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Abstract The occurrence of a sunflower oil spill in 206v the Con Joubert Bird
Sanctuary freshwater wetland, South Africa, inleitbitthe growth of sensitive
phytoplankton species and promoted that of tolesgpdcies. The algal divisions
Chlorophyta and Euglenophyta were well represenitedthe sunflower oil
contaminated water, especially the speéteglena sociabilisPhacus pleuronectes
and Chlamydomonas african¥.oung and mature resting zygotesGiflamydomonas
africana were recorded in high abundance at all the sumftowil contaminated
sampling sites. The phytobenthos diversity and daooce were significantly
suppressed and negatively associated with low DisddOxygen concentrations and
the negative redox potential of the bottom sediméiit the intracellular level,
phytoplankton chlorophylb and b concentrations as physiological variables were
more sensitive indicators of the adverse effectswiflower oil than the 72 hour

Selenastrum capricornutuaigal bioassay conducted.

Keywords Chlamydomonas africana,cyanobacteria, chlorophylla and b

concentrations, light intensity, algal bioassay

Introduction

When a petroleum or non-petroleum oil spill occueslverse effects on the
surrounding ecosystem can occur as a result of sexpo Wetland ecosystems
especially are vulnerable due to the fact that #meyclose ecosystems which provide
critical feeding, spawning, and nursery habitats famerous species (Mitsch and

Gosselink 1993). With a high human population gfoamnd its consequent demands
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on limited water resources, more than one-thir@aifith Africa’s wetlands have been
destroyed (Breen and Begg, 1989). Those thatrstilain are increasingly threatened
by pollution (Begg, 1990). Spilled oil in wetlamgeas can be transformed through a
wide range of physical, chemical, and biologicaltixering processes that changes
the composition, behaviour, exposure routes, artitg of the oil (USDOC/NOAA
1996). Whether the environmental fate and toxioftyhe transformed products differ
from that of the parent depends upon the specifiar@ product that were formed.
Generally, vegetable oils and petroleum oils ardowf viscosity and the spread of
these oils over a large area will hamper its regpW&roenewold 1982). Since
vegetable oils and animal fats usually have fewatiel fractions, and therefore
usually do not decrease in volume through evapmrais do many of the lighter
factions of petroleum oils, most of the quantityspflled vegetable oil and animal fats
remain in the environment (Rigger 1997). When tiappens, there is a potential for
adverse impacts to environmentally sensitive areaactors that affect the
biodegradation of oils include pH, dispersal of dissolved oxygen, occurrences of
nutrients in the proper proportions, soil typegetyof oil, and the concentration of
undissociated fatty acids in the water (Cornisale1993, Rigger 1997).

In addition, vegetable oils and animal fats maydbgrade more quickly than
petroleum. However, in the short term, this advwgats neutralized by the ability of
many petroleum compounds to evaporate quickly (Gewa®ld 1982). Hence, both
kinds of oil will degrade more slowly in low-energaters (stagnant waters with little
movement) and can become submerged in an anox@tiaduabitat, settle to the
bottom and into sediments, or form thick layerso@rewold 1982).

Although vegetable oil spills have been found &deleterious to different

organisms, their impact on phytoplankton commusitie a freshwater wetland
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environment have not been previously studied. eantiore, although vegetable oils
lack the acutely volatile components that are prese petroleum and its refined
products (e.g. aromatic hydrocarbons), it can stillse severe damage to sensitive
aquatic organisms and ecosystems (Mudge 1995).

Field and laboratory studies on the effects of edgle oil on marine, river and
coastal marsh environments are numerous (e.g. €bah 1991, Mudge et al. 1993,
Mudge 1995). However, our ability to predict théeefs of a vegetable oil spill on
freshwater wetlands and especially phytoplanktomroanities is limited due to the
fact that only a few studies address the many factontrolling the response of
freshwater wetland ecosystems to oil contaminat{@berholster et al. 2008).
Laboratory studies generally allow for a detailety of one to several parameters of
vegetable oil, under a relatively narrow range aftoolled conditions, and therefore
provide limited application to freshwater wetlangtbere numerous environmental
factors may play a role on phytoplankton assemb(djesch and Gosselink 1993).
Again, data gathered from a vegetable oil spilk ineshwater wetland and its possible
adverse effects on phytoplankton communities cadiffieult to interpret because of
the lack of pre-spill site characterization andficlifities in establishing post-spill
control or reference sites. Furthermore, severgonmant questions regarding the
mechanisms of vegetable oil actions at the cellalad metabolic level remain
unanswered (Crump-Wiesner and Jennings 1975, Mu@§a, Oberholster et al.
2008). The objectives of this study were (1) to pane post-spill physical and
chemical variables at different contaminated samgplsites with phytoplankton
abundance and diversity, (2) to use an algal bayass determine growth inhibition
or stimulation ofSelenastrum capricornuturexposed to undiluted sunflower oill

contaminated water of the different sampling séted, (3) to use chlorophyll a and b
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concentrations as a physiological index of possthinges that may have occurred at

the cellular level in phytoplankton exposed to smwmér oil contaminated water.

Materials and methods

Study area

The study was conducted in January 2008 on theJGobert Bird Sanctuary wetland
(26° 11' 20" S 27° 41' 03"E), which acts as a laliar 230 bird species. The 12.7-ha
freshwater wetland has a maximum depth of 1.2 mtlm rain season) and its
marginal vegetation was dominated Plyragmitesaustralisand Typha capensié-ig.

1, Table 1.). In the beginning of September 2008pid of 250 ton sunflower oil
occurred at a vegetable oil storage facility in &antein, South Africa, when a
sunflower oil storage tank collapsed. The vegetallspilled inside the facility and,
due to the volume of oil, the multiple trapping teyss were overloaded and some of
the oil followed the storm water drains into thenCloubert Bird Sanctuary wetland
area. To the authors’ knowledge this oil spill vihe largest of sunflower oil in a
freshwater wetland environment in the world.

The wetland is a transitional open freshwater weklgype with an open water
zone (Morant 1983). The water budget of the CorbdduBird Sanctuary wetland
area is governed by evaporation, precipitation gnedinflow of storm water inlets,
making the wetland a low-energy budget aquatic esystvith reduced flushing
especially in the dry season months (April-August)e immediate surrounding land-
uses of the wetland are industries and urban deredat. Mechanical techniques

were employed as cleanup measure after the sunflowespill occurred in 2007.
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Inflatable booms were used to isolate the contamatharea of marginal vegetation
from the open water zone to prevent further comation, while free oil
accumulating between reeds and vegetation on tlsteweside of the wetland was
collected using absorbent material and inflataldenhs. Large quantities of oil (175
tons) were recovered from the surface water by smieda Rotodisc skimmer.

The study was conducted 30 days after mechanieahalp activities of the
oil spill were completed and in the time frame pdrbefore biostimulation activities
of natural microbial populations commenced in 28&cause of the lack of pre-spill
site characterization and difficulties in establigh post-spill control or reference
sites, phytoplankton abundance and diversity wesepared between different
sampling sites with varying amounts of sunflowdrwithin the water column and
bottom sediment, as well as chemical/physical patars e.g. pH and
biological/biochemical oxygen demand (BOD). As aute of the short (two month)
period of time after mechanical clean-up activitieere finished and before
biostimulation of natural microbial communities Wwiffertilizer started, our two
weekly sampling frequencies in January and Februi2098 were confined to
phytoplankton abundance and diversity and did nolude a seasonal successional
sequence of phytoplankton assemblage. Water samnn@es analysed within one
week after collection. The six permanent samplitgssvere selected on the basis of
excesebility for sampling between the reedbedshef wetland as well as with a
substratum that consisted predominantly of clay.p&manent sampling sites were

sampled on a two weekly intervals.

Physicochemical measurements of oil contaminatiomithe water column and

sedimert
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A sidering sampler modified from the design of Bake al. (1985) was used to
sample sunflower oil concentrations in the watdurrm at 0.25 metre intervals from
the surface down to the bottom. At each interiaD.@5 metre, 250 ml of water
column water was sampled with the sidering samplaandom sampling procedure
was used for the three replicate samples that sargled at each of the 6 permanent
sampling sites to reduce hydrobiological variapildand possible movement of
sunflower in the water column. Each of the thrg@icated water column (0.25 metre
intervals) samples were combined to form threelsingmposite samples for each of
the 6 sampling site. These three single compoaitgkes at each permanent sampling
site were then combined to form a single represeatsample (4 litres) for each of
the 6 selected permanent sampling sites. The siagetsentitive sample for each site
was used in this study, since water column deptivéen the 6 sites varied during
our study period of 2 months (Table 4). For measergs of sunflower oil within the
water column, phytoplanton identification, generahter chemistry and algal
bioassays, sub-samples of 1 litre each of the esirgpresentitive sample (4 litres) of
the 6 selected sampling sites were used. Watemuolsamples for biochemical
oxygen demand was taken seperatly at each sitagdlaach sampling site visit. All
samples were kept in coolers with ice packs duttegl-h period of transfer from the
field to the laboratory. To prevent cross-contaation of sunflower oil in the water
column of different sampling sites, the syringe penwas decontaminated between
each sampling site using hexane and acetone. Bo#iediment sampling was
conducted with a Perspex sediment corer (5 cmamedier) down to a sediment depth
of 5 cm, to investigate the spatial extent of segtitroil contamination (Oberholster et

al. 2006) while 250 g sediment was also collectegbah of the sampling sites, dried



187 to constant weight (10%C), cooled and sieved to obtain particle size. Gigaatter
188 content of these samples were determined gravicadirifrom 50 g test portions of
189 unsieved material after ashing at 5@for 8 h. Dissolved inorganic nitrogen (DIN),
190 soluble reactive phosphorus (SRP) and sulphur waralyzed using classical
191 spectophotometric methods (American Public Heal#sokiation, American Water
192 Work Association, and Water Pollution Control Fediem 1980). Sunflower oil in
193 the sediment and the water column were determiyegsing the US Environmental
194  Protection Agency (EPA) Gravimetric method 413.Dd€ of Federal Regulations,
195 Part 136, 1994). Temperature profiles, pH, Dissbl@xygen (DO) and conductivity
196 of the water column were measured at the surfadeatia depth of 0.5 metre with a
197 Hach™ sension 156 portable multiparameter (Loveland, ©SA). Transparency
198 (Zsp) in the open water zone was measured with a 2@iemeter, black and white
199 quadrant Secchi disk.

200

201 pH and redox potential (Eh) of sediment

202

203 pH and Eh measurements were taken on site fronmsadlcores of all sampling
204 sites. Measurements were taken from sh&face sediment layer and at a depth of 5
205 cm. The pH of the first cm of sediment was measw@t a glass combination
206 electrode (AGB-51) and the Eh was measured uspigtenum electrode (AGB-51).
207

208 Determination of biochemical oxygen demand

209

210 Sampling for biological/biochemical oxygen demandOD) was done seperatly

211 during each of the 4 field visits at the selectedaénpling sites. Grab samples of
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surface water were put in 2-litre plastic bottlesl dneld on ice in insulated cooler
boxes for transport to the laboratory. The maxintume between sample collection
and initiation of analysis was 3 hours. In the labory two 300 ml BOD bottles for
each site were filled to overflowing with the cafled water from each sampling site
after temperature, pH and DO were adjusted. DO exnation of each bottle was
measured, and bottles were stoppered, capped amtbaited. Primary standard
solution for BOD were prepared from 1:1 mixturesghiicose and glutamic acid
(Clesceri et al., 1998). BOD was determined usivegstandard method of Hauer and
Lamberti (2006), by incubating the samples at 20n°@e dark for 5 days. After the
first 24 h, DO concentrations in the BOD bottlegeveecorded and the samples were
aerated by an oil-free aquarium air pomp untilBi@& concentrations was above 8 mg
|1 Dissolved oxygen was measured again after 48ihcobation for those samples
that contained less than 4 mbDO after 24 h of incubation. After 72 h of inculoatj
DO was measured and all samples were re-aeratee.sdmples with less than 4 mg
I DO after 72 h incubation was measured again at. e final DO measurement

was made after 120 h. The BOD concentration \abulated by summing the losses

of DO during the 5 day incubation.

Phytobenthos and phytoplankton sampling

Three random samples (100 ml each) for phytobenitherstification were sampled
during the four sampling trips at each of the peremh sampling site using a Willner
sampler and stored in a cool box in the dark uptédparation in the laboratory
(Oberholster et al2005). These samples were fixed with buffered 5(\A)

formaldehyde in the field for determination of pblyenthos composition, community
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structure and identification of species presentotal of 50 ml of each of the samples
were sedimented in chambers and were analyzed wardémnverted microscope at
1250 x magnification using the strip-count methoéimérican Public Health
Association 1989). Diatoms were identified afteeacing in acid persulfate. The
biovolumes of the more abundant taxa were estimayecheasuring cell dimensions
of at least 20 individuals and using the closesingetric formulae (Willen 1976). A
sub-sample (1 litre) of the single representitiaenple (4 litres) for each of the 6
selected sampling sites were used to determineoplaytkton assemblage within the
water column. The sub-sample were preserved iriglke by addition of buffered 5
% (v/v) formaldehyde. Phytoplankton identificatiomere made according to Wehr
and Sheath (2003), Van Vuuren et @006) and Taylor et a2007). The total
number of phytoplankton taxa and their frequencgadurrence at each sampling site
were categorised according to Hornstrom (1999%: 250, 2 = 251-1000, 3 = 1001-
5000, 4 = 5001-25 000 cell3.IStrip counts were made until at least 300 indisid

of each of the dominant phytoplankton species wetmted. Phytoplankton diversity

was calculated using Shannon’s diversity index (®ba and Weaver 1949).

Selenastrum capricornutum bioassay and chlorophyll concentrations

S. capricornutun{syn. Raphidocelis subcapitatavhich is a non-motile, unicellular,
crescent-shaped, green alga, 40 tou@® in size was used as test species in the
bioassay conducted on the undiluted water of theafpling sites. It is free of
complex structures and, therefore, does not clumgoon chains. This alga is
reported to be generally sensitive to a wide aofagin)organic contaminants and is

extensively used in local and international staddaxicity tests (Slabbert 2004). The
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test culture used in this study was originally ated from the St. Lawrence Centre,
Environment Canada, as ATCC 22662. Algal cultuiamgl growth inhibition testing
were carried out according to standard procedBkdbert 2004).

To prevent any possible adverse effects of low D@he test algae, due to the
presence of high concentrations of sunflower othia sampled water, two batches of
72 hour algal bioassays were conducted with uretllwtetland water of the different
sampling sites. The first batch of un-aerated watenples was tested in sterile 24-
well microplates, while a second batch of aeratedtew samples (20 air
bubbles/minute) were carried out in 5 replicateilsteglass test tubes containing
undiluted wetland water of each of the 6 sampliitg, sncluding triplicate controls
containing containing Milli-@ water and AAP meduim had the following chemical
composition, per litre: 25 mg CaH,O; 0.78 ug CoCh.6H,O; 0.009 pg
CuCLy.2H,0; 12.16 mg MgGL6H,0; 96 ug FeCls.6H,0; 185.64ug HsBOs; 175 mg
K-HPOy; 75 mg MgSQ@; 264.27ug MnClLe.4H,0; 7.26ug NaMoO4.2H,0; 15 mg
NaHCG; 250 mg NaNG@ 32.7 ug ZnCL,; and 333ug NaEDTA.2H,O. Samples
were inoculated with 4-day old logarithmic growthage cells at a density of 1 x 10
cells/ml (Ross et al1988). After 72 h of incubation, growth was detiraa via
optical density (OD) using a microplate reader (#5@. The effect on algal growth
was determined as percentage inhibition or stiraratn the test an inhibition of
20 % over controls indicates toxic activity, whiggowth > 20 % over controls
indicates stimulation. The following water qualifyarameters: pH, alkalinity,
hardness and temperature, were measured at tharsiaend of each bioassay test. A
third and fourth batch of un-aerated algal bioassagre also conducted with non-
sterile (water samples directly from wetland) atetile water (water that was filtered

through a 0.25 pum Whatman filter before use in dlgal bioassays) to assess the

11
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possible influence of other phytoplankton taxa ardro-organisms in the test water
which could confound test results. The latter battbioassays were conducted over
a period of 96 hours in 5 replicate glass test sufme each sampling site, plus
triplicate controls to determine chronical effects sunflower oil. For the

determination of chlorophyll (chix andb, 1 m aliquots of the algal suspensions in
the test tubes containing sterile wetland watetheffourth batch of bioassays were
removed at 24 h intervals over a period of 96 H.wzs extracted into 80 % acetone
at 4°C. Chla andb concentrations were determined spectrophotoméyif@47 nm

and 664 nm wavelengths) according to the methdbafa et al(1989).

Data analyses

In the statistical analysis the Pearson’s corimlatcoefficient, Turkey test and
Canonical Correlation Analysis (CCorA) were usettiStical significance of factors
(CCorA) was tested by test. All computation was done using MVSP 3.1atiStica
5.0 and XLSTAT Version 2009.6.04. The statistaadlysis of the CCorA comprised
of the relationship between the biomass of phyttfilan species and environmental
variables. Calculations were done for six speci€ilamydomonasafricana
Oscillatoria princeps Anabaena flos-aquad-ragilaria ulna, Fragilaria capucina

andNavicula viridula

Results

Phytoplankton species diversity and abundance

12
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In this study very low phytobenthos and phytoplankspecies diversity was recorded
at sampling sites 1, 2, 3, 4 and 6 ,while sampditgy5 had the highest diversityl'(=
2.83). However, the average high phytoplankton rensg1001-5000 cells) of the
algal divisions Chlorophyta and Euglenophyta nanteliglena sociabilis Phacus
pleuronectes Chlamydomonasfricana and young and mature resting zygotes of
Chlamydomonas africanaere recorded at all 6 sampling sites (Table &g & had
the lowest phytoplankton species diversity € 1.62) indicating that the highest
possible impact of oil on the phytoplankton comntyimay have occurred at this site.
Phytobenthos abundance 200 cells per cf) was sharply suppressed at sampling
sites 1, 2, 3, 4 and 6 with the lowest speciesrdityeat sites 1 and H( = 1.91; 1.62).
We observed a significant relationship between Ilthe benthic diatom species
(excludingFragilaria ulna) abundance<(200 cells per c) at sampling sites 1, 2, 3,
4,6 (p< 0.05;r = 0.956) and the low DO (1.3, 1.6, 2, 2.1 and &g [
concentrations and the negative redox potenti&®Q(-1187, -225, -211 and -209 mV)
that exist within the first 5 cm of the sedimenttbése sites (Tables 2 and 3). The
filamentous cyanobacteri®scillatoria princepswas the dominant cyanobacterial
species in the water column of sites 3, 4 and & wie highest biovolume of this
species (15 mri™?, 1001-5000 cells™) observed at site 3, which was also the
sampling site containing the highest sunflowercmihcentration (81.5 mg'} in its
water column (Tables 3 and 4). The high biovolunfetre species correlated
positively with the occurrence of high oil in theat®r column (p < 0.05; = 0.968)
(Tables 3 and 4, Fig 4). However, at sampling Sithe filamentous cyanobacteria
Anabaena flos-aquaeith a much higher biovolume of 12 miit (1001-5000 cells |

') in comparison with the other sampling sites stbaeignificant inverse correlation

13
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(p < 0.05;r = -0.819) with the low average total nitrogen camtcation (0.037 mg?)
measured at this site (Table 4, Fig 4).

The BOD levels (144 mg') were much higher in the water column of site 5
in comparison to sites 1, 2, 3 and 6 where BOD entrations were lower (24, 24, 30
and 44 mgt) (Table 3).Fragilaria ulna was the only diatom species that occurred at
5 out of the 6 sampling sites, indicating that thecies was more tolerant to the
adverse effects of vegetable oil than the othdpdiaspecies identified throughout the
study. From the diagram it resulted out tRaagilaria ulna appeared independent
with the variables tested (Table 4, Fig 4). In gahdt appears that the planktonic
phytoplankton divisions Chlorophyta and EuglenophgamelyEuglena sociabilis
Phacus pleuronecte<Chlamydomonasfricana were better able to withstand the
effects of vegetable oil than susceptible phytobestdiatom species. The higher
abundance of the benthic diatom spedéieagilaria capucina (p < 0.05;r = 0.970)
and Navicula viridula(p < 0.05;r = 0.943) at site 5, correlated positively with the
measured positive bottom sediment redox potentiddis site in comparison with the
negative bottom sediment redox potential at otaening sites (Tables 2, 3 and 4,

Fig 4).

Selenastrum capricornutum test and chlorophyll concentrations

The un-aerated water samples collected from samgiites 1 to 6 showed no algal
growth inhibition. Similar results were obtainedr fvater samples that were
constantly aerated during the 72 hour algal bioagssults not shown) compared to
the experimental control containing Milli@water and AAP meduim. All sampled

water of the 6 sampling sites stimulated algal ghoin the un-aerated bioassays. In

14
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some instances the non-sterile samples showeder Istimulation (110 %) in growth
than the sterile samples (Fig. 2). Indeed, aftest R4 h of exposure, site 4
demonstrated increases in chloropteylandb concentrations in relation to controls
(Fig. 3 A), and similar trends were again obserfggdsites 2, 3, 4 and 6 after 48 h to
96 h of exposure (Fig. 3 B, C, D). Of the oil coniaated sites, only site 1 failed to
show any real changes in chloroplg/lhndb concentrations with controls at all times
of exposure. Site 5, less impacted by the sunflamlgessentially harbors chlorophyli
a andb contents that were commensurated with controlallatimes of exposure.
Furthermore, chlorophyllb concentrations were higher in comparison with
chlorophyll a within the first 24 h after exposure 8klenastruncells to sampling
water of sampling site 6. However, this phenomedoange after 72 h of exposure
when chlorophylla concentrations increased in comparison with clgloytl b in

Selenastrungells exposed to the sampled water of samplinggsite

Physical and chemical measurements of oil contamitian in water and sediment

A distinctive difference was observed between th@lewer oil concentrations in the
sediment of sampling sites 1, 2 and 3 incompansibin sites 4, 5 and 6 which were
in distance further away from the stormwater iffley 1). There were a significant
difference P < 0.05;r = 0.992) between the measured variables (BOD, wtiinwety,
Total Nitrogen, Total Posphorus, Redox potencil, [pO, sulfide and water column
transparency) of sites 1, 2, 4 and 6. The Sunflamlezoncentrations measured in the
water column also varied between the different demgpsites with highest
concentrations at sites 1, 2, 3 and 6 (Table 3§ Jinaller pore spaces in the fine-

textured wetland bottom sediment (average clayigiardiametre of 0.1 um) was not

15



386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

readily penetrated by oil, since high average cotmagons (1.76, 1.26, 78.91, 0.165,
0.09 and 0.145 mg of oil were only measured within the first 2 critioe bottom
sediment after which concentrations of oil declwith bottom sediment depth at all 6
sampling sites. The absorption of the sunflower lyl clay particles may have
induced a decrease in sediment permeability. Tlceedse in the bottom sediment’s
permeability could have favoured the formation abxc conditions as observed
from the average decrease in Eh data in the suskedienent of sites 1, 2, 3, 4 and 6,
resulting possibly from the combination of highyctontents in the sediment and the
oil adsorption to the particles (Table 3). The sezht of sampling site 3 contains the
highest oil concentration (78.91 mg)qcompared to the other sampling sites. Hence,
the lowest concentration of sunflower oil (0.09 g1 and positive Eh data (110 mV)
was measured in the bottom sediment of samplirg SitThese observations also
concurred with the data of the phytobenthos diwei$i' = 2.83) at site 5, indicating
that the lowest oil concentration in the sedimeénhs site coincided with the highest
benthic diatom species diversity and abundance5f09 cells per ci(Tables 1 and
2).

A distinctive blackish colour of the sediment (@) within the core samples
of sampling sites 1, 2, 3, 4 and 6 were observedyell as a foul smell. The oll
concentrations within the water column were highempared to the sediment at
sampling sites 1, 2 and 3 and concurred with tke dgerage DO concentrations at
these sites (Table 3). Also, the highest conceaatraif sunflower oil in the sediment
of site 3 (78.91 mg?) coincided with the highest negative redox po&r(t225 mV)
measured at this site. The vertical light extinctimeasured with the Secchi disc
showed low water transparencies at all sites. Tigkelst transparency (57 cm) was

measured at sampling site 5 (Table 1). Total négnognd phosphorus concentrations
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measured during the four field trips, consistentbcreased (58 % - 91 %) from the
inflow (sampling site 1) to the outflow (samplinges5) of the wetland indicating a

nutrient-depletion gradient.

BOD, DO and organic matter

The BOD values which indicated the amounts of hjoddable organic material
(carbonaceous demand) and the oxygen used to exidarganic material such as
sulphide and ferrous iron were relatively low i tivater column of all the sampling
sites except for sites 4 and 5. Higher levels 6DB(144 mg 1) were measured at
site 5 in comparison to the other sampling siteab(@ 3). However, we did not
observe a steep decline in DO conditions in theewablumn at site 5 compared to
the other sites. Moreover, site 5 had the highedt d@ncentration (5.3 mg™y
compared to all sites. The sites most affectecelstive low average DO were sites 1,
2, 3 and 6these were also the sampling sites with the higheésiced corresponding
changes in the species composition of affectecboiatommunities (Table 2). The
average % organic matter (dry weight) content efgtibstrate at sites 1, 2, 3, 4 and 6

were higher (4.74 %) than the value of 2.11 % r@edifor site 5.

pH and redox potential analysis

The redox potential analysis of the sediment shoavedgative value for all measured
sites, except for site 5 with a positive redox potd (110 Mv), which indicated a
significant relationship with the higher benthiatim species abundance (> 5000

cells per crf) at this sampling site (Table 4). The highest tiggaedox potential was
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detected at site 3 in comparison with the othermiaug sites (Table 3). The sediment
pH did not vary markedly within the first 5 cm depat all sampling sites and

oscillated between 5.9 and 6.2 throughout the spadlipd (Table 3).

Discussion

When natural seasonal or interhabitat variationphgtoplankton compositions are
not well documented, as in the case of the Con elvuBird Sanctuary wetland,
changes in taxonomic composition can be relatedutban activities. This can be
achieved by comparing shifts in phytoplankton taoit composition to
environmental changes with autecological charasttesi of species, and relating
inferred environmental changes to human activi{@berholster et al. 2007a). The
diversity of phytoplankton communities can reflect entire complex of ecological
parameters at a particular site. Such indices efegred to as autecological, because
they are based on the autecological characteristitaxa. Shifts in functional groups
of phytoplankton such as different growth forms aldsions of phytoplankton can
also indicate an important change in food qualitd an habitat structure for
invertebrates (Oberholstezt al. 2007b). Most wetland phytobenthos is loosely
associated with emergent plants (metaphyton), fEthdo plants or colonized in
sediment (Wehr and Sheath, 2003).

Phytoplankton represents between 30 and 50 % ofgoy producer biomass
in wetland systems, and their activity is appanenthe large diurnal changes in
dissolved @ and CQ (Wehr and Sheath, 2003). Because of their closmaxiion
with water chemistry, phytobenthos help regulatéewguality in wetlands, especially

phosphorus loading from urban runoff (McCormick &tdvenson 1998).
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Due to the lack of available data in the literatwe the exposure of
phytoplankton species to vegetable oil spills ieshwater environments, we
compared some of the data generated from this studgrlier data on phytoplankton
exposure to crude oil spill in marine environmer@aservations of the effects of
crude oil spillages all over the world have indezhthe remarkable ability of species
of Chlorophytes to invade areas from which otheecggs have been eliminated
(O'Brien and Dixon 1976). This phenomenon was alsserved in our study where
Chlamydomonas africanaas the dominant post spilled species at all saggites.
The occurrence of this phenomenon was possiblytdueduction of competition
after the elimination of sensitive species whichaldad tolerant specimens to
maximize their reproductive potential as noted fiitve high abundance of young and
mature resting zygotes @hlamydomonasfricana. A second possible explanation
for the dominance ofhlamydomonaspecies at sampling sites 1, 2, 3, 4 and 6 were
the ability of this genus to make use of algal mhtagphy (.e. species that depend
more on ingested bacteria than on photosynthesidgrulow light conditions as
observed in this study (Bird and Kalff 1989) and thhenomenon may also explain
the low levels of BOD measured at these sites, itlmitanding the higher organic
matter measured in the sediment of these siteshifher levels of BOD measured at
site 5 in comparison to the other sampling sitesalao be related to the absence of
the macrophyte specidypha capensiat this site. In a previous study by Masoko et
al. (2008) they observed that the macrophiygeha capensisontained antibacterial
properties which could have affected microbiahatés at the other sampling sites in
our study. A second explanation for the higher Bé@mDsite 5 was possibly due to
microbial processes utilizing the oxygen from thatev column during degradation

processes of the sunflower oil.
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McCauley (1966) reported that certain phytoplanktgmecies can show
tolerance to effects of a large spill of bunkerlfaed subsequent deposition of its
residues in underlying sediment. In this oil spiltident a persistent but slowly
diminishing film formed on the surface of the MudByer, near Boston, causing
various species oDscillatoria, Chlamydomonas, Closterium, Fragilaridlavicula
and Euglenato thrive in regions of the highest pollution. Ekefindings are
concurrent with observations from this study, exdep certain diatom species that
were in low abundance at sampling sites with highflewer oil concentrations in our
study. The specidsuglena sociabilisndPhacus pleuronectabat were observed in
relative high abundance at sampling sites 1, 2, 8nd 6 in our study are generally
associated with polluted water and with water inolforganic material is suspended
(Canter-Lund and Lund, 1995).

The low phytobenthos species abundance at sagngiies 1, 2, 3, 4 and 6
with a low diversity index in comparison with sewas possibly caused by the oll
components (oil in the bottom sediment) adheringhi® same substrate particles
colonized by these species, as well as surfacésagés and stems of the marginal
vegetation contaminated by sun flower oil composeit field studies by ZoBell
(1964) he observed that the thin films of oil oestiwater do not seem to kill diatoms
in underlying layers, but rather affect reproductidlthough, it is known that the
growth of diatom species can be limited by a lowpy of silica, concentrations as
low as 0.2 mgt — much less than measured in the studied wetlastiould be
sufficient for diatom reproduction and thereforersenot to be the reason for the low
abundance of diatoms observed at the 6 samplieg $Willén 1991). The higher
abundance of the filamentous cyanobact&imbaena flos-aquaat site 5 can

possibly be related to the low total nitrogen corticion at this site in comparison
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with the other sampling sites, since this speaea nitrogen fixer (Gaur and Singh,
1990). Scott et al. (2005) observed in their stadya fresh water mash, a nutrient-
depletion gradient between the inflow and outflevjch is in relationship with data

generated in our study. Their results suggestet wiedlands may display spatial

heterogeneity of specific nutrient limiting phytapkton due to a nutrient-depletion
gradient. However, the higher light transparencyasneed in the water column of
sampling site 5 may also have played a considenaldein the abundance of this
species, since light availability is a major cdmiting factor in controlling nitrogen

fixation, which is an energy-demanding process.

Evidence from previous marine vegetable oil spildicated that the spilled
oil may undergo polymerisation and persist for apsix years in the environment,
however this phenomenon was not observed in odystithin the first 60 days after
the spill (Mudge 1997). The growth stimulation afthnges that occurred after 72 h
between chh andb concentrations in th8elenastrunibioassay were possibly due to
adaptive responses of new generationSelénastrungells to the sunflower oil within
the tested water. Hence, the observed high abuedzrichlamydomonasafricana at
sampling sites 1, 2, 3, 4 and 6 can also be relatede possible adaptive responses
and the dominance of this species. The reasonsalace found in the different
responses of phytoplankton on the frequency ofuthsinces or changes in abiotic
resource conditions at different time scales (R&gd984). These different time
scales are (1) shorter than one generation timecengbhysiological responses, (2)
frequencies between 20 and 200 h interact witlptiyoplankton growth rate, and (3)
disturbances at up to 10 days intervals can imitiat successional sequence in

phytoplankton development (Reynolds 1984).
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We suggest from the data generated in this studl dadaptation to certain
environmental conditions may have played a majla irothe absence of less tolerant
phytoplankton species (Tezanos Pinto et al. 200%) the reproduction of benthic
diatom species were possibly affected by the highfeoweroil concentrations in the
surface layer of the sediment as observed by Zo@&64) or by the low light
transparency. However, according to Jgrgensen j1&8&®9 Harris (1973) diatoms are

organisms able to efficiently photosynthesize at light intensity.

The non-sterile samples that showed a larger #ion in growth than the sterile
samples in the 72 hour algal bioassay conducteth@nvetland water column water
can possibly be explained by an increase in groefttother algae species and
microorganisms that were present in the wetlandewatlhis stimulation was
particularly high in the case of the undiluted waample taken from sampling site 4.
The sample from sampling site 5 which exhibited lbwest growth stimulation
within 72 h may be linked to the lowest total ngjem measured at this site. From the
data generated in this study it is evedent thatritracellular level of chlorophyla
andb measurements as physiological variables were & s@nrsitive indicators of the
adverse effect of sunflower oil than the algal bgzy. Observations from the algal
bioassay show that intracellularly the expos&elenastrumcells expressed
physiological changes within their photosystemsedhg suggesting some degree of
stress owing to oil contaminated water.

Furthermore, the higher chlconcentrations in comparison with @hivithin
the first 24 h after exposure 8klenastruncells to sampling water of sampling site 6
were possible due to the fact that ahbhich is a component of the peripheral antenna

complexes may have been altered by the presensenfibwer oil (Anderson 1986).
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These antenna complexes show controlled changeslapting to various growth
conditions, enabling optimal utilization of availaldight. However, it is known that
the chla to b concentrations are higher in high-light growth ditions than in low-
light growth conditions, which is accompanied bygkr size of complexes in low-
light conditions (Bjorkman et al. 1972). Thus, tlegulation of chb synthesis is an
important factor for the mechanisms of adaptatibalgae to various light intensities
which may have been affected by the presence diosuar oil within the water
column causing a change in light intensity. Inwdgtconducted by Reger and Krauss
(1970) on the green alg@hlorella vannielij energy demand in the form adenosine
5'-triphosphate (ATP) was strikingly greater when bhtoncentrations were low
(Reger and Krauss 1970). Thus, the acceleratedragep provides the required ATP
for the dark reactions of photosynthesis. Therefitre level of chb appears to reflect
a regulatory device in governing cyclic and nonicyghotophorylation (Reger and
Krauss 1970). Such reports support our hypothésisthe energy demand for ATP
and tempo of respiration which was much lower athigher chb to a concentrations
could have had an affect on the cyclic and noncyglhotophorylation of the
Selenastruntells within the first 48 h of the algal bioassayis observation is also
supportive to findings by McKee and Wolf (1971) whoggested from their study
that the alterations in light intensity and quabslow surface layers of oil may inhibit
the process of photosynthesis. A study conducteElbRib et al. (1997) on the
impact of fuel oil on the freshwater al@elenastrum capricornutumevealed that
water extracts of fuel oil induced significant cgaa in chlorophylla content of
treated cultures. They observed a general trenld efita content decreasing as the
fuel oil concentration in algal cultures increasétbwever, Tanaka et al. (1998)

suggested that ch& and b may be interconvertible through 7-hydroxymethyl
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chlorophyll by the chlorophyll cycle in the greefga speciesChlamydomonas
reinhardtii. By regulating photosynthetic antenna throughradeversion of cha and

b could be more efficient than their degradation agdthesis, and it would be of
great advantage tG@hlamydomonaspecies and possibly provide a reason for their
dominance in the sunflower oil contaminated fresiewwavater of this study.

The distinctive blackish colour of the sediment5(@m) within the core
samples of sampling sites 1, 2, 3, 4 and 6 wersilplysdue to SG that was reduced
during the microbial oxidation (respiration) of argc matter at these sites, causing
gaseous S or bisulphide ion (HS-) that was produced to cambiith Fe to form
almost insoluble precipitates under anoxic condgiat these sampling sites. Under
these anoxic conditions Fe (I) may have precipdads FeS in the presence of
enough sulfides at sampling sites 1, 2, 3, 4 argivi)g the sediment a characteristic
black colour. The higher abundance of the benthatoch speciesFragilaria
capucinaandNavicula viridulaat site 5 in relationship with the positive Eh ma&d
at this site served as an indicator (surrogatehefdegree of sediment oxygenation
and the suitability of particular bottom sedimemnt phytobenthos species sensitive to

low DO conditions.

Conclusion

Although the lack of establishment of pre-spillesgharacterization is a shortfall in
this study, it is evident from the data generatett & sunflower oil spill can have an
adverse effect on diversity and abundance of cendiytoplankton species in a
freshwater wetland environment. The study displagtial heterogeneity of specific

nutrient limiting phytoplankton due to a nutriergpdetion gradient between the
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inflow and outflow. However, the benthic diatom grtdjtoplankton species diversity
were the highest at the site nearest to the outflbws was also the site with the
lowest oil concentrations and highest light tramepay in comparison with the other
sampling sites; suggesting that nutrient availgbiat other sampling sites was
overshadowed by the higher sunflower oil conceimnatand lower light transparency
causing a decline in certain phytobenthos speaiestherefore adversely affected
phytoplankton species diversity. From a practigapli@ation view point, the data
generated in this study can play an importantirof@ost spill vegetable oil restoration
actions, especially in the case of using biostitmte— since the application of to
high concentrations of fertilizers to stimulate urat microbial activity for
biodegrading of vegetable oils in freshwater bodiae cause a further increase in
biomass and bloom formation of certain speciestexgc filamentous cyanobacteria
Oscillatoria that can pose a serious threat to the food welststie and functions of

fresh water ecological systems.
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Table 1. Aquatic marginal vegetation and biotopes of earh@ing location in the Con Joubert Bird Sanctuaegland.

Sampling location Sitel Site 2 Site 3 Site 4 Site 5 Site 6
Water depth 1.0 0.9 13 0.95 0.9 0.85
(metres)
Biotopes Clay Clay Clay Clay Clay Clay
Marginal emergent Typha capensjs Typha capensjs Typha capensjs Typha capensjs Cyperus marginatys Typha capensjs
vegetation Phragmitesaustralis Phragmitesaustralis  Phragmites Persicaria Phragmitesaustralis Phragmitesaustralis
Schoenoplectus australis lapathifolia, Schoenoplectus
brachycerasCyperus Persicaria Phragmites paludicola
marginatus Persicaria lapathifolia australis
lapathifolia
Floating leave Spirodelaspp. Azolla pinnata

Plants
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787 Table 2. Comparison of the phytoplankton at the six sampéings in Con Joubert freshwater wetland (n = #ig umbers (1-4) represent the
788 maximum frequencies of the phytoplankton taxa: wHeg 250, 2 = 251-1000, 3 = 1001-5 000 and 4 = 5 000@5cells T and cells. cA in

789 the case of phytobenthos taxa = (B).

Algal division Genus and species site 1 Site 2 sBe site 4 site 5 site 6
Bacillariophyta Aulacoseira granulatgB) 1 0 0 0 0 0
Aulacoseira thwaiteg8) 0 0 0 2 0 0
Amphora pediculus 0 0 1 0 2 1
Cocconeis placentulgB) 0 0 0 0 1 0
Gomphonema parvulum 0 0 0 0 1 0
Fragilaria crotonensis 0 0 1 0 2 0
Fragilaria ulna (B) 1 2 1 1 2 1
Fragilaria capucina(B) 0 0 0 1 3 1
Navicula viridula(B) 0 0 1 0 2 0
Nitzschia umbonata 0 2 0 0 1 0
Pinnularia viridiformus 1 1 1 1 0 1
Euglenophyta Euglena sociabilis 4 3 4 3 2 4
Phacus pleuronectes 3 3 3 4 2 3
Phacotus lenticularis 2 0 0 0 1 0
Trachelomonas intermedia 3 3 3 4 2 4
Trachelomonas armata fénevoluta 2 0 0 0 2 0
Chlorophyta Chlamydomonas africana. 4 4 4 3 2 4
Chlamydomonas africangpung and mature resting 4 4 4 4 3 3
zygotes
Closterium lineatum 0 0 1 0 3 0
Volvox rousseletii 0 0 0 0 1 1
Scenedesmus dimorphus 0 0 1 0 2 0
Cyanophyta Oscillatoria princeps 0 1 3 2 0 2
Anabaena flos-aquae 0 1 0 1 3 1
Shannon Index H) 1.91 1.62 1.57 1.69 2.83 1.74

34



790

791

792

793

794

795

796

Table 3.Comparison of the average physical and chemicanpaters recorded at six sampling sites in the ©abelt freshwater wetland (n =

4) before biostimulation of natural microbial adiyakes place.

Sampling sites 1 2 3 4 6

BOD in water column 24 (£ 8) 24 (£ 11) 30(x9) 20 (x 11) @89)

DO in water column as mgl 1.3(x1) 1.6(x1.1) 2(x0.9) 21 (1) 2.5 (x0.6)
pH value at 20 °C in water column 6.9 (x0.2) ED@) 7.4 (x0.2) 7.3 (x0.5) 7.4 @2)
pH value at 20 °C in (0-5 cm) depth sediment 5.0.(3 5.5(x0.3) 5.3(x0.1) 5.9 (x0.4) 6 (x 0.6)

Eh as mV in (0-5 cm depth) sediment -190 (£ 10) 87-(+ 8) -225 (£ 13) -211 (£ 15) -20912)
Total Nitrogen (TN) in water column (mg)l 0.37 (x 0.6) 0.34(x0.4) 0.36(x0.3) 0.14 (01 0.037 (= 0.05) 0.29 (x 0.5)
Total Nitrogen (TN) in sediment (mg R}y 52 (x9) 25 (£ 8) 18.7 (£ 4) 21 (x5) @893)
Total Phosphorus (TP) in water column (i | 1.81(x0.9) 1.76 (0.5 1.76 (£ 0.8) 1.43 (20. 0.643 (£0.09) 0.448 (= 0.06)
Total Phosphorus (TP) in sediment (mg-kg 25 (x3) 14 (£ 7) 10.4 (£ 2) 20 (= 8) 3I(x5)
Conductivity in water column (ms 44 (£ 10) 37.1(x8) 53.5(x12) 37.7 (x14) 26.6 (x 4)
Temperature in water column (°C) 21.6 (x0.4) 23+ 209 (x0.7) 23.5(x0.5) 21.1(x0.8) 23.10(8)
Total concentration oil (mg in surface layer (0-5cm) of 1.76 (£ 0.6) 1.26 (+0.2) 78.91(x3.4) 0.165(¥).0 0.09 (+x0.02) 0.145 (= 0.09)
sediment

Sulfide SQ % (mg kg*) 7.9 (£0.2) 57 (+0.8) 102 (+6.9) 43 (+2.3) 78 (£ 3.5)

Oil within the water column samples (m) | 2(x0.1) 1.8 (x0.3) 81.5(x0.9) 0.8 (x0.4) 14.7 (£ 0.7)
Secchi Disc reading (cm) 17 15 23 19 21
Organic matter (%) dry weight in substrate 5.14 24.9 5.87 3.47 4.33
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Table 4.Values of Pearson’s correlation coefficients (@.85) between phytoplankton biomass and environahgatiables (n.s. = not
significant)

pH pH TN TN TP TP Conducti  Tempart -gijtlila?:g Oil Water Secchi  Organic
Species BOD DO water sediment Eh water sediment water  sediment vity ure Layer Sulfide Column Disc Matter
C. africana n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. ns. .s. n 0967 0.856 0979 0.967 n.s.
O. princeps n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. ns. .s. n 0.963 n.s. 0.968 0.935 n.s.
A.flosaquae 0978 0.958 n.s. ns. 0.994 -0.819 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
F.ulna n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. ns. .s. n ns. n.s. n.s. n.s. n.s.
F.capucina 0.981 0.970 n.s. ns. 0.990 -0.847 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s-0.830
N.viridula 0.949 0.936 n.s. n.s. 0.943 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. .s. n

36



Figure legends

Figure 1. Map of the Con Joubert Bird Sanctuary freshwatetland showing the
location of six sampling sites and the storm waidlow inlets. Inset shows the

location of the map area in South Africa.

Figure 2. Bioassay indicating growth stimulation (%) of #terand non-sterile
Selenastrum capricornutucells after 72 hours incubation with undiluted evat100
% concentration of oil contaminated water) of thedifferent sampling sites. Control

=0 %.

Figure 3. A, B, C and D. Changes inchlorophyll a and b concentrations of
Selenastrum capricornuturoells after 24; 48, 72 and 96 hours incubationhwit
undiluted wetland water (100 % concentration ofamhtaminated water) of the six
different sampling sites. * Indicates a significarfoom the control by Turkey teg (

< 0.05)(n = 5).

Figure 4. Diagram (Canonical Correlation Analysis) of domihapecies for the six

sampling sites in relation to environmental vamasbl Vectors grouped together
indicate the correlation between phytoplankton sgeand physiochemical variables
are statistically significant (p < 0.05). Y1 = pbptankton species (red); Y2 =

physiochemical variables (green).
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