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Executive Summary

Measurements of the nutrient inventory and nutrilerxtrates of sediments of the Gippsland
Lakes are drawn principally from two studies: Lorayen(2000) and Roberét al. (2003). The
sediments to 20 cm hold very large stores of négrognd phosphorus relative to catchment loads
of inorganic nutrients (>70 times the annual loaflsatchment DIP and DIN). A large

proportion of this sediment inventory has been meslto be inert (not available for plant
growth). Recent work (Longmore 2006; Monbet 200@8)&ver, has shown that for phosphorus
all but 8% of the inventory in sediments to 30 caswn immediately available or potentially
available forms.

The immediately biologically available forms of gadnt nutrients (ammonium and phosphate)
are the equivalent of 4 and 1.5 years respectvedxternal input from the catchment. Webster
and Wallace (2001) used the data of Longmore (2@D6alculate the time to deplete the
sediment nutrient store, assuming current fluxsratehe sediment surface and inferred labile
sediment stores. Depending on the site and pramoofi the total sediment nutrient that was
thought to be labile, estimated draw-down timesedafrom a decade to > 100 years. Nitrogen
draw-down times were generally longer than for phasus.

The more recent studies of Robeztsal. (2003) and Longmoret al (2005) estimated spatial

and temporal changes in benthic nutrient fluxesthadelative importance of sediment nutrients
in contributing to algal blooms. They also idemwtifithe regions and conditions under which
sediment nutrient release is most likely to oc@inese studies showed that spatial differences
(on scales of 10’s of kilometres) were larger teaasonal differences in benthic nutrient fluxes,
and average inorganic nitrogen and phosphate fiwees four times higher at the deep water
sites (>6m) than at the shallower sites (<2m). @festtake Victoria comprises only 11% of the
surface area of the Lakes, but supplies more tbé&h & the sediment nitrogen and phosphorus
fluxes. Phosphate fluxes vary with the supply @famic matter, and bottom-water oxygen
concentration, but nitrogen fluxes depend much mtengly on organic supply.

Calculated sediment efflux for the whole Lakeshigé times larger than the catchment input for
inorganic nitrogen and six times the inorganic gimsus load, consistent with the modeled
estimates. Sediment fluxes to the water column fiteendeeper areas of the lakes are sufficient
to supply a large algal bloom in as little as 19sd@n annual time scales sediment efflux in
western Lake Victoria is capable of supplying welexcess of the modeled phytoplankton
requirements for nitrogen (140%) and phosphorue%@5

Ratios of nitrogen to phosphorus efflux in the L&leg/ Jones Bay region are >80:1 by moles,
substantially above the Redfield ratio of 16:1 difterent to the rest of the lakes where ratios
are <10:1. It is possible that under certain cood#t water with high DIN and low DIP could

mix with water with low DIN and high DIP during bW event or destratification of the Lake
King region, leading to the potential for algal twes. Although the lakes are considered to be
primarily nitrogen limited (which would favour spes likeNodularig) the results from the
benthic chamber studies have indicated that theneba complex interactions between nitrogen
and phosphorus supply (particularly in the eastele Victoria and Lake King region).

Drawing these studies together, sediments mayraaato be significant nutrient sources to
algal blooms for many years, with both physicalaf#fication) and biological (carbon supply)
factors important in controlling benthic fluxes.éllargest uncertainty in this analysis is the
proportion of the Lake sediment assigned to shallow-flux status and deep, high-flux status.
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1. Sediment nutrient inventory

Our knowledge of the nutrient inventory of the seelnts of the Gippsland Lakes is
drawn principally from two studies: Longmore (20@®)d Robertgt al. (2003).

Sediment cores were collected from 21 sites througthe Lakes in May 2000. Single
cores 10 cm in diameter and up to 30 cm deep waected from 20 sites, while
triplicate cores were collected from theite (Fig 1). Cores were cut into sections, and
pore waters and the solid phase were analysedriorge of nutrient forms. Nutrient pool
size was estimated for the top 20 cm of the sedimen
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Figure 1 Sediment sampling sites (Longmore 200pgrCboxes indicate two sites
not sampled.

Oxidised N (nitrite plus nitrate) concentration wass than 15% (and usually less than
1%) of the ammonium concentration in all profilasd co-varied inversely; highest
oxidised N concentrations were observed in sandyrsnts. Ammonium

concentrations generally increased with depth,evblilosphate and silicate often reached
a maximum at 5-10 cm and were constant or declvigddepth below that (Fig 2).
However, in general high ammonium concentratiom®apanied high phosphate
concentrations {£0.65). Dissolved organic nitrogen varied littlétwdepth at most

sites, and there appeared to be no relationshipamitmonium concentration. The strong
maxima in ammonium, phosphate and silicate conaatr at 5-10 cm observed in depth
profiles from Port Phillip Bay (Nicholsoet al. 1996) were attributed to rapid
remineralisation near the sediment surface, atgtbio-irrigation to depths of 20-30
cm. The shape of ammonium profiles and sulphdt&ide profiles in the Gippsland
Lakes indicate that bio-irrigation is less sigrafit, and sulphate reduction occurs to a
greater extent in the Gippsland Lakes than in Pbitip Bay. Also, there is a direct
relationship between the degree of sulphate restu¢éis indicated by the decline in
sulphate/chloride ratio with depth) and increasingmonium and phosphate
concentrations: highest ammonium and phosphatesotrations occur where sulphate
reduction is greatest.
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Figure 2 Lake Wellington porewater and solid phamecentration depth changes.

8/7/2008



Solid phase N and organic C concentrations wereigprrelated (sediment C:N ~ 13.4,
r’=0.84), while solid-phase P and C were less styoragated (C:P ~847#0.50). While
solid-phase N and P concentrations declined wighhdat most sites, organic carbon
concentrations demonstrated increases, decreasescbange with depth at different
sites. However, in agreement with Dagtsal. (1977), highest organic carbon
concentrations were found near river mouths, artierdeep central basins. No
relationship was found between organic carbon aanagon and decline in sulphate
concentration, indicating that the labile carbonchiprovides the organic substrate for
sulphate-reducing bacteria does not necessardyeréb bulk organic carbon, and that
other factors are also important in sulphate redodeg. stratification and its impact on

oxygen supply).

Despite the differences observed in some profilésinveach of the water bodies that
make up the Lakes, there was enough evidence dasiias to justify the grouping of
sites on a geographic basis to determine pool.sizBsugh there may be some logic in
attempting to separate sites within specific whtaties by sediment type, there were too
few sandy sediments sampled to make such an egavoith while.

The oxidised N pool averaged less than 0.3% o&thmonium pool, and was significant
only at site 18 (a shallow grey sandy mud site)emht was still only 3% of the
ammonium pool. Sediments with the largest porenatnmonium and phosphate pools
(per square metre) were observed in central Lak&¥a and southern and eastern Lake
King. Smallest pools were observed for the saiitgyg 1 southern Lake King (site 12)
and Reeve Channel (site 14) due to both low poterveanmonium and phosphate
concentrations and low pore water volume. Larg#isate pool sizes were observed in
Lake Wellington (sites 3 and 5), Lake Victoriaésit/ and 8) and Lake King (sites 11, 12
and 23). One of these (site 12) was a sandy Bitaderate to high DON pools were
observed at sites in each water body, with smallgpobserved at those sites with largest
ammonium pools. Largest solid-phase nitrogen agdroc carbon pools were observed
throughout Lake King and Jones Bay, whereas lagggit-phase P pools were found in
Jones Bay and Lake Wellington, which are areasestds the riverine inputs.

The largest pools of ammonium and phosphate wersdfan Lake Victoria (Table 1),
which comprised about half of the total pool foe thakes. In contrast, silicate pools in
Lakes Wellington and Victoria each comprised al30% of the total, while DON, solid-
phase N and solid-phase P pools in Lakes Wellingt@hKing each comprised about
30% of the total.

Sediments contained very large stores of solidgphasogen and phosphorus, most of
which was assumed to be inert (not available fanpgrowth). Pore water ammonium,
the dominant dissolved N species, comprised less 186 of the solid phase N pool,
while dissolved organic nitrogen was less thanartgu of the ammonium pool. Pore
water phosphate also comprised less than 1% afaiekphase P pool.

The sediments to 30 cm hold very large stores ahtllP. The biologically available
forms (ammonium and phosphate) are the equivafehiaad 1.5 years respectively of
external input from the catchment, and more thahtities the amount held in the water
column. However, the influence of the sedimentestor plant dynamics depends on the
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conditions that may lead to its release in formailable to plants, and the rate at which it
is released.

Table 1. Nutrient pool sizes (tonnes) for sediments 20 cm in the main water bodies, and annual
catchment inputs (from Bek and Bruton 1979).

Pool size\ Lake Lake Lake Reeve Jones| Totals Catchment
Water Wellington | Victoria King | Channel Bay inputs
body (tonnely)
Area 148 75 98 15 18 354

(km?)

Sites 1-5 7-10 11-13, 15- 14 20,21

included 19, 22-23

NH,-N 89 213 97.4 6.0 10.2 415 130
NOx-N 0.26 0.09 0.29 0.02 0.06 0.72 680
PO-P 39.0 94.9 32.8 1.2 4.0 172 150
SiO,-Si 240 224 153 13 18 648 2250
DON- N 41 20.2 40.3 2.7 2.9 107 2300
Solid N 28800 12600 24200 2400 6660 74800

Solid P 5440 1820 3400 250 720 11600

Solid OC 330000 136000 302000 31000 77000 875000

Webster and Wallace (2001) estimated a sedimentedie ~0.6 mm/y for Lake
Wellington (assuming full retention of external sednt inputs), and 0.5 mm/y over the

whole Lakes. But this varies greatly depending lonate- most of the input is associated
with floods. More recent data using radionuclidéwatées has estimated that the
accretion rate in Lake Wellington was 2.3 + 0.2 gthover the last 60-70 years
(Hancock and Pietsch 2006).

Recent estimates of historic deposition rates fcones collected from the deeper
sections of Lake Victoria and Lake King indicatatteediment accretion has varied from
4.7 to 9.1 mm yt over the past 80 years (Hancock and Pietsch 280jlarly a

separate study of accumulation rates from a cdteated in the deeper area of Lake
King estimated a sediment accumulation rate of A7y (K. Saunders pers comm.).

The sediment deposition rates estimated for Lake lind Lake Victoria would equate
to many times the catchment imputes of particutaéerial if extended over the the
whole area of the lakes (Hancock and Pietsch 20063.discrepancy in the mass
balance in conjunction with an increase in the imgges of the radionuclides leads to the
conclusion that sediments are being focused irda#eper parts of the lakes by
preferential resuspension in shallow zones followgdeposition in deeper water. The
high activity of**'Cs in the Lake Victoria sediments also indicates smaller particles
in particular are being deposited in these deepgens (Hancock and Pietsch 2006)..
Further work is required to positively identify taeeas of enhanced deposition and in
particular whether these are restricted to the eleggctions of the lakes. Sediment
radionuclide tracers certainly have the abilitytd only identify areas of long term
accretion and erosion but also to give some inioaif the rates of movement between
different parts of the lakes. Geo-morphology suslfetéch and depth and prevailing wind
direction, in conjunction with physical (salinitpé currents) and biological
(macrophytes) factors will be important in deterimgnareas of deposition in shallower
areas of the lakes. These factors will have a larifigence on the areas of the lakes that
will become net sources or sinks of sediment ddrivgrients.
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Webster and Wallace (2001) extended the data ofjinmne (2000) to:

1. Estimate pore-water mixing rates that can be agpbiehe (CSIRO) full Lakes
ecological model.

2. Estimate sedimentation rates throughout Lakes.

3. Assess the likely extent of continued release af@®N from the stored sediment
pool after input loads of these nutrients to thkdsaare reduced.

Webster and Wallace (2001) used the porewatereamiitpirofiles to estimate nutrient
fluxes with depth. They found that the fluxes wgemerally greatest near the surface,
falling by 50% (ammonium) -90% (phosphate) overc® Bioirrigation led to deeper
nutrient maxima at some sites. Most of the produnctif ammonia and phosphate from
organic matter breakdown occurs within 20 cm ofgédiment surface.

Some of the organic matter breaks down relativeligldy (labile) over time scales of a
year or less, whereas other organic matter is galigimnert (refractory) taking tens to
hundreds of years to decompose. The labile stooegainic matter is important since it is
the breakdown of this store which would be primyard@sponsible for the ongoing release
of nutrients from the sediments if the depositiate rof organic matter was reduced.

Webster and Wallace (2001) modelled two extremgeaséuming all of the N and P in
the sediment (over an inert background) was bidabviai, and (ii) assuming the increased
surface concentrations of sediment nutrients ayavaiilable. Since the upward flux of
phosphate and ammonia at 20cm depth is close ¢o izenight be assumed that the
concentrations of solid-phase N and P at this aedtgr depths represent the refractory
component since all the labile component appednate been exhausted.

They calculated the time to deplete the sedimetitemi store as the mass of nutrient in
the sediment to 20 cm divided by the flux at theéasie. Depending on the site and
proportion of the total sediment nutrient that wasught to be labile, estimated draw-
down times varied from a decade to > 100 yearsiaMalown times were generally
longer than for P.

The decline in concentration with depth is attrdalito decomposition, which relies on
the assumption that there has been no changeimesatdtion rate, or type of sediment,
throughout the depths of the sediment cores. Mdjanges have occurred in the
catchment, and at Lakes Entrance, over the pasyd&@ that will certainly have
changed the sedimentation rate and type of orgaatter deposited. If the deposition
rates of labile solid-phase nutrients have incréasgnificantly over the last century,
then the draw-down times are overestimated. Sipjltdrey are underestimated if the
deposition rates have decreased over this time.

Webster and Wallace (2001) compared their fluxvesties to those measured by benthic
chambers near some of the sediment core sites iignhoreet al (2001). They found

that the modeled fluxes under-estimated benthimblea fluxes by at least 50%. They
attributed this to two factors. First, the benttilamber fluxes are probably dominated by
the decomposition of freshly deposited organic enaih or very close to the sediment
surface. Secondly, the estimate of diffusive fludepends on the resolution with which
the sediment core is sectioned. The relativelysmaection intervals of Longmore
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(2000) led to poor definition of the slope of natri concentration with depth near the
sediment surface. However, Webster and Wallaceidersl that it is the fluxes
calculated from the core measurements that are peotihent to the estimation of long-
term nutrient release from the sediment columis. tlhese fluxes which represent the
removal of nutrients from the sediment store beflogvtop few millimetres of sediment.

2. Measurements of benthic fluxes

Robertset al. (2003) and Longmoret al (2005) carried out studies which aimed to:
(1) Measure spatial and temporal changes in benthieentifluxes

(2) Assess the total release of nutrients from sedisnent

(3) Assess the relative importance of sediment nusigntontributing to algal blooms

(4) Identify the areas and conditions under which sedinmutrient release is most likely
to occur.
The methods involved have been detailed in Role¢ras (2003). Briefly, eight sites
were sampled, four in shallow waters, and foureewaters (Fig 3). All sites were
sampled with transparent benthic chambers, usisgu light fields. Benthic chambers
trap a known volume of water over a known areeedfraent, and we follow the change
in concentration of oxygen, carbon dioxide andieuts in the chamber over time, as
they are consumed by, or released from, the sedirS8aallow sites were sampled with
up to four replicate chambers during daylight, while deeper sites were sampled by
one chamber each during the day and again overrgglallow sites were also sampled
by up to six smaller chambers, designed to contislyomeasure the impact of
microphytobenthos on oxygen concentration.

Spatial differences were larger than seasonalrdiffges in benthic nutrient fluxes.
Average inorganic nitrogen and phosphate fluxee@ur times higher at the deeper
sites than at the shallower sites. Reasons fasphgal differences may include
differences in the supply of organic matter, digedloxygen concentrations, active
uptake of nutrients by microphytobenthos, or thiea$ of fauna associated with shallow
waters. When shallow and deep-water fluxes arapatated to the whole of the surface
area of the Gippsland Lakes, the annual nutrignitirom the sediments is larger than
the catchment input. Fluxes from the deeper wdteras little as 10 days would be
sufficient to supply the nitrogen and phosphoreginements of a large bloom. These
data suggest that, particularly in years of loveriflow, the internal nutrient loading
could be the most significant source for primarydurcers. Western Lake Victoria
comprises only 11% of the surface area of the Lakatssupplies more than 50% of the
nitrogen and phosphorus fluxes. Phosphate fluxeswih the supply of organic matter,
and bottom-water oxygen concentration, both fadiaken into account in the CSIRO
model. In contrast, we found that inorganic nitnodlexes depended much more strongly
on the carbon supply than on oxygen concentratibnsay be that the CSIRO model
would reproduce observations more closely if theetelence within the model of
nitrogen processes on ambient oxygen concentra@sremoved.
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Figure 3 Benthic nutrient flux sampling sites.

The sediment work described above was recenthyndetd by further analysis of the
distribution of phosphorus forms with depth. Adstwas carried out which aimed to: (i)
Measure the size of the nutrient pool in the sedis)€ii) Quantify the rate of nutrient
release from the pool in the sediments that supdgal blooms, and (iii) Estimate how
long the pool will take to decline as catchmenutspare reduced. Triplicate sediment
cores were collected from seven of the same simsqusly sampled throughout the
Gippsland Lakes, and 10 sub-samples collected frenupper 30 cm of each core. The
sections were treated with a sequential extradatreme, to provide estimates of the
concentrations of a range of phosphorus phaseargiing bioavailability. The phases
measured included: exchangeable P, apatite Ptad@torganic P, Fe-associated P and
organic P. Exchangeable P is immediately availadlalgal growth, while Fe-associated
P and organic P may become converted to exchargPalohder the right conditions.
Apatite P and detrital inorganic P are thoughtégbrmanently unavailable for algal
growth. The variation of the concentrations of eplohsphorus form with depth were
then modelled, using a steady-state model (Slethgh 1996), to estimate transfer rates
between the phases, fluxes with the water columd p@rmanent burial.

Total P concentration varied from 6 to #g P g'(Fig 4). Overall, organic P and Fe-
associated P dominated the P phases, comprisinga®2%25% respectively of the total.
Exchangeable P comprised 6% of the total, while dtieer two non-reactive phases
comprised less than 4% each. Therefore, on avelaget 8% of the P in sediments to
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30 cm was in immediately available or potentialiaiéable forms. There were spatial
differences, with the concentrations of most fooh® lower in Lake Wellington than in
Lake Victoria, Lake King or Jones Bay. There welso aifferences with depth at all
sites, with the concentration of most phases higaeshe surface, and declining with
depth. In Lake Wellington, the reactive phases waoeinated by Fe-P, and this
supported the estimated diffusive flux of 0.1 mrRolni? d. In the other lakes, the
diffusive flux (0.3-0.6 m mol M d*) was supported principally by breakdown of organic
P. The sediment store to 30 cm could support ifiesd/e fluxes for about 10 years in
Lake Wellington, and about 20 years in the othkedaThis is a similar timeframe to that
expected for significant reductions in catchmepuis.
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Figure 4 Solid-phase P concentrations, western Madteria.
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3. Importance to cyanobacteria

Overall sediment nutrient fluxes in the Gippslarakés are dominated by those from the
deeper waters. The CSIRO model predicts low algahass in dry years, suggesting that
catchment inputs are the key driver of blooms. $neplculations indicate that benthic
fluxes could provide enough nutrients, even inyayear, to drive a large bloom. If these
are both true, it suggests tiNdulariablooms depend on a catchment input other than
nutrient (e.g. a fall in salinity, trace growth fag to trigger a bloom. If so, nutrient
reductions from the catchment may not reduce &ligaim size or frequency.

If we consider the Lakes as a whole phytoplankt@wth will depend on a nutrient
source from the catchment as nutrients within thlkeels can be lost through export to
Bass Strait or to sinks such as sediment buridkaitrification. Nutrient supporting
phytoplankton in the lakes are supplied from trgegrces. The most important is the
external source provided by either the catchmen#mospheric deposition. Nutrients
that are already in pelagic stores (phytoplankboganic detritus, zooplankton) which
can be recycled within the water column throughdgizal breakdown by the microbial
loop form a second source. The third source igents that arrive at the sediment
surface (through sedimentation or infauna grazim@jch can be released back to the
water column after mineralization or chemical tfan®mation. The amount and form of
nutrient released from sediments is dependant timtbological and physical conditions
of the lake area (see figure 5 for a summary cddhe

’ Deposition/ Net deposition Net burial Bibtuibation Well- "]' Light-
resuspension &, lit limited
X
> Mi % & Mixed o; co, R ti O Photo:
Seagrass ge icro- IE ixe espiration s
% Xl “ Macroalgae phyto- vI e ph ytoplankton synthesis

benthos
NHZ Nitrogen @ POY Phosphorus Desitification N fixation ﬁ*"‘ Detrital < Phytoplankton
., » “* remineralisation remineralisation foodweb '%~ foodweb

N,
(potential)

Figure 5. Processes controlling benthic nutriemtds in the Gippsland Lakes.

Modeling of biogeochemical processes in the Gippbslaakes (CSIRO 2001) indicates
that the major source of nutrients for phytoplankpooduction is recycling in the water
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column which represents around 65% of both phogjghand nitrogen demand for the
growth requirements of the algae (Table 2 and 8)erfBal nutrient sources only supply
11% of the nitrogen and 5% of the phosphorus requent of phytoplankton growth. The
sediments therefore make up around 20-30% of thaireng requirement and so are an
important source of nutrients in the maintenancghytoplankton biomass and
productive capacity. The biogeochemical modelinthefGippsland Lakes calculate that
on average sediments represent a source of in@rgatients to the water column that is
greater than twice the external nitrogen load awes times the phosphorus load.

The modeled dissolved inorganic nutrient loadsHtierGippsland Lakes as a whole
represent an addition of 8 mg N°rd” and 0.5 mg P ihd™ (Table 2 and 3). These
catchment loads to the water column are equivateahnual loads of approximately
1000 tonnes of dissolved inorganic nitrogen (DINYI 400 tonnes of dissolved inorganic
phosphorus (DIP). Longmoet al (2005) calculated that the sediment efflux of ieumts,
based on extrapolation of measured fluxes to th@evlake system, is approximately
3000 tonnes of DIN and 600 tonnes of DIP per annum.

These fluxes are not consistent in terms of peaggnbf phytoplankton demand across
regions. The calculated flux from sediments cahigbly influenced by both the
relationship between shallow and deep sites andiffezences in the sediment efflux (or
influx rates) and water column cycling efficienci€ggures 6 and 7 show the annual
sediment flux from shallow and deep sites for Dl BIN in comparison to the soluble
sediment inventory, phytoplankton growth requiretraard water column cycling
effeciency.

B E B

. D Dee
Lake Wellington Shallow eep Shallow p Bass
Lake Victoria Lake King Strait

Phosphate Recycling in @ Uptake by Sediment phosphate
t flux P O water column PO? phytoplankton 39 pool phosp

Figure 6. Phosphate annual fluxes (tonri8s sediment pool tonnes to 20 cm.
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Figure 7. DIN annual loads (tonned)ysediment pool tones to 20 cm.

Overall the calculated sediment flux rates fromthienchambers for the Lakes as a

whole are consistent with the modeled contributbeediments from the CSIRO

modeling; DIN and DIP efflux are approximately déaiand seven times the catchment
loads respectively. It should be noted that theal/®IN and DIP only represent about

one third of the total loads of nutrients enteriing lakes and so sediment release rates are
about equivalent to total nitrogen catchment lcaus around double total phosphorus
catchment loads. A substantial proportion of thaltoitrogen and total phosphorus load
from catchment sources is assumed to be refraatahtransits the system or contributes
to the highly refractory sediment nutrient pool.
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Table 2. Modelled DIN fluxes in Gippsland Lakes. Alfigures in mg N m? d™. Source: Table 3.3

Webster et al (2003).

Region Catchment loadRecycling in | Sediment Phytoplankton
Water column efflux uptake

Lake Wellington 13 41 19 72

Lake Victoria & 3 59 21 78

Lake King

Total 8 49 20 75

Table 3. Modelled DIP fluxes in Gippsland Lakes. Alfigures in mg P mi? d™. Source: Table 3.3

Websteret al (2003).

Region Catchment loadRecycling in | Sediment Phytoplankton
Water column efflux uptake

Lake Wellington 0.8 5.7 3.4 9.9

Lake Victoria & 0.2 8.2 4.4 10.9

Lake King

Total 0.5 6.8 3.8 10.4

Table 4. Estimated annual and daily DIN and DIP etiix from sediments in the Gippsland Lakes.
Source, Table 4 Longmoreet al (2005).

Region Area] Mean DIN | Mean DIP Mean DIN Mean DIP DIN:DIP
flux flux flux flux (Moles)
(Tonnes yt) | (Tonnes yr) gmg N mi? o gmg Pnfd
) )
Lake Wellington 148 440 100 8.2 1.85 9.7
West Lake Victoria] 38 1545 373 111.4 26.9 9.2
West Lake Victoria 38 | 416 102 30.0 7.4 9.0
Lake King 117 | 678 18 15.9 0.42 81.4
(including Jones
Bay)
Total 341 3079 593 24.7 4.8 11.9

The analysis of nutrient flux rates and sedimentient inventories shows the dominant
source of variation is regional. The influence edisnent sources of nutrients on

phytoplankton in the lake system must therefore thkse differences into consideration.

Nutrient loads are delivered primarily by the riggystems. Around two-thirds of the
nutrient loading is delivered from the Western batents through Lake Wellington and
Lake Victoria. Nutrients entering the system frdma west have a longer flow path (and
greater restrictions in flow) than catchment lolrdsn the east before reaching Lakes
Entrance. The hydrodynamics of the system are thatutrient processes are often
spatially and temporally delineated. Measuremehtates of processes, physical and
chemical attributes of the sediments, and watelitguisdnow strong regional patterns.

When considering the role of sediment nutrientegan phytoplankton dynamics the
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interaction between physical and biological facteesome critical. The Gippsland Lakes
are relatively shallow and have a water resideime that allows significant interaction
between sediment and water column processes. Iticadbeing an estuary, the
influence of salinity on both physical and biolagliprocesses is also important.

The biophysical attributes of certain regions & likes determine the current status of
the phytoplankton biomass and composition. Lakeligbn is a large, shallow lake
which is physically delineated from Western Laketdria by a deep, narrow passage
(McLennans Strait). This lake is generally well suixwith high suspended solids and
moderate to high chlorophyll concentrations (5@ag chl a rif). Although
phytoplankton production is high, a substantialportion of nutrients are recycled in the
water column. The physical mixing of the lake eesuhat the sediment surface remains
oxic. Catchment loads of inorganic nutrients to & &Kellington have nitrogen to
phosphorus ratios of 19:1 by moles, which is alibeeRedfield ratio of 16:1 for
phytoplankton. However denitrification rates in thke reduce nitrogen to phosphorus
ratios in the water column to levels were nitrogamtation of water column production
predominates. This is despite a competing prodegkasphorus burial that also reduces
phosphorus concentrations on similar time scales.

Unlike Lake Wellington, Lake Victoria and Lake Kiage relatively narrow and have
regions of deep water (>6m) which can become 8aatior significant periods of time.
The two Lakes typically have lower suspended sediiroencentrations (and hence
deeper light penetration) and can become hypoxanokic in their bottom waters when
stratification persists for months at a time. Thedamental differences in the physical
nature of Lake King and Lake Victoria can lead mauacoupling of sediment processes
from surface waters which has a strong influencelortoplankton dynamics. Surface
water phytoplankton production can lead to deptetibbottom water oxygen with
subsequent reduction in sediment denitrificatiditieihcies and release of particulate
pools of phosphorus as DIP. This effect of pelggaduction on sediment processes
leads to a positive feedback of external loadsherr¢lease of sediment pools of
phosphorus, and a reduction in the loss of nitrdgan the system as nitrogen gas.
Sediments pools of nutrients therefore have thecetif prolonging what would
otherwise be short duration events of increasedopltankton production driven by
external loads.

Although the work of Longmoret al (2005) appears to support the overall modeled
contributions of sediments and the catchmentseéavter column, there is large
variation in the location of the measured sedinsenirces not matched by the model
results (Table 4). The modeling gives outputs segarate the lakes into two distinct
areas (Lake Wellington and Lake King and Victomanbined); these areas represent
approximately 40% and 60% of the lake surface erspectively. The model calculates
that sediment efflux of nitrogen is relatively siamiacross the whole lake averaging
around 20 mg N ihd™. The benthic chamber results show that in fageti®a strong
regional pattern of nitrogen flux that leads to 56f4&ll DIN flux being released from
Western Lake Victoria which represents only 11%heftotal lake area. Similarly the
modeled phosphorus results predict only a smdkmince in the flux between Lake
Wellington and the remainder of the lakes of 3.4 4@ mg P i d” respectively. Again
the benthic chamber results show a predominanpaagphorus flux from Western Lake
Victoria with >60% of DIP being released to the @atolumn in this region (Table 4).
The benthic flux rates from the chambers make abeurof assumptions about the
effects of depth in each region, and were colleotest a 12 month period in 2002-2003.
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They represent only a small temporal time frameaomparison to the modeled values
which integrate over a number of years. It is uacleow much inter-annual variability
will affect the comparison of measured versus mediéiLix rates (Fig 8), however the
results from the benthic chambers may give somighh#to potential deficiencies in the
biogeochemical model assumptions.

The differences in the modeled and measured rdsaNes great relevance to the potential
for algal blooms in particular areas of the Lakésstly the modeled release rates assume
a generally similar efflux rate of nutrients thrbwogt the lakes under steady state
conditions; this consistency in efflux rates alsads to a similar nitrogen to phosphorus
ratio in terms of supply from the sediments. Oudta model predicts that nitrogen will
remain slightly limiting in most regions of the L&k The average results for the whole of
the Lakes from the chambers in general agree Wwehrtodel outputs; overall the total
sediment efflux is similar and the ratio of nitrog® phosphorus are also similar.
However the regional pattern in nutrient flux caad to very different outcomes in
particular areas of the Lakes.

The modeling has calculated the requirements fgtgptankton uptake in the lakes as 75
mg N m? d* and 10.4 mg P thd™. Estimated sediment efflux rates in eastern Lake
Victoria are sufficient to supply at least 40% loé pphytoplankton inorganic nitrogen
requirement and 70% of the inorganic phosphorusiregpent. In the western end of
Lake Victoria the sediment is capable of supplyiredl in excess of the modeled average
phytoplankton requirements for nitrogen (140%) phdsphorus (250%). As most of this
flux comes from the deeper water sites the potefuticghe rapid build up of nutrient to
levels sufficient to drive blooms of algae is quitgh. The development of stratified
conditions will lead to high bottom water concetimas of DIN and DIP which can be
transferred to the surface waters either througtingievents or diurnal algal migration
(eg dinoflagellates).

Longmoreet al (2005) have calculated that most of the inorganitient load comes
from a relatively small area of the lake (westeaké Victoria, see Figure 8). This region
has a number of physical factors that led to e&dpgnition that it is a depositional zone
for particulates in waters coming from the westgatthment (Bek and Bruton 1979). It
is situated at the eastern end of McLennan Stsdiich typically has a high salinity
gradient from end to end), and it therefore is &ptial area of flocculation and
deposition of particulate matter arriving from Lakéellington (turbidity data indicates
that this indeed the case). Similarly it is thetfairea of the lake that has reasonably
stable salinity stratification in conjunction witleeper waters (>6m). These attributes
could lead to a combination of relatively high seent loading by particulates with a
deeper water layer that becomes occasionally hgpmxanoxic. Overall this is the first
part of the lake were loads of nutrients can becsuafstantially uncoupled from pelagic
processes. Depth distributions of pore water phaigptoncentration (Fig 9) demonstrate
the enrichment in western and central Lake Vict(siges 6 and 8) compared to the rest
of the Lakes.
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Figure 8. Benthic phosphate flux range (min, magan) in different areas over 6

years.

In contrast to western Lake Victoria, the data ohgmoreet al (2005) show that the
Lake King/ Jones Bay region of the lakes has resserrates of DIN efflux and very low
levels of DIP efflux. On average the measured sadionitrogen to phosphorus efflux in
this region are >80:1 by moles, substantially altbreeRedfield ratio of 16:1. These
results indicate that if sediment sources are timegoy nutrient load to the water column
in this region the phytoplankton could become phosps limited. It should be noted that
the overall ratio of nutrient flux in this regiof the lakes is heavily influenced by
differences in shallow and deep water flux ratesldnes Bay (which is less than 2m
deep) water column inorganic nutrients (DIP and Pdke consumed by sediment
processes, although phosphorus is preferentiatyned when compared to Redfield
ratios. In the deep water sites of this region @Hd DIP efflux would lead to slight
nitrogen limitation, 15:1 by moles. The Lake Kidghes Bay area has the highest
regional nitrogen to phosphorus ratio measuredéep water sites nutrient fluxes in the
lakes, East and West Lake Victoria have averagesraf 9:1 and 6:1 respectively for
deep water sites (see figure 10).
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1 for locations).

Figure 10. DIN:DIP flux and pool ratios.
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If the results from the benthic chambers are regtagive of both regional and depth
related flux rates then interactions between watensing from either the western and
eastern ends of the catchments or between stdatvier in the Lake King region could
lead to potential algal blooms. It is possible tinadler certain conditions water with high
DIN and low DIP could mix with water with low DINna high DIP during a flow event
or destratification of the Lake King region. Thagial for this will be dependent on the
overall influence of sediment flux rates on that®IN and DIP pool of the bottom and
surface waters of these areas preceding a mixiagtev

The ratio of nitrogen to phosphorus flux in seditsanay also affect where and when
particular types of algae are likely to occur. Qylaacteria such ddodulariahave
commonly reached bloom proportions in certain sastiof the lakes; similarly
dinoflagellate blooms have occurred in most regassvell. The current modeling does
not accurately predict the occurrencéNaidulariawhich it is assumed needs particular
physical and chemical conditions to reach bloonpprions. There are eco-
physiological studies under way to determine totvéxéent these assumptions are
correct. In general nitrogen fixing species suchadulariawould be expected to have a
physiological advantage when phosphorus suppligis &nd nitrogen is limiting, and
other factors such as temperature, salinity aritt Bge also expected to control growth
potential of this species. Although the Lakes anestdered to be primarily nitrogen
limited (which would favor species likdodularia), the results from the benthic chamber
studies have indicated that there may be complexaations between nitrogen and
phosphorus supply (particularly in the eastern Ldi¢oria and the Lake King region). It
is interesting to note that the early work of Aselrand Bulthuis (1977) showed, using
algal bioassay experiments, that phytoplankton grgwetential was limited by both
nitrogen and phosphorus supply throughout the lakes

The losses of nutrients through internal cyclinggween the sediment and water column,
are important to the current and future water dqyali the Lakes. The sediments play an
important role as a sink for nutrients in two fundatal ways. Firstly nitrogen that
arrives in the Lakes is rapidly utilized by phytapkton and eventually is delivered to the
sediments as organic matter. The processes of atizegron, nitrification and
denitrification mediated by sediment bacteria aréngportant loss term in the total
nutrient budget of the system. Secondly there igpgarent long term sink for particulate
phosphorus in deep sediment stores that also redlne@®verall load of nutrients in the
water column. Although some of these processeddadrification rates, sediment
inventories) have been measured in recent stutliexse still remains a large level of
uncertainty as to the current rates of these psasethroughout the Lakes. The response
of sediment pools to reductions in catchment nuotrieads is likely to have a profound
consequence on the effectiveness of catchmenenuteductions on phytoplankton
dynamics. Two relevant questions are:

Will sediment pools be mobilized under reduced loadditions, and if so, when
and how?

Will nutrient ratios change under reduced loadsrtbance the possibility of
cyanobacterial algal blooms?

The long term predictions for the Gippsland Lake#idate that even under significant
load reductions anoxic events will still occur retdeep waters of Lake Victoria and
Lake King. It is probable however that these evarilisbe reduced both in intensity and
duration. The release of phosphorus from deep ssdistores could lead to a change in
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the relative ratio of nitrogen to phosphorus flukesn sediments as well as the
magnitude of phosphorus released from particulaxiarevents. It is predicted that deep
sediment stores will be a relatively invariant s@uof nitrogen and phosphorus to the
surface layers of oxidized sediments into the feeable future.

The presence of deep sediment stores of phosphaitdeave the effect of loading the
surficial sediment with phosphorus during timesigh water column oxygen tension
through the adsorption of mobilized phosphorusda bxides. Anoxic events triggered
by catchment inputs will potentially release thaslisnent phosphorus pool into the water
column; the magnitude of this release will be dateed by the timing between events
and level of oxygenation of sediments in deepetsparthe lakes. It is anticipated that
reductions in catchment loads will lead to a gehenacreased efficiency of
denitrification, leading to lower retention times this element in the system. Overseas
data of the recovery of lakes in response to retlncgrient loading indicates that most
systems respond quite rapidly to reduced nitrogpnts but that there is generally a lag
in response to phosphorus reductions of 10-15 ydeppesert al 2005). Whether the
combination of sediment storage of phosphorus addaed nitrogen flux will lead to a
higher likelihood of cyanobacterial blooms, dugteater nitrogen limitation, is unclear.

A critical question is the role of sediment nuttistores in the long term (months to
years) nutrient release from the sediments, evesnwebiternal sources are reduced. The
currently available data recognizes that a sigaifigpool of nutrients resides in the
sediments and that some proportion of this pool beageleased over years to decades.

The most recent work of Longmore and Monbet hasvaltbat the majority of the
particulate phosphorus pool in the sediments fapadtential to be remobilized. This
data is still being analysed, but if most of thetipalate pool of phosphorus is not
refractory then the supply of this element to tteger column from currently stored
sources may continue for decades, assuming cdluegntates. This data also has
relevance to the potential for transfer of phospedrom deep sediment stores to the
surface or into the water column through physiciximg or bioturbation. This is
particularly the case in Lake Wellington were plogsreworking of sediments
commonly occurs to a depth of 15-20cm. In the lonigen the reduction of loads in the
Lakes may also lead to a change in the infaunbdrdeeper areas of Lake Victoria and
Lake King through a reduction in anoxic or hypogients. These changes are more
likely to introduce deeper dwelling organisms te fediment biota leading to deeper
bioturbation. The current state of knowledge ofiseat P speciation is still rudimentary
(being primarily based on chemical reactivity). féhies, however, a clear indication that
a large percentage of the sediment store to 20énchwepresents more than 40 times
the annual catchment load, may become bio-avaikafdere-enter the pelagic food web.

The experience of other systems to nutrient loddcton gives some indication of the
potential time frame that improvements in waterligganay occur. In general
phosphorus is considered the most persistent afutreents in relation to internal
loading. As mentioned earlier changes in nitrogeding lead to rapid changes in the
nitrogen status of receiving waters due to the Imd¢grnal loss rates that can occur
through denitrification. In addition sediment sgeaof rapidly bio-available forms of
nitrogen is unlikely as the inorganic nitrogen spea@re highly soluble and only have a
low binding affinity with most sediment componerféosphorus can be stored in high
guantities in sediments either adsorbed to pastictan organic form. Generally
sediment stores of phosphorus are in dynamic d&guitn with the concentration of
porewater phosphorus which is primarily controltgdthe rate of supply and quality of
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sedimenting particles and water column exchangs rdihe higher the load of
phosphorus the greater the storage of sedimensg;pihel inverse becomes true under
lower phosphorus loads and sediment pools will becmobilized and return to the
water column in response to reduced inputs. Thidibgum between sediments and the
water column pools of phosphorus leads to the boffeof water column phosphorus
concentrations that can significantly delay theefbf reduced catchment loads
(Schipperst al 2006).

At this point in time the effect of sediment nitesgand phosphorus pools on the long
term improvement of water column parameters unelduced loading regimes is difficult
to determine. There are still major uncertaintrethe spatial distribution of the sediment
inventories and the rates of change in these paithstime. The more recent data from
sediment accumulation studies and nutrient speaaésults indicate that there may be
significant spatial heterogeneity in both the sind the relative age of sediment
inventories. Overall the deeper parts of the Lal@sear to have sedimentation rates
much higher than previously estimated, and theefastcumulation of the sediment
stores in these areas is likely to lead to serhighly reactive deep sediment stores, as
compared to the presumably older, more refractughly worked sediments in
shallower areas.

4. Prospects for intervention

The short-term release of N is thought to be cdletidy the rain of dead plant matter on
the sediment surface (Longmareal 2001), while the short-term release of P is
controlled by both the plant matter deposition arggen concentration in the water
column (Figs 11, 12). Neither of these factorsneraable to control in the short term.
The plant matter deposition reflects primary prdaurcin the water column, driven by
both external and internal nutrient supply. Oxygencentration (or more specifically,
anoxia) is controlled by both the consumption atsediment surface, and the presence
of physical barriers (the halocline) to verticaking which prevent resupply from the
atmosphere. Stratification is driven primarily tyer flow. In the longer term, the
interconversion of P forms between phosphate are tightly bound (less available)
forms and rate of burial below the bioactive zornk witimately control the supply of
sediment P to the water column.
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5. Conclusions

Current sediment flux rates have the potential to raintain phytoplankton

production exclusively in some areas of the lakes.
Sediment nutrient fluxes are sufficient to be intpot in phytoplankton production
throughout the lakes. In particular areas of tlkedasediment efflux of nutrient is greater
than the modeled requirements for phytoplanktornpeton. These areas could supply
sufficient nutrient over short time scales to proglalgal blooms.

Pool will not run down fast.
The sediment inventory of nutrients is large enotagmaintain current flux rates for 10’s
to 100’s of years if it is predominantly labilemature. The current data on phosphorus
pools to 20cm of depth indicate that most (>90%atentially available under the
appropriate conditions. There is no experiment@dgived information on the lability of
the nitrogen pool; however the sediment profileBaate that a significant proportion of
this pool may also be labile.

Fluxes not amenable to manipulation
The factors controlling nutrient flux rates in tla&es are both long (historic
sedimentation rates and loadings) and short (vealemn oxygen concentration, organic
matter deposition) term. These factors are notyeasienable to manipulation, and are
unlikely to change significantly in the short term.

The regional differences in the nutrient ratios ofsediment derived nutrients may

lead to spatial differences in nutrient limitation.
The measured nutrient flux rates in Lake King/JdBayg indicate that this area may be
bio-geochemically different to the rest of the Iak&here is a potential for interaction
between waters derived from the western and eastéchments to enhance algal bloom
conditions.

Key uncertainties: delineation of shallow/deep; ara represented by western

Lake Victoria; better handle on bloom triggers?
There is a level of uncertainty in the regionsmsdited by the sediment core and benthic
flux data. The extrapolation of flux measurementsf a single site to areas representing
10’'s of square kilometres could lead to significarrors in overall lake wide budgets.
Inter-annual variability in flux rates can also kamplications on the absolute
importance of benthic versus external loads to m@ikimn processes. The differences
in flux rates between shallow and deep areas da#teecan make a large difference in
calculated flux for the region. We have no datddtermine if there is a boundary or
gradient of change between the shallow and deegs.are

The discrepancy between modeled and measureddfiesg in particular regions of the
lakes has implications on the potential factorslilegito algal blooms. A re-assessment of
historic water quality data and/or targeted studgldtermine the nutrient status of
phytoplankton in these regions may help to restitese differences.
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