in both years, 

probably indicating a ,imilar source at that time of the year, Difference~ be,wcen thc 

deep and the shallow ZGlle wcrc not sigllificatu (p > (l.OS, Tahle 3_1) anJ lhe paltelTI 

exhihited al alllhree ~tations '''''s ~imilar (I' > 0,05, Table 3,1). 
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The temporal ehange~ in ammonium ~on~I'ntr<l\ion~ in the lake bel\veen February 2003 

and Decemher 2004 are shown in Figure 3Ah. The ~on~I'nlra\ion 01' ammonilUll Vias very 

low (average 0.1 mg r') and fairly unili)rm at all s\a\ions \hroughoul the study period 

I'XCl'p\ lor a high a\'erage concentration of2.1 mg r' in 'v1areh 2003 (Figure 3Ab). A 

~light in<:re<lx ()C,~urred in March 2004 (average 0.4 mg r') at slation 2 (0.5 mg rL) and 

~la\ion 3 (0.7 mg rl) <lfter whidl levels declined then increased again Ii-om August to 

'-Iovemlxr 2004 but not above tile :vlaTCh 2003 concentration. 

AmmonilUll ",'as generally higher in 2004 than 2003. altIlOugh the diiTerences werl' not 

significant (p > 0.05. Tahle 3.1). In 'v1ar~h 2004 f'\'aks were recorded only at station~ 2 

and 3 while in March 2003 f'\'ab oc~urred al all the stations (Figure 3Ah). DifiCrence~ 

octw-cen the deep and ~hallow:wnc Were nOI ~ignJfkant (]1 > 0.05, Tahle 3.1). nor Wl'rc 

the patterns exhihited at the three site~ (p > OJ)), Tabk 3.3). 

Two period~ could lx distinguished with respect to total nitrogen, \otal phosphorus and 

orthopho~phate in I.he Jake in 2003: February to July. when the eoncentra\ion~ werl' high, 

and Al1gu~1. to DI'~embl'r. with lower concentrations (l'igures 3Aa & 3.5<1 & b). Total 

nitrogen eoncentralion lludu<ll.I'd widdy <It all stations octv.,een 2 and 14.7 mg rl (Figure 

3.4cl. There was no signili~<ln\ dilTerence between the mean for all stalion~ lor the two 

years (p > O,OS, Table 3.1). In 2003, Iwo pl'riods could he distingui~hed Wilh respl'ct to 

tnlal nitrogen eoncenl.ra\ion~. A higher average concentration of 9.2 mg rL oc~urred 

between February and July "ith a lowl'r average ~oncentration of 3.9 mg rl from Augus\ 

10 Dec<:mbCT. In 2004 lhe pattern was revcrsed: lower values llC-~urred only between 

January and February (average concentration of 4.8 mg rl and 4,2 mg r' respec\ively) 

while for II"" re~t of the f'\'riod concentrations fluctuated bdween 8.2 and 14.8 mg r'. 
Difh:rences between the deep and ~hallow mrlO; Wl'rl' not significant (p > 0.05. Table 3.1) 

<lnd the paltem I'xhibited <lllhe Illree ~tations wa~ similar (p > 0.05, Table 3,3). 

A dil"fhl'nt pattern W<lS exhibiled by orthopho~phate eon<;enlralion during the two years 

(Figure 3.Sa). In 2003 IWO pcriod~ can I"" distinguished with respect 10 orlhophosphale 

concentration. A high average concentration 01'0.9 mg rl occurred between February and 
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Jur;e 2oo}, followed by a decrcasc in July to a lowcr avcrag~ conc~ntratior; of O,} mg: r', 

which was ll1aintained until December. This pattern was scer; at station 1 at;d statior; 2 

while al ~la!ion 3 a relali"ely lower averag:e concer;tntion of' 0,1 mg: rl was mair;tair;ed 

throu~hout cxc~pt for a slight increase 10 03 rng rl m JUlle. 

Th~ h.igh~st orthopho.'phale c.once11lrali01l~ occurred m February alld May 2003 at swtior; 

1 (3,} mg r' and 1.4 mg r' rcspectively) and ~lati01l 2 (1.3 rng rl alld 1.9 mg rl 

re~pectively)" Tn 2004 the averag:e concentration in the lake rang~d betwcen 0.3 and 0.7 

mg r', l.evels were ~liglllly higher between Jat;uary (a\"erage concentratior; OJ rng: r') 

and May (av~rag~ c.onccntration 0.7 m~ rl) prior 10 lhe developmell1 of" the bloom. TI,e 

concentration droPlX'd following th~ onSCI oflhe bloom 10 all average C01lcelltrmion of" 

004 mg rl between JWle and September 2004. This "vas followed by an increase to an 

average Cllr;centratior; of 0,7 rng: rl in December, '111~ pattcrns cxhibit~d lxtwe~n station 

I and slalioll 3 and belweell statioll 3 and statior; 2 were significat;tly diflerem (p < 0.05, 

Table 3,}) but no significanl din~rence~ were recorded betweeTl Ihe deep alld the ~haJlow 

/Or;es (p > 0.05, Table 3, 1). 

TIle patterns ~xhibitcd by total pho;:phoru~ c.oncelltrmiOll were di frerenl in 2003 and 2004 

(figure 3,Sb). As v ... ith orthophosphate, two periods could be dislillgui~hed with reSp"ct 

to towl phosphorus cor;centrations in 2oo}: !'~bnlary to July with a high averag~ 

conce11lration 01204 rng rl arid larg:e fluctuations (rangc 0.7- 3.'1 mg r ' ). !i)llowcd by a 

decrease ill August afier which !(l1,,1 phosphorus concemrations remained fairly uniform 

at 0.7 mg rl at all stations. !n 2004 the lOtal phosphorus c<'1l1celltralioll wa~ Cairly ullilorm 

in the lake (Fig:ur~ 3.5b), with no significant diffcr~nccs octw~en the dc~p and shallow 

z01le (p > 0.05, Table 3.1) or l>elweell lhe three stations (p > 0,05, Table 3.3), The 

avcra~e concentration durin~ the ycar ranged betw~ell 0,(' alld O. R rng r[. 
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1983. Gencrally there has heen an m(;reJ~e in species inlhe lakc from 19 m 1960 to a 

present record of 64. 

4.3.3 Seasonal dynamics of phytoplankton 

lhe development of the phytoplankton JssemblJge switched hetwcen a clear (February 

2003 to April 20(4) and turhid \-late (Ivlay to December 2004), lhe two pcriod~ exhibited 

diffcrent patterns as <liscu,~e;l helow. 

4.3.3.1 Clear state (February 2003 to Apri120U4) 

A seas.onal su~ces,ional pallem WJ~ exhibited during the clear state. The generul pattern 

of phytoplJnktoll succession was similar at th" three ~(ation~. although slight variation~ 

occurred (Figure 4.1), The population of cymlOphytes. mainly MicrocY,l'liY ~pp., 

dominated during the hot rainy season (betwecn Fehruary and Ivlart:h 20(3). CjJllOphytes 

highe,t c()ntrihlLtion to bi()ma~, WJ~ in Febnwry 2003 'when it contrihuted 80% and 74% 

ofthe total biomass at Stations J and 2 respectively (Figure 4.1a & Figure 4,Jb). 
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Chlo. = Chlorophyta, Engl. ~ Eu!:ienoph}ta, Baci. - Bacilhlrioph}ta, 
Cryp. = Cryptopbyta). Data rur th" three stations are shown to 
illustrate the close simHarity in the periodic character or the three 
sites. 
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Contrihution ()I' ~yan()phytes at Station 3 waS kss (22%, Figure 4,lc) with cryptopll)tes 

eontrihuting 73% ()rthe total biomass. Microcyslis spp. (A!. uel'llgi>lO,\'Ii, M. we.l'enbergii. 

AI. >lovucekii) cxhibitcd distinct scasonal vanati()n (Figure 4.2, Figur~ 4.3), During the 

clcar statc the highest average cyanophytes bi()mass (l.7 mg rl, m~an 01' 3 stations) 

occurred in fcbruary 2003. Aftcr April 2003 cyanophytc hi()ma~s was insignificant at all 

the three sites (Figure 4.2. Figure 4.3), Although insignificant to biomas~ e()ntrihution, 

cyanopllytes persistently OCCUlTed at Station 2 exccpt in Septemher. Nov~mb.:r and 

De<:cmbcr 2003 (Figllr~ 4,1 bj. Al Slali()n 1 eyal1()phytes were n()t detected in samples 

between April and December 2003 (Figure 4, 1 a) while at Stati()n 3 cyanoph)tes were not 

detected in samples betwecn July and Septcmber 2(}()3 and between Noyember and 

December 2(}()3 (Figure 4.lej, A slight mer~as~ in p;:reentage hiomass ofcyanopll}'leS 

occurred at all stations in October 2003 (Figllre 4.1 a, Figur~ 4, I b. Figure 4.1c). 

Hxillariophyte~ a~sumed dominan~~ at the (Jl1set ol'the c()ol winter period (April to July 

2(}()3) and th~ phytoplankton assemhlage changed to an assemblage of the two diatoms 

A, granulata and C)c/ord/a .If!. Toc per~entage contrihuti()n ot' bacillariophytes to total 

biomass during this period ranged from 3 to 90% (Figure 4 I). Au/uw.)'eil'U j;nlll1l1ata 

"vas the m()st dominant diatom while numbers of C)ciolella W~re ~ometirn~ very low 

(Figure 4.3). Th~ bi()mass ot' A. gl'anu/aia was highest between February and Jllly 2003 

,md l()west hetw~en August 2003 and January 2004 (I'igure 4.3), lh~ hiomass ()t' A, 

gmnulalu was hdo'" 0.5 mg rl between february 2003 and February 2004 (Figure 4.3). 

It inneascd at all ~tati()ns in Ivlarch 2004 and reached a maximum 01'2.9 mg I-I at Station 

3. Alllu,'aseira gnllllllata occurrcd throughout thc clear stak at Stations 2 and 3 but was 

negligible in thc ~amplc~ at Stati()n 1 between August 2003 and Decembcr 2004 (Figllr~ 

4.3), 

lhe assemblage changcd to a dominan~c 01' cryptophyles and chlorophytes at thc onsct ()t' 

the hot period rrom July llnti! the heginning ot' the rainy season in Novcmber/De~emb.:r 

2003 (I'igure 4,1). The cryptophyre Ciy(!iomonay sp, ()c~llITed thr()uglwut the dear state 

although lis (;'vourabk growing period was between July and October wocn its hi()mas~ 

reached a maximum (Figlll'e 4.2, Figure 4,3). The highest biomass was recorded oct\vecn 
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July and September, the favourable period for cryptophytes in the lake, During this 

period er}'ptophytes percentage C0ntributio~ ranged !Tom 31 - %% of the total bioma~s. 

In Allgust a bloom of Cl)l'im"'JnG.l' ~p. occurred at Station 3 and a bioma!;~ of 30.7 mg rl 

,\'as recorded while thc othcr stations had low biomasses. Cr)p/m",ma,\' ~p. C0mpri~ed 

97'% of the total biomass, Cr)pfomonas 'p. had gencralI}' been mo~t abundant at Station 

3, ~ueh that when conditions became optimal it attained high biomasses. The dominance 

of cr}'ptophyte~ overlapped with chlorophytes that became dominant between September 

and November (Figure 4,1), Initially ehlornphyte.,; only increa~ed in diver.,;ity with no 

marked increase in biomass until around November when a maximum bioma~s of 

Codastrum microp<!rum. C. ri?licularum \'ar. cubanum and C lphaericum ,vas attaincd at 

all.,;tation~ (Figure 4.2, Figure 4.3). TIle biomassc:s recorded were u.8 mg rl. 9.8 mg r' 
and <),5 mg r' at Station~ L 2 and 3 re.,;pectively (Figure 4.2. Figure 4.3). Chlorophytes 

contributed over 95% of the total biomass in November. The dominant chlornphyte~ 

~pecie.,; contributing to most of the biomass were Coelal'lt'um spp. and Gleoeyslis sp. 

(Figure 4.3), 

Eugleoophytes were represented mainly by l'rachelomolwl' sp, with rare encounteB of 

PhaCU5 sp. and Euglena sp, They did not have a distinct growing period or clear seasonal 

pattem (Figure 4.3), Their contribution to biomass was small and the pattern v,as variable 

at the three site~. At Station' Trache/omona5 .,;p. was recorded between July and 

Augl1.st and between December and January 2004 (Figure 4.'). At Station 2 it occurred in 

sanlples between ),!ay and March 2004 (Egure 4, I) while at Station 3 it occurred for 

most of the period except in November ilnd December (Figure 4.1). Desmids, relics of a 

previoll.'; riverine commllnity, were ob.';eTvOO during the clear ~tate bllt were in.,;ignificant 

in !CrnLS of biomass contribution. The species observed Were Swura.l'irum 'PI',. Clol'terim 

sp. and Co;'marium sp. 

4.3.3.2 Turbid state (.\'lay to December 2004) 

TIw sWltch to the turbid ~tate wa~ marked by a gradl1lll bllilt-liP in bioma,s of AL 

aerugillom until it attained 93%, 81 % and 79% of the totll biomas~ at Station~ I, 2, and 3 
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Figure -1.2 Spatial and temporal change of algal biomass at three stations in La\,e 
Cbivero from February 2U03 to December 2004 (Station J = a; Station 
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respectively in November 2004 (Figurc 4.1a. J'igurc 4.lb, Figure 4.le). Tbe period of 

maximum JJicrocysfis biomass (Octobcr - December 2004) at all >tation~ was 

~hara<:terized by a marked declinc in Cr}-plumunas sp. biomass. Initially u.'; lbe lakc 

,;witched t() a turhid ~late. (he bi()mass of cryptophytcs increascd. followed h:. a ~harp 

drop at maximal M. aeruginosCI biomass in l\'ovcmbcr. I"hc dominance ()f 

bacillariophytcs occurred a,; expected in winter (May and July). with biomassc,; higher 

than during the clcar ';tatc (Figure 43). Except for euglcnoph}1es. which were of lesser 

importance. all other species initially increased in bi()mass until October 2004 when}.I 

Clerugino.l"a assllllled dominance (Figme 4.1). The phytoplankton bloom was mixcd hut 

MicrvCYSfis gradually competitively excluded ()tber spe<:ies altbougb thc bloom did not 

become monospecific. 

4.3.4 Variation in total hiom,,~. 

The clear state at Stations I and 2 (Figure 4.2) wa~ characterized by lowcr biomasscs 

ex<:epll~)r the peri(1{j when JJicrOCYSfis dominatcd in February 2003 (during this period 

one c()uld ';ee aggregates of phytoplankton cclls) and when a h1<l<)m ()f Coduslrum 

occurred in N()vemher 2003. Tbe average total biomasscs (during the clear and the 

tw:bid states, respectivcl:.) wen:: 1.4 mg r1 and 3.4 mg rl at Station 1 and 1.9 mg rl and 

4.1 mg r' at Station 2. Thc high hiomass or ClJpfoi/lonas and Cvelasfrum in Aug(1st and 

Novcmocr rcspectively masked the distinctl-.c>;~ of the l\vo states (l,'igure 4.2c) at Station 

3 as s\l<:h thc average biomass during the ckar stale (5.2 mg r') was highcr than dming 

the turhid state (3.4 mg 1'1). The total bioma» was gcnerally higher at Station 3 than at 

thc other two stations. Ovcrall total biomass was signilicantl:. higher ("'lann- Whitney U­

Test Z - -3.32, P < 0.05) during the turbid than thc clear state. bowever. 

Marked fluctuation'; in total biomass during the turhid state in re,;p<)n';C to changes in 

speeies dominance ocemred at Station,; 1 und 2 while at Station 3 the pattern wa~ 

rdathcJy uniform. Although the period from MaTCb t() April 2004 V.illS dcsignatcd as a 

elear state due to the visual absen<:e ()["blooms. it had high hiomass mainly d()minated by 

bacillarioph} 1cs. 
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4.3.5 PhytopJani.toll diversity, evcnness and stability 

The spatial and temporal variations of the Shannon-Wiener diversily, species evenness 

phytoplankton ~imi1arity (Bray-Curli~ inocx), at three ~lations are ~hov>1l in FigillC 4.4. 

This was based on fresh ,yeight biomass data. 'Ihe average ShaJillon·\J,liener diversities 

werc 0.83 and 0.95 during Ihe clear and Ihe turbid sta:e respectively. Species diversily 

was nol significantly different (Mann-Whimey U-Test. Z - -0.37 p > 0,05) during the 1"'0 

~\ales because ~pccie~ repre~enlalion 10 hiomas~ ",a~ similar ~incc Ihe hloom wa~ mixcd 

ra\hcr than mono~pcciiic. Moderatc variability of diversily ~how, Ihat \he algal 

assemblage was detennined by a few dominants. ""nich contributed most of the biomass. 

The s",itch hel",een clear and turbid s\ate was nol reflected as differences in diversity 

becal1sc the shift \vas doc to the gradual change in ~pccics relative contrihution to total 

biomass. Diversity only dropped 10 a low level (0.63) in November 2004 v,'hen 

Micro,},slis assumed a considerahly higher biomass. 

A marked drop in Shannon-Wiencr di\'Cr~ity to 0.1 occliTred al all ~tations in No\'Cmocr 

2003 (figure 4.4.a) due to a high biomass of Coe/aslrum, \vhich assumed a dominance of 

over 95% of the total biomass. aJld in ""inter (April - )Jay 20(3) when A, granuiala 

dominaled, Seasonal fluclualions in diversily occurred ",hereby during sununer 

(Deccmher It) Fehruary) diver,ily "'as high aJld dropped in ",intcr (March-May) ",hen lhe 

phytoplankton l10ra shirted 10 a dommanoc of 2 dialom~. It increa.~ed from Junc up to 

Octoher (spring), a period of highest species diversity in the lake. when chloroph;.1e, and 

cryptophytes dominated. The specie, evenness ,bowed a ,imilar pattern 10 diversity 

(Figure 4,4 c), II wa~ not signilican!ly differenl dllfing Ihe clear and the turbid state 

(Mann-Whitney U-lest, Z. = 0.47. P > 0,05). Di,'ersity closely correlaled ",ilh evennc~~ 

(equitahiJily) (r 0.8 - , n - 69, p < 0.05). F;'ennes~ (Km~kal-Wal1is Anova H (n = 39) = 

5.1 P > o.nS) and diversity (Kruskal-Wallis i\oo.-a H (Il = 69) = 4.3, p < 0.05) were not 

sib'Tl ilicantly dilTere!U among lhe slalions, Dive1":'<ity was only significantly posit;,'e1y 

correlated with conductivity (r = OJ) and negatively ""ith tolal phosphoTlls (r - 0.3) ,,-nd 

not wilh any other [.hysical and chemical parameter.;, 
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monthly , .. mpics at three stations in Lake Chivero from February 
200310 I}ecember 2004. (Station I - _; Station 2 - 0; Statio" 3 = 11)_ 
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Except for a slight drop in similarity octw~en Nov~mbcr/D~e~mhcr 2003 and June/July 

2004. high Bray-Cmlis ~imilarili e ~ were measured dwing the study period indicating a 

stahle phytoplankton compo~ilion (Fib 'lire 4.4~) during bolh the dear and lhe tmbid stale. 

lIigh Bray-Curtis similarity was observed over the whole sampling period hecau~e right 

through the period the hulk 01 phyloplanklon hiomass was consistently due to two or 

thr~e dominant species. Th~re was no significant di Ilerence (Mann- 'Wllilney U-Tesl, 7. -

0.64. p > 0.05) between the dear and th~ turbid state. l\'Olable wa~ the mnea~e in 

~imilarily Ii'om July to December 2004 as the lake shifted to a turbid state. I3ray-Curti~ 

~imilarity wa~ ~ignificanUy higher al station 2 (Kruskal-Wallis Anova II (n = 69) = 6.6, p 

> 0.05) than at stations 3 and I. How~v~r the 11l1<;IUmion pallern of Bray-CUTlis simibrity 

was similar at the 3 stations except for low valu~s calculated at Slation I hetween lhe 

samplc~ 01 July and Augusl 2003, August and September 2003, and September and 

October 2003. This indi~ate~ lhat the share olbiomas~ ol'individuals species during those 

periods were in each caEe quite difkrent from that of the pr~viou~ monlh. 

-1.:1.6 Vuiation in chlorophyll a concentration" ilh respect tl} shift between the 
tW(I states 

The development pattern 01' chlorophyll" cOJl<;enlrdtion during the study period was 

distinguishable into two diff~renl period~; a clear ~tate and a turhid slale (Figwe 4.5) and 

the concentration was significantly higher (p < O,OS) during the lurhid ~late. The clear 

~lale wa~ lypified by a clearly definable seasonality patt~rn that was exhibited at all 

stations (Figure 4.5). Chlorophyll a concenlralion during lhe cleu{ ~tate showed pulses 

linked to seasonal changes. Th~ conc~ntration during the clear ~late ranged Ii-om 2 10 4R,9 

I-lg rl. ",ith a mean of 16.1 .ug 1. 1. The concentration of chlorophyll Q illcr~ased to r~ach a 

peak in April 2003, and d~clined thereafwr to minimum kvels in June wh~n kvels of 2.7 

I-lg rl, 2.7 flg rl and 4.1 flg 1'1 \\fere recocded at stations 1, 2 and 3 respectively. The 

concentration increased again to reach a peak in July that was follow~d by a sharp declin~ 

in August especially at station I and 2 while at station 3 lhe Augu~t decline was not 

apparent, wilh a lowe~l level 014.1 flg rl being reached in September. Another ilKrease 

occulTed and a maximum was reached in October, which was also immediately followed 
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bj' a sharp persistcnt dcclinc to an avcrage concentration or 7.4 ,1Ig )"1 in January 2004, 

which was maintaincd unlil :\1ay 2004, The mean chlorophyll a concentrations dUril1g 

the peaks in April, July and October 2003 were 29.2 ,1Ig r 1, 20.3 ~lg rl and 37.9 ~lg rl 

respectively (figurc 4,5). 

Changes in chlorophyll a peaks and troughs during the elear ,tate were related to the 

seasonal changes in species composition The Fcbruary to April 2003 I"'ak, which fell 

w;lhin lh~ ~lLmm~r l",ri",1. ()C~lLlTeJ wh~n cya)l{)jJhyl~~ dominated and the October 2003 

p"ak occlLrred in spring when chlnrophyt~s dominated. A decrease ill chlorophyll a 

concentration, occlLrred octwecn April anJ Jun~ 200., Wh~11 bacillariophj·tes were 

dominant and in AUglist 2004 wh~n cryp!ojJhyle~ dominated. A similar pattern wa.~ 

exhibited at the 3 stations, Chlorophyll a conc~ntration wa;; generally higher at station 2 

during the peak period,. The high~st chl()rophyll a con~~ntratioJl occurred in Octoher 

2003 at station 2 and 3. 

The shift to the turbid state from May 2004 was marhd by a gradual increasc in 

chlorophyll a from an average conc~nlration or 7.1 .1Ig rl until a maximum avcrage 

conccntration of 42.4 .llg rl was rcached in November 2()()4 (Figure 4.5), The pattern of 

increasc was only uniform betwcen "'fay and Aliglist 2004. The highest concentration of 

56.9 ~lg rl was reached in August 2004 at station 2 whil~ at ~tation I and 3 the 

~oncentrations ,yere 31.5 .1Ig r' and 16.1 >lg r' respectively. T!J., increa.>~ was p"r~i~tel1t 

and marhd at station 3 dming the turbid state, StatiOl1 2 exhibited two collapses ali~r 

attairunent of maximum concentration in AlLgu,t 2004 and in November 2004. At station 

1 aJ\er reaching a ma.ximum c011centration of 31.5 ~lg r' in AlIglI't 2()()4 tJle 

concentration gradlLallj' dropped until a ~on~e11'tration of 6.1 >lg rl was reached in 

December 2004. 
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Spatial and temporal variation of chlorophyll a ()lg r') at thr"e 
stations in Lak" Chi\'eru between February 2003 and Ilecember 200-1 
(Station 1 - • - m"an of intt>grated samples O-lm, 2--1 ill and -1-6 Ill; 
Statiun 2 = 0 - mean (If integrated samples 0-2 ill and 2-3m; Station 3 
= ::: - mean of integrated samples 0-2 III and 2-3.5 Ill) 

rhe concentration of chlorophyll a correlated positively and significantly with pH (r = 

0.50. n = 42, P < 0.05) and dissolved oxygen (r = 0.40, n = 42, P < 0,05) but inversely and 

,ignificantly to Seccbj depth (r = - OAO, II ~ 42, p <0,05) and was not correlated with any 

component, of nitrogen and phosphorus. There was surprisingly no correh.tlioll between 

lotal phosphorus ami chlorophyll a_ 

-1.3.7 Relationship between major taxa diyisions and physical and chemical 
variable, 

The correialions of biomass I')r each of (he major divisio"s repre~"leJ in lake Chivero 

with the measured pby,ical and chemical variables are presented in Table 4.3_ 

[)onllmmce by cyartophytes was Sigllific311tiy positively correlated to pH, conductivity, 

turbidity, nitrate. total nitrogen. TN:TP ratio, orlhophosphale. tolal phytoplankton 

biomass and inversely correlated with Seccbi disc tran,parency. RaciJlariopbytc, were 
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I<'igure 5.1 Map of Lake Chivero showing the sampling stations (Source: 

modified from Mhlanga et Ill. 2006) 

2005 and in April 2006 after the bloom had ~ollapsed. At i>lalions 2, 3, 4 and 5 (Figure 

5.1) water from 0, 1.2,3,4 and 5 m d~pth intervals was collected with a Rullner sampler 

and pooled together for the m~asurcment of chlorophyll ", phytoplankton biomass, 

ternperalllre, dissolved oxygen. pi!. ~ondudivity, total dissolved solids, turbidit}, 

orthophosphate. total pho~phoUl~, nitrates, ammonium and total nitrogen. At Station I. 

the deepest part orthe lake. ~~mples were collected from the following depth intervals: 0, 

5, 10, 15, 20 m in order to establish the vertical distribution of phytoplankton and the 

change in physical and chemical parameters within the water column. 

Qualitative phytoplankton sampks were taken with ~ plankton n~t (me~h size 10 J.Il11) and 

preserved in form~lin acidified with acetic acid. Waler transparency was measured at 

eilch site using a Se~chi disk. The euphotic zone (Z"u) was calculated from the Secehi 

depth (Z",,), where L." = 2.5 LSD: Lemmin (1995). Physical ~nd chemical parameters and 

phytoplankton biomass were analysed as described in Chapters 3 and 4 respectively. 

Chloroph}ll a concentration was ass~sscd by the aceton~ extraction m~thod d~scri~d in 

Chapl~r 4. 
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5.2.1 Oat>!. analp;, 

The non-paramctric Kruskal-\Vallis ANOVA tcst was ll~ed 10 determinc tempor<ll and 

spatial difkrence, ofvariablcs at Stations 2, 3, 4 and 5. A univariate ANnv A W<l' u,;,;,d 

to lest for diffcrenee~ 0 r phy~kal and ~hemic<ll par4meters <1m] alg<ll biomas> with r~spcct 

to depdl and date of sampling al Slation I. The rc1ation,hlP' ktween the v<lriables were 

analysed with Spearman correlations. To examinc diffcrcn~e~ in a,~cmhlagc ~omposition 

at the four ,ilc, (2, 3, 4, 5) Principal Components and Classification Analysis (PCCA) of 

ph)ioplankton species and environmCTll<!1 variahk, was employcd. Ordination of 

stationslS<lmpling date, was based on biomas~ of each ~pc~ies (n<ltural log tran,formed) 

and lh~ re~LLlting correlation matrix from PCCA. All analvsis \\·a~ done ll~ing Sl<Ili>tiea 7. 

5.3 RESULTS 

5.3.1 Characteri,r;c, of the [Ih),ical \'ariab1c~ during the bloom 

Only pH was ,ignificantly different (Kroskal-\Vallis ANOVA, p < 0.(5) among the 

stations while lcmperatlITc, diswlwd oxygen, conductivity. total dissolved solids. 

turbidity, scechi dcpth and eLLpholk d~pth were not >ignilieantly diffcrent (Kmskal­

W<lllis ANOVA, p > 0.05, Table S.I). All the physical p<lr<llnd~rs v<lried signitleantly 

(Km,k<lI-Walli> ANOVA, p " 0.05) betwcen onsct and ~nd of bloom (T<lhk 5.n 

i"cmpcratlITc initially dccr~ased Ii-om 22.8 "c in !;lay to 17.2 "c in July alier whkh it 

inercased and rca~hed 24.6 'c in n~cemhcr (Figure 5.2a). Dissolved oxygen varied 

betwecn 1.6 and 11.6 mg )"', with lower leveL, <II th~ onset of th~ bloom and highest 

levels by Novcmbcr (FigLLre 5.2h). Th~ wat~r pH wa> Ilnycr in May and June but 

increa>ed to a maximum avcrage of 8.8 in November at the pe<lk of the hloom (Figure 

S.2c). Condlldivity vari ed hctwe~n 396 and 546 liS em" and increased gradually from 

JLLn~ 10 De~ember (Figure 5.2d). Thc concentration of total dissolved solids increased 

Iru!rkedJy from 167 mg]"' in May to 213 mg )"' by Dcecmber (Figurc 5.2e). TlIThidily 

increased from 4.6 NTlJ alth~ onsel of the hloom to 30 NTU hy November (l'igure 5.lt). 

Sc~ch, di~c tran;:p<!ren~y wa .. ~ 2 m in ":\<Iay hut dropped to 0.8 m betwecn October and 
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Phytoplankton biomass significantly correlated with pH (r ~ 0529, n - 32, p < 0,05), 

dissolved oxygcn (r = 0,036, n - 32, p <0.05), TN:TP ratio (r = 0.418, n =32, p < 0.05) 

and chlorophyll a conccntration (r - 0.871, n -32. p < 0,05). 

lhc chang" of speci"s in the phytoplankton asscmblag" during the bloom period at 0, 5 

and 10 m W'-'S e\alum~d by tll~ Dray-Curtis similarity between two succ~ssive monthly 

samples (l'igure 5.15). lu-"ates1 similarity was recorded between J,,1ay and Jnne sampks 

indicating that the share of hiomas., oC individual specics was similar in May and Junc. 

SmJilarity gradually dropped ii'om luly ,mtil S~pkmber indicating that phytoplankton 

specics composi1ion \\(as not stabk during thm pcriod. The drop v,-as most markcd 

hCl,,"'Cen AUglIst aud S~ptember samples at 10 m depth. Simdari1y 1hen incrcas~d until 

high similar;tic., were measured at all kvels betwecn October and November. 

5.3.5 Structure of the "hy/"pian kl"" assemblage after the bloom 

After thc algal bloom had collapred the phytoplankton biomass and ass~mblag~ W'-'S 

determined in J'"chruary. l\Jay and Nt)\(~mbo:r 2005 reprcsenting the rainy .,e'-'Son 

(summer), cold dry scason (wimer) and hot dry re'-'Son 1Xspectively and in April 2000 

(Figure 5.16), Wh~n tllC bloom cra.,hcd there was a pronounced species shift to a 

dominaoce hy C~yplolnonm and Cyclorrtla (Figure 5.10), C~yplomonas co-occurring 

with Cyclowlla was marhdly dominant at all stations, kficro<),.I'li.I' was scarcc in sampks 

collccted in February 2[){)5 and absen1 in tho: other samples. CrjplOJllOIW.I' was also 

dominant ,Vitilll thc 0-5 m depth aLhough it occurred down the proiile. Two 

S<:en«dcYnlus spt'ci"s (S. denliculatus and S, aC1I1nunwus! had also colonls"d 1he 

phylopiank10n. N01able in the samples afkr the collapse oftlJC bloom v,-as the pres"nc" of 

.'llla/mena .'p, and A. I<mganyike altilough in negligible quantitics. 1n May 2005 algal 

biomass was high right down the waLer column IIp to 20 m. The n01ablo: ObSelyation af't:o:r 

the collapse of the bloo:n \\'as the decline in domillilllc" of Microcyslis, increasing 

dOll]inanc~ of Crypf()mo!1as. app,:anmce of two species of 8t;enede.I'ln"" (S. denli,'ulaiu;' 

and 5', acumwl<llu.I although inlJCgligiblc quami!ie.,) and appcaraoce ofAllabama and A, 

langallyike although in lov,' nUll] bo:rs. 
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There was variability in dominall~~ patt~m, at lh~ ,1<Ilion,. Diatom, mainly Cycloldla sp, 

t~nded 10 boe mOr~ dominanl al station 5 in November 21)05 and April 2006. Algal 

biomass was also markedly higher aft~r the bloom .-:specially in May (11.8 mg r') and 

Novembel' (20.1 mg rl). 

5.3.6 Analysis usin!: multivariate exploratory techniques 

The first thr~e eig~nvailies from th~ PCCA analysis e~plaincd 50% 01' the variahilily of 

the data (Table 5,3), The rdationship of th~ environmental variahlcs to the species is 

shown on Fi gUl'e 5, I 7. FactOI' 1 ,vas highly coneiated with tempel'atUl'e. condudivity. 

haNdity. total dbwl ved soli d~. ~e~dIi depth, nitrate ~nd total pho~phoru, (r >7) a1lhough 

ammonium and orlhopho~phale w"'-~ also imporlanl. (r >5). Fadm 2 was highly 

~OlT~lal.~d with kticmcY,I'I;,I' (r >7) and also \\1th Rh"d()IIUiiWS sp. and G/eocv1.'ri.\' sp. (r S 

5) .• Hicmcv.\Ti.\' was associat~d with T:-l: TP mtio and nitl'ate. Coelasrmlll ~p .. Au/acoseira 

grwlU/ala ~nd G/eoryslis sp, ,howed an a~l>ciatioll with t.emp"l'ature, 101.~1 phosphorus 

and orthopho~phat~. ("JP/()mona" sp., Cyd(J{~lIa sp. and Trachdom()nas sp. showed an 

asy.>ciation with ammonium, dissolv~d oxygen, lurbidity and total dis~olv~d solids. 

rhe similarity among the sampling stations during the bll><Jm period is shown ill Figur~ 

5.18. Factor 1 depid~d the t~mporal d~vdopmcnt Oflh~ bloom with rcsrX:CllO chang~s in 

the phytoplmlkton a;;semblage, The period from May to Sepkmber W~ll lh~ commwlily 

was still mix~d is on the positive sid~ of I'actor I while thc period from Octobel' to 

n.,c~mber when .\if. acmgino,m ~al1l~ dominant i~ on lh~ n~galiye side. 
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Tablt' 5.3 

"alne nQ. 

I 
2 
3 
4 
; 
6 
7 
8 

Summary' of lht' PCCA analy~i, rur the relation'hip Ilt't" een 
phytQplankton and enviromnentlll factQn in I,akc Chivero bet>vccn 
February' 21111] and Decembt'r 21104. 

Eigenvalue % Total I Cumulati, c Cumulati,'c % 
variance Ei 'envalue 

7,09 28.39 7.fYJ 28.39 
H4 11.37 9.'f4 39.76 
2,64 10.56 12,58 50.33 
2.0S H.34 14.66 58.67 
1,67 6,68 16.34 65.36 
1.52 6,()9 17,86 71.45 
1.36 5.44 19.22 76.89 
1,03 4.12 20.25 81.02 
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t'igure 5.17 A biplot of the relationship bt'lwet'n ph~sical and chemical 
parameters llnt! ahundant phytoplankton tam. The a"hrc\'iation~ 
u~cd for physical and chcrniClll pllramctcrs area: Conti = 

Conductivity, Ammo = AnunoniuDl, :"lTV = Turbidity, DO = 

Dissolved oxygen, TN:TI' = 'I ~ :TP ratio, SRI' = Orthophosphate, 
Secchi = Secchi depth, TP - Tot.ll phosphorus. 
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5.4 mSCUSSION 

5.4.1 l'hyto[llaukton s(lecics composition and slIccession du ring and after the 

bloolll 

This study provided a detailed til11eline of the waxillg and waning of an algal bloom in 

Lake Chivero in rdation to the physical and chemical environment Following onset of 

the bloom, the algal assemhlage shifkd towards all equilibrium stage, \iny dose to 

competitive exclusion when M. aeruginosa assumed dominance. Initially all the specks 
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increa~ed in biomass. but at the end a single species. Ai, aeruginosa, constituted mOl'e 

than 83% of the phytoplankton bionoass Hacillariophyles expt:cted in winter and 

ehlorophytes and eryptoph~tcs expectd during the hot dry SCaSOn (Chapter 4) "~re 

inilially pr~s~nl bUl a gradual shift in species dominance occurred as Microcyslis replaced 

them. Competitiv~ exclU,;lOn with ,ingle dominance of J!icrocyslis occurred in 

Novcmber 2(){)4 at station land 3 AI this stage equilibrium according to a definition by 

Sommcr el at. (1993) (Chapter 1 Section 1.5) had been attained. This genel'a1 pattern 

occurred at all station~ indichting spatial unifonTIity in the de\'e1opm~nt ofth~ bloom. 

Mechanisms wh~r~by Microcystis contro_ gro\\'lh of othcr species arc linked to control of 

light p<:netration in Ih~ wakr column. The pedods of Microcyslis domination in the 

phytoplankton assemblagc had thc lowes_ Secchi d~pth and ~upholic depth. As turbidity 

and total dissolved solids incrcascd ligh- penetration w<!s sev~rdy reduced and Secchi 

depth and 4u decreased such that the abundance of non-buoyanl sp<:cies declined. 

Competitive exclusion se~med to Im-ie been the major influence involved in 

phytoplankton dynamics then. The di~t-ibulion of Microcystis in the water column 

showed that it had accumulatcd in the upper (0-5 m) creating conditions of light 

limitation for non-buoyant species. Under conditions of light deprivation, algac capable 

of adjusting their position in the water collmn can dcvelop a competitive advantage over 

species relying solely on watel' movement; to overcome gravitational force (Reynolds & 

Walsby 1975), Thus dense surface accumulations (0-5 m) of Microcyslis could have 

controlkd underwater light climak by pn:venting access to light by the subsurface 

plankton like Cr}7)lomO/1(LI. CyclOldla and Cod(Ij'lrum. which "~r~ gradually 

competitively excluded. Decline in light availability should have been the main factor 

that injlu~ne~d loss or other specks alth(l~gh other factors like interspecies competition, 

availability of vitamins and traee clements could hav~ al~o triggered sp~cies switches_ In 

Hartbces)Xlort Datn, Hambright & Loh.u)' (lOUO) also observed that kfirrocysris 

controlled gro\\1h in other species via its control over light p<:ne[ration into Ihe water 

column. 
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Fil!ure 6.4 Temporal variation iu chlorophyll (/ coucentration in enclosures (.) 
,md the lake (=) in (a) February (b) .\by anti (c) AUl!usl. Enclosure 
dM'l are me,ms of three repljc,lIes ± S[) while the lake value h rrom an 
integrated sample 0-1 m. 
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The wrilltion in the relative abundances of the dominant specics in the lake and in the 

enclosnre during winler (May) is shown in Figure 6.5c. Dwing winter Cryptomonas >p. 

and Cylotello sp. were dominant in the lake over the whole periO<.I, comprising> 95% of 

the total biomass, with cyanobacteria comprising of Anabaena sp. and A. langanyike 

making <2% (:r;i~ure 6.5c). Chlorophytes (P, Juplex and Coela.Wi"wn >pp.) lind 

euglenophyles were rare. Cryptomonas and eye/o/ella co-dominated in the enciosnre 

with relative biomll>s > 90"10 until day 5 (figure 6.5d). As O-yplamonas biomass 

continued to incn,ase in enclo>ures Cylmella declined. 

Cryptomonas had assumcd 93% oftllC total biomass by day 9. AnahaenaIAnahaeniop-I·"I' 

and chJorophyles also increased slightly in the cnclosures. Isolation in winter resulted in 

an increase in bioma.~s or ('r)plomonas lind 1I decline in Cye/mella. The biomus> of 

Cryptomonas sp. in eoclosurcs during \"inter increased markedly (Fignre 6.7b). The meun 

enclosure total biomuss was >ignificantly higher than the mean lake total biomass {f 

(1 , 12) - 26.2 p < 0.005) however variability over time was not significantly different (F 

(5,12) = 0.3 P > 0.05) becuu:;e of the high overlaps of the 0.95 confidcncc intcrvals. 

Gencrally total biomas~ wus hIgher in Muy thm! in Februury and Augu>t. 

Variutions in the relativc abundances of the dominant species in the lake and in the 

enclosure at the end of winter (Augmt) are shown in :r;i~ure 6.6. The phytoplankton 

a.~semblage in the 11Ike comprised of Crypromonas and chloroph;.tcs (thrce Coelastrum 

species and thrce Seenede.l'mu., species). Cryp/omonas was dominunt in the lllke 

comprisin~ > SS% of the total biomass throughout the period (figure 6.611). Totlll 

biomllss in the lake increll>ed graduully over tllC period of 9 days (figure 6.7c). In the 

enclosure the phytoplllnkton assemblage was dominated by CryptomonQs until day 7 

when a switch o<;curred lo dominan<;e by Codas/rum ~pp (Figure 6.6b). Maximum 

biomass in thc cnclosures was attained at day 3 (figure 6.7c). isolation at the end or 

winler resuUed 111 an initial increase in bil)mas~ or Cryplomonas lhat laUer declined 

following a switch to dominance by chlorophj1es. In August mean lake biomass was not 

signilicantly difrerent from the mean enclosure biomass (figure 6.7c, f (1,!O) = 0.9 P > 
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0,05) although endo>urc and lakc bioma~scs varied significantly"",.jth lime (Figure o.7e I' 

(4, I 0) =5,7 P < 0.05), 

The ph;.tophmklon a>semblage in lhe lake dllTing all lhc lhrec periods was dominated by 

Cr)plomona;' sp" which had numerical superiorily OVer the other species. "",.jth an 

lIverage relativc abundance> 65 % and together with CryptomonGs > 90%. 

Vmimions in specie> diversity, calculated by the Shallllon-Weaver diversily index in 

February, Mu.y and Augu>l, U.re shown in Figure 6,8. The mean spceie~ <liverSlly waS 

gcncrally similar ovcr the three ~ampling periods. In Fcbruary although the mean ~pceie~ 

diversity in thc enclosure was significantly highcr lrnUllhe mean ~pccies diversity in the 

lake (I' (1,9) - 7.3 p < 0,05), temporal variability was similar (Figure 6,8b. F(5,9) = 0,) P 

> OJ)5), In Mu.y diversily in lhe lake and the enc\o>ure "va:; similar (Figure 6.8b. F(5,12) 

= 2,6 p >0,05) although in the lukc divcr:sily fllldllu.le<l blll consislelllly dropped in the 

endosure. In August diversity in the lukc and the enclosllTe w"-~ similar between <lay J 

and 5. after which civersily in "n<;io>ures in<:[ellsed. In August mean diversity in the 

cnclosure \vas significantly high€r in the lake (Figure 6.8~, F (4,10) = 31.7 p < 0.05) and 

wa> also significantly higher over lime in the en<;iosllTe (F (4,10) - 9.3 p < 0,05), 
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Figure- 6.8 
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6.4 DISCUSSION 

13iomass was generally enhanced by i~llation. Allh,'ugh the temporal change was not 

signili~ant, an lllcrease in biomass in enclosures was apparent octween day 1 and day 5. 

The higher pH and dissolved oxygen levels in enclosures during all three periods indicate 

that primar)' productivity was higher in enclosures than in the lake. This in tum is an 

indication that small-scale random events (perturbations) could be important in regulating 

phytoplankton biomass in L~e Chivcro. The marked 11Udl.laiions of ~hlorophyll " 

concentration and biomass at 2-day intervals in the lake are an indication orlhe erfect of 

physical pertl.lrbmions. According to Harrner & \1cNeel)' (ln9) small-scale 

perturbations can shift a phytoplankton assemblage from being regulated b)' al~ogenic 

factors such as buoyancy control or nutrient competition to ocing regulated by allogenic 

ractors slXh as tl.lrbulen~e or tempenllure, The increase in biomass just by isolation shows 

that turbulence eOl.lld be an importance f""tor 8in~e nutrient8 were either lower in 

enclosures or not different between enclosures and the bke. The assl.lmption is that 

turbulence was redIXed in the enclosures when water was isolated. It is also possible that 

light ~onditions in the elKlosl.lre would probably be better than in the lake and therefore 

enhance the phytoplankton primary prlrrlIXtion whereas in the lake the algae were 

circulated down into dim light several times during the day (Kirslen Olrik, personal 

communication), 

In Thau lagllOn, Millet & Cecchi (1992) established that l-tol3-day ph)'sical 

perturbations were major constraints regulating dynamics of the phytoplankton 

assemblages, which compriseU ~enlric diatoms, nmlOJlagella\es and to a lesser extent 

dinoflagellates. The)' observed that drastic perturbations by wind at 2-week inlervals 

induced a reCl.lITing reinitialization of succession such thm succession never continued 

beyond dominance b)' opportunist species. \( appears that in Lake Chivcro physical 

diSll.lrbances could be a major \emporal limitation of the development of algal succession 

from nrrlerals plants and cryptophytes to specialists because according to Padisak el ul. 

(I98S), a minimum calm period of 5-7 days is ne~essary jor a shirt rrom ruderal plants lo 

specialists - from physi~alto biological ~o:ttroL 
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axis 2 (Tahle 7.4). PCCA depided the tr(1phi~ gradient and tbe temp<Jr<11 variation of the 

samples (Figure 7.8b). On Faclor 1, lake, ~ontrol and 'lPJ samples \\iere grouped together 

on the positive side of Factor I, 20NP samples occupied the middle while 50NP and 

IOONP S3lllples ""ere grouped together on the positive side of Factor 2 (Figure 7.Sh). 

Chlorophytes l'ediostrum, Cae/ostrum and Scencdesmus \\iere associated \vilh high levels 

of dissolved oxygen, pH, turbidity and chlorophyll a, \\ihicb typified samples of all 

treatment~ during day 5 and 7 ol'the experiment. CtJptomonos was ass<;ciated \\iith day 1 

and day 3 sample~ from all treatmem~, a period when it \va~ dominant in the pre~ence of 

high orthophosphate and total phosphorus levels (rigure 7. 8b). 

l-or experiment 2, ordination <;1' data Ii-om the ~ix treatment~ using PCCA explained 54.8 

% of the variability of biological data in the first 2 axes (Table 7.3, Hgure 7.Sc & d). 

Turbidity, pll and dissolved oxygen (r > 0.7) were the most important variables On tactor 

I in association with Coe/astrum and l'ediastrurn (Table 7.4), This grouping comprised 

<;f day 7 and 9 sample~ ii-om all treatmenl, (Figure 7.9d). Tbe most imp<;rtant variable~ 

on iador 2 were 100al nitrogen and T~:TP ratio (r > 0.7) (Table 7.4). CryplOinonas v"as 

associated with all lake samples and day I and 3 samples from all the trealmems in which 

it was dominant (Figure 7.8d). Diatoms Cyclotella and Aulacoscira \\iere associated with 

temperature and are located towards tbe middle of tbe <;rdination in association witb day 

5 samples, a period when they be~allle m<;~t d<;minant in the treatment~ . .'Jcenedesmus 

\\iaS associated witb ammonillm and lotal phosph<;rlls. A~ in experiment I, Factor I 

wparated ~amples according [0 trophic gradicm while Factor 2 separated samples 

according 10 temporal variation (Figure 7. Sd). 

Table 7.3 PCCA synthesis for the six treatments' data for experiment 1 and 2 
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Table 7.4 
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Abiotic and biotic \arillblc, correlation" (n = 72) witb factors] and 2 
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Figure 7.S 
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PCCA bipillt Ilf mean values of abiotic and bioillgical mriables of the 
six treatments during the e'pcriment period. AbhrC\'iation~; Cllod = 

condueti.'ity, DO = disslllved o~)'gen, TN = total nitrogen, pH = pH, 
TP = tlltal pho'phllnlS, SRP = orthophllsphate, A_'HMO = amnwnium, 
1\'1'1 R " nitratt, L " lake, C " crmtrol, I NP - NPI, 20Np .. NP20, SONP 
= NP50, 100NP = 1\"PlOO. Numbers following abbreviations indicate 
dllY ofcxpcrimcnt. (a, b = cxpt. I; c,d = expt. 2) 
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"<n<WAI "_ lvanl 

,~ 

2 •. 10 
2127 

" lHl 

••• ., 
1,68 

IS.7 
'1.02 

(FI~. I). Fo/lm!1nl tho on"" <;i tho bk""" In ~!"l' 2004 

><1m,..,. wore I>Ittm do ... " '0f\~,"1 I"'oIJoo .t >«\ depth 
iIltetv. ls .1 stoUon 1 to ose<rt&n the .mlca! dlslrlbuoon 

of tOo .arne v"n . ok> "ufinS the t>Iox>m period. 

() 2O<)j Tho Au"'", 

""l' ,s, .. .,. t 
l ",ot"", l 
~ %."'" J 

1'<ml"'r>. tur<- (' e), pH ~nd dtosol"«i 0XYi<n (m~ (_'I 

"'''''' "", .. ure<! with " """l"Ul}' .hc-ntl<lffiNcr, " W'fW 
no; pH meter (G.otech Emriromen.a1 l:quip"'en<. !",,-. 

Den,..-. ~I", (I~A) "0<1 ~ II'rw Ox; no omor' 
""1,,.. (Go"""'h &1vironment..i F.qu;prnmt, In< .. Om...,.., 
Colorado, USA) rell"'CI!niy, Tho oollC""tratlon 0{ atllll»-­

n",," ltog "1 ..... delOrtnj"od ~. lllc in~o-pl"'not blue 
mctht:>;l (Colterman, elyrno & l.>hmt!ld. 1978) and obloc­
oph,!1 o(~ .. I- l) by the aceton< ex<ractl(>o ",o<hod IOok­

OJ:m"n" 01" 197~), ChIo<ophyD. cOn<:entra liOll ,.n, ".."j 

'" ao W irnatc of p/lytop/"ntt<m I>Iom."" 

I'W!. ~rn "'P""L<d tn ~.'" ",,""'I clyh\~ ."",nd'he first 
week 0{ F";'ru"'J' 200~. f.,b _ h~d jIl.t diro oc wo.-. 

illipinil for air Oll ~,e .. 'a1<' ...,-f."" were rollccted ustnil a 
""""l> net, A I0I.01 0{ 5S G,t. ",,,". "ollcc'ltotl ~wm, Htb 
fmu.r,· ond l>t March 2005. 1b~ M.I !m,th, sW1<lard 

~\I> .,-.;[ ""'I8i>t ~ •• <It tl<b ""= ",....""cd .nd .. 

""",>I """"""'"'"' t.l ><J(>; _ "',,_ Wtl<l loll< ~,",y .. "fr, 1. ".(d., .. ,,,,,1m 
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101 Ijr,dah ,\lhlo,,,,,, '" ,J. 

,pcctJ,ll'"'' were ..... tWe<l, The ",ndltion [aclor ""'. ""~ 
c...,,"tod "'- order IC1 dctotmK1< tho ltulth 11.,,., 0( ,I", fl-<h 
'h" oo.,,("'em (.<\Of (c.i.) IVO' ,.lcu.I;Ue<l usmllh. "lua­
'",n c ~ IV X lIK)/I' {I',,,I,-_ 1~R4J "h...,. W ~ w"'l<n' in 
g,~"", (un.gu(:(ed ~htl M<I I ~ length In COl)~"'eten< 

(.$l,lIdord Im¢lt). 

0. ... ~'" whole, , .. ))pll"~ I""''''" ~""" "'ot.'Ooty 2(JO} ", 

",bruo,ry 2005, a fioh-k;IJ """",,",c'<l <>Illy .round Vooru,",yi 

M.«h 2O!l, "'00 mOOl.l>or. or oWy on, '1>"';"" (), "ilo/!C",<, 
d..:A, .l!ony d.Gad Ii<h \\I'"'' o~eU "1",,& th< ,00.,,1"" 
durlng ... ~ Io'"..wlclo ,u""'l" ""d"lak",, .. , Ih" 141h . u" 
27th fobrnory. l'lsh dead c.- ~ulp!n~ [0< IIJ, "" Ih< rnrl.c" 
.. ...., ob>etved w,then lho hl •• "~~ thol the n ... kill 
w., IAlro-Mdc =d nollnc.IL=!_ w."'~ woohcd d_ fioh 
icl!or<, l'h~ mean lDt'lloogth of tho: n,1l lOa, Z, ± 1.6 crn 

('''''&< 2l-J3 em). lhG """,n stomdord I~ ''''' 
2,. t 1 A~ "rn ('''''HO 1 7_~7 ..,,) . 00 """'go "'"'~l w., 
182 t tiO ~ I''''~' 161-)lO~) ... h~ lilo ",rail "",,di~,", 
JOclor (d.) <lth. &h WM 3.1 ± r),18 (,an]lO l.H---.j.M.) 

(a) OJ. 

~ "" 
-~ .,: " i:', A ! .~. )j' . 

" .... \f\-{ -~..-<-...... ,o-

, 'i";;I~:'i;TAi'-J;'l:;T-~I-'l;l"FT"FF~l:;ra"" , " 
"'" """ "." 

(el 

• 
:l;1 

AA algal bloom If ", lI=nt in La" (:bjvorn /rem M.ay 

on.1I Jlo"',"nh<:, 21m. durln~ .. lIlth (;Ol< "",[lOX IlCum, 

w"TI>J It>c. wbuloo lttkr, By februICtyfMurrh. when tOC 

"~,.ldll ",-""", .. I u.. h)",,,,, haJ <l'.ohod. Compor=n of 

. Igol <Iove"'p"'."t In Lake Chi.,,"" [,,"" ,,,1><.,,,-0:)' 2(0) (0 

Febci.t~.' 1005. usm~ chloroph),11 • "" " """""'''' 0( llgol 
\oj"m_ (F~- ;<,0) •• U[;I\COU. ~nk 1:><''''"'''' <he:~' 
rul<l <ul"'''-Iocnt oolJap« or the oil,,] t>ioocn ODd tho fioh· 
kllL A mild bloom oIc~ in l'<!ru:uy 2()03. ",.th." 
_""-'go CIlloo-opnyll "oooc<nrratloo "r 1~.5 ± 7.8 !'~ 1-' 
(~'<i:. "a). Alp! em .. I¥er" ";,;<Il)., 00 Ill< • .-.~ ,un,,,, wI 
lhe bloom dl<J not '\""oiop fUflhot .nd Ilsh dod nt>!· die. In 

fobruOlY 2<:04 .t.e CIllonlp/lyll ~ OOn"""""Uon "'", .... 

I.""'."" <~n,"O(nliOil. 7., i 1, J AA ]--, ) .. A lO'aduolOOild. 
up in ~l bKxnn .. ""um>! from MOY 2[l(l-1 (cblomphylt 

• _ 7.1 t 0, I IC';) r 'j ~ilC'n "not1m' ttloorn <larled """.~ 
""ina.no! ",,,,,1>00 a m,,,","-um chlO£<>phyU • ",-""""",,_ 
Hon 0( 41,2 ± 2.11'& r' In lv~. 'roc bloom 
p",,!sIod in u.. 10k. until llo;c;embrt_ It ,,,,,01 h."" cnt,W 

bel,",,,,, l''''u"'y .",Il\ob<"~()', proOOhI, ""","u"",,, hc.J 
IToclHld on ul'l>U>!ainablo maximum level <I prOOuc~olty_ 
Wr."'l 'h, fio/l ""1001 ,Iyon~ In Pobrn"-'l' 2005, \he a.,nll< 

" -"I 
j~!~~"--r~ 

!:~' 
'-', .h,I,T>.M';I~T~:'-I;r,;j~;~T,T,-r;!.lfll_!nI'1<I 

M> ; _ j~ 

.... 2 T",,,,,,,,", '''''-''' {ol "'''''",*,,"., {") "'",pc.-"~. {<I,""",,""" ""l'''', {o) ....,""" ..... , (01 ."""""", ."" {n "n { ..... , 01 "".,. 
"",,,,,,.1 .. Lake CI>r. . .." ""om P<b<UIotl' 2001 10 fc!wu.i.,. 20:" 
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Cb'"U~"":' COl. '~. J") 

" " '" ~ ffi , ~ '" "' (1 I • C) t-- ! , j \ • , , I E K , "j / • " • g , , 
L' - .. " 

, 
lJu!r 2004 2(1 J,( "'''' 1;);, 

'" 
, " '" " , 

"I .~ " 

':F~~ 
, 

t' " , " '" , " t g 
" 

'" ""!"~ ;.'Xl-( m 

L'ltI, .. I" , ,": 

" ',0 .~ ~:, " 

cill<><""hyll " """«:,,""~,'" W"" 20.7 ;I; 1,~ 14 \_'. 1MI'll> 
[,<"IH" '" dlmJj>l'y~ " .,0 ,Iw"," "' FIg. J; <",,,,,,,,,~. 
Hom decr<.,...; (,,,,-,, Sllrta,," 10 bc<.tOOl mill w= h\l~ 
""!w"," {) .m! 10 m. 

Th< pcrto<l "",und Foi>w"-'Y ,n .... "'h "' .. ""h<n ... <1.,,,,, 
1.""..,,-.1Wo< we<e h1g~Jn the I~k, (I'l~. 2b). 11", ., ..... 

'S" .nri,,", "'U' """reo·.!m't w .. "",.~t (1 •. ) f: n.04"C) 

~"h-n ,"" l>Ioom «,rt.od <iovolnph'l! In M".v lO(H. "'"'I '" 0 
")Uimum of 13.).;1; [).3 "C In r~I>r1;"'l' 2fJO.\ mg. 3bl. 
TC1Ilp<r.'UIT ..-oIU". <iu,'ng lb. 1',,,-...1 "'~y ,<Xi'" ~,Fw. 
'"fil'Y lO(f, ''" ~\(ed "' )'it- 4. S<Jrfaco water tom· 
P«"~'''' VMIHl o.tw"m 17.4"C .nd 2~'C and the ""'",-n 

""'<'<''''''0 0..""","" J6"C ond 2().5"C. 'Ow .. ,,, "" .. 
Sll.'oti!\od JUti"g tho r,,,h kill In P<:br=ry. lemp"~"'= at 
,be mt'l-.'" ,nd Ih. MlWm t.,'ng 2g"C .nd 2S"C ,,,,,,,,,,t­
I"",,y \!'1t, 4). In I,,", ,'", M. ",n, !on<h",m.1 wltlk~, Il\~ 

=, (lft~, li"",1.h< I,,,, ","-, ""_tili«l iF~. ~). 

e 2001. _ .'u1h"" 

'-"'" ~'I-' ') L1.1o(jIJI·'1 

," o ]c' -t{) (.0 

n· -r , 
:g 
t ;,1 

I ,~ .. , 
10_ • ''''00<, ;,))4 

tlh(.,.I-') 

"' " "to , 
" " , 

''" j 
" " , 

/ , 
,~ 

'" 
L'd"""" ,OOJ 

'l'1~' I"-"lj><xal clUing,", in ,it" ">ne<'JllT"1i-ooS of <lli>VI.,., 
Q~"" bc'"""n I'obru,,-, 1W) <U1d Fohm"" 20()S .ue 
sho,"'n In l~~, a, [)urirll: Ih< per;oo wbm Ih<", ""',,,,, 
t:.I<x>tn. ,o"",nt,,,,,,,,,,, rflnged between l,~ . 00 
o. 5 ,~S 1 __ '. """",m.i o>;YB"" poo;t1.ely oorn-!IoIed ~';'h 
cbk><ophyll ~ I'·" (I.S1) ",,j p/I!' _ 0.52) (VIE- Z',e.Q 

foliowing ,be on,"" 01' <1-'" to.roru in "'.Y 20\14, cb.wlv«l 
o.v~'n Inm'_,«<1 to • m~'<i'Mm """-,-,,,\,.Iion ri ]0,9 
±O.~ mg I 1 'n N<,,~', ..u.'r ",bklt \I ",opporl tt • ." 
k"."",.., "",,,,,,,,1J'at!ou of 3.9 L 0.6 rns 1-' In Vd,<u"'~ 
.mOl ,,"'!Jon ,be l!iOOO:n had tr""hed." ,,,.,,,,utrntiD!l >in>-

11M In thol In Do-"omb/'r l[l!}l, yet Ihll <ill< oc,,,,nod unly 

;' l'oI>r".<yIM • .-<h l'-")!;, Fi.urn ~< ,00"-,, tit .. nco p<riod 

omu,," J~"""', '0 M.1"'!! I.C¥Oop. fur 1'01><"",, 2()(l), 

.. nc" • nti[~ bloom """,moo) ,.ns Cb",",/e,'co::d l:Coerdly 
~ ,I", k" ... ,.1 .Ii,,,,-,Iv«,l O>Y~01\ con<:cnltoJ;:,n,!n ,he M,e 
du'i~g tho ,rudy peOOd. Amm(lmum OIld temper.lure 

."','o>l fu~ <ll n., "'. Alk"" 1I'1l I'" ""-'i<~' .. ~. I. Wo/ __ <t, l \>'>-·lf>8 
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~, L","ah Mhl"""" et 01. 

T_"",", {"L) T_""'~C) T""-_"C) ,. 
" " 

,. ,. 
" " " 

,. 
" " " " , 0 

, , , , t , 
~ 

W } '" j '" 
" " -- " M.y::oo< lolyZOOl • '" W 

T<m»<ml\<J'O tel To"'f'<'ll'= ("C) T","!,,,,,,,,,,,q 

" " " w " " " w ,. 
" " " 

" " " , , , 
:< 1l 1l 

~ '" r" 1 w , 
" " " 

w A~",,, 2004 W 
&<po_,10().< 

" -~ 

T_"",,~C) ,_CO r..,,,,,,,,,,,, ("C) 

" " M " " , , 
, , , 

0 

} < 
'" g '" 
" " "","""", 2004 
W W 

~ we", .I«l h;gh<" duMng the; l"ri>d (~. ld.b'_ 

nlw'SOS In d;,ooIvod OXYI '" ""lConlt.''',n Oow," the 
water rolutnn [""" M«y 2l>Oi to PobnJa",- 1005 or, 

shown in I'I~. 5. At the 00."" "I the bk ... " '" M"y th,­
dloool.od 0>')'80" ''''''ctnt",tiorn ~, ,ho ..,rl""" Mrl bottom 
wc", ~.1 m~ 1_' .nd 1.9 m~ r' " • .,'_,,",oly n',~_ 51_ A 
'H~ht ""oH,", in ,urJ".." v«Sues ,,,""U![o;I;n June ,nd Jul)', 

,!te, ",h;d. too ,"""""trot"'" ir>cr<"",d to a maximu,n ..r 
~_) mgl ' '" ~O\·",nh<r. C<!oc"",,,,ti,,,,,, "' Iho "".tool 
r[Jll~d from 1 'Q .1.1 "'~ 1_' I""''' 'n ,~, "'"'I"" oj Ihe 
bloom, .10" ,"",i"'u", o,;cu"'i"~ in Scvtomber. Art" 'h, 
""'""" ""I.poe<!, Ois:;oIy, d 0X)/,,," lev".. dm!>,>etl I" 
~,l m~ 1_1 a' the """"''' .nd 0,6 ".~ j" ,( tr.e bottom. 

" " 
, ,. 

" " " " , 
:1 
"" , F_"'1:1OO1 

" 
D<c....",'OO< 

" 
)'",n 5,,, [o.!() m d;","",," '''non .,.,.,., '~nB,rl ~"" l.~ 
toO,6f'Br", 

II>; .mmanla '"<lcity b .. b;.,n hHpl .. ",," ;" f,oh .>1, ;n 
1"'0 Chi",,,.,,, .mrnonium 1e",1, >,'er< moni'or<d MU 

",nmonl~ coleul.otod u."n~ • "''''.'''''"'' Lid",· (1);,11 .. ~ 
D.y, 20(>4), Tempor.J ,,,,,"go> i" 'mmoniWll ""d om, 

n"",i. ,,,,>< .. "'~.tio,,, in \i>c loko botWOM Fm,.",t')' 200.1 

otl<;i F.b<t",,,, 2(,( 1\ .'" '''''''''' in F'~, ld_o ""'p"c'i',.,ty 
r,e,"" I<x 'ho "".J. ;n M. rd, 2()(l3, ,"""""'r.!M,,,,, .. ,'" 
.,'" i~O_~ m~ r') bot",,,,", I'cbru"y 200) 0<1<:1 ).nu"')' 
lOO~, A , Hl h! inc,,,,,,,, occurred In March 2001., arre, 

.. ·hOch 10,'01< ,!<en"",! t.II"" ;"","",,,<1 "W'w from II"~,,", \(, 

Novcmo..- llllJi bu,,,<11 ,boo",. tho ~wch 2();Il cuncou .. 

e 1<100 The !wi"" ,,,,,,,,,, ,:00.""""", ~ hl)(, .... "0 _ W.Ol ''''' "'"",,"y. AI" r ",,,-, ••. H'>-'()OI 
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L), ,.,,, (,,'" ,., ) L)~,,,," (", • .1'') """ ... ,'''''. ') , 
" , , 

" " 
, 

" : ) ________ ." _ L_ 
't~ 

+ 
Uj 

I , 
• , i i g 

,~ 
je 

, 

f l~ 1 • • '" ~ 1 l , , , 
" 

, j 
I) , 

) , "I , "I j , , , , 
M",-2lMJ.' 

, _'M J Ju;y c'",!-I ,-Q " '" • 1" 
("'",-ox(",,]-') r;.'r~'" (m~t 'J 0<,." ('''I!I ': , , 

'" 
, 

" , W , ~ r::7 ,f~ T' , (/ , j 
g E W ..---,/~~ i • '" j 

~ • ( ! j 
, , 

R c 

" III \ f ]) 1 
I ,,~~,~t "L"'" 

2() J \ ~_"'" 20:>1 l~ -' j 0",,,",,,2UlJoO • • 
O:<noo (""i-'j '-"JI'''(<OI ' 'J l)'j'"o(Ill~1 , , , w • , 
,7 

, 
, , 

< :< 
flD 

[".~,~ ! '" oi 
" " 
" " 

tn.(oo.,., CI>""g", L~ """""",iu",, pt"QI',.,. clur;,'~ the 

Jevolopme"' of 'he "h"" "'" 'ho,"n In f'iI;, 6, Except in 
M.y. COOCO'UlMiOO.t Wen' h,~I"'" In lKit\oiin v.",.,., and 
\"""",.00 .. tho hlootli <Io"':IO""L HiJ,ho .. """""",,,.1100 
"""U'{ed in No,""moor. Tbo co"",",tralion.s a\ ,he ",n"", 
""J u.., ootl<lm W. """"rot",.' w"'" !.l .tId 1,,' m~ r-­
<'CS[)<II)tivdy, ",hil< Ul" ""f.xc and bottom -ro=,lmt",,,, 
in l'ebru .. ". duriTlll th,. fu<b. 1011 "," .. 0,1 ."d 4.) m.(j r '. 
=pocHvdy (1-,&. 6), 

C"bOlll<'" in pH OOtw<'<u ~.bru"". 10l!.' ood Pob",.ry 

2()(!.' "ro '""""" in l'ig, !!" Pauorn, ,mkrrtl durll!~ tlK· 

b"",",.nd >lO-hlo."" ""n.-.l,. A, 0,,, "I",", "·""In, .. I, pH 
iJ"",,",,,,d to «ocb to. W<;-oc'" ~_'Il" lov"1 0( g .. ~ ± 0_1 In 

, 
" 

, , w 
f'~ " 7' -----" 

, I , 
s , 
l '" • ! 

" • 
lloo<mk ,,~'" 

'" 
J ,.,,,,,,,,,,::00' 

)0.<"""",..". 2(l(i'l (IllS. 1~, Cb"a!)< 10, pH w.o poo~',-.,ly 

eorm."d ","ll '~l~,",phl~ " "- _ O,H) on" di""lved 
o:rygen i' ~ U,7!J), 'll",ptl w .. bl~l>::>t ottho ,,,,to,, am 
1<K",~!U!hi: bottom betlO''''''' .I.i:i,y.oo l'obY"",)". lu'~"" 

'"orf. wh", \Ii< fi>h-lOil occ=n>d. !b< ~IJ "' rh<, ... naco 
w., 7_6 oc-.:l "' 'h' IMlo<1, ~A 

fILe r"h ~m coir>ci<led wtth the "'~I"!,,," ,,r om """I blo<nl 
,u~ge<tjn~ th .. 'lie dead "1£"" ",,,,,. tEll: likoly O'UIOl~'" 
Mfl<. 1Jt\c ...... ""1 .l ~.l ,,,,,",d";ty ond .. '~n""t 
ixc,Wown 0( ~I~.I ""'~'riol bv ,o~lb", bo<WJ1" ~Ile, ,r>e 
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"'! .. ~r') 
!<I-I,' (",. ,-,) ~ll(( .. ,.,-I) 

" " 
, 

" " , 0 " , " 
" 0 , , , , 

" 
, • " l w 

~ ~J 
, 

" " 
" 

M., zoo.< i"-",2«H N '"'1 1004 

lv"H.'i.O"r 
NJ<:(""r') '<H: (",,'-') , " , 

" ",J , , 2_' , 
" " " , , , 

" i § 

! w !,O rO 
"-~ " " " 

" ""'"" 2O);>l N -- w 

)0,1-1,-(",.1-') 

NH:(oosr') "1~ • (ru,l') " " , 
0 " 

, 
" 'H , 0 -

0 " , , , :e: i ~ ! '" w £ '" 1" , 
;1 " 

" W "'="' .... 2IJ<>l 
W -0 

Fit; b [kpdo """ .. "<',m,,.,,"nm <t''"'''''' ll~()[ •• od ,1M'"' ,I., fOj, ~;~ 

bI,,.-,,,, ,,,U.poOO "-'nkJ h~v' ~~",,,I d~"~v,,i '-"nc=< (0 
t.;~)W 1.'1 "'8 1" b., 5:n 00.,<1>," I,,,,, at ",hh Cidllid 
fdJ b"come ..",,~I.., (M"~ad,,". I'J~7), j.(]~' di"",I.,"] 

oxygen """"""troUom l'wbo.tly C{"'~ih~ to fish onoc __ 
l~IHy .. 00=,'00 )n tb" >':yo"", ~tlir d' '>1k" Vl<1"~" 

"'~"'" r"", klll> (;' P. !l,",li,O>' "",-un-cd whm he", o,ow<>l 
,,, -l_c_-->_S mg I~) t'ollowin~ ooIla...., of on ,,1£,1 t,!ocm 

,(id."""",,, J~'!()I, Oxyg<n lew", ",,,Id h~\'e ~ "' ., ... 
"-, {),i ill\: C'),.,;" tOe a ,"i('""~,, ii,hkililiJoyo. 1'1971 
,,,cr, w.( I .. b <,":lId ho,-o"""" "~,,cW:t ","'niy <1 :tight. 

~-,_>tln~y, Il>b Ji<1 "'" ili, lel March,nd Aut;' 2{)()3, 

bctw«n jonu.,-y .,~I M"",h 21XJ" ""1:,, Ih"nb<,.. 21K>4 

I</><n ,1j,;'OIH'<:l ~xy&cn """'''''',,-.,,''''' ''''Ie ill> Iov.- •• 
during 'h< fi>Il I;lll., 'Ill;, indlca'e< thO! f"'''01~ 'Ahor (hon 
iow.' J"Mlm! "'m'" "",,,,,,11',,,",,,, ~,,,,,"blr .!g>l (o,ins 
,.,,,,.00 i'olOlw1ng ''''' ,,>1/;>1"'" "r ~'" '.!,.,I """"" (['at rni_ 

cI,~" &- )'"'<,,,,..,.-. I ~9): GI.,.,,,, ,0; lloruitln. 1 ~99), ,,>Ukl 

h,ve "L'<O COilIri!mW to ~;h '''',,''' __ I-!~<Itl' hot'" 
Oren repO>1N 'n ilC ""jc ,,, /W, IAJ~' ,(.J" l~'_)) 

."rl .I-li"""""" ,,,mj!"""", , ""'""'" ,,,,xk,,,,, n{ m",,,,­
C)'or.ln ii'"""",, rl 01 .. 1994: ond "'",,,,,nt in L.!o.U Chi· 
"ere durin~ boom iMltchell & ,~I,,~h"ll. 1971: Ro,,,,,,, & 

"""tholl, 1977), ",mk! h."" I""" • ","'r<oo ,1 "";,-,,, fro­

,-j(ou,I)" '1' "d''llcmen! '" ~"" Hv,,,,, c<' do:>d U ''''''''Of .iii, 
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hod oo,n ,ttrilJuted to (>(l'Sib" .I~.I mcielty (Moy~, 1 ~97) 

,um 11M th. <ontcibuW1 """ 0( "!gal toxk;ily ""'"JOt bo 
e>duo.k<!. 

Lowest diotoIvod OXl'Wl]"""" oocurro;j .round ]~Ml<!Y ~ 
Morch, ~mJlor [0 ~,e ptrlod of """Or< Ol:j'll"" doflCimc" 
;ndic. 1<xI hy MKg.w. (1997j. from ",.",,,,otIon now 

... iWllc it i> iltobab., Illot nJt:h lc.d" of dls!ooIved 01)'1l'" 

<)CC\lr .. a """,k of hllh p/I<>Io<ynthoti< r .... "hon aI. ,1 
b\om~,",,,",",, Jar, •. t .. 1M .Ig~d'" off""",nd ~'""''''7 to 
M.,cJ" """"Ned u:tygen docl;',., in the 1<k£. 1OOl(l(l""" to • 
pOln! or .. hll:n lish·<ill. OCC"UI, .. oboerved by Blilu (l ~ 8 J ) 
inotbo< b~i< wXco. In ourn . YS"""00'l'I OO ~ 

n''''' "'" oItru unbolwllCC<!, .. iill ?"jod. <or oupcr .. "'rotion 
I<>lJowod by c""'!'lcte ""uxJ~ .. laJy,e 1"'1"'1""""> 01 Jl/Iyw· 

plankton ooll. p"" (1lo.rU, 1981). 'Thovor"'li<m> In oxyg"" 
"","",otcoli(lO' ,"om "'oy l004 to Pwnwy 1(103 "lnstr.'" 
thIo pilon,",,"''''" ond the . ""taU"". In chlo<of>hyU • link 

111,,", to ehaul'" 1n pilylop\ank,oo ",,,,,,,,,,,in the mk,o. 

P=-iOw Il>I! Ijlll; In Lah Chi,'''''' bave t.:nl .ltrIDuletl 
to d<<>XYl\en. t>on ri th. ,"",.", durjll~ lumov<T .".bon 
nX}'~on <IoIk1"n~ .",m,ml. ·rlch water L, hrOll~h' '0 Ill< 

'"~""" (Ilu~ & 'lborotoo., I%Z: Moyo. 1'*'17). Sutklm 
<>vert",,,, ix1,.,eM Febru",y .nd March. ar, (be m~"", 

oao"" 0/ !WJ ~-;lh in LUo Chi,= (Mayo, 1997). In 
rchm.", J()<H. when Ih< fi>.h mod, th. .. ~ wo •• !ro'""," 

"" 3,h 1Ie.tl.h. it< unlikely [0 have beon boc"u"" of turn­
""" nnlr« & 'lI(\okn tllffiOv.,.. w" ""t <\ct"""'d. 

"mmon'. ",,;.oning h.o., h<= im»l." td '" fi<h rl,. tbo 
in LUe Olivero (Ma~.w •. 1~97: Moyo, 1997) .ud m",,_ 

st •• _"lily 01' tiI!!p!" 10 ~ [0 o<~ut wnon Wl" 

O('nIrOTJon",,,,,,,'<I ~ tog r' if<lPrn. to M .... ', "'~~). Th. 
"",>emIr.H"m """'TIE ,bio .tudy "".,," beluw Ill< ~..,. t<mc 

to &11. !,.ow few .. of "tl".,n .. I" """""' .... ..- .Jw 
Indlode O .. t lurn""" l,.d Mt occurrt<l We"U" ammonia 
wool:! b< .. .,..,Ied to b. hjgn un.,- tIlrn", .. " (Marm..". 
19971_ 

Th< rfl 0/ ~'" .. ·.t'" 111o, not bocr, uifoct!y irnpli<.oted 
in full .iil • • ils lnllueocc bcint m.;n!y throu&h >lltlltnj; 

tb< , quilibrium from """[",,Ie ammmium 10 un·~ 
"",monti, whl", ", WXlc (Mogo"". J997). "'o:<>«Ii"~ to 
IJoI .... " n .. y ("~14) "' ~ pH of ~ .00 a ",mpo""",'" 0( 

2S· C .• U~hUy ,,1<11', th.:!n • third or tho 'oun",)lum \"'" 
In waler ' ''' oonvm<>d ro ton: un-J..,,,I.e.l ."",,(mi •. Tho 
pn "un"" tho r,.h kill did nOf ,,,,,,,,,'<1 " "ngc S .. IO. 
""<I,ln whlth UI"plo "ol)) ."",Iv< (PoI'''. ~ M",,,,,,. 
199~I.nd" unlll<oJy 10 h."" tonIlibutcd [0 fish """tn •. 

... 11 l><ovIouoIy "''''''/00 r"h kn .. in I",. <1""",, h."" 
-. 01 0, """"ochir (Burke & l'hocnwn. 19~2, M<»,o, 

tl 2000 '!bo .w<hoo-< 

1'197). "notbo< oo..-r • ..uon regardlng ftoh kll!< In w< 
o,;v,"" .. lilt! <M.,-enu..1 """ mortsllty, DIlrin~ this kilL 
,he only.,., '0 b< found deod ,"uge(l1Jl Sl>.ndard hlrIll 
bo'W<lCn 17.nd 27 em- Th."""",,,,.,,, 0/11. """,,,,.),i,t.h. t 
rlIod In 1996 .. HI M in len¢.h 11'"" 1.2 to ~6 oro, It I. ,>at 
~-now" .. hy ... (I"" '''''' O. mlo!k,IS ~f. "I"",,,,.,r ".. 
u!tiL ""!til<! 01 O. mocr"";,i,. In t,}'in~ to expl.in ",h}, 

D_ ","",,''''''''' WO. the ooly sp.,.,~ k, ,J", Juring th~ ",."if. 

1.996 n.b"'~l. Moyo (i~9 7) . uSg<.<ted ,r-" " miJ,h' ""'''' 
b<><n tho .po<"" most """'''Ptible to dooJrYl:C'IlOlioo ond 
""'monl. 1<>lIcIIJ hut It .. y<l to b. "" . bllshod ,vhy tho 
~,h kill> on ,~ ..,d __ ."",iIl< IM • .-.l,,'~. lOCH) 'n~ 

wII) th .. p.<rll<u"" gm"" "oITocIEci, 1"" ~v"n~o ron<!\. 
UOIlloc<or I<l' 'hI' , 100 cl"", """" 3,l an~ ~ rangol~ [rom 

2.H '" 4,66_ The JjdJ w .. e in ~aod 0011"'''''''' OS tho 
a .cnt&!' oooditKm [""''''' moo ,.hhin Iho 'ltlI&< reP'lrteO f"" 

iJ_ ",.,b"" (Abubak~r, I ?aa). ''hi<. 1 ... 11" ... " lh.t """ .. " .. 1 

f~ctor> mlghl hove ca.""<ld &h """~1111y. 
Akhoul'b • ~nt be\"'''''ll nob Ictll. of O. "iloli"'" ",~b Ihe 

l"O'O"cI(",·n ".n "lg,.J !>how;, ,..port..! f,,,, tho fir" llm~ In 

!.oko Chlv",". ol=oh<= thls pil""01'''''''''' to wcll .h;u­
mClltcd (Odlulnt>o. 1985. j ~~7. J ~~IJ)_ 'I'm. i, on \<"". "I' 
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Cyanobacteria and cyanotoxins in the source water from Lake Chivero, 
Harare, Zimbabwe, and the presence of cyanotoxins in drinking water 
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The phytoplMk,on communtty ~nd cy~no'oxl". In l~ •• Ct.,,"," (fo""..I~ Loko McllwoirlO) ond the p", ,,,,noo of ey~noIoxln';" 
trea'ed drinking wo"' , w.,. inv • .,lg.,ed betwe. n 2M3 ,nd 200. A ,~p""t .... cn. t ,,,coo .. l<>I1 of Gy,nob""t. rla 'pee' .. 
occurrod from J..,u~ry '0 April, 8ociltl!lriophyto from May to July, .nd Cryptopt.y .. and C"""Gphylo from AlI<j", t to Ooc._ 
Miorooy,f .. ' '''''gillo" , rid M, """,ollborgii, kllOWn producer> 0/ tho toxin mlC.""y"ln, _n<! ' '''' non-tox"" c~. nob..,to rium AI, 
no">oe'" dQmln. tod d",'''lI ,umme', Tt>e hl g"" ,t c""oentr~tion, of microcy>1in, .nd tipopOIy."'"h~rld o . "d%,'n, occurred 
"-' on 90""'''''o<,. t .'om ... wo, hili """ , UpOpO!y,..,oh"ld. ondotoxin ooneontrOlion . in the 10". ,"Il~ed botwoo n ~ 0",,3 200 
End%.ln Unit> (EUI mt-" MtorO"l".' oo""on'",';o,,. In '.-.. 'M wO! ... _" below tt>e rocomm ond . d ,ofe '.;m,t fo.- d,ltlking wa .. r 
llpopolysoc<ll..-lde endotox., eOllo.nlr,tlono ", tr",t.d w~t.r "'''lIOd fn}m 0," to 11 IOU m'~. The pt.ytopt.nkton oomm"nity 
cornpri,.d nOfl·miero"l" in-producing .".cie , for th e gr . .... ""',., 0/ 'he .,udy po'lod_ 

L. '.e Ct"ive<u II""oorly L. ke Mcll .... inel is. eUlropMic . cti"­
c ,,1 imrae<rlnenl " l"'pic. IMric •. ""ilt t>et...eon 1952 .nd 
1953 an !l>e Manya01 0 R" or 37km , auth_wesl of the city 01 
Harare_ It lie s in the same catch me nl os, "M is ~ow~­
st'eam of, t~e city d sU9P:ies, and Ihu, has received 
sewaQe e(f>Joot s"""" 1952 (M3r,~aP and Falcoo<lf 19731 
.nd IS now hyper-eulropM>::: (Ma<;ladLa 2(03) 
Eutrop~;cation IS ma~ifested in t~e presence of 

cya"Xlt.ac(etiai bloom s ar.:1 tecurtent infestat;"ns by waler 
hyac.,th, EiGM"'mi~ cm3M".,., BUo'lls staned appearir>;l 
M the lake os il \lee"",e eutrC9'lc in 1950 and, by 1963, 
had become a germane~t featute {Munro 19561, The 
t,ocms declined in (he 1970s as water quality impw,ed 
'w!. ..-hen condi~(XlS del<lfi",aled a<;la., in 1900 IMarshall 
1997), two cyanobac(<If;a; ,pecies - Micmcystis af!"'gi­
oosa and Anooa",,~ sp. - fotm oo <:lens<! bIooms_ 

The "rst oulbreak of water hyaci~th occurred soon aner 
cons(rL>:tiM uithe do m wail but w", mntcdloo by 'I".)ing 
with 2,4-0 between 1953 and 195B IM " sh . 1I 20D51 
Physical remuva' a nd chemica l cant-u; US'r>;l 2,4-0 also 
successfuily cuntro led a nother uUlbteaK that occurred in 
1970 w~oo a dtup in laKe level, folluw;n~ a ~tooQh( in 
1%711958, e'rase~ ~ormo~t water hyacinth seeds, The 
most selle"" oulbreak, w~':e~ cOI'eroo appro"im"le~ 35% 0/ 
t~ e lake surface, OCCUt'OO in 1985 (CM;,wen here and P~ki 
1999), T~:s was brouQ~t un~e' cMtrol in 1992 by sp'a Y"'1l 

with 2, 4·0, . !te r which bioiogic"1 eMtt"1 wit~ the weevil 
Noocnow-.. ~fGMom"" was iroflJ(ed. BioIo(j~ CDnlcd has 
\lee!1 ouccessful ar.:1 by 20J0 weed CUV<lf'(Ie w.s reduced., 
3---5"" of the lola' area cJ the I""e (Chikwen here 2(01 ) 
Si~ce Lake Chiv e ", I, th o ma',n . aurce of ~rinkinq 

wale, for Horare, cyanobacte rial bleams rase a potential 
h o. !th ri . k to ce,,,"mo,, , The maio, c"",oern resultil'lll 
from "", .s i\'e Qrowth . ef cyznob . ct .ri" in reservo;rs is 
Ihe producli"" or lo,ic ccmpooms lh"t C<l~ be a siq~ifi­

can! threat (e hU'llan ho.lth (C"r"'io~"el "r.:1 F"KoOnet 
1993, Churus and B.rt rom 19991 Thi, da~qer was 
recogn'lLed ,n Lake Chivem in the 1950s w~e~ lilberQ 
(19G6) eo,ef,ed Ih , t chi<Jrer livin g ,n "teas of (~e city 
supplied fro'" L,ko Chiv om ~ evelope~ gastroonterit!s 
eoch yeor, ot tim o" wh on nol"r"1 boo'lls 0/ Microcysiis 
~ eruginos~ wer o d oc,y 'ng in Ih e reservoir, Matshail 
(1991) i. la< OSl.bli. ll . d a oorr"lalioo oetweM iocide~c"" 
DI 9'1' . lr"""tO'it,s an~ Ioxie cyanobacteriol bloom, in L. ke 
CC;, o",_ Dosp;le th o palential health """'c"''''', very little 
... urk hos o ee n dune ;~ th e lake on t~e ecoloQY ul 
cyanobacteria or on the le.-"S thot they mig~t pro~uce 
The my 'usl3in~ study DI prytopianktcn e~oIogy in the 
laKe ... as ca'rioo oul in 1968-1959 IF. lconer 1973), but 
this work remains unpublish ~d .~ d has o ee n lorgely 
overluo.ed, Simil .r ly, 'ludi os an th o texin s are circum­
s(ant'al (liroor~ 19G6, Marshall 1991) 
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Magodza (~()03) suggested th"t drinking wal~r fro", 
L.ke Ci1;V9'O could po.a p<;ter>lid Iy scrkJu. ",,"Ith ris;;,; to 
O"""UrTlC". The ""mrn"" group of .IQ"I to."," th.1 cOOd 
~c. potenlial """,co of hu,,,.n "'''''y a", th o ''Iiorocystirls, 
wNoh are hcpato\Q,in. thdt poi."" the i 'eT ""J prOf''''!" 
IUmours (FacorIC' 1995). They ,."~ "1.0 bee~ I"xed to 
stin 'ashes, h"~l"ye.--lij(c .ymptoms, !jastrOC'r1icril'. orxi 
loxic hep"tili' (H""'ki~. "I al. 1~85), as we!; as to Ihe 
death or dialYsis patients (Pouri" of al. 1998). r1igh leYel. 
er ipopolysdochariu. (lPS) ""dO_O',h' rrOf" ~ oule, 001 
[""",b'.he' of ,,,ost gra''I-neQ"I''. bact.,ia ISykor. and 
Ke.,ti 198B) .nu oyanCDaOl.'i. :W~c;"sser .t ~I. 1979) 
f".Y di'G o.u.e hUlTldn iln"",~. Nh.n inh • .,d from deinK' 
ing \'Idl~r (~uill"ri 01 al. 1980) Th~.c e~dota<;n" .,. 
highly tGxic .nd i~ll.m'''dtDr~ .R.Z'uddin . 1 al. 1983) 
oousir>g ooule re"f'i"'tor~ illness, inholotioo fcver, g.stra­
'nteslino' dioordcrs ond inflomm.'1;on ot the ,1",oI,r level 
after exposu,a 10 Ihcm in w,t.r ,nd in water-derivad 
oerosals (Muittori 91 ai, 1980), T'le only pra~:Ous invesl;­
gOlkln of LPS endotoxins in L,k. Chi,~ra (AnnaJdter . 1 
al. 2005) showed th'l in 0<1000·- 1988 Ih. phylopl.nklon 
community was dominaled b~ Maoels!;s aerugioosa ",ld 
M. 001'13 and Ihat .ndolOxins rong.d rrom 1 000-7 7~0 
EU ml--, 'Nhile ""JOloxlns in Harue Idp 'N.I.r, eol.,ctcd"t 
a hotel in Ha"re_ rartgaJ from 6]-205 EU rni-'_ Tho hi;lh 
I.,el. in IdP w"t~r w.,~ ds"cxi.ted "'ilh 0 Iron.ient 
;"flu.nz. -I ke r."Ol:wl upon :nhdl ,tian of ""'0..,1._ 

Th's paper reports 00 lhe phylo~"n.too rurT'<TU1it~ or>d 
cy"""loxins .., L.k. Chivcra from 200:}-2004 In ocl<;J;tioo, 
I;'" presence d oy.""to<in. " fr-ate<J woler am selecleJ 
physioo_rnmriool doto ore di"CU%ed, 

Meth<>d. 

Sampling 
F"w, F.bruary 2003- F.bru"')' 2,104 phytoplonl<:too. micro­
oystins, LPS erldGto<in. "nd ph)<Sico-chcm<::a1 P'<roo-.elers 
'",",,'" ,nonitor.d 'hC<1thly dt Ihroe 5tO~OO' (Figure 1). Water 
depth "t Stol;on 1, loooted near the "me' inlake lewer, is 
"pp",xmately 20m, wh l e Stal,,"," 2 ar>J 3 'N.r. in lhe ",,"1_ 
low ZOr>C (maximum depth ap:l'oximalely 5rn). Wdler 
""m~es lor phy,opomkloo and r·,crocy.t ..-. .n"ly..,. werc 
collected lIsirtg a RuHner sal',pler from !he i<;1·a..ir>g "'Ie­
grmed depth " leNa;;: 0-2rn, 2-'-m .r>d 4-6." dl Stotion 1, 
0-2,,, .nJ 2-3.5,,, .t Stdhon ~; .nd O·-2m and 2-3m 01 
SI'tion 3. Phylop"lnktoo.r>d mic-aoyst.., were measured in 
the "am""" t-om co'" depth ord a mean W'd' oa "ula led 
lor the cuphotc zone lor cam sit~ 

Sample. for I.PS enJotoxin ""'lysi. ',",,'" cdlect.d from 
the .lJi'ooe direotly into pyroger-~ee ~""t" ,"Is ,r>:J for 
,niorocyst.., into m"",oentnfugc -ube" SOO1 ~ e. we'e I<epI 
CGGI du,Og tr"n"P"rtotiQr> .rxt. upc..-. ,.-riv.1 .., the labora­
tory. immedialely f,oz.n ,I -20·':. Phytop"m~lcn S"mp"'s 
were pre.erved in Lugol', solction. Samp.,s of t, •• t.J 
drinkirtg ",ate, "'~re ool;"cted I"'lnthly bel""".n ApJiI 2003 
o~d Januor~ 2004 from the Morton JaIT,ay Wal.,worh 
p",nl, which s.upp l e. lreated wot...- to Ho",,,, 

AI1<Ily ..... 
T.rnpt'ratur., pH, oGndue!ivity turbidily "~d di •• olved 

oxygen we'e meo,urcd with d rn.rcury tr..,rrno,neler, 0 
WT'f/ p~1 3:J.Ol meter. 0 WTW Cond 330i ,nel",. a H'rn 
Fioid TurbO;li""Ier-.r>:J " WTW Oximeter 330, respectively, 
Trarts.parer>c~ wo. detwm"",d by mc.M ci" S.cm disc 
Th. ooooentrat,on. of orthoph",phote. IGt.1 pho&phorlJS, 
nitrat~ 'nd tOI,1 nitrogen ware delermincd acoording to 
Golier-m"n 0'1 QI. (197B)_ Orthopho'phata and tot,1 pho3-
phorus wcre detcrmined eolou'im.trlc"lly. fiilrdl. was 
detw"'ned b~ the oodmum-ooppcr ",ducl'oo ""'thod ""d 
tot,1 nitrogen b~ the olkol'ne persulphola method 
Chlorophyll 8 was Jetermined by the acetone extrootion 
method (Golte"""n el ~I. 1978) 

UI~rr"OOI's s~diment"liun I'.,lho:J was us.d 10 kJentify 
.rxt em,,""rdte phylopl"nKion (Ute,mbhI 1958, Cranberg 
19112). Appro<imiltc'Y W--1 00 o.lIs d Ir.., dornindrl! ,pe".s 
were oO<Jr)(cd ur>dcr 400X magnifiool'on u,'ng (lifferenti.1 
inlwfere",e-contr"l optio" Ceil vvlumes were ast;mated 
from lhe me'n cell dil''''''',,",s and ""11uI,, shape of each 
"D<lCies. For I;'" cak:ul'lion of fresh we:<!lI, lhe sp."fi< 
densily of phytGpl"nkton c.II, 'N.S dssw"ed IG ~ 1.0 
(Cronberg 1997) 

LPS erxfolo<in WdS "".Iyscd qu"nt'M:~oIy by"n .0<:rO'(j_ 

ited '"be'alory at the Dcpa'tmcnt of Clin'rcal Bacteriology, 
Gothe~burg Univcr.'ty_ U"i~g the Limulus Amaboc~te 
Ly""le !;:ndochrornc .""oy (Le~in ond B.ng 19W. La,;n 
19B7) from Charles RiVe< Endo.afe. The ,nal",., we'" 
carried oul ","cord'ng 10 lhe instru<lions >,ovid.d by I;'" 

monut.oturcr. ~ndotoxin QUonti!'e, we,a e,p,.ss~d "' 
~noo\oxin LlnilS, ELI ml"_ The endolox'rl "'''dY '''C,,"'''''' 
lhe total er>Joto.in dCtivity in lhe w" ler s.mplc., i.c, ertdo­
loxin. from CYdnob"elcr'o and gram-r>Cgoti~e bocteria, 
A"",,,,,t. of microoystins ,,'ere analy.ed v.;lh , oornl".'­
ciolly ov.ilabla ~nz~ma Linked Irnmuno Sorb.nl A.s"y 
(ELISA) Plate kit, {En,~og",d!:·). Sp.Oifk: fa, moroc",ti~_ 

LR -RR -YR artd n(l{/uOirin The kit u.e. Ie,t t<.obo. coated 
v.;th artlibbJi." whioh tind either to "'oracy.t.." or form 
rnicro<ysti~_.~zyrrw o@jugate., Sompie, werc fraeza­
Ih""",d three tim •• On ordor to bmok the ","I. ond to allow 
intr.oellulor lox",. to leo" into the wole, and wer. sonic'dleJ 
for ~'ri~ to dissolve the cell-DO<Jr)d hepatotoxins inlo tho 
woter. The toxin . were o~al~"'d 3pectmphotometrk:,lIy 
w·,th a M'crore,der Hype'ior> 3 {450n,,, Jel~oj''''n). The 
deleCl",n limil or the ,nic,ocy,tinlnoJularin oooo~ntrdti"" 
wo, 0 1>'!J i' 

ResullS 

Physi=-Chemjc~1 co"ditions 
So-oehi dioo t'on'P"rcno~ rartged between 1 ond 2J5m, 
'.-hi., pH ~.rjed bctwc<'f1 7 .rxt 9.5. The h.-ghe,t pH ci 9.5 
occurred in F~bruary 2003, .trer whioh it dC'Cm",cd to 7 in 
Jur>e 2003 and lhereafter fiuClu'le(l be!'WCef> 7.5 drl(! 8.~ 
(Figurc ~o). Wo!er tcmperatura wo, highest in .lImme< 
(261°C, Ocoember __ April) dnd .prrng (26,rC, 
Sepl.mbcr __ Na~cmbcr), o~d 10we,I in wintcr (18.6'C, 
May--Augus!) (Figur. 2b) Conduoti~ity. turbidity o~d 
dissol,.d oxygen r.ngod from 323 44~~S em"', 
2.7-15.5rng 1-' ,,>:J 1.8-9.51'>9 1-' r."P"ct,,,,ly 

TW<J peroo. cookJ De distng<Jish.d v.;lh ",spect kJ nit'<>­
gen ond phosphorus ooncentration' in tho lake_ 
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(TN) ....., I~I I N:T? ,"'''' io Lake 01;"= k= """mary ""0" ., """''''''' 2()()4 ".00. ar" m,,,.,,, 01 tOr"" .taf "", I'~for nilL.<O 'Ie ~rrc.­

b"", ~ Wo n""'~ ""~ .. "'" 
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Conrentmtion. were "(i,e&( from Febrllal)'-Jliy 20'J3 ,..,d 
lowest rrom AL>;)u.! 2C103-Fei:l(ua,,. 2004 W!1J'c 2d, 21) 
lhc "ig""s! ~',e",ge o,UlOpho<phate concectratior of 
Q.9mg !,' ocoU"od between Fe[l(u.,y and June 2003. " 
dec'e •• c in J~ly 10 " lowe r ",e rag e Co"C~nlratio" of 
Q,3<ng I ' wao m,.nla:.n('Xl until February 2U04 (F;gure 2e) 
A 1, __ 11 ",'erage tot"1 pMoophoru . oonccntr.tion 01 2.4mg 
I' and large f'-'<iLJatior' ('onge O.T-3.gmg I") occurred 
from Felxu"r~ \a Jul~ 200~ (FiQure 2d). ro" w'" to l owed 
by " decrea5a in AUQu,j, afte, ·",hie" concentratior. 
rerTloired at a f","ly a,'erage uniform c:onceClratior of 
U.7 .. r>9 j-' (Figure 2d) 

Be concertraliors of ritrate ie II,e la .. e were r~"iy 
uni!ar", between February ""d M<ly 2003 (F;gu'e 2e l. Thi< 
was followed by " <u"den increMe in nitrate to ar' a'le,· 
oge c()flcent,"tion of a.3mg 1-' in JUM, alle r whicl1 ie',els 
drof'f"'d in July 10 "" "'e,,,\)e concentr"tion of U.1 .. r>9 ~, 

A .ignt increase oocurrod ;n ALJgust, the",after aedn'ng to 
a 'owo,t "ver"ge le'ol of 38~Q I'" 'n Novemoor end 
'emain'nQ iow at all statior. with a "iQ~t ircrease il1 
Fd~uary 2004. TOlal nitr<:><;Jer corcertcat>an. fiuctualed 
\";d ei y between 2 "nd 14.7mg 1-'.1 all Sl"t,ons (F>gure 21) 
Concentr~lion. "',er~god "bout g 2mg 1-' botween 
~ e l>rLJary and July 20a~, decHnlng ,narply to 2mg i- in 
August and averagng :l,~ 1'1 betwoon A","us! 2003 and 
Feb,uary 2004. TOe 'IN:T" r"l" "'a' ooiow 2O...,d fluctu_ 
ated betweer 1,9 "nd 10 throuQhout most of t"" .t.,.:ty 
period (Figure "g) 

PhytopJan~lOn rommunily 
Tho phytopl"n;qon comm~nity ,,"s repte,"",ntod by fi,o 
dom'n"rt taxonomic Qroups: cyanob"cteria, baci'l"rio­
p~~tes. cllklroph~tes, c'yploph~les and euglemphyles. A 
tota' of 54 ph~toplanklor species .,a< idertified. 
Ch;oroph~tes compri""d 51 '" (e 9 <pecie<) of tI' e tax", 
cy"nob.cleri. 16% (10 spec;"<), b"dllaciophyle. 9%, cryp_ 
tophytes 3% "nd e uglenophyto' 7% The dominanl 
O'f"noboctoria wcm Microcysti, oo"dno,,,. M. WO'OIlOOrgii 
"nd M '","""oki!. Othe' oyaooooclcria occ~"il-'- "t vor~ 
klw den.ities we'e Microcystis battys, Aphanocaps" cf. 
incorta, Plallktothrix a~ardllii and Woranchnia sp 
Anabaer,a sp. occurred at a ',er, o w freQu""cy ""d w~s 
on~ oMerved in s"'T,pes coI:ected between ~mber ond 
J.ru~ry. Cy~nob~cteri. - m~in:y M. ,uwginosa. M 
w~"~nborgii, and M. nov"o o.ii· dominated botweon 
~ebrua'Y and M"rch In ~eb,uary 2003 c~anobacteria 
ctlntribu\Cd 820" of tho total ooma.'9 IF''ilure ~). The wate' 
wa.. clear for """,t of t'" ,tL>j~ retiod exc:opt for tOe h>Jh 
C}'"oobao!erial ooma .. in F6Ixuar~ 2C1O~. wilen the a'er­
"'le biD'''''S. ro.d>ed 18.1"'3 I' (Taolo 1). C~a"obaOeriai 
biomass dec l""d from Ju"" "'til o"rembcr. 
B.cill~rophytes occu'red lhrol.\)hoLJI the stLJdy per:Cd 

o~t were roost a!,~ndant in \";rte, (April-July) wl,er' til e 
ph~topl"ni<ton COm"'Ur't~ wa. dominated by two 
d,.lom" Au!o"",o.'ra grallulat" end Cyelotolla sp, 'Ihe 
perc e nt"ge oontribulion of o.cillariophyles to totai 
!domo" durir9 Ihis period r~nged fro", 13.1 __ ~7, 7% 
(F\;)ure 3). Tilis ",'as tI,e period of iowest bioma.,. In Ih e 
la'e. "'''''rage 1 1mg ~, (racge 0.4-2.4mg 1-') (~Igwe 4) 
Aulacoseir" ~rnnu!&1" was th e domin"rt di.lom "nd 

" 2003 
Ch&. C ELJgle I8ll B""i . C Crypt 

F;9"'" " TOme"'," ch ,,"_ o~ p"'c""",,,,,.~ biom." conti 
00'''" "n L"e Chi,ero ~ro(n Fobr""" 2003 to F";'ru,,, 2004 
Cy, no, - Gy,noo"Yc ... Chlo'- • GoIO'''Phy'.o.o. ~U910 
~U91""ophy"o.o b"", • B. ,.;;I.riuphy, ,," Cryp' 
Cry'<"1-")'COOO 

occurred IhrouQhout the study periOd w~i'c the density 01 
Cyelotolla wa. ""matima. "er~ low 

Allhe ""d of lhe co:d period the commurit~ became 
domi""ted '" cryp!opl1ytes ""d chiorophyles from July ... Iil 
I"" teg'nnng cJ Ihe r",ny SeoSon in No'",mbe,iDeceinber 
(F>gure 3). The 1.,"",umbie g"""ing reriod for the cryplo­
pllyte' w", ootwoon July and Octobor, when the'r biom" .. , 
reooh ed " m"imum ""d th e ir _=t"ge contrib<lticn 10 
lot;,! b~s ranged from 28.8-65.4% The domi""",," of 
cryf'bptlyt'" overloppcd wilh ohb:-opnylc" whicn teC"me 
dominant bet;;""" Scptomxr ~nd No,ember (Fgure 3). A 
markod inoma"" ;n bicma." 01 chioropnyle. oocurrod in 
No,'ember -..'ith a r:.oom of Coelaslrum micropomm, C 
relie[llatum "M cubanum and C. spllao'icum ~a'ir,," a 
mean r:.omas< of 8.9 .. r>9 ~, wl,ich was 97% of t"" lot", 
!,iom.s< EU9leropl'yles represented m.inly by 
Tr""l>elom()~a'- "W., with raro oncounte'. of Ph"oll'- sp 
"rod Eugioll".p _.- did rot ex"!>t cio"r sea"""", >"tl=s 
(F~ure ~), 'Iotal p'r.lloplan klon oI omass in the 'aMI ""1<J<'d 
from 0.1-36.9n-.-~' w,th peaks in Februar~, A"'l""t acd 
No',em! .. r (F;gure 4). Chicropl'yii a co""",ntrat"'" ,a r-qed 
from2-48.~91-' will' a mean ot 16.1 (~8.62) ~g c'(F9",e 
4). Three peoks were exhir:.led, betwee n Febfu.ry "nd 
April. in July, ""d belwe<n Oclober ""d No,e",toer. 

CyanolO~ins 

MlCrocystn ctlxertr"tion. were hQho't in Feb'uar~ 2003, 
"""'" c~,.,ooocte'i'" oIoma" was hq,est, acd tile<eafle, 
decreased ",til Fe!( uary 2004 (Ta bie 1). Tile mean <L>iace 
concedrat,on in Fe",uary 200:l was 2.4~g i-' while the 
me"" oonc""tmlion in the water col~mn w"s 1.5~g !' 
Microcys~r cor' ""r trot'ons 'r lhe loke ""led tclw"",n 0.2 
acd 4.2~g ~, (Tab le 1). Trealed wote ' from th" woler t-ea~ 
ment works had rri crocy<tir COnCer Irator< of <U.1 ~g 1-', 
except ir ,ul~ wilen le,'e;, or 0,1 ard 0 2~9 1-' were 
doloctod ('i"ole 2), Treated water from Morton JaM'ray 
Wolorw,,,, . h"d LP$ endotoxin concentration. r"rg " Q 
from 0.1.~··11 ~u ",1-1 fI.bIe 2). LP$ ",,(Ioto,in eencontr"_ 
tion., were '9""st du ring the period whon oyanobocteri"1 
biomass waS >; gllest (T","o 1). Tho ""''''' LP$ ""dolo,,, 
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Tabla 1: Temporal changes of biomass, microcystins and LPS endotoxins in Lake Chlvero from February 201J3-,Felllrua.fV 
2004. Values are the mean of three stations :I: standard deviation 

Month 

February 2003 
March 2003 
April 2003 
May 2003 
June 2003 

2003 
August 2003 
September 2003 
October 2003 
November 2003 
December 2003 
January 2004 
..... r'ru .. rv 2004 

biomass 

18.06 :I: 16.26 
1.00:1: 1.65 
0.58 :1:0.54 
0.06 :1:0.08 
0.04 :1:0.04 
0.02 :1:0.02 
0.03:1: 0.05 

0.001 :I: 0.003 
0.11:1:0.10 

0.009:1: 0.01 
0.005:1: 0.005 

0.08:1:0.05 
0.21:1: 0.21 

concentration in the lake was 251 EU ml-1 and values 
varied between 8 and 3 200 EU mt-1• 

Discussion 

were not or oelFSistterltlv 
unusual decline in M. "' .. ,,,,,.,, • ..,,,,,,,,,, 
also a nnt,Anti::l1 

-was rare. 
Dense in the lake imme-

after its when the lake became 
and became a feature as the water 

continued to deteriorate 1 
data are not available for the since then, visual 
observations over the years have indicated that blooms are 
the norm. low concentrations of cv~moba(~el'ia 

the however, with 

WII!IISenD,ercm. which co-
occurred with M. In former 
studies on lake but are common in 
.,,,.,,t ......... and have been described in lake Kariba 

These are all new records in lake Chivero. 
The most remarkable difference between the 

rial in the 1960s and 1970s and that recorded 
in the was the decline in the dominance of 
Anabaena sp. and A. two heltAf4:'lr!\I'l'ItrUJ 

Mitchell and Marshall 

LPS endotoxins 

1.62:1: 0.60 
0.55:1: 0.14 
0.26:1:0.02 
0.22:1: 0.03 
0.27:1: 0.13 
0.17:1: 0.02 
0.15:1: 0.03 
0.15:1: 0.04 
0.29:1:0.07 
0.11 :I: 0.03 
0.10:1: 0.05 
0.09:1:0.05 
0.14 :1:0.011 

907:1: 1 061 
1225:1: 1720 

293:1: 102 
360 :1:44 

26:1: 9 
23:1: 15 
64:1: 37 
40:1:17 
92:1: 12 
68:1:24 
69:1:50 
47:1: 16 
60:1:24 

40r----------------------------,60 
• Total biomass 

35 50 -41- r.h,lnrnnln,,1! a 

Figura 4: changes in total biomass and chlorophyll I!J In 
Lake Chlvero from 2003 to 2004. Values are 
the mean of three stations; error bars ::: standard deviation 

Table 2: Levels of LPS endotoxins and in treated water 
from Morton Jaffray Waterworks Plant between April 2003 and 
January 2004 

9 April 
28 April 
5 May 
23 June 
9 July 
23 July 
23 July 

29 September 
5 November 
29 Decembar 
30 

MIcrocyst!n 

<0.10 
<0.10 
<0.10 
<0.10 
<0.10 

0.12 
0.16 

<0.10 
<0.10 
<0.10 
<0.10 
<0.10 

as the domi na nt 
1970-1971. At that time A. TlOs:-aaU88 
........... 11'''',.'' ... ,., with M . .. .,. ... "',j..", ..... 

11.00 
3.00 
0.15 
0.55 
0.38 
0.68 
1.00 
1.90 
2.90 
5.60 
3.20 
2.90 
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170 Mhlanga, Day, Cronberg, Chimbari, Siziba and Annadotter 

Table 3: Comparison otwater chemistry parameters of concentrstions) In Lake Chivero from 1957-2004. Data from 1957-1980 are 
from the mid-lake station and Nduku those from the present study are from Station 1, near the water intake tower 

Years 

Conductivity 
Secchidisc 
pH 
Nitrates 
Orthophosphate 

a 

1957-1958 1968-1969 

82-102 123-232 
1.50-2.25 
7.5-8.0 8.0-9.6 

tr-O.47 
tr-O.80 

50-150 

were dominant. 
nl-",ttn.,I",.,itt"n dominance 

is the result of a stochastic combination of environmental 
variables. Anabaena favours nitrate delJlet.lon {~~Ikl'llmntn 

and Okino stable environmental conditions such as 
the absence of water water retention 
times et a/. irradiance et 
a/. The average load received the lake 
is now four times than the levels estimated in 1996 

so nitrate levels are now than the 
levels recorded when the dominance of Anabaena was 
fF!flnr1tF!ri The lake has been to turbulence 
and has a short water-retention time of 0.82 years 

and Falconer so nitrate levels are 
the most factor the dominance of Anabaena. 

since Anabaena is in low numbers, it 
ex,)ected to increase if the levels of nitrate were 

to Anabaena spp. are also 
not common In southern African lakes and reservoirs. 

As observed in the 1960s 
a exhibited three with 

i.e. the three nmiWir.n 

1978-19n 1979-1980 2003-2004 

48-320 90-150 327-498 
0.50-4.00 1.50-2.00 1.20-2.75 
6.4-9.8 6.5-9.1 7.1-9.5 

0.03-0.68 tr-O.20 0.004-0.23 
tr-O.30 tr-O.08 0.18-1.36 
tr-146 2-29 2-26 

this the winter was not distinct. r.hl'nm,nhl/ll 

a concentration decreased between and June when 
were dominant. The main 

this the 

t'hlnrt'l,nh',,11 a and biomass were t'n''''I'IJ::orl'lhl", 

differences can be attributed to uncounted 
as observed and Kebede and 

The seasonal successional 
ent was linked to 

in summer. 
Several factors influence the dominance of ,..v~'nnhl'l''''''r'i", 

et al. 

concentration has 
-U ... ".IIIU 1-1 
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f-I et a/. 
lower in the 1960s and 1970s 

maximum concentration of 1 1-1 was l"AI":t"Il"I"l",11 

IndiN'lI'inn further as also shown the increase 

other factors POSiSIDIY 

nent oxygen 
Falconer but, 
dissolved oxygen occurred 
biomasses were 

Low TN:TP ratios have been suglge~lted 
factor the dominance of CVlan()baictE~ria 

the TN:TP ratios were below 20 
entire were not dominant. 
TN:TP ratios are said to become if the nutrient 
concentrations exceed those 

and this 
levels in the lake were not for cY21n0bac::telia 

Jensen et ai, made a similar observation for shallow 
Danish lakes. 

Mir~ror~vsltins and LPS endotoxins were detected both in the 
1'1,1.,11-1,,,, water derived from the lake. The 

est mi"rn,f"""otin concentrations were recorded in 
2003 when M. of micro-

nr~,<;IAlnt tl' ...... ,th ... with M. 

reDI'aCE!mentdcyanobla~leria 
taxa that do not 

mir,rnl'V'!'Itin levels can therefore be attributed to 

sure' 
water 

in the lake and 
of the time. 

concentrations 
uw,,,.,,,, , .. value of 11-1g 

mic:roc:vsti for lifetime expo-
levels were not in drink-

because there were nO blooms 
nol)acteri,al biomasses were low for most 

It is to compare the levels of LPS endotoxins 
detected in raw and water to values recorded in 
studies elsewhere. in Finnish freshwater 
lakes have mean levels of 1 400 2 000-3 

EU ml-1 blooms et a/. 
Concentrations of 1 050-1 350 EU ml-1 for raw water have 
been for South African and Namibian waters 

while Mwaura et a/. detected 

171 

LPS endotoxin levels from 68--4 269 EU ml-1 in two 
small lakes In Treated water In South Africa and 
Namibia had levels of 5-71 EU ml-1 et a/. 
and 14 EU ml-1 in Finland. Since the levels detected in 
Harare this were well below 
such should not be of 

UUIIT/OSB. a nn;tAnti~1 mll~rnr.,,!nln 
in 

Anabaena was scarce. levels in t"ln.'lorlr .... 

were low and LPS endotoxlns were below levels rA"'r"lrt~,11 

that their risk to humans was 
the I n order to assess the 

risk to human health it will be necessary, 
tlnlNAl/er to institute a routine programme linked 

of water. 
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