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Fishing boats gather In the Knysna Heads. earty morning 
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across the estuary to the east for 700 m on earthen embankment built upon 

mtertldal mudflats 

.. ~ 
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Figure 1 1. The Knysna Estuary Including the location of riVerS, geographic 

features. manmade developments and the 4 regions of the estuary (upper 

es.tuary, Lagoon, Bay and Ashmead) 
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• 
The main channel IS marked with n8111gatlon buoys thai are maintained by the 

National Parks Board While the beginning 01 this channel is narrow and 

bordered by mudflats on either side as it passes under the N2 bridge, It widens to 

600 m and deepens to an average depth of 2m at LWST as II enters an area 

known locally as the Bay of Biscay The village of Belvidere on the right and a 

point bar on the left, known as The Pomt, form the downstream end of the Bay of 

Biscay and constnct the downstream flow into narrow channels at LWST. For 

these next 4 kilometers, the main channel narrows to a minimum width 0150 m 

due to Ihe extensive mudflats and shallows to a minimum of 1 m at L WST The 

Knysna Estuary obtains liS maximum Wid, ,.. in thiS area, and IS defined by a 

series of intertidal mudRats stabilized by Zostora caponsis With shallow 

Intervening channels (Figure 1 2) 

Figure 1 2 The Knysna Estuary at LWST from the Brenton Dune, With the town 

of Knysna on the far shore In this Wide rnddle region of the Estuary shallow 

channels separate numerous tidal mudflats 
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Figure 1 3 A cross-sectional view of the Tsitsikamma sOil form found in the 

Knysna catchment area The day layer found at depths greater than 40 em limits 

the penetration of surface water From. SOil Classification A TaxonomiC System 

For South Afnca (Soli ClaSSification Working Group, 1991 ). 

1 4 Water quality as a result of these sOils 

The long exposure time of soils derived from Table Mountain Sandstone results 

in calCium (e.g lime) depleted sediments in the Knysna catchment area These 

sediments have a low carbonate content and runoff that contains acidiC colloidal 

organiC material (I e humic aCid) (Reddermg . 1994) This humic acid stains the 

waters of the Knysna River a brown tea color, While maintaining a pH of 
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Hereafter, all calculatons thai require the Flow rate of the Knysna River (i e net 

flow rate) will be obtarned by thiS method. 

N 

I 

Figure 1 4 The Knysna catchment area includes the locations of gaugmg weir 

KSH002, water abstraction pomts, Knysna and Salt Rivers (shown with major 

tnbutanes), Gauna RI~er, Knysna Estuary, Charlesford weir, Millwood and the 

Jubilee Creek sampling Site, marked Wlth "X" 

" 
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Figure 1 5 Gauging weir K5H002 on the Knysna River In the mountainous 

catchment area (refer to Figure 1 4 for location) 

The annual runoff of the Knysna River that enters the Knysna Estuary was 4 9 x 

107 ml in 2000 and 4 2 x 101 m3 In 2001 These were years when the annual 

precIpitation was approximately 80% of the average annual preclpltallon of 700 

mm as recorded by Hughes and G6rgens (1981) These volumes compare well 

with the annual runoffs calculated by Haw (1984) for annual precipitation lotals of 

900 mm to 1050 mm Ihal resulted in annual runoffs of 5 9 x 107 mJ to 7 4 x 107 

m' 

Largier et al (2000) reported the mean annual runoff 01 Knysna catchment was 

108 mJ
. however 1\ IS pOSSible thaI this value IS erroneous. The method used by 

largier et al (2000) mistakenly used the entire total catchment basin (400 km2) 

as the catchment 01 the Knysna River Therefore. flow rale from gauging weir 

K5H002 was multiplied by 3 to estimate the flow rate al the Charlesford weir 

Further. their estimate makes no correction for the water abstracted by the 

Knysna Municipality and does not state for which years thiS mean annual runoff 
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were based For these reasons. infer alia. their estimate of mean annual nmnff 

was not used 

The water abstracted by the Knysna Municipality was 5% of the annual runoff m 

2000 and 6°h In 2001 However. since water was abstracted daily, the greatest 

reduction of river flow Into the estuary was during periods of low river flow or the 

dry season The dry season IS defined by an average flow less than 1 m3 S·1 at 

the Charlesford weir for 50 days or more In 2000 the abstractions by the 

Knysna Municipality accounted for the removal of 17% of fiver flow dunng the dry 

season. with a maximum daily abstraction of 40% during this penod In 2001 

these abstractions accounted for the removal of 14% of fiver flow during the dry 

season . and a maximum daily abstraction of 37% dUring this penod The dally 

flow rates were plotted with dally rainfall amounts for years 2000 (Figure 1 5a). 

and 2001 (Figure 1 5b) 

The smaller rivers and storm drain flows that entered the Knysna Estuary lacked 

the benefit of gauged measurements and these flow rates were calculated 

manually when necessary Manual determinations of Knysna River flow rate at 

the Charlesford weir were made 6 times during the years 2000 and 2001 This 

allowed a comparison of the manual determination method With the mean daily 

flow rate estimated wi th data from gauging weir K5H002 Manual determinations 

were the product of the cross sectIOnal area of the fiver as II spilled over the 

Charlesford welf and the eSlimated flow velocity of that cross sectlonat area 

Flow velocity was estimated by timing floating debns over the final meter the 

Knysna River flowed over the Charlesford welf Measurements of flow velocity 

were repeated several times and the mean of these measurements was 

accepted as valid These manually measured flow rales were compared uSing 

student's t and no Significant difference (P>O 05) to the estimated flow rates was 

found (Table 1 1) 
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Figures 1 6a & b The estJmaled dally flow rales 01 the Knysna River for years 

2000 and 2001 as calculated from gauging weir K5H002 data and dally ramfall 

as recorded al Nallonal Parks Board offices on Thesen Jetty 
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Figure i 7 The population 01 Knysna (from Tyson, 1971 , voter census 2000 

and Knysna MUnicipality data 2001 and 2002) 

The population 01 Knysna has increased rapidly over the past decade A portion 

of this !llCrease was due to Ihe relocaTion of people, which occurred after Ihe 

apartheid poliCIes of Ihe former Nahonal Party Government were terminated in 

1994 This resulted in the expansion of mformal hOUSing settlements that eXisted 

on the hills surrounding Ihe town of Knysna, and creation of new seuternenls In 

the Knysna area Currently, lhese settlements are known as the townships of 

ConcOKila (nonh 01 Knysna) Neckles (northeast of Knysna) and Hornlae (east of 

Knysna) Many homes In these townships lack proper sewerage systems, and 

rely on communal Pit tOilets for sanllatKln The Impact of these open sewerage 

systems on the nutnent !oadll19 of the estuary will be discussed in subsequent 

sections 

The population of Knysna reached a peak over the summer holiday season 

dunng December and January of both 2000 and 200 1 Data on the number of 

V($(tors and residence dunng thIS penod were not available from Knysna 
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Figure 1 8 The Knysna Estuary indicatmg the water -column stations of the mam 

channel (M1 - M15 & XI - XIS), the upper estuary region (Kl - Kl0). the 

Knysna RNe. (K R) and the benthIC experiments slles In the upper estuary, 

Lagooo and Bay 

Stallons A3 • A9 In the Ashmead were established In mid-channel at Intervals of 

approximately 500 meters (F igure 1 9) These slatlOns were located where 
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possible at fixed channel marker post or buoys In the Ashmead , or stations were 

estabtished and relocated with GPS Station A 1 was sampled from the shore at 

the culverts that ran under the causeway to Thesen ISland Station A2 was 

sampled once dUring high tide by kayak. but water depth at thiS site was too 

shallow lor the Site to be sampled regularly Stalion A 10 was located 50 m north 

of the Leisure Island small boat harbor Stations with the prefix 'S' (S statrons) 

were pOint sources of water entering the Knysna Estuary Thirty culverts. storm 

drains, streams and livers were located and labeled SI - S30 
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Figure 1.9 The water-column stations In ihe Ashmead (A 1 - A 10) and runoff 

stations. Stations labeled with prefiX 5 are storm drains, cul~erts and rivers. 

The use of NPB navigational buoys In the main channel or fixed channel mal1lers 

in the Ashmeao provided fixed locations at which sampUng stations were 

established Therefore. a sampling station CQuid De rapidly relocated without the 

use of a GPS when the station corresponded to one of these locations The 

ability to rapidly locate a sampling station was Important to the water column 

monitOring survey method. which Will be discussed In Section 2 3. The number 

of S stations were determined by the number of measurable pOint sources 

entering the Estuary and will be diSCUSsed in more detail In Section 2.2. 
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Figure 1.13 Water column temperature records of the Knysna Estuary from 

t994 - 1998. from Schumann (2000. Fl9u'e 5) The sudden decreases In 

temperature of 10 °c or more can occur In hours. they were associated With 

southeast winds that occurred In the middle to late summer and were consistent 

for every year measured 

In addition to prOViding a continuation of data on long-term cycles of temperature 

change In the Estuary the temperature loggers Illustrated the water temperatures 

assOCiated With the indiVidual experiments and events. which are discussed in 

subsequent sections For example, the upwellln9 event that be9an on February 

27 2001 had a direct influence on an experiment that Wlil be diSCUSsed In Part !II 

(Figure 1 14) ThiS upwelling event was smllar In magnitude to those described 

by Schumann (2000) where temperatures decreased 10 °c In 3 hours (Figure 

1 13) 
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Figure 1 14 Water temperatures recorded at stallon XII m the Bay show the 

IntrUSion of colder water associated With the lI'Icotrllng tides of February 28'" and 

29"', 2001 These temperature decreases were the result of upwel~ng outside 

the mouth caused by prolonged southeast Winds 

In summary, the hydrographIC charactenstlCS of the Knysna Estuary are well 

understood (Schumann 1999 & 2000 Largler et al 2000: thiS dissertation) 

These studies described the Knysna Estuary as a warm temperate estuary with 

several dIStinctive properties It has the largest tidal prism of any South AfrICan 

estuary It has extensive tidal mudnats and the only deep·water embayment of 

any South AfrICan estuary (Day et al 1952) Upwelling events durlflg the 

summer In the adjacent ocean IIltroduces pulses 01 cool, nllrate·nch wOller With 

the flooding tide These cooler pulses of water ~>fImanly affected the Bay and 

Lagoon regions However due to I\S hmlted \ldal pnsm the mpact of thiS cooler 

water on the upper estuary IS minimal While these hydrographIC properties 01 

the Knysna EsrualY are not shared by all the open estualles of the warm 

temperate zone along the South African coosl they provide an Insight Into the 
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Figure 2_3 The NH.- 'II concentrations of the water column in each region dUring 

high and low tide of t~e dry season (n = sample size at each tide) 
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Figure 2.4. The NH.-'l concentrations water column in each region during high 

and low tide of the weI season (n = sample size at each tide) 
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Table 2 6 The expected Increases in nutrienl concentrations (~Imol hr I L I) 

due to STW effluent enteflng the Ashmead dUring LWST volume for one 

hour These values represented Ihe maximum (yel limited) influence the 

STW effluent could Impose on the LWST waler volume of the Ashmead 

At HWST volumes the loading effect 01 S'T'N effluent entering Ihe Ashmead 

is nil 

Date Sampling Conditions NH~-N NO.-N DIP urea 

3/8/2000 mid dry season 00 0.0 01 00 

3/11/2000 early wet season 00 0.0 01 00 

2012/2001 late wet season 0.0 00 0.1 0.0 

30/812001 al heavy rainfall 02 12 06 00 
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Nitrates 

The high tide NO,-N concentrations were significantly higher (p<O OS) In the 

lagoon, Bay and Ashmead regions as opposed to the low tide concentratIOns 

dUfll'l9 the dry seasOll (Figure 2.5) The high \ide NO,-N coocentratlOos In the 

upper estuary dUring the dry season showed no significant difference (p>005) 

from the low tide concentratiOlls There were no significant differences (p>O OS) 

between the htgh tide and low lIde concentrations of NO,-N dunng the wet 

season In any of the regIOns (Figure 2 6) 

The loading of NO,..N in the Ashmead during the dry season from POint sources 

was not believed to be the reason for the Increase In concentration 01 NO,-N 

from low to high tide. The contflbuoons of NO ... N Into the Ashmead dUring the 

dry season were Similar In magnitude to the contributions of NH~·N Hence the 

loading calculations were not repeated for NO,-N as these calculallons for 

NH~-N demonstrated that the impact of loading was tar below thai whICh was 

reqUired to Increase the concentratIOn of a nutnentlfl the Ashmead over half a 

tidat cycle (ca 6 hours) 

The retalJonshlp between lIdal range and Increases In concentratiOns of NO.-N 

durmg the dry season was mveshgated by comparing the average NO ... N 

concentratIOns at high tideS to cOllcentrations at low \Ides for spnng and neap 

tides In the lagoon, Bay and Ashmead (Table 2 7) ThiS arl3lYSls demonstrated 

that during higher tidal ranges (i e , spring tides) the Increase In NO ... N 

concentratIOn between low tide and high tide was higher tI1an these increases 

measured for neap tides In the Ashmead and lagoon, but not lor the Bay 

Smce the water column of the adjacent ocean was well mIXed dunng the dry 

season (refer to sectIOn 1 10), upwelling events were not expected to be a 

source of NO ... N In the water entenng the Ashmead from the Bay during thiS 
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season However, due to the lack of data on NO,-N concentrations of the 

incoming water during these surveys of the Ashmead, it can not be eliminated as 

a source of the Increase in NO,_N concentralions measured from tow to high tide 

Table 2,7 The increases in average NO,-N concentration 

dunng the dry season from low tide to high \Ide Units 

equal pmol L-' half tidal cycle-' 

Ashmead 

B" 

lagoon 

neap \Ides 

15 

23 

03 

spring tides 

35 

1.5 

13 
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Figure 2 5 The NO,-N concentrations of the water column In each regIOn dUring 

high and low tide of the dry season (n = sample size al eat" tide) 
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Figure 2 6 The NO,-N concentrahons of the wale!' column In each region dUring 

high and low tide of the weI season (n -: sample size Oil each IIde) 
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Figure 2 7 The DIP concenlmlJOns of the water column In each region dunng 

high and low !ide of the dry season (n = sample size at each tide) 

Figure 2 8. The DIP COncentrations of the water column In each region dUring 

high and low \Ide of the wet season (n '" samp~ SIU! at e<lch tide) 
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Figure 2 9 DIP concentrations In the Knysna Estuary (a) DIP concentrations 

plolted With salinity after the storm of November 13, 200, (b) Later In the 

summer these same stations. Knysna River and Ml - M14, were sampled during 

the February HWST survey and represented salinities typical 01 the Estuary, 

ThiS survey Indicates a source of DIP during low flow « 2 ml s ') of the Knysna 

River In the wet season 

As further eVidence that the Knysna RiVer was not the direct source of DIP to the 

estuanne waters the upper estuary stations K 1 - K 1U were surveyed on 

September 29. 2000 after a liVer flow crested al 5 7 ml 5.1 Salinities of less than 
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1 ppt were measured at stations K4 - K10 and the DIP concentrations at these 

stations averaged 0 211mol L-' This survey confirmed that dUring periods of 

strong nver flow the stations in the upper estuary displayed DIP concentrations 

similo. to those 01 the Knysno River However, those some statoons displayed an 

average DIP concentration of 2 3 pmol L-' when surveyed during a low flow 

period of less than 0.5 mJ s-' on March 13.2001 These surveys and data 

discussed subsequenlly indicate an internal source of DIP in the upper reaches 

of the Knysna Estuary 

The DIP concentration for the February HWST survey in the upper estuary and 

Lagoon demonstrated average DIP concentrations that were not explained by 

conservative miXing of their respective end-member waters, a pattern that was 

not seen dUring Similar surveys of the prevIous October (Figure 2 10) If the 

water of the upper estuary during HWST was a mixture of upper estuary and 

lagoon water at lWST, both haVing DIP concentrations < 0.8 umol. then mixing 

of these twO waters did not explain the average HWST concentration of 1.8 I,mol 

l -' (n" 3) likeWise, the average concentralion of 1 2 j.lmOll" (n "6) measured 

at HWST in the Lagoon exceeded the DIP concentration found In the flooding 

tide, as the average DIP concentration In the Bay dunng the February HWST 

survey was 0 8 ),moll-' These data provided evidence tha t the Internal source 

01 DIP was limited to the upper estuary and lagoon regions, and the Increases of 

DIP from thiS source were greatest dUring the higher tidal ranges of spnng tide. 
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Figure 2 10 The changes In DIP concentration 111 the upper estuary and Lagoon 

from the survey data of October 2000 and February 2001 Note the magmttlde of 

InCfease In DIP from LWST to HWST dunng February in both regions. Similar 

changes were no! found dunng me LWST and HWST surveys the prevIOUs 

October 

The February 2001 total rainfall was 18 mm whde!he prevIOUs 3 months of 

rainfall ranged between 81 aocl 99 mm per month During January two high river 

flow events resulted In average dally flows of 44 and 16 mJ 5 I The periods of 

high nver flow and sustained htgh flow dunng weI months blOUghl a fresh supply 

of sediment to the Estuary 'rom the Knysna River (Allanson et al , 2oo0a) It 

follows that the upper estuary and Lagoon recetved the maJonty of these 

sediments 

Froelich (IQS8) recorded that sediments With high day cootent can bend P en 

enlilronments where the pH was less than 6. and release thIS bound P when pH 

Increased beyond this lIalue. The Knysna River water pH was approximately 5 
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(refer to seChon 1 4). and during periods of high fIVer flows thiS low salinity water 

occupied the upper estuafY and Lagoon regIOns (Largter 81 al 2000 and thiS 

dissertation) It was suspected that sediments Introduced to the Estuary from 

fiver wa ter dUring high flow events were a source of DIP In the upper estuary and 

Lagoon regions However, the transportation of sediments were 1101 considered 

as the cause of DIP increases measured dunng low bdes In the Ashmead as 

those Increases were measured In dry and wet seasons In adclltlOn , the 

distance between the Ashmead and the head of the Estuary puts it beyond the 

mnuence of flUVIal sedunenls Orlgmatmg from the Knysna River 

The data mtroduced In this section have identified two separate patterns of 

increaSing DIP concentratIOns, ( 1) the Increase In DIP concentrations at LWST 

prmarily affecting !he Ashmead and (2) inct'ease In DIP concenlla tlons in the 

upper estuary and Lagoon follo....,ng strong nver flows of the wet season 2001 

Clear1y addltlOnallllYestlgatlOns were required to resolve the mechanism behmd 

these sources of DIP enrichment, and W111 be addressed in section 3. 5. 
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Urea 

When urea concentratJoos 10 the water column were considered with respect to 

tidal slale they did not dISplay a !lend analogous to the preViously discussed 

nutnents Urea coocenlratioos were thererore analyzed with respect to the 

seasons In whICh the samples were collected The difference in urea 

concenlra!lons between weI and dry seasons In each region displayed a notable 

paUern with urea coocentratton significantly higher (p<O 05) dunng the wet 

season as opposed to the dry season In the lagoon Bay and Ashmead 

(Figure 2") 

, ---- -
~ <Iry Soeason J 
.. otelseilson T I , 

-,- --- I " g I ~ 

I 
-r , 

_~ 1 • . , 
1--

, 

I -

" . 

0 -
" ~ 32 " .. " " " .. '" upper estuary LagOOfl Do, Ashmead 

FlQure 2 11 The urea concentrations of all regions With respect to dry and wet 

seasons (n '" sample size at each tide) 

nllS prellmll1ary analySIS shows that the vana tlons 111 urea concentration may be 

best uilderslood by Investigating the impact of urea loading on the Knysna 

Estuary FOf@)(ample the changes In urea concentration after a storm of 
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November 13, 2000 resulted In a 4-fold Increase In urea concentra tions at 

statIOns M1 - M14 as compared to urea concentrations measured al these 

stations 2 to 4 weeks prior \0 the storm This increase in urea concentration was 

considered to be due. In pall to the runoff of fertilizers used during springtime in 

beef and dairy cattle farming operations, which entered lhe Estuary In the flow of 

the Knysna River (refer \0 sectIOn 2 4) Additionally, this Increase In urea may be 

augmented by the mput of urea from pll tOiletS. which serve as sewage faCIlities 

In many informal hOUSing setllemen\s surrounding Knysna The effluent from 

these ptl toilets drams to the Estuary du"n9 the rainfalls of the wet season (refer 

to secllOO 2 2) The Impact of thiS lOading, and subsequent Similar urea loading 

events resulting from the higher now rates of the wei season, were responsible 

for a portIOn of the higher concentrations of urea in the Lagoon and Bay The 

relationship between !he higher urea concentratIOn measured dUring February 

2001 surveys and the hlQher flow rates of the wet season is Illustrated In Figure 

212 

The peak in urea concentratIOn dunng the summer months in Knysoa Estuary 

was Similar 10 the pattern of IIlcreases 10 urea coocenltation measured In 

Chesapeake Bay (Lomas et al 2002). The long-term data set utlhzed by Lomas 

et al (2002) allowed the comparison of urea concentrallons measured over 6 

years 10 the surface waters shOWing a dlsllnct maxmum in the summer The 

comparison over 7 years In the deep water of the Chesapeake Bay showed a 

maximum concentrahon of urea dunng spong, and represented an approximate 

3-fold lflCfease over the mean urea concentration of the winters of these years 

Although the mean urea concentratlOfl (Winter and summer) that was reported In 

Lomas et al (2000) was roughly half of those concentratlOllS measured In Bay 

regIOn of Knysna Estuary. the magflltude of Increase In urea concentratoon 'rom 

winter to summer was Similar. approximately doubling from winter to summer 
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Figures 2 12 Urea concentrations In the Knysna Estuary The high urea 

concentrations in the upper estuary, Lagoon and Bay dUring February were 

par1lally the resu lt of urea Introduced dunog the strong flows of the Knysna River 

dUring the wet season 

While the investigation of vanallons in urea concentratIOns w!1h respect 10 the 

season and speCifically the impact of urea loading dUring wet season has been 

revealing II does not account for all the vanatlons that were measured The urea 

concentrations In the upper estuary during the dry season wefe Significantly 
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Figure 2 13 The urea COIlceollations In t1e Knysna Estuary 12, 36 and 84 hours 

after storm of November 13, 2000 and baselille values of urea taken 2 to 4 

weeks prior to the storm 

The amount of any nutrient needed to Increase me concentration within the 

Knysna Estuary by the amount WItnessed after thiS storm can be calculated by 

multiplying the amount 01 Increase In the concentration above baseline values by 

volume of the Knysna Estuary at the tme samples were taken The amount 01 

urea required to increase the LWST concentration In Ihe Knysna Estuary by 

4 "mol L", the Increase seen post rainfall event was approximately 1500 kg 

The concentration of urea In the Knysna RIVer v.i1en measured 48 hours after the 

rainfall event was 5 8 Ilmol L' It was assumed that the cooceolration of urea 

was higher during the initial runoff per;oo when flow of the Knysna River peaked 

dUring the first 24 hours after the storm I' the urea concentration were 

approximately twice that which was measJred 48 hours after the storm , Of 
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12 )Imoll -', then the average dally flow of 46 mJ 5" 011 November 13, 2000 

would result in a one·day loading of 1200 kg of urea to the Estuary 

.' 
The Salt River was sampled 48 hours after the November 13 2000 storm ar'ICI 

the urea concentration was 144 Ilmol L-' , with a flow of 4 9 x 10'3 ml s" Other 

storm drains sampled on November 15, 2000 displayed concentrations of urea 

ranglnglrom 10 2 to 18 1 IImol l " (refer to Appendix B) The increase in urea in 

the Salt River and storm drains in the town of Knysna may be the result of urea­

based fertilizers used on residenhal and commercial properties, and the effluent 

washed downstream from pit toilets in the Informal housing settlements within the 

Knysna town area 

In summary. the Increase In urea concentrahon In the Knysna River dunng and 

after thiS storm resulted in a proportIOn of the urea Increase In the Knysna 

Estuary AddillOrlaJIy the Sail River and storm drains in !he Knysna area would 

have an Impact on thiS urea loading through increased urea concentration In their 

respectIVe runoff waters dunng and after !hIS storm Non-point sources suctl as 

runoff from pastureland, lertllize<liawns af'ICI drainage from septIC tanks bordenng 

the Estuary can also be expected to add to the urea concentration dUring penods 

of high rainfa lL However the U/ea ,ncreases assOCIated With these sources may 

be confined to a penod follO'Nlng thiS first storm of the season, and additlonal 

sources of urea would, therefore, be required to sustain the high concentrations 

of urea measured In the Estuary dunng February (refer to Figure 2 12) This 

subject Will be considered again In the final diSCUSSion (Part IV), 

Ammomum 

The NH~-N Increases throughout the Knysna Estuary were not easily explained 

by the contribution of N~-N prOVided by the Knysna River (Figure 2 14) To 
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raise the concentration by 4 I,mol L" dunng lWST, the change seen 36 hours 

after the storm required the addition of 756 kg of NH.-N In the Knysna Estuary 

Even if the NH.·N concentration In Ihe Knysna River at peak flow were assumed 

10 be tWice that of Ihe concentration thaI was measured 48 hours after the storm, 

this contnbutlon can only account for 280 kg of NH.-N 

8 

" 1! 
a' 
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r." z 
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,I 
, . 60 " 12 IIouIS 
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" 
""""" 
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" 84 houls 

Figure 2 14 The NH.-N concentrations In the Knysna Estuary 12, 24 ami 36 

hours after storm of November 13, 2000 and baseline values taken 2 to 4 weeks 

pnor to the storm 

II was likely Ihat the Increase In NH.·N was due, In part, to the breakdown of Ihe 

,,,bile urea molecule once 1\ had reached the Knysna Estuary. Berg at at (200 1) 

stated that urea IS rapidly mineralized in both the water column and sediments 

preceding further hydrolysis to NH~-N The breakdown of each kg of urea would 

result In 2 kg of NH.-N It Is also conceivable that other sources of NH~-N , which 

were not measured In thiS study, were responsible for the addltionalloadtng 

~tnessed after this storm For example NH.-N secretions (e g , stress 
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response) from the three million oysters that were cuilivated ,n the Knysna 

Estuary dUring thiS time penod, and secretions 01 NH.-N from other biologICal 

sources (e.g. dense populatIOns of the mudprawn , Upogeb/9 africana) could 

provide an intrinsIC source of NH.-N to the Estuary (Professor B Allanson, 

personal communication) 

Nitrates 

The hIQhesl measured NO,·N concentration in the Knyana River followed 

Increased flow rates al the beginning of t~e wet season In both 2000 and 2001 

The concentratIOn of NO.-N In the Knysna River at 48 hours after thiS storm. 

oolch was nOI the peak flow of the storm 'low. was still remarkably high at 

10.4 .. mol L" 

.-

A study by Louw and Scholes (2002) snowed that loresl plantatIOn SOils of the 

Mpumalanga escarpment 01 South AfrICa have the,l highest production of NH.-N 

dunng the Wlnlel' (. e dry season) ThIS study also showed a correlation between 

productIOn of NO ... N and NH.-N In these forest &OIls as NH.-N IS OXidized to 

NO.-N In the absence of uplake by plants II follows thai NO.-N concentrallon in 

these SOils would be at or near a maximum durll'lg the first ramfalls of the wet 

season Their study also showed that In the absence of plant uptake or mICrobial 

ImmobilIZatIOn, NO,-N can move rapidly In the downward now of water through 

the SOil profile and the mobility 01 NO.-N IS promoted by the low anion exchange 

capacity of most Sooth African forest soils The combll'lalion of high 

concenlratlons 01 NO.·N In these soliS and Its mobility and capacity lor runoff was 

likely the cause of the high concentrallon :>1 NO.-N measured in the Knysna 

River dUflng the InltJalrunoff of the wet season 
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The concentratIOn of NO.-N If1 the Knysna Estuary (:lid not peak until 84 hours 

after the storm (fJgure 2 15). The 84-hour post storm concentration of NO,-N 

represented an InCrease of 1134 kg over basehne concentrabons However, 

Since the NO.- N concentrations Increased over a perIOd of 3 days after the 

storm, only reaching the peak concenlratlOfl on the third day, two possible 

hypotheses can be examined FIlS!, the Increase in NO.-N concentration was 

from the ol(ldatJon of the abundant NH4-N This process termed nltnflcatlon will 

be discussed If1 Part 111, when the ulllizahon of these nutrients WIll be considered 

Second , the Increase In NO.-N concentrahon 10 the Estuary could be due to a 

delayed release of NO.-N from the sods of the fOfest , which may be slower that 

which was measured for NH. -N Of urea 

loading from the Knysna River the first day after storm would account for all of 

thiS loading or appro~lmately 1100 kg if the NO .... N coocentration were assumed 

to be twice the concentration measured at 48 hours after thrs S\OfTTl 601h debriS 

left by the receding flow and observations by the occupants of Charlesford farm 

indicate that the flow rate at the Chaneslord Welf was twICe as high dunng the 

first 24 hours after the storm Therefore, the toadlng would have been twice thaI 

of tne loading tha t was catculated by flow and concentralion data laken 48 hours 

after the storm However, since the NO .... N concentration was not measured lll\tli 

48 hours after the storm 1\ can not be assumed 10 be constant during the Imtlal 48 

hours 
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Figure 2 15 The NO,-N concentrations in the Knysna Estuary 12, 36 and 84 

hours after stann of November 13. 2000 and baseline values of NO,-N taken 2 to 

4 weeks prior to this storm 

At these concentrations, NO,-N displays near-conservatlve behavior Wl lh respect 

10 the sallnlly gradient (Figure 2 16) This Indicated that riverine water and Its 

Clssocialed NO.-N passes rapidly through the Estuary after this flood, so that 

benthiC and waler column processes, which affect the uptake of th,s nutrient. did 

not affect lis concentration This was essentially the same conclUSion reached 

by Balls (1994), who showed thai rapidly flushed low-turbidity estuaries were 

more likely to demonstrate conservative mixing behaVior With respect to 

phosphate and nitrates This Information supports the theory that a delayed 

release of NO,·N from forest soils following this storm, rather than nitrification , IS 

most likely responSible for the peak NO,-N concentrahon being reached on the 

third day after the storm 
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Figure 2 16 The near·conservallve behavior of NO,-N IS shown by the close 

match with Ihe Iheoretlcal dilution hne (TOL) dUring the survey of stalJons Ml -

M15, 84 hours after the storm of November 13, 2000 
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DIssolved IrlOlgBrlle Phosphate 

In contrast 10 Ihe other nutrients measured after the storm of November 13 

2000. DIP concenlfahons decreased (Figure 2.17). The DIP concentration In the 

Knysna River on November 13. 2000 was 0 3 ,HTlol L- ' lower than the baselme 

concentration of 0.8 "mot L" m the Estuary The mflow of the Knysna River 

represented an mput of <I <I " 10~ ml during the first 36 hoUrs This volume 

represented one third 01 the 132" 106 ml tidal volume of the main channel 

durmg LWST Calculating a weighted-average With respect to volume fOf DIP In 

the mam channel using these values gave an expected concentratIOn of 

06 pmol L' This concentration was equal to the measured value of 0 6 "mot L ' 

36 hours after the storm (refer to Figure 2 ga) 

These results suggested that dutlng a penod of high flow of the Knysna Rive, . 

the DIP concentration showed near-conservative behaVior With respect to 

salinity Therefore. the mternal processes that may add to. or take away from the 

concentration of thiS nutrient were near zero or very small dunng th iS time. 
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FlQure 2_ 17 The coocentratJOf) of DIP at statlOl"ls Ml - MIS as measured 12 36 

and 54-hours after stOflTl of Novembef 13, 2000 and baseline values measured 2 

to 4 weeks pnor to the storm The DIP concentration decreased in the days after 

the storm due to dllutKm WIth low-phosphate fIVer waler 
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FlQure 3 1 Measurement of the redox potential from a sediment core taken from 

the site of a benthic flux deployment 

II was found that the voltage reading InCfeased Incrementally If the platinum 

electrode was allowed to rest 10 the hole It IS assumed this was due to the 

Introduction 01 oxygen in OlhefWlse anoxIc sediments To minimiZe error 

assOCiated WIth this constramt. the first reading of voltage was recorded 

Immediately aHe!" the Insertion 01 the plalinum electrode 
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Figure 3.2 A benthiC chamber deployed on mud sedlmenls ot the intertidal al 

low tide conditions showing Ihe capped sample port WIth one-way check valve 

and the e~pans ion of the diaphragm afler 200 ml of water was drawn 

Site selection for benthIC chamberdeploymenls 

The objectives in choosing sites for deployment of the benthiC chambers were to 

compare nutnent fluxes between regions, and to compare flux differences W1thln 

each regIOn The first obteCt l~e was mel by collecting fluxes lepresentatl~e of the 

upper estuary. lagoon Bay and AShmead The second objec\l~e required that 

the structural differences With," each region that could be measured (e·9·. 

change III OXIC layer depth between sand and Zos/ero sites), were Idenllfied In 
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the upper estuary. Lagoon and Bay there are two benthIC environments that the 

chambers could be deployed In , those wrth maCfophytes (e g • Zostera capenSls) 

and those WIthout (e,g sand), The deployment of benthiC flwc chambers 10 

these regIOns either contained macrophytes. predominantly Zostera capensis , 

and are referred to hereafter as lostera sites. or were on sand devoid of 

maaophytes and are referred to heceafter as sand sites Further conSKlerat~ns 

In selecting these slles were security of the benthiC chambers from theft or 

vandalism accessibility unobstructed light exposure and limited contaminatIOn 

from outfalls and rivers 

Deployment Sites In the Ashmead were limited. due to water depth. to the 

navigable channel Maccophytes were ubiqUitous on the bottom of this channel 

mostly Caulerpa fillforrms and Zostera capenSIS Therefore comparison between 

sites In the Ashmead With regard to Zostera and sand sites was not possible 

However. comparisons of fluxes spatially along the Ashmead were of Interest 

given the input of the sewage treatment works between statIOn A4 and AS (refer 

to Figure 1,9) 
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Figure 3 3 The Ashmead , In the vIcinity 01 stations A4 and AS. This VieW IS from 

the northeast littoral of AShmead . toward the south The cliffs of the Knysna 

Heads at the mouth of the Estuary are vISible in the upper left side of this picture 

There was eVidence from the water column survey data that nutnent flulCes in the 

Ashmead vary spatially (refer to section 2 3) The NH. ·N and DIP concentrations 

measured In the water column at low water, slack tide often showed the highest 

concentrallons near stallons AS and AS (Figure 3 4). 
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Figure 3 4 Nulrlent concentrations In the AShmead (Al - A9) and Bay (MI3) 

dUfing lWNT In June 2000 Note the hlgherconcenlratJons of NH.-N and DIP in 

Ashmead al stallOns AS and A6 

From these observations II was suspected Ihallhe benthic nu~ of nutrients was 

Ihe cause of the hl9he! NH.-N and DIP concentratlOlls wIllch were measured 

dunng low \Ide conditions in the Ashmead Thus, the proposed null hypotheSIS 

Ihal was to be lested by the benthlc chamber deployments in Ihe Ashmead The 

interaction between Il(Ial Conditions and sediment bIOlogICal activity was not 

responsible for spatial variations In the flux of NH.-N and DIP 

To tesllhls hypotheSIS, benthiC chambers slles were selected al AS and A6 

Sites A3 and A7 were chosen as nearby locations (i e. 500 m separation 

between sites) of Similar depth that were representa tive of Ashmead SIIes which 

did not dISplay the h1Qher concentra tions of NH.·N and DIP in the overlYing water 

otlserved al sites A~ and A6 The benthiC chamoers were Clep10yeCl In me 

subtidal. near the edge of the naVigable channel In the Ashmead. as a precaution 
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against damage by passing boats II there were no Significant difference 

(p>O 05) In the fluxes of these nutrients at statIOns AS and A6 with respect to 

stations A7 and A3, thiS nuU hypothesIs would be accepted 

BenlhlC chamberdeploymen/s, me/hods 

Ill) 

Two penods were selected for benthic chamber deployments, one dunng Winter 

of 2001 and the other In summer of 2002 (Table 3 7) The winter deployment 

perIOd was representatIVe 01 low water temperature and short daylight hours 

The summef deployment penod represented long daylight hours and high water 

and air temperatures 

Table 3 7 The deployment schedule 01 benthIC chCfllbers dUring 

Winter 2001 aoo SUlllmef, 2002 

Winter, 2001 

A3 2616101 

AS 25nf01 

AS 12ffl11J 1 

A7 4f1101 

Bay safld site 1anlO1 2519101 

Bay lostera SIIe 616101 

Lagoon sand Site 221610 I 

Lagoon, los/era srte 22f1101 # 

upper eSlualY sand site 1716101 

summer 2002 

181212 

5f2102' 

2012J()2 

413102 ' 

2712102' 

2411102 

212102' 

2512102 

2811102 

upper eslualY, zostera Site lf1101 1312102' 

II " rntertidal deployment '" PM deployment 
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Each deployment conSIsted of four benthic chambers Inserted mto the sedlfflent 

al each stalion to a depth of 190mm determined by a line etched Into the 

chamber wall ThiS depth was chosen to limit the exchaoge 01 perewater oulside 

the chamber . wllh thai contained within the walls of the benthic chambers while 

allOWing the chamber to be pressed Into the sediments by a Slogle diver The 

limited exchange of porewater outside the chamber wilh porewaler from Inside 

Ihe chamber was demonstrated by the small InCfease In diaphragm volume 

«500 mI). when benthiC flux chambers deployed In the intertidal sediments In Ihe 

lagoon were exposed dunng low water conditions (refer to Figure 3.2) 

Deploymenl depths were chosen so Ihat the chambers remained submerged 

throughout the penod of the deploymenl with Ihe exception of the Lagoon 

intertidal deployment dunng wmler Water depths at the deployment siles ranged 

Irom one 10 four melers 

The water column height mSlde the chambers was 310 mm The mternal volume 

was 9 hters covenng apprOXimately 284 cm2 area 01 sediment (refer 10 Figure 

3 2) A minimum of one meter separated the chambers when deployed to 

plevent shading by nelghbOflrIQ chambers 

The chambers were deployed Without the dl8phragms In place to minimIZe any 

exchange of water from above lhe sednnent with parewater Chambers were left 

open for 15 mInutes before the dIaphragms were auached allowlng the chambers 

to flush WIth ambient water The sampling lube was cleared by draWing 20 ml of 

water Into a clean 60 ml syringe before it was plugged ThIS procedure of 

cleating the sample tube was repeated pnor to each sampling 

The chambers were flnsed With ambient water Pflor to each deployment and 

nnsed With fresh potable waler after each deployment New diaphragms were 

used for each deployment and ,,"sed tl'lOroughry With ambient wale' pnor to their 

use All syringes and tubmg were nnsed With distilled water between each 
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sampling, and replaced if worn or discolored Samples collected were 

transported 10 Ihe lab In an Insulaled bOK and analyzed for NH~-N NQ,N and 

DIP All glassware used in Ihe colleCllon of samples, and subsequenl analYSIs 

was acid-washed In 10% vlV 1 M hydrochloriC acid 

Three test deploymenls uSing four chambers were preformed prior 10 Ihe planned 

deployment schedute These test deployments ConSisted of all the Inllial sleps of 

a deploymenl outlined above and Included sampling from each chamber after It 

was sealed Tnpllcate samples of ambient water were taken while Ihe chambers 

flushed In addltlOl'l to refining the deployment techniqUes these test 

deployments established that there was no SignifICant difference (p<O 05) 

between the nutnent concentrations Within Ihe newly deployed chambers and the 

ambleflt water collected while Ihe chambers settled Therefore, water samples 

collected at the depth of the chambers dunng deployments represented the 

nutnent concentrallons In the chambers at bme zero (To). 

Water samples were collected from the benthiC chambers With a 60 ml synnge 

after clearing the sampling pon Samples were transferred upon surfacing from 

the dive 10 acid·washed 100 ml glass jars Within 20 minutes of colleclJon the 

samples were flUered through GF/F Whatman filters The sample Jars were 

sealed with gas tight lids after collection and remained sealed when not being 

filtered or analyzed Samples were placed In an Insulated bnx ann trRm:;j'lnrlerl In 

the lab AnalYSIS for NH~·N , NO,..N and DIP began wllhin Iwo hours of collection 

The sampling schedule for the benthic chambers during winter was deSigned to 

measure day flux night flux, and 24·hour flux Hence, chambers were deployed 

al sunnse In the Winter (OS'OO) and sampled 9 hours later at sunset (I 1 00) The 

followmg day, chambers were sampled at sunrise and at sunset. poor to 

recoveong the chambefs Thus each chamber was sampled a tOtal of four times 

dunng a 33-hour deployment 
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The summer sampling schedule retained the same objectives as established in 

winter. day nux. night flu)( and a 24-hour nU)( Sample times for summer were at 

sunrise (07 00) and at sunset (19:00) for two days resulting in 4 sampling dUring 

a 36-hour deploymant Summar dissolvad o"ygan (DO) concantrations wara 

regularly lower than dUring the winter. and displayed a diurnal pattern wrth higher 

DO concentrations in the evening Therefore, half of the summer deployments 

began at sunset when ambient DO concentration was at or near maximum (refer 

to Table 3.7) 

Oxygen measurements in IIle deployed chambers' 

O)(ygen concentrations in the benthic chambers were measured via the Winkler 

titration method (Parsons et aI., 1984), and expressed as units of mg L" A 

sample of apprO)(lmately 55 ml was drawn from the chamber into a graduated 

syringe through a watertight manifold connected to the chamber sampling port 

(refer to Figure 3 2) ThiS manifold was constructed of tygon tubing, plastic 

aquarium plumbing T-shaped fittings and a one-way check valve thai prevented 

any portion of the sample from flOWing back into the chamber (Figure 3 5), Two 

synnges connected to thiS manifold delivered separately 0.6 ml of manganous 

chloride and alkaline Iodide, Into the sample as It was drawn from the chamber 

The syringe was then removed from the manifold and sealed underwater before 

being transported back to the lab for analysis. The samples were titrated against 

sodium thiosulfate solution, where the standardlzalion factor of thiS solution was 

detellTlined prior to each batch of samples Field tests in estuarine waters using 

thiS manifold method to measure dissolved orygen agreed well With 

measurements made With a YS' dissolved orygen meter (model 55, YSI. Yellow 

Springs, Ohio. USA) 
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FJQure 3 5 Manifold and syringe device used to draw water samples from 

benthiC nux chambers and adds alkaline Iodide and manganous chlonde for the 

determination of oxygen concentration 

Oxygen concentrations were measured in the winter experiments at the 

termination of each deployment when !.he final samples were taken DUring the 

summer expenments oxygen concentrations Within the chambers were measured 

when each chamber was sampled at 12-hoUf Intervals 

In order to assess patterns 01 oxygen production and respiration within the 

chambers dUring !.he w'nter. a benthic chamber deptoyment was earned out 

during September 2001, while temperatures and light conditions remained near 

Winter conditions The sampling times 01 thiS expenment were the same as 

Winter deployments. and oxygen levels were monnored at each samphng 

Results confirmed that the mean o~ygen 1e1l&11n the 4 chambers remained near 

staltJng levels with an Increase of 6% dUring the l irst day a 6% decrease from 

IOltlal concentration after 24 hours, and samples laken alter 33 hours d,splayed a 

,,'*' rlP.f".rP::IAA from Ini",,1 o~YOen cnnc':)nlra' ,on 

Oollar et af (1991) used similar benthiC flux chambers In Tomales Bay and 

OKYQen levels of 1 4 mg L- ' or less were conSidered near anoxIc conditions 
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these Increases and decreases changed from winter to summer thiS general 

pattern held true Comparisons are made In the subsequent seclJon with regard 

to differences between regions (spallal ~ariatlons In nuxes) and between winter 

and S4.1mmer (seasonal ~araallons In nuxes\ Dala on benthic fluxes and changes 

m nutnent COIlcentrations WIthin the benthic chambers for all deployments are 

listed in appendix 0 

'" 
• NO·N > 

1:!0 ___ NH ,.N 

'" 
~ eo 
] 

.DIP r 
/ 

/ 

~ 60 , 

• 
" 

___ a 

• 
-

" 
00 .. -----• • , 

" ho", 

FlQure 3 6 Average changes 10 nutrient concentrations wlthm beO!hrc flux 

chambers (n::4) dUring the February 21 - 22. 2002 deployment al stallon AS 

These increases In NH. and DIP and decrease In NO. concentrations were 

typical of deployments dunng the summer In the Ashmead 
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"" 
deployments demonstrated that when high NO,-N concentrations eXisted In the 

overlYing waler the NO .... N fluxes Into the sediment were also high , and 

temperature did nOI appear 10 affect these fluxes 

"' 
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Figure 3.7 NO,-N fluxes for the Ashmead benthic sites during summer and the 

Bay site on February 27 2002 Note the lower flux for A7 and the Bay site This 

was due to higher Initial concentrations of NO,-N for the A7 and the Bay 

deployments as a result of coastal upwelling thai elevated NO,·N Into the Knysna 

Estuary 

The NH.-N fluxes at site A6 dunng summer were Significantly higher (p<O.05) 

than those measured althe other deployment sites In the Ashmead Similarly, 

the DIP fluxes al SIte A6 dUring the summer were significantly hogher (p<O 05) 

than the DIP f luxes at other sites In the Ashmead There was no Significant 

difference (p>O.05) In the fluxes of NH~-N or DtP between sites A3, A5 and A7 

(Figure 3 8). The reason for higher fluxes of NH.-N and DIP at site A6 is not 

Immediately apparent Interestingly, the orgamc material content was higher at 
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'" 
this SIte than al the other Slles In the Ashmead (refer to Table 3 4) 

Diatomaceous mats on the sediment surface have been obseNed at thiS locatIOn 

dunng summer (Professor Bnan Allanson personal communlcatJOO) While there 

was some Indirect evidence to suggesllhat the sediments at site A6 are more 

biologically active than other sites In the Ashmead dunng summer thiS paltem 

did not hold true for the wmter (Ftgure 3 11) Thus the earlier null hypothesIs 

was confirmed by these benthic flux chamber expemnents 

J 
- ::r T 

f 1 --
• • • • • • 

A6 

Ftgure 38 Slgnificanlly higher (p<O OS) benthiC fluxes of NH. -N and DIP were 

measured al A6 as opposed to other benthic chamber sites In the Ashmead 

dunng summer 
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Wolaver et al (1983) could prove a useful design for testing this hypothesis 

further 

• ~ · , ... , 
&. L 1 

" ~ 
5 -• 

1 .1 iI • T z I " z 

•• ~= 4 , • • • • • • 
A3 " '" A7 

'" 

Figure 3.9. The benthiC fluxes of NO,-N were significantly higher (P<O,05) at AS 

at 9 hours. compared with sites A3 and A6 In the Ashmead There was no 

significant difference (p>O 05) in the flux of NO,-N for any of the slles measured 

at 24 hours 

The NO,-N flUXC3 in tho $ond ond ZOSfCfU site::; In tho upper OStU8ry, Lagoon and 

Bay regions dunng winter are given in FtgJre 3.10, The fluxes of NO,-N in these 

regions were similar to Ihe fluxes of NO,-N measured al the stations In the 

Ashmead dunng the Winter (refer 10 Figure 39) However. as discussed earlier 

in this section, Ihe initial NO,-N concentra:ion of Ihe benthic flu~ e~penrnents will 

prlmanly control the flux of thiS nutrient. The changes In the f luxes of NO,-N 

between these location (e 9 , sand or Zostera) at each site must be considered In 

relation to the Init ial concentration of thiS nutrient. Therefore, the lowest NO,-N 

fluxes were eXpected in the Bay sand and Zostera sites, which had some of the 
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highest Iflltlal concentralloo of NO,-N (4 0 and 2 1 Ilmol L- T, respectl .... ely) 01 all 

sites tested Ifl the upper estuary Lagoon or Bay (FlQure 3 10) 

'" 

Interestingly due to a miscalculatIOn ol lhe tidal range althe lime of deployment 

the sand site In the lagoon region was exposed for 3 hours during slack low tide 

(e g . Intertidal) However there was no SIgnificant ddference (p<O 05) between 

the NO,-N !lUI[ at thiS Intertidal site and the Zostera Site in the Lagoon during 

WIn ter. ThiS informatIOn IS consistent WIth the diSCUSSIon that Initial NO,-N 

concentratIOn IS the most Imponanl factor controlling NO,-N flu • 

.. 
U"d:j 
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• Z05ltll • • " .. , 
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0 r • , = • 
• 1 , 
~ .. 
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Figure 3 10 The NO,-N !Iux In the upper estuary. Lagoon and Bay dunng the 

WInter 

The fluxes of NH.-N in the Ashmead during the winter increased from siles A3 to 

A7 IndICating hfgher NH.·N fluxes from the sediments at the sites closer to the 

mouth of the Estuary (Figure 3 11) A SImilar pattern of NH,-N In the Ashmead 

was not observed dunng the summer (refer to Figure 3 8) The fluxes of DIP 
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dUring the winter In the Ashmead did not reflect an Increase similar to the tlu)[es 

of NH.-N at these slles (Figure 3 11) 
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Figure 3 11 The fluxes of NH.-N and DIP In the Ashmead dUring winter There 

was a clear pattern of increaSing NH.-N fluxes a\ Sites closer 10 the mouth of the 

Estuary In the Ashmead However th is pattern was not observed In the fluxes of 

DIP at these same sties 

The fluxes for NH.-N and DIP dunng Wlnler at the sites of the upper estuary, 

Lagoon and Bay are shown in FJQure 3 12 Overall they presented a pattern 

Similar to that observed In Ashmead, where the fluxes o f Ihese nutrients were 

higher al the downslleam Siles (I e . upper estuary '" lagoon '" Bay) The NH.-N 

fluxes In the Zostera Site In the Bay were signrficantly higher (p<O 05) than the 

NH. ·N fluxes In Zostera In either the upper estuary or the Lagoon The NH~-N 

fluxes at the sand Site In the Bay were significantly higher (p<O 05) than the sand 

site In the upper estuary, but wefe not significantly higher (p>O 05) than those In 

the Lagoon 
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The DIP fluxes at the Zostera site in the Bay were significantly higher (P<O 05) 

than the DIP fluxes at the sand SIte In the Say A Similar pattern for 

NH~-N flux was found with signrficantly higher (P<005) flux at the Zostera site 

compared with the sand site (Figure 3 12) Taylor (1992), described a Similar 

pattern for NH.-N flux between a macrop~yte bed and a lidal creek (sand) In the 

Karrega estuary With a NH.-N flux from a bed 01 Sarcocomia perenlJlS higher 

than it was from a nearby lidal creek However Taylor (1992) found the opposite 

pattern for DIP flux than was observed 10 the Bay (Figure 3.12) with the t idal 

creek With a sand bottom exporting more DIP than the adjacent bed of 

Sarcocornra pcronnrs 

I 
1 • 

II 

~ . . . 
s,' 

Figure 3 12 The fluxes of NH~-N and DIP at the sand and Zostera sites 10 the 

regions of the maIO channel durrng winter Note the sand site In the Lcrgoon 

region was rntertldal 
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Regional differences In nuxes 

Another goal of these benthic f lux experiments was to determine If there were 

difference .. in the f luxes of Ihe measurad nutrients between the four raglons o f 

'" 

Ihe Estu;:IIY In thiS section the spatial differences In f luxes are examined by 

pooling all fluxes of each nulnent In each region. WIth regard to season, 

rega rdless of the substrate (e 9 . sand or Zostera) on which the chambers were 

deployed. 

The NH.-N fluxes for the Bay region were Significantly higher (p"O.05) than all 

other regions dunng the Summer. whi le the other regions showed no Significant 

difference (p>O 05) from each other (Figure 3 13) The higher NH4-N fluxes In 

the Bay were questionable, and were likely caused by Ihe higher than expected 

lnillal nutrient concentrations of thiS deployment, which resulted from upwelling In 

the adlacent ocean In the days prior to this deployment The DIP flu ~es for the 4 

regions during summer were remarkably consistent 

-
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T ~ m > • ,.H ·N 
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Figure 3 13 The /luxes of NH4-N and DIP during the summer In each region of 

the Estuary 
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The NH~-N fluxes were significantly higher (p<O 05) In the Bay than In the 

L.:Igoon during the winter (Figure 3 ''') Overall the NH. N f\UlIO!! dunng the 

WInter Increased In the Bay and Ashmead when compared to the Lagoon and 

upper estuary The DIP fluxes 10 the 4 regions of the Estuary during the winter 

reflected a slmdar panem as the NH.-N fluxes In these 4 regions The Lagoon 

DIP fluxes were significantly higher (p<O C5) than the upper estuary, and DIP 

fluxes in the Bay were significantly higher (p<O 05) than in the Lagoon (Figure 

3 14) 

'" 

This IS the same panern thai would be expected dUring the summer when 

productivity would be expected to Increase With a lise In temperature ar.d hours 

01 daylight. but this was not shown by data represented In Figure 3 13 Overall . 

on an estuary-WIde average, the NH~-N fluxes are higher during the WInter (2 0 

mmol m 2 da.,.-') than during the summef (1 7 rrmol m·l day- ' ), Further, there was 

no significant dlffefeoce (p<O.05) In the NH.·N Of DIP fluxes between Winter and 

summer at any of the Ashmead channel s tes These results do not conform to 

the pallems In benthic fluxes of arrmonium measured In other estuaries where 

the NH..-N fluxes were higher In the summer than In the Winter (e g .• Dollar et al 

1991 An and Joye, 2001) As dISCUSsed prevIOusly it is WIdely accepted. and 

demonstrated In many estuanes thai NH..-N ffuxes Increase during the summer 

due in part to a decrease In OXIC layer depth However, while the OXIC layer 

measurements during winter and summer showed a general decrease in OXIC 

layer depth dUring summer. the NH. -N fluxes did not Increase dunng summer 

The reason for thiS may be the low concenltallOn of NH.-N In the over1ylng walel 

that constantly dnves the net vertlC3lflux of NH..-N out of the sedlmenls 

However further detailed Studies are reqUlI"ed 10 complelety resolve thiS process 
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Figure 3 14. The flu xes of NH.-N and DIP during the winter in each region of the 

Estuary 

Day 10 nigll/ differences In fluxes 

A companson between Ihe fluxes of NH.-N and DIP between the first day of the 

deployment and the first night of Ihe deplcyment revealed thaI. regard less 01 

season. these fluxes were always higher dUring the first nlghllhan the first day 

During the 11 wmler deployments throughout the 4 regions of the Estuary 3 

deployments showed slgmficantly higher (p<O 05) fluxes of NH. -N and 3 

deployments showed Significantly higher (p<O 05) fluxes of DIP During Ihe 7 

summer deployments 2 showed significantly higher (p<O.05) fluxes of NH.-N 

and 3 showed signtficantly higher (p<005) f luxes of DIP Interestingly. the upper 

estuary region was the only region that never displayed significantly higher 

{p<O.05) Iluxes 01 NH.-N or DIP between the day and night. dunng e~her the 

wmter or the summer 
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Nu/nent nu~es during low olfygen conditions 

As stated earlier one deployment In the upper estuary. Lagoon and Bay regions 

dunng the summer, demonstrated higher than expected fluxes 01 NH.-N and DIP. 

when the concentratiOn of oxygen lel l below 2.5 mg L-1 in 2 or more 01 the 4 

chambers Olfygen coocentratJons 01 2.4 and 2 1 mg L' were measured Ifl 2 of 

the upper estuary. benthic flux chambers on January 29. 2002. In the Lagoon, 

oxygen coocentratlon In all 4 chambers was below 2 mg L' on February 25. 

2002 follOWIng 2 days of full sun and air temperatures in excess 01 30 °C 

coupled With limited tidal circulation (i e neap tides) The Bay deployment In the 

summer displayed oxygen coocentrabon less than 2 5 mg l' In 3 out 014 benthic 

flux chambers. as measured on January 24, 2002 

The low oxygen concentratIOns In the Bay and Lagoon were measured al the 

OH)() sampling. 24 hours Into the deployment. 11 was assumed this was due to 

relatively htgh oxygen use by respiration dUring the ntghl as a similar vanalions In 

oxygen concentrations were observed by An and Joye (2001), and found to be 

due to net benthIC respiration and photosynthesiS ThiS consumption of oxygen 

dunn9 the flight . and the resultlflg Increase In the fluxes of NH.-N are Illustrated 

In Figure 3 16 

The fluxes of NH.-N under these low oxygen COnditiOns were higher In the 

regIOns closer to the mouth (I e .• upper estuary < Lagoon < Bay). as shown In 

Ftgure 3 15 thiS trend was slrrnlar to the trend shown In Figure 3 13 for these 

same regions during the summer. when oxygen levelS did not tall belOW the 

threshold of 2 5 mg l ·1 ln any of the benthIC flux chambers However. the 

deployments In whICh the oxygen levels were at or belOW thiS threshold 

displayed htgher fluxes of NH.-N and DIP as shoWn In Table 3.8 
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Table 3.8 The average flux of NH~-N and DIP (mmol m-~ da!/) 

during low oxygen conditIOns (NH.-N/low and DIPlIow), and these 

fluxes when oxygen concentrations remained 10 expected ranges 

(NH.-Nlhlgh and DIPlhigh) The SlgnlficantlOcreases (p<O 05) are 

underhned. 

NH ,-N/tllgh NH ,-N/low DIP/high DIP/low 

upper estuary 12 22 00 02 

Lagoon 1.0 4,2 o 1 0.5 

B.y 38 50 02 0.4 

• 
" 0" 

- • NH,-N 
> • D 

E 

~ .' " 5 
I 

1 

z . , 
" < 

- = 
" , , , , • , 

upper e!oluary lagoon Bo, 

Figure 3 15. The benthic flux of NH~·N and DIP in the upper esluary, Lagoon 

and Bay regions under low oxygen conditions durmg the summer 
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Figure 3 16 The average benthIC nuxes of NH.-N and oxygen 10 the Bay region 

dunng low o~ygen conditions Note the raplCllnclrne In the produchon of NH.-N 

and decline 10 oxygen durrng the night, when benthic resprrallorr mops up the 

oxygen and o~ygen nuxes Increase 

Summer benthic chamber deployments 10 the Ashmead channel did not display 

low oxygen concentra tions below the 2 5 mgl,l threshold dunng the summer 

deployment Schedule Allanson et al (2oo0a) four.d that dissolved oxygen 

concentrations In the Ashmead were higher than In the maIO channel, and 

suggested that phytoplankton growth, anc extenSive eelgrass meadows 10 the 

lower Intenldal areas as the reason 10f higher oxygen production 10 this region 

Many South African estuanes become Isolated Irom the sea by the formation of a 

sand berm across the mouth (Ailanson et al • t 999) When these estuaries 

become lsolaled from tidal ebb and flow a decrease in oxygen concentrations 

may follow AllansOfl at al (20D0a) found that the IIdal inflow associated with 

upwelling events substanlrally Increased clssolved oxygen concentratJons 

throughout the Bay and lagoon up to BeIYldere Additionally, measurements of 
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dissolved oxygen taken In cooJunction with the deployment of the benthic flux 

chambers indICated that dunng periods of reduced tidal exchange (I e neap 

\Ides) o.ygen concentratIOns were lower than dunng spnng hdes. It follows that 

an estuary mouth closure could result in a decrease In dissolved oxygen 

concentrations and therefore the fluxes of NH4-N and DIP from the sediments 

would be expected to follow Ihese changes 

35 DIP desorption from fluvial Sediments 

The results from the water column monltormg Part II, section 2 3 revealed the 

hlghesl concentration of DIP occurred dunng the late summer In the upper 

estuary and Lagoon Since these DIP concentratIOns were higher than DIP 

concentrations found In Sllher of the end-member source waters II was 

suspected that there was an mternal source of DIP Within the Knysna Estuary 

{refer to section 2 3) The 21 % reduction In DIP concentration measured In 

filtered water samples as opposed to unfiUered waler samples suggested that 

suspended solids were this source {refer to section 2 1) 

Many studies have discussed the role of estuanne sediments In adsOfptlon and 

desorptJon of P (Nixon et ai , 1996, Howarth et al 1995; Froelich, t988) The 

review by Howarth el al (1995) stated that desorption of P from particles In many 

estuanes tends to buffer the concentration of dissolved Pal concentratIOns of 

30 - 60 ug II The DIP concentralloos measured In the Knysna Estuary falls In 

this range The lowest concenlrallons of DIP were found dunng the dry season 

and the hl9hes\ dunng the wet season thiS suggested an assoCiation between 

the Increases in DIP concentration and the InGrease In fiver flow dum'19 the wei 

season 
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The charactenstlcs of the soils found In the Knysna catchment baslll assist the 

transport of runoff from the forest soils following substantlat ramfaU (Figure J 17 

and refer to section 1 6) It follows that this lateral movement of water from the 

forest soils transported organic particulate material Including sedlmenllnto the 

rivers that dram mlo the Estuary Therefore, much of the sediments transported 

by thiS method Will be deposited m the Estuary With the runoff associated With the 

strongest stonns of the wet season 

Figure J. 1 7 The mountalnoos and forested catchment area 01 the Knysna River 

Estuary ApprOXimately 113 of the catchment area was commerCIal forest 

plantation Two commercially grown types of trees are shown In the foreground 

the pine (center) and eucalyptus (left) 

Froelich (1988) established !hal clay part icles e_hlbit adsorption and desorption 

to phosphate (P) as a result of their natura! oxide coa\tngs He described thiS as 

a two-slep process WIth an IMial fast reaction of sorption or desorption occurring 

In mmutes to hoors while the slow reaction can lake days to months For mOSl 

natural days and o_ldes. thiS fast reaction can account for 50% - 90% of the 



Univ
ers

ity
 of

  C
ap

e T
ow

n

156 

is 

P adsorbE!d 

was rel~!ased. 

catchrnel1t area are aCllcuc, 

were Ide:allV ;:'UllC'U tralnS[lort P on 

season 

was SDlreald 

P-biaSEK'J fe~rtmzer were 

em new se4edlilng nl::::antt:l~ fAr1~ilb',Am was 

P hectare-' 8 

it was calculated 

P introduoed 
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It was su!;pe!Ctetd P intnoduced as fertiilizers 

wa1ters corltailnetd P hnll",1"1 

1 '''''''+''''1'' c.!:lIITlnIAc. were collectetd 

on rIYu,,:~;;::p 1 1 1 

a 

1 

it is 

whil"'hwas 

were plante!Ci 

cmrlCUl1t access. 

I-'-t)a!:~ed fAftili~"AI" as 

were collectetd 

was collected 

mm r!:llirlf!:llil on Augulin 

bi08lVaili:ible P introduoed 

P seawater 

a period 1 

met:hod was um;lvailablle. 

solluticm was 9 soclum 

as 
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sollutictn was 

sollutictn was 

sannplE!S were snaken 

aliCluo1ts were nA,"antAl"t 

QAtiimiAn'h:t were sUE~pendE!d 

knclwn as fiIt4~red. 

COllCEntratic)ns were 

ner'ea1lter It'nl"lWr'l as 

3g OUI.I'UIIII ,.lhln,rin.A .......... ,,' were ad(jE!d rai!'l:inn 

ner'ea1rter Iorn ........ n as tre'i:Jteld. 

VCllII.lCI:iI> were I"h/'\RJII,n as re~lreserlta1tive 

tre;steld CIIIII"tU'Yl.O were 

aliCluo1ts was cnosen 

dis~)laya 

a 

sanlple was tree.tea 
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1 

('''Ol'ce~ntr·atu::ms were 

wnelt:: P was 

It was GUI! ."'" .......... _ fertill2~ea Tore:.;! ('.alntanl P 
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It was sus.pec:ted P 

zone 

corlcentnatictns, \Alhit"h were me!aslureid 

melchSlnislm is simlilar 

nla'I/Ad an Im~)Onant 

was entlsnced diss~olvE:KI P repl~iced 

diSS~oM~d P 

P 10 mlnlUleS, 

disSiOlvt:KI P 

P 

sources or 

1 

Es1:ualry was no exc:ep1:ion 

P rillr'inn difflerelnt 

affec::ting P InpUIIS 

was evilderlce Pwas 

as fonestlry fE!rtiliizelrs 

was no evilderlce 

are prclbIE'm~itic 
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summer were 
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a rAt"JAnt reVllew on 

is a reliiiti"re infcmnatic)n on 10wI..nutrieint olligo·tro~'hic estluanies." 

C;:)I.UdIII Y was affE!ctEKl 

seem 

a I~'UI~ • ..:JUILILII 

as frelshvllatE!r 

Ho'we'ver if UU'I.UII 1"'l1l11l...iCll C;:)I.UCIII 

a 

nllt'riAI,t c"CIEtS was 

t"h~:IInf'lIA4I::. were 

so as C1elaVEKl it 
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Istriali~!:ation, lirnirtAli use 

in cornOiariE,on 

were 

a fun~clarTlen1tal elabol'atEtd on 

locatlc)ns in 

dec::ades, allolwil1la it serve as an eXlilmiole a 

regions basc:KI on 

mana~lealble r~linrlc!' it was pOl3lsible 

are estlJarirle managerTlent impllic::atllons associt:lted 
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Dro'VIOE:tS a bac:kg"oul 

use 

assess 

la,..irinl'l more de1aileKi sltudiies, """I,UCiIll 

far-·reachilla mlamlgelmelnt d4!Cislions on 

Nu1trielnt mlodetls are ba!~d on corlsidlenalble 

eS1tu8lries, umi,.,,,, are l!.'.lIrnAlu 

p ~f'!llina benlave prinapailly a sil'1nilclr manner 

HOIIVeV4!r as statEKI 

,nalVlalual eSt1ual'1ieS, we are 

tow'ard estlJari'le mlodE!lIng is 

seen as a reJJllacement 
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dis,selrtat.ion was measure QO\jrem N 

wassu(~ss~Jllyma'inmlinirlg 

qut:lstion; was 

oli~lotl'ophic sta1tus, or can 

an is es!~en:tial 

extrapolla:tirlg a 

signm,calrtt source 

COlrtsiejerable source 

N introduoed 

were es1tablistled ,.n .. ,,,,,lll"Iln 

numerous nllt'riAlf'Ilt inpu1ts 

nitr.atelS} was one instanc:e 

= 

can acc:oul,t a 
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tel'1ria~1)n()us sources was 

corlsidlerEtd as an 

as a source N 

Kn1~niA '"'., .. "'''_ was 

as OpttOSEKi 

on 

can exc::eed 

urea InA,rUni" POst-stIOm!1, &ectllOn 

corlcentr,ati()n were 

urea 

summer were 

urea 

urea 

was 

summer. 
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urea 

whif'h was below 

was 

raw se\lvsgle 

dinlofl~igEllla1tes, are 

hil'llh.o.r amlmc)nilJm, urea or 

167 

stOlon tir!:llinC! was 

unl::ler'orc)Unld sewer 

5 mAll'Am below 

se\/vaOle tfieatJmelllt ~:>rks was 

It fol101NS if 

lealkinlg sewer 

serve 

summer hollidSIY season 

hil'llh.o.r urea 

urea 

same ..... M .......... on a diftfer49nt en1virc)nrnell1t 

IU'-'llIUt:O a subistal,tial prolPOr1tion N as urea. a 

Kn~vsnla L..OLUCIII Y I't. 11'1l1"li1'1 SUlmn1er OII'UUIIU serve as a 
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,..h~3nru::IOC!; are on 

on ave~ragle r.cl,",~jn ~'pically 

is no disceillable ,..h~3nl1la bamfeein 

1 

.-......... 1. 

K n'yc!"I~ t:stuary are aff~ecting 

be'corne more n'W'Y""'.,1 a drclm~itic Increelse in 

summer was 

was 
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o 
during summer ). 

summer 

was nnAn:dinln 

course 

were Chl:lralctelristic 

surnmary base:ld on 

urea re~lrel:;erlts. 

urea 
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follolw a sus,tairlecl incr"ea!;e 

a de<:re~:lse 

~uu'~m"lo=i est:ualry \II.I'hir~h is 

H01we111er a dec::rel:Jse 

nOIUr5or was 

as me,aSl.llrennenlts dis:soI1i1ec1 oxY!gen occurrE!!d on a weE:!klv 

a rnnllth closw"e Kn1~QI"I~ Estuary is inc:onlceivalJle: 

if even a n-=r'inrl 

It 

cir(::ul~:ltioln can 

a de(::rel:Jse an increslse 

4Q,hn'IO=.:I,t1 serves as an O=Y~:IIrnlnlo= a l"ICIII"IIinn 
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was lar~lely 

reglion, as shCllwn 

fluslhino it reoelve:s. 

an increelse 

grclWtlh) YllOuild ensue. 

chslngEKi as a 

sec:Umentaticm as a estate 'lfOIILUIO serves as an 

information available on 

was inCI"eaellng 

f'hAI:tA ~edilmelnts was utilise::!. 

greatest w'hel'8 e:K"telilsi'fe areas saHrnarsh or mLJ:ibanks incr·eaele 

area an est:ualry (rlleclwEm 1 

processes controilina N P 

171 
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ThE~re11ore. it is crucial 

de(~sl()ns are 

blallke1ting sedlimelntation or 

reClluce or des'troy 
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, van NIEtkAIN 

assess 
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1 

estlJarir1e pl·OCEtSSE~S on inDuits 

I. 

1 

1 SCiEtnce 1 

1 

1 
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1 

esilJarille v;:uiat)ility a synthe!us 

1 

use patterrls 

1 

1 

1 
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1 new 

phc,sptlOnJS flllJxes. '-'''''1'-''''- ....,. ............ & no. 

1 

1 1 

1 

estuaries: a nrirnar on 

1 

1 1 1 



Univ
ers

ity
 of

  C
ap

e T
ow

n

177 

1 

1 

Inf()nnatic\" on InClivirih .",,1 svs~t~nl"loC!! 

1 
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1 1 

p 

1 

no. 

1 

RellOn no. 

elelmelnt CC)mIPo~~iticln as an indicatc)r 
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1 

a 

rd(:tOI~ on nltlroolAn 

es(~n"' ..... '--" area. 
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1 

ianttlon as a me'thc:1d 

1 

VVIlIV t:::51.Ui'J11 Y \ "'II 1I11.';;;U Kiing(jol11l). M1anr"e Ecoh)gy ""rr.'an.~ss selles 1 

1 

on 

1 V;::UUCIIIIV:C as 

sources ClISSOI"eCI ino!rganic phc)sl:llhorolJlS ,..1i'I.ar'l".IClII'I over +i"""",,":» 

a 8-
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1 111 -

1 - 1 

1 
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1 

""""lUI I III I on flu)'es across a 

Valiela, I. a 

eUlohc)iic zone 
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phc)Spll0rllUS betweE:tn a me~soh!alirle VE~etatEK:I m:Ii:IU''Qh 
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A 

Block 
Width Area 

-X14 750 629500 1200 
X14 M14 730 170 308000 401500 7.1 550 
M14-X13 580 159600 243600 
X13-M13 500 86000 5.1 430 
M13- 730 204350 4.1 

-M12 1140 170 514100 4.4 530 
X11 170 713700 817400 3.9 

X11 -M11 300 3.2 440 
M11 X10 1900 230 836000 2.7 440 
X10-M10 2.4 380 

320 3.9 
X9-M9 200 5.4 
M9- 200 4.1 
X8-M8 200 
M8-X7 1170 240 
X7-M7 1220 
M7-X6 337500 1.8 
X6-M6 1350 1.8 
M6-X5 1410 324300 1.6 
X5-M5 1600 2.4 
M5 X4 1180 450 350400 3.1 
X4-M4 850 360 544000 
M4 930 640 1 353400 3.4 

1040 164800 457600 1.7 440 
X2 880 1.9 

X2- 840 340 
X1 660 144000 360 

X1-M1 990 100 445000 495000 500 
M1 K1 40 455000 483000 700 
K1- K2 400 1.6 800 
K2-K3 1.0 770 
K3 K4 60 23100 1.0 770 
K4- 50 16800 1.8 

-K6 40 1.1 750 
-K7 40 40 0 1.0 500 

K7-KR 30 30 0 19800 0.7 660 
Channel Mudflat 

Mean Mean 

91 
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Main LWST Total 
Tidal 

ocean X14 1.8 739350 
X14- 663850 277200 1.8 445500 
M14- 1041600 890400 1.8 294840 
X13-M13 890100 657900 1.8 

782340 543660 986255 1.8 
M12 558620 396440 1021310 

M12-X11 591090 404430 642330 1.8 
Xii M11 605880 1.8 843480 
M11- 455400 11 1.8 843480 
X10 462840 264480 798000 1.8 533520 

-X9 1.8 
X9-M9 270720 
M9-X8 448400 573230 1.8 261630 
X8-M8 190000 191250 381250 1.8 281250 
M8-X7 452640 385020 837660 1.8 
X7-M7 1.8 414720 
M7-X6 243000 1.8 
X6-M6 205920 164340 1.8 
M6-X5 1.8 
X5-M5 563040 278460 1.8 700740 
M5-X4 669600 315380 1373760 704160 
X4-M4 1244160 829440 282240 1.8 696960 
M4- 1264640 1383820 1.8 
X3-M3 463760 1 1.8 657380 
M3-X2 1.8 317250 
X2-M2 321640 1.8 

-Xi 393120 224640 1.8 298080 
X1- 140000 400500 630500 1.8 490500 
M1-K1 106400 56000 1.8 459900 
K1 K2 163200 76800 408000 1.8 
K2-K3 48510 177870 1.8 

K4 20790 150150 1.8 
K4-K5 142800 156240 1.6 80640 
K5-K6 72000 9750 81750 1.3 
K6 K7 0 34000 0.7 14000 
K7-KR 13860 0 21780 0.4 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Ashmead: 

-A9 
A9 

A7 
A7-A6 

A5 
A5-A4 
M A3 

-A2 
A2 A1 

Main A9 
A9-A8 

-A7 
A7-

-AS 
AS-A4 
M-A3 
A3 A2 
A2 A1 

1170 
510 

490 

mean 
width 

743 

o 
o 

HWST 

Total 
HWST 

Total 

100 
50 

40 
0 
0 

Channel 
mean 

48 

20400 
o 
o 

258000 
262000 

Area 

107900 
141000 

HWST 

Mean 

295800 
287600 
186400 
235000 

997200 

226620 
148700 
141000 

1.7 

1.4 
1.2 
0.9 
0.9 
1.0 

Mean 

1.6 
1.3 

1.2 
1.2 

91.1% 

187 

Block 

250 
530 

64' 

4840 

Prism 

964800 



Univ
ers

ity
 of

  C
ap

e T
ow

n

188 

Urea Tidal 
State 

34.9 1.7 3.9 1.1 1.6 1.0 
3.7 0.7 1.2 2.7 

1.9 1.2 
1.1 1.0 

1.5 1.0 HWNT 
0.5 1.6 0.2 

1.7 2.1 2.1 
32.1 0.2 0.7 .. 
2S.4 1.4 2.5 .. 

'1.6 5.4 0.4 1.6 .. 
2.2 2.4 0.7 1.1 .. 

21.5 1.5 0.5 .. 
1.1 1.S 1.4 .. HWST 

27.1 2.1 2.1 0.6 1.1 .. 
24.1 1.2 0.5 1.4 .. 

1.2 0.4 1.6 .. 
M2 

51612000 1.7 1.0 1.7 
5/612000 1.0 4.2 0.9 1.5 2.4 

0.5 1.0 
101612000 1.2 2.2 1.6 2.1 LWNT 
818/2000 1.4 1.0 .. HWNT 
81S120OO 1.2 

0.2 1.S 1.7 HWST 
1.1 0.7 

30.0 1.4 2.2 .. 
2.4 4.0 0.5 2.0 .. 

29.7 2.4 2.0 .. 
27.4 0.5 .. 

.3 1.0 1.0 1.7 1.6 .. 
1.7 0.7 l.S .. 

27.4 1.5 1.5 .. 
23.4 O.S 0.5 .. LWNT 

1.5 4.4 1.1 
32.3 1.3 4.3 
33.S 1.9 2.5 1.0 2.1 

1.4 O.S 1.6 2.4 
O.S 1.7 .. 
1.0 2.0 1.0 

34.6 0.2 1.7 0.4 1.0 0.7 .. 0.7 1.3 O.S 0.9 .. 
1.7 2.0 0.9 .. 
2.2 3.6 0.6 1.0 .. 

31.1 2.1 0.7 .. 
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DIP Urea 

3/11/2000 30.6 2.6 2.5 0.8 0.6 
9/212001 31.7 1.3 1.3 1.7 1.4 .. 
9/212001 29.2 1.9 1.9 0.8 1.0 .. LWST 

161212001 27.7 1.0 1.7 0.7 1.9 
,. 

HWNT 
16/212001 27.5 1.0 15.7 0.7 1.1 ,. 

LWNT 

M4 
5/612000 34.7 1.7 4.7 1.0 1.6 1.7 HWST 
51612000 33.8 1.5 4.6 1.0 0.8 3.1 

33.8 1.7 2.5 0.3 0.9 2.7 HWNT 
10/6/2000 33.7 1.4 3.4 0.9 0.5 2.4 LWNT 
8/812000 34.4 1.1 1.8 0.9 1.0 1.0 HWNT 
8/812000 34.4 0.9 1.4 0.8 0.2 3.4 LWNT 

1618/2000 34.7 0.2 2.7 0.4 0.8 2.1 
34.5 1.3 1.6 1.0 0.9 1.7 LWST 

27/1012000 32.0 1.7 1.7 0.8 0.6 
,. 

27/1012000 25.0 2.2 2.9 0.7 1.0 .. LWST 
3/1112000 30.9 1.8 2.2 0.7 .. HWNT 
3/11/2000 31.0 1.6 2.6 0.9 0.7 .. 

9/212001 31.9 1.3 1.1 1.6 1.9 .. 
91212001 30.3 2.1 1.8 0.9 1.4 .. 

161212001 30.8 1.5 1.6 0.8 2.1 .. HWNT 
161212001 28.9 1.1 0.9 0.6 0.7 .. 

Station M5 
5/6/2000 34.8 1.7 5.1 1.1 1.3 2.1 HWST 
5/612000 33.9 1.6 4.7 1.0 0.8 3.1 

10/6/2000 34.1 1.9 2.6 0.3 1.0 3.4 
10/6/2000 33.7 1.5 3.0 0.9 0.5 3.4 LWNT 

8/812000 34.7 1.3 1.4 0.8 1.2 2.7 HWNT 
81812000 34.6 1.6 1.5 1.0 0.4 2.1 LWNT 

16/8/2000 35.0 0.3 2.9 0.5 0.5 1.4 HWST 
16/8/2000 34.6 1.4 1.8 1.0 0.9 3.4 LWST 

27/10/2000 33.5 1.4 2.0 0.7 0.8 .. HWST 
27/1012000 30.2 2.0 2.5 0.8 0.8 .. 

3/1112000 33.0 1.6 2.2 0.7 0.7 .. 
3/11/2000 31.7 1.9 2.3 0.9 0.7 .. LWNT 

91212001 33.8 1.5 0.9 1.4 2.7 .. HWST 
91212001 31.4 2.3 1.3 0.8 1.3 .. 

161212001 32.9 2.2 2.0 0.9 1.5 .. HWNT 
161212001 30.8 1.4 1.3 0.9 1.1 .. LWNT 

Station M6 
34.6 1.7 5.6 1.0 1.3 1.4 HWST 

5/6/2000 33.9 1.5 4.9 1.0 0.8 1.4 
10/6/2000 34.3 1.9 3.4 0.8 1.2 1.0 
10/6/2000 33.7 1.6 2.8 0.9 0.4 1.4 LWNT 
8/812000 34.7 1.4 1.7 0.8 1.1 .. HWNT 
8/812000 34.5 2.2 1.4 1.0 8.1 2.1 LWNT 
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16/S/20oo 35.2 3.4 0.7 0.6 
16/S/2OOO 34.6 1.5 1.7 1.0 0.9 

33.9 1.3 2.1 1.0 
27/1012000 2.0 2.7 0.9 1.1 

3/1112000 33.3 1.6 2.3 O.S 0.9 
3/11/2000 32.2 2.2 2.7 O.S O.S 

91212001 34.0 1.5 0.9 1.3 2.2 
91212001 31.5 2.0 1.6 O.S 1.S 

161212001 33.1 2.2 2.9 0.9 1.6 
31.S 1.6 2.4 1.1 1.3 

M7 
51612000 34.5 1.7 0.9 1.0 3.1 
51612000 33.9 1.5 4.S 1.0 0.6 4.5 

1016/2000 34.4 2.1 3.3 0.3 0.9 1.0 
1.7 1.0 0.5 2.4 

34.7 1.5 1.S 0.9 1.0 .. 
34.5 1.3 1.5 0.9 3.4 
35.2 0.4 4.1 0.6 0.6 1.0 
34.6 1.6 1.S 1.1 O.S 1.0 
33.9 1.4 1.4 .. 

27/10/2000 30.7 2.0 2.0 O.S 1.3 .. 
3/1 33.5 1.6 2.5 0.7 0.9 .. HWNT 
3/1 1.6 1.5 .. 

34.3 1.4 1.0 1.1 1.S .. 
91212001 31.6 2.1 1.6 0.9 2.2 .. 

33.4 2.3 2.5 1.4 .. 
1.3 2.0 0.9 1.2 .. 

MS 
34.5 1.S 5.4 O.S 1.0 3.4 
33.9 1.4 4.9 1.0 0.6 5.5 

101612000 34.5 2.0 3.1 0.4 1.2 2.7 
101612000 33.7 1.6 2.9 1.2 0.5 2.7 

35.2 1.6 2.3 0.9 0.9 0.3 
S/8I2oo0 1.4 1.6 0.9 0.4 4.S 

16/S12OO0 35.3 0.6 5.1 0.4 1.0 
16/S12OO0 34.9 1.5 1.S 1.0 0.9 1.0 

34.3 1.0 2.0 0.5 0.5 .. 
2.0 2.0 0.9 O.S .. 

3/1112000 1.5 2.9 O.S 0.7 .. 
311112000 32.1 1.S 2.5 O.S O.S .. 

34.4 1.5 0.9 0.9 4.4 .. 
31.S 2.0 1.3 O.S 1.3 .. 

161212001 33.6 2.4 2.0 O.S .. 
32.1 1.6 2.6 1.0 1.2 .. 

M9 
34.5 1.9 5.5 0.9 1.1 3.4 
33.9 1.5 4.9 1.0 0.4 3.4 LWST 

2.2 2.9 1.3 0.6 2.4 HWNT 
33.9 1.6 2.9 1.2 O.S 1.7 
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DIP 

34.8 1.5 0.9 1.1 
34.7 1.7 1.4 0.9 2.1 
35.2 4.9 1.7 
34.7 1.5 1.7 1.4 LWST 
34.4 1.2 1.7 .. HWST 
31.4 1.7 2.3 0.9 .. 
34.0 1.5 0.6 .. 
31.9 1.4 2.1 OA .. LWNT 

91212001 34.9 1.5 1.1 1.4 .. HWST 
31.7 1.9 1A 1.0 .. LWST 

161212001 33.7 1.8 1.6 .. 
1.3 2.1 1.1 .. LWNT 

Station M10 
34.3 0.9 7.2 

1.5 4.8 1.0 0.5 3.4 
34.8 3.1 1.4 0.6 2.1 HWNT 
34.1 2.4 1.0 0.9 2.7 
34.9 3.5 1.0 
34.8 1.8 0.9 1.4 
35.3 1.1 0.9 0.4 .. 
34.8 1.6 1.8 1.0 1.0 1A 

1.9 0.5 OA .. 
32.1 1.6 2.1 0.9 .. 

1.3 3.4 0.7 1.0 .. 
32.7 1.7 2.0 0.8 0.3 .. 

1.2 0.8 1.8 .. 
32.4 1.9 .. LWST 
33.8 1.6 .. HWNT 
32.9 1.3 2A 1.1 .. 

2.1 5.2 1.1 3.4 
34.0 1.5 4.7 4.1 LWST 
34.8 1.6 1.2 3.1 HWNT 
34.2 1.5 3.2 1.2 2A 
34.8 1.4 4.5 1.1 .. HWNT 
34.9 2.2 1.4 3.8 
35.3 1.3 4.8 1.7 
34.7 1.4 1.8 1.0 
34.5 1.1 1A .. HWST 
32.4 .. LWST 

3111/2000 34.2 1.5 2.9 .. HWNT 
3/11/2000 32.7 1.1 2.1 .. 

34.7 1.1 3.8 .. HWST 
32.0 2.8 1.2 1.4 .. LWST 
34.2 2.3 0.7 1.5 .. HWNT 
32.9 1.5 2.2 1.1 .. 
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Tidal 

Station M12 
5/612000 33.5 6.2 0.8 0.6 5.8 

1.5 4.8 1.0 0.5 4.1 
35.1 0.4 1.9 0.7 5.5 

101612000 34.6 1.7 4.6 0.9 1.0 1.7 
34.9 1.3 7.8 1.0 3.8 

2.1 2.9 0.9 0.4 1.4 
35.3 1.0 4.7 0.4 2.1 
34.8 1.5 2.5 1.0 0.8 0.3 

27/1012000 2.2 0.5 0.3 .. 
32.7 1.8 2.2 0.8 .. 

311 34.7 1.5 0.3 0.4 .. 
311 33.8 2.5 0.3 .. 

91212001 34.8 1.3 0.8 3.0 .. 
91212001 32.6 2.3 1.1 1.9 .. 

161212001 34.5 1.5 6.6 0.8 4.2 .. 
161212001 33.7 1.5 0.8 1.1 .. LWNT 

M13 
33.6 1.5 6.2 0.8 0.6 

51612000 34.2 1.5 4.9 1.0 0.6 
35.0 1.6 1.7 0.7 0.4 7.6 HWNT 

1016/2000 34.6 1.8 2.6 1.2 0.8 2.4 LWNT 
34.9 1.0 9.9 1.1 .. HWNT 

81812000 2.2 3.1 0.9 5.5 LWNT 
16/812000 1.1 4.0 1.0 0.4 2.1 HWST 
161812000 34.8 1.5 2.2 1.0 1.4 

2.3 .. HWST 
32.7 1.6 2.2 0.8 0.4 .. 

3111/2000 2.0 0.3 0.7 .. HWNT 
34.1 1.5 2.2 0.8 0.3 .. LWNT 
34.8 1.2 0.7 0.8 2.1 .. 

2.4 1.4 0.7 1.3 .. 
161212001 34.5 1.8 11.9 1.0 1.8 .. 

34.3 1.3 1.3 1.5 1.6 .. LWNT 

33.5 1.4 0.7 0.9 6.5 
34.4 1.3 4.1 0.9 0.5 6.9 
35.1 0.5 2.2 0.6 0.0 9.3 
34.7 1.4 3.0 0.6 2.7 

8/812000 34.8 0.8 10.7 1.1 1.2 .. 
1.9 4.4 1.0 0.3 1.4 

16/812000 35.2 1.0 4.6 1.0 0.3 0.7 
35.1 1.3 1.0 0.8 2.4 LWST 

27/1012000 34.5 1.0 2.3 0.4 .. 
33.3 1.7 1.9 0.8 0.5 .. 

0.1 1.7 0.3 1.0 .. HWNT 
34.2 1.1 2.7 0.6 1.0 .. 
34.8 1.3 0.7 0.7 1.7 .. 
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Tidal 

32.9 2.2 0.7 0.9 lWST 
1.7 1.0 1.8 .. HWNT 

34.1 1.2 1.6 0.8 .. lWNT 
Ashmead 
Station A3 

316/2000 34.6 1.2 8.4 1.1 0.6 11.0 HWST .. 3.7 1.8 1.2 lWST 
2.1 ,. 

HWNT .. 1.9 0.7 2.6 .. lWNT 
7.7 1.0 10.0 .. 2.2 0.9 6.5 1.5 

1.8 5.0 0.5 2.1 HWST ,. 
2.1 1.3 2.4 1.1 2.4 lWST 

34.0 1.9 0.2 ,. 
HWST 

3.2 1.6 1.1 .. 
1.7 5.5 1.5 ,. 

HWNT 
32.7 7.8 1.1 4.2 1.5 .. 
34.5 2.6 1.4 1.8 ,. 

HWST 
71212001 33.6 3.4 0.6 2.2 1.3 4.5 

151212001 7.0 1.7 4.7 1.7 HWNT 
151212001 5.4 3.7 1.8 .. lWNT 

A4 
0.4 0.9 0.5 9.6 ,. 2.0 2.3 1.4 0.7 lWST 

9/612000 35.1 2.2 1.8 1.6 
,. 

HWNT 
34.2 2.5 1.1 1.0 

,. 
lWNT 

91812000 34.7 5.0 2.7 4.5 1.9 ,. 3.7 9.4 1.9 .. lWNT 
171812000 1.1 5.1 0.7 0.5 .. HWST .. 2.6 1.4 2.6 0.7 1.0 lWST 

29/1012000 34.6 2.5 0.5 0.0 .. HWST 
2.0 1.9 1.1 .. lWST 
1.2 3.1 1.2 '" HWNT 

31.9 2.8 7.9 1.6 .. lWNT 
34.7 2.0 1.2 1.9 1.8 .. 

0.5 2.6 2.1 .. lWST 
4.9 1.6 1.9 .. HWNT 
6.7 2.4 6.0 2.0 '" lWNT 

Station A5 .. 1.9 4.2 2.0 1.0 1.4 lWST 
9/812000 34.7 2.3 2.3 1.2 1.0 2.7 HWNT 

34.8 4.1 2.2 5.6 1.0 .. lWNT 
34.7 4.5 1.6 0.7 

5.1 11.4 1.7 4.3 
35.3 1.0 0.4 1.4 
34.6 2.9 2.4 1.0 1.4 
34.6 0.6 0.5 0.2 .. 

1.3 .. lWST 



Univ
ers

ity
 of

  C
ap

e T
ow

n



Univ
ers

ity
 of

  C
ap

e T
ow

n



Univ
ers

ity
 of

  C
ap

e T
ow

n

196 



Univ
ers

ity
 of

  C
ap

e T
ow

n

197 

DIP Urea 

0.8 5.5 .. 
.. 

5.9 0.6 .. 

0.8 0.8 3.1 .. 
2.5 1.7 0.7 5.9 .. HWST 
4.7 1.8 0.7 2.0 .. 

21.7 5.2 0.7 8.3 .. LWST 

29.8 4.7 0.8 2.8 .. 
33.4 1.5 4.3 .. 
20 2.3 5.7 .. 

22.5 5.2 0.7 5.9 .. 

29.1 2.3 0.7 7.1 .. LWST 
2.2 .. HWST 

20.1 4.9 1.8 .. LWST 
6.3 5.3 4.1 .. 

4.5 1.2 4.3 .. 
34.0 1.8 4.0 .. .. 
21.6 1.8 0.6 .. 
24.3 0.7 .. 

30.8 5.5 1.4 0.8 4.0 .. 
1311112000 1.4 1.5 4.0 1.3 .. 
1411112000 6.4 0.6 5.4 .. 
16/1 5.7 0.7 4.1 .. 

M12 
4.4 1.7 0.8 .. 

34.7 .. HWST 
25.2 1.4 0.7 5.5 .. 

5.7 4.4 0.8 4.6 .. 

31.5 4.5 1.6 0.8 5.3 .. LWST 
34.7 0.4 1.3 2.6 .. 

4.0 2.1 0.8 .. lWST 
28.4 4.7 3.2 .. LWST 

1.7 0.8 4.7 .. 
1.1 1.1 4.1 .. 
4.1 1.3 0.7 .. LWST 

30.2 0.8 3.8 .. LWST 
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Urea ChkJrotlhyll-B Tidal 

8 1.5 0.9 4.2 .. HWST 

17.8 2.2 1.3 0.0 14.5 .. HWST 
1.2 4.4 1.8 .. HWNT 

K8 
18.8 1.7 1.5 0.1 2.2 .. HWST 

1.2 4.4 2.2 .. 
K7 

24.5 1.5 1.5 5.3 .. 
4.9 .. HWNT 

K6 
29/9/2000 2.4 .. 

0.2 1.3 1.9 .. HWNT 

2.4 1.1 22.3 .. 
0.4 5.5 2.8 0.1 .. 

31.1 .. 
1.8 6.2 2.2 .. HWNT 

K3 
32.4 1.4 8.7 .. 
1.8 2.2 1.7 .. HWNT 

K2 
33.8 2.3 1.7 21.1 .. 
3.5 2.7 6.9 1.8 .. 

2.6 1.5 18.2 .. 
7.9 3.5 5.2 .. HWNT 
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DIP 

KR at weir 
19/312000 0 1.4 4.3 0.1 

0 1.3 0.2 0.1 
0 0.6 7.6 

1511112000 0 2.5 10.4 0.3 
0 1.9 1.0 0.2 
0 1.1 4.3 0.1 
0 1.0 1.2 

Urea Flow rate 

3.7 0(0) 0.01 
." 46(46) 23.10 

17/512000 3.5 5.3 0(0) 
3018/2001 2.5 ." 46 (46) 132.00 

S7 301812001 10.4 ." 46( 

sa 1.9 .. 46(46) 

S10 301812001 5.6 .. 46(46) 

S12 301812001 5.8 .. 46(46) 

S15 301812001 4.5 .. 46(46) 

2.2 0(0) 61.72 
3/1112000 .. 0.5 (7) 116.64 

6.7 7.01 0(0) 21.60 
8.1 .. 46(46) 555.43 

S18 5.9 0(0) 216.00 
3/1 .. 0.5 (7) 41.97 

8.1 0(0) 24.69 .. 46(46) 

2.1 ." 46(46) 

7.0 .. 46( 

S23 15/1112000 ." O( 39) 0.72 .. 46(46) 

151812000 6.2 9.1 0(0) 0.15 
15/1 17.0 ." o (39) 0.36 

8.0 ,. 46(46) 
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Flow 
Urea 

1/2000 3.3 .. 11.5(14) 17.40 
1511112000 14.4 .. O( ) 17.40 
201212001 5.2 .. 0(0) 5.70 .. 7.7 1 (34 ) 228.00 .. 46 ( ) 

3.7 .. 46(46) 23.14 

530 3.0 .. 46(46) 100.55 

KR 2.2 o (31 ) 
0(0) 

2.3 O( ) 
o (39) 

2.0 0(0) .. 10.5 ( 34) .. 5 (51 ) 
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name east 
M1 1 34 22 
X1 2 34 22 
M2 3 34 22 
X2 4 34 22 

5 34 02.016 23 
6 34 02.104 2300.282 
7 34 02.214 2300.493 

X4 8 34 02.546 2300.400 
M5 9 34 2300.373 
X5 10 34 02.945 2300.538 
Me 11 34 00.674 
X6 12 34 00.855 
M7 13 34 2300.934 
X7 14 34 23 
M8 15 34 
X8 16 34 
M9 17 34 
X9 18 3402.265 
M10 19 34 2301 

20 34 23 
21 34 23 

X11 22 34 23 
M12 23 3403.214 23 
X12 24 3403.499 2302.630 
M13 25 34 03.682 23 
X13 26 34 03.870 23 

27 34 04.159 23 
28 34 23 
Y1 34 2302.700 

X15 mid channel at dub 34 02.573 23 
A1 1 34 02.618 
A2 2 34 02.542 2303.225 
A3 3 34 2303.655 
A4 Ashmead 4 34 23 
A5 5 34 02.862 23 
A6 6 34 03.108 2303.700 
A7 Ashmead 7 34 23 
AS 8 34 03.363 2303.167 
A9 9 34 03.515 2302.880 
A10 Ashmead 10 34 03.603 23 
KR River at weir 33 00.195 
K1 34 01.287 22 
K2 34 01.007 22 
K3 34 2300.413 
K4 34 00.672 2300.891 
K5 34 00.462 2301.047 
K6 34 2300.566 
K7 34 00.073 2300.45 
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name east 
K8 2300.370 
K9 23 
K10 2300.195 
upper 34 23 

34 02.372 23 .123 
34 02.782 2302.878 

S5 Ashmead boat ramp 34 2303.781 
56 Ashmead east end of 34 02.409 23 
S7 end of 34 02.463 23 
S8 Ashmead wharf 34 02.410 2303.608 
S10 34 2304.073 
S12 34 2304.111 
S15 course 34 03.340 2304.171 
S17 North flow 34 02.757 23 
S18 South flow 34 2304.191 
S19 #11, Woodboume 34 04.122 2304.166 
S22 west road 34 02.557 23 

Kada stream 34 2302.378 
S24 west at the N2 34 02.219 2302.243 
S28 Salt River at dirt road 34 01.489 2301.969 
S29 drain to west of 34 02.404 2302.591 
S30 Ashmead pan 34 2303.405 
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APPENDIX 
DIP flux 
mmol P m-2 d-1 mmol N m-2 d-1 mg L-1 

A3 
2616I2oo1! 24 hr Zostera 0 .. 

33 hr Zostera 0.6 1.3 0 .. 
24 hr Zostera 5.1 0 .. 
36 hr Zostera 4.3 -0.1 5.4 

A5 
,24 hr Zostera 4.4 0 .. 

33 hr Zostera 1.0 6.0 0 .. 
24 hr Zostera 2.0 0 5.5 

Ashmead 
24 hr Zostera 7.6 0 .. 
33 hr Zostera 6.2 -0.1 .. 
24 hr Zostera 3.2 8.6 0 .. 
36 hr Zostera 2.4 2.4 0 3.0 

A7 
24 hr 0.4 10.7 0 .. 

hr Zostera 0.4 .. 
hr Zostera 0.3 3.1 0 .. 
hr Zostera 0.4 3.2 -0.5 5.5 

610612001, 24 hr Zostera 0.4 9.6 0 .. 
,33 hr Zostera 0.8 -0.3 .. 
24 hr sand 0.1 0 .. 

,33 hr 0.1 6.6 -0.3 " 
24 hr sand 0.2 3.0 0 .. 

sand 0.0 2.1 .. 
Zostera 1.3 0 2.3 

sand 0.5 12.1 -0.1 .. 
sand -3.1 3.3 

24 hr 1.2 0 .. 
612212001, 33 hr sand 0.7 0.2 .. 

24 hr Zostera 0.0 2.6 0 .. 
33 hr Zostera -0.1 1.3 0 .. 
24 hr sand 0.4 2.8 0 " 
36 hr sand -0.5 
24 hr Zostera 1.5 12.4 0 .. 
36 hr Zostera 1.6 14.4 -0.2 1.5 

24 hr -1.0 0 " 
33 hr -0.4 -0.1 .. 
24 hr 2.4 0 .. 

,33 hr Zostera 0.0 1.9 0 .. 
24 hr 0.4 5.0 0 .. 

hr 4.0 -0.1 2.1 
24 hr Zostera 0.1 0 .. 
36 hr Zostera 0.1 4.1 3.4 
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Concentration of DIP initiallfinal 
nutrients in chamber 

AshmeadA3 
24 hr 1.4/1.7 3.3/B.4 0.7/0.4 

261612001, 33 hr 1.4/2.0 3.3/9.7 0.7 I 0.4 
24 hr 1.1/1.7 3.BI6.5 2.3/2.3 
36 hr 1.1/1.9 3.B/5.6 2.3/2.2 

AshmeadA5 
25/07/2001, 24 hr 0.6/1.3 3.1/6.2 4.0/3.9 
25/0712001, 33 hr 0.6/1.6 3.1/7.1 4.0/3.B 

24 hr 2.9/3.6 3.0/5.0 0.6/0.4 
AshmeadA6 

1210612001, 24 hr 0.BI2.1 3.4/11.0 2.1/2.0 
1210612001, 33 hr 0.BI2.3 3.4/12.6 2.1/1.6 

24 hr 0.6/3.B 2.1110.7 0.5/0.2 
36 hr 0.6/4.3 2.1/11.B 0.5/0.2 

A7 
,24 hr 3.2/2.9 3.6/14.4 3.2/2.9 

4/07/2001, 4B hr 3.212.9 3.6/22.2 3.2/2.9 
24 hr 0.6/0.9 2.5/5.6 3.0/1.0 
36 hr 0.6/1.0 2.5/7.3 3.0/0.7 

24 hr 0.9/1.2 3.1/11.6 4.0/3.6 
6/0612001, 33 hr 0.9/2.0 3.1/15.5 4.0/3.2 

1B/0712001, 24 hr 0.7/0.B 2.2/3.6 2.1/1.6 
33 hr 0.7/0.B 2.2/12.3 2.1/1.2 

25109/2001, 24 hr 0.B/0.9 4.9/7.9 4.0/3.3 
25/0912001, 33 hr O.B/O.B 4.9/B.0 4.0/2.6 

24 hr 1.2/2.6 3.7/22.5 1.5/0.9 
24 hr 1.0/1.5 2.9/14.9 17.5/11.5 
36 hr 1.0/1.6 2.9/21.4 17.5/7.9 

24 hr 0.7/0.9 3.1/3.3 1.7/2.6 
33 hr 0.7/0.9 3.1/3.9 1.7/2.2 
24 hr 0.6/0.6 2.5/4.4 0.7/0.7 
33 hr 0.6/0.5 2.51 13.B 0.7/0.B 
24 hr 0.7/1.1 2.2/5.4 2.9/1.4 
36 hr 0.7/1.1 2.2/6.9 2.9/ 
24 hr 1.1/2.6 3.0/17.5 0.9/ 
36 hr 1.1/2.7 3.0/29.6 0.9/0.4 

6117/2001,24 hr 0.3/0.3 1.B/0.9 1.1/1.0 
6/17/2001, 33 hr 0.3/0.3 1.B/1.4 1.1 /1.0 
7/01/2001,24 hr 0.3/0.3 2.7/5.7 2.9/2.1 
7/01/2001, 33 hr 0.3/0.3 2.7/5.4 2.9/2.3 

24 hr 0.6/1.1 2.9/23.4 1.3/1.2 
36 hr 0.6/1.3 2.9/27.0 1.3/1.0 
24 hr 0.7/0.B 2.2/6.0 1.9/1.5 
36 hr 0.7/0.B 2.2/B.B 1.9/1.2 




