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Executive Summary 

Measurements of the nutrient inventory and nutrient flux rates of sediments of the Gippsland 

Lakes are drawn principally from two studies: Longmore (2000) and Roberts et al. (2003). The 

sediments to 20 cm hold very large stores of nitrogen and phosphorus relative to catchment loads 

of inorganic nutrients (>70 times the annual loads of catchment DIP and DIN). A large 

proportion of this sediment inventory has been assumed to be inert (not available for plant 

growth). Recent work (Longmore 2006; Monbet 2006) however, has shown that for phosphorus 

all but 8% of the inventory in sediments to 30 cm was in immediately available or potentially 

available forms.  

The immediately biologically available forms of sediment nutrients (ammonium and phosphate) 

are the equivalent of 4 and 1.5 years respectively of external input from the catchment. Webster 

and Wallace (2001) used the data of Longmore (2000) to calculate the time to deplete the 

sediment nutrient store, assuming current flux rates at the sediment surface and inferred labile 

sediment stores. Depending on the site and proportion of the total sediment nutrient that was 

thought to be labile, estimated draw-down times varied from a decade to > 100 years. Nitrogen 

draw-down times were generally longer than for phosphorus. 

The more recent studies of Roberts et al. (2003) and Longmore et al. (2005) estimated spatial 

and temporal changes in benthic nutrient fluxes and the relative importance of sediment nutrients 

in contributing to algal blooms. They also identified the regions and conditions under which 

sediment nutrient release is most likely to occur. These studies showed that spatial differences 

(on scales of 10’s of kilometres) were larger than seasonal differences in benthic nutrient fluxes, 

and average inorganic nitrogen and phosphate fluxes were four times higher at the deep water 

sites (>6m) than at the shallower sites (<2m). Western Lake Victoria comprises only 11% of the 

surface area of the Lakes, but supplies more than 50% of the sediment nitrogen and phosphorus 

fluxes. Phosphate fluxes vary with the supply of organic matter, and bottom-water oxygen 

concentration, but nitrogen fluxes depend much more strongly on organic supply. 

Calculated sediment efflux for the whole Lakes is three times larger than the catchment input for 

inorganic nitrogen and six times the inorganic phosphorus load, consistent with the modeled 

estimates. Sediment fluxes to the water column from the deeper areas of the lakes are sufficient 

to supply a large algal bloom in as little as 10 days. On annual time scales sediment efflux in 

western Lake Victoria is capable of supplying well in excess of the modeled phytoplankton 

requirements for nitrogen (140%) and phosphorus (250%). 

Ratios of nitrogen to phosphorus efflux in the Lake King/ Jones Bay region are >80:1 by moles, 

substantially above the Redfield ratio of 16:1 and different to the rest of the lakes where ratios 

are <10:1. It is possible that under certain conditions water with high DIN and low DIP could 

mix with water with low DIN and high DIP during a flow event or destratification of the Lake 

King region, leading to the potential for algal blooms. Although the lakes are considered to be 

primarily nitrogen limited (which would favour species like Nodularia) the results from the 

benthic chamber studies have indicated that there may be complex interactions between nitrogen 

and phosphorus supply (particularly in the eastern Lake Victoria and Lake King region). 

Drawing these studies together, sediments may continue to be significant nutrient sources to 

algal blooms for many years, with both physical (stratification) and biological (carbon supply) 

factors important in controlling benthic fluxes. The largest uncertainty in this analysis is the 

proportion of the Lake sediment assigned to shallow, low-flux status and deep, high-flux status.  
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1. Sediment nutrient inventory 
 

Our knowledge of the nutrient inventory of the sediments of the Gippsland Lakes is 

drawn principally from two studies: Longmore (2000) and Roberts et al. (2003).  

 

Sediment cores were collected from 21 sites throughout the Lakes in May 2000. Single 

cores 10 cm in diameter and up to 30 cm deep were collected from 20 sites, while 

triplicate cores were collected from the 21
st
 site (Fig 1). Cores were cut into sections, and 

pore waters and the solid phase were analysed for a range of nutrient forms. Nutrient pool 

size was estimated for the top 20 cm of the sediment.  

 

 

Figure 1 Sediment sampling sites (Longmore 2000). Open boxes indicate two sites 

not sampled. 

 

Oxidised N (nitrite plus nitrate) concentration was less than 15% (and usually less than 

1%) of the ammonium concentration in all profiles, and co-varied inversely; highest 

oxidised N concentrations were observed in sandy sediments.  Ammonium 

concentrations generally increased with depth, while phosphate and silicate often reached 

a maximum at 5-10 cm and were constant or declined with depth below that (Fig 2). 

However, in general high ammonium concentrations accompanied high phosphate 

concentrations (r
2
=0.65).  Dissolved organic nitrogen varied little with depth at most 

sites, and there appeared to be no relationship with ammonium concentration.  The strong 

maxima in ammonium, phosphate and silicate concentration at 5-10 cm observed in depth 

profiles from Port Phillip Bay (Nicholson et al. 1996) were attributed to rapid 

remineralisation near the sediment surface, and strong bio-irrigation to depths of 20-30 

cm.  The shape of ammonium profiles and sulphate:chloride profiles in the Gippsland 

Lakes indicate that bio-irrigation is less significant, and sulphate reduction occurs to a 

greater extent in the Gippsland Lakes than in Port Phillip Bay.  Also, there is a direct 

relationship between the degree of sulphate reduction (as indicated by the decline in 

sulphate/chloride ratio with depth) and increasing ammonium and phosphate 

concentrations: highest ammonium and phosphate concentrations occur where sulphate 

reduction is greatest. 
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Figure 2 Lake Wellington porewater and solid phase concentration depth changes.  
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Solid phase N and organic C concentrations were highly correlated (sediment C:N ~ 13.4, 

r
2
=0.84), while solid-phase P and C were less strongly related (C:P ~84, r

2
=0.50).  While 

solid-phase N and P concentrations declined with depth at most sites, organic carbon 

concentrations demonstrated increases, decreases or no change with depth at different 

sites. However, in agreement with Davis et al. (1977), highest organic carbon 

concentrations were found near river mouths, and in the deep central basins. No 

relationship was found between organic carbon concentration and decline in sulphate 

concentration, indicating that the labile carbon which provides the organic substrate for 

sulphate-reducing bacteria does not necessarily relate to bulk organic carbon, and that 

other factors are also important in sulphate reduction (eg. stratification and its impact on 

oxygen supply). 

 

Despite the differences observed in some profiles within each of the water bodies that 

make up the Lakes, there was enough evidence of similarities to justify the grouping of 

sites on a geographic basis to determine pool sizes.  Though there may be some logic in 

attempting to separate sites within specific water bodies by sediment type, there were too 

few sandy sediments sampled to make such an exercise worth while. 

 

The oxidised N pool averaged less than 0.3% of the ammonium pool, and was significant 

only at site 18 (a shallow grey sandy mud site), where it was still only 3% of the 

ammonium pool.  Sediments with the largest pore water ammonium and phosphate pools 

(per square metre) were observed in central Lake Victoria and southern and eastern Lake 

King.  Smallest pools were observed for the sandy sites in southern Lake King (site 12) 

and Reeve Channel (site 14) due to both low pore water ammonium and phosphate 

concentrations and low pore water volume.  Largest silicate pool sizes were observed in 

Lake Wellington (sites 3 and 5), Lake Victoria (sites 7 and 8) and Lake King (sites 11, 12 

and 23).  One of these (site 12) was a sandy site.  Moderate to high DON pools were 

observed at sites in each water body, with small pools observed at those sites with largest 

ammonium pools.  Largest solid-phase nitrogen and organic carbon pools were observed 

throughout Lake King and Jones Bay, whereas largest solid-phase P pools were found in 

Jones Bay and Lake Wellington, which are areas closest to the riverine inputs.    

 

The largest pools of ammonium and phosphate were found in Lake Victoria (Table 1), 

which comprised about half of the total pool for the Lakes.  In contrast, silicate pools in 

Lakes Wellington and Victoria each comprised about 30% of the total, while DON, solid-

phase N and solid-phase P pools in Lakes Wellington and King each comprised about 

30% of the total.  

 

Sediments contained very large stores of solid phase nitrogen and phosphorus, most of 

which was assumed to be inert (not available for plant growth). Pore water ammonium, 

the dominant dissolved N species, comprised less than 1% of the solid phase N pool, 

while dissolved organic nitrogen was less than a quarter of the ammonium pool. Pore 

water phosphate also comprised less than 1% of the solid phase P pool.  

 

The sediments to 30 cm hold very large stores of N and P. The biologically available 

forms (ammonium and phosphate) are the equivalent of 4 and 1.5 years respectively of 

external input from the catchment, and more than 100 times the amount held in the water 

column. However, the influence of the sediment store on plant dynamics depends on the 



6  8/7/2008 

conditions that may lead to its release in forms available to plants, and the rate at which it 

is released. 

 
Table 1. Nutrient pool sizes (tonnes) for sediments to 20 cm in the main water bodies, and annual 

catchment inputs (from Bek and Bruton 1979). 

 
Pool size\ 

Water  

body 

Lake 

Wellington 

Lake 

Victoria 

Lake 

King 

Reeve 

Channel 

Jones 

Bay 

Totals Catchment 

inputs 

(tonne/y) 

Area 

(km
2
) 

148 75 98 15 18 354  

Sites 

included 

1-5 7-10 11-13, 15-

19, 22-23 

14 20,21   

NH4-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 

PO4-P 39.0 94.9 32.8 1.2 4.0 172 150 

SiO4-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 sedimentation rate ~0.6 mm/y for Lake 

Wellington (assuming full retention of external sediment inputs), and 0.5 mm/y over the 

whole Lakes. But this varies greatly depending on climate- most of the input is associated 

with floods. More recent data using radionuclide activities has estimated that the 

accretion rate in Lake Wellington was 2.3 ± 0.2 mm y
-1

 over the last 60-70 years 

(Hancock and Pietsch 2006).  

 

Recent estimates of historic deposition rates from cores collected from the deeper 

sections of Lake Victoria and Lake King indicate that sediment accretion has varied from 

4.7 to 9.1 mm yr
-1

 over the past 80 years (Hancock and Pietsch 2006). Similarly a 

separate study of accumulation rates from a core collected in the deeper area of Lake 

King estimated a sediment accumulation rate of ~7 mm y
-1

 (K. Saunders pers comm.).  

 

The sediment deposition rates estimated for Lake King and Lake Victoria would equate 

to many times the catchment imputes of particulate material if extended over the the 

whole area of the lakes (Hancock and Pietsch 2006). This discrepancy in the mass 

balance in conjunction with an increase in the inventories of the radionuclides leads to the 

conclusion that sediments are being focused into the deeper parts of the lakes by 

preferential resuspension in shallow zones followed by deposition in deeper water. The 

high activity of 137Cs in the Lake Victoria sediments also indicates that smaller particles 

in particular are being deposited in these deeper waters (Hancock and Pietsch 2006).. 

Further work is required to positively identify the areas of enhanced deposition and in 

particular whether these are restricted to the deeper sections of the lakes. Sediment 

radionuclide tracers certainly have the ability to not only identify areas of long term 

accretion and erosion but also to give some indication of the rates of movement between 

different parts of the lakes. Geo-morphology such as fetch and depth and prevailing wind 

direction, in conjunction with physical (salinity and currents) and biological 

(macrophytes) factors will be important in determining areas of deposition in shallower 

areas of the lakes. These factors will have a large influence on the areas of the lakes that 

will become net sources or sinks of sediment derived nutrients.  
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Webster and Wallace (2001) extended the data of Longmore (2000) to: 

 

1. Estimate pore-water mixing rates that can be applied to the (CSIRO) full Lakes 

ecological model. 

2. Estimate sedimentation rates throughout Lakes. 

3. Assess the likely extent of continued release of P and N from the stored sediment 

pool after input loads of these nutrients to the Lakes are reduced. 

 

Webster and Wallace (2001) used the porewater nutrient profiles to estimate nutrient 

fluxes with depth. They found that the fluxes were generally greatest near the surface, 

falling by 50% (ammonium) -90% (phosphate) over 10 cm. Bioirrigation led to deeper 

nutrient maxima at some sites. Most of the production of ammonia and phosphate from 

organic matter breakdown occurs within 20 cm of the sediment surface.  

 

Some of the organic matter breaks down relatively quickly (labile) over time scales of a 

year or less, whereas other organic matter is essentially inert (refractory) taking tens to 

hundreds of years to decompose. The labile store of organic matter is important since it is 

the breakdown of this store which would be primarily responsible for the ongoing release 

of nutrients from the sediments if the deposition rate of organic matter was reduced. 

 

Webster and Wallace (2001) modelled two extremes: (i) assuming all of the N and P in 

the sediment (over an inert background) was bioavailable, and (ii) assuming the increased 

surface concentrations of sediment nutrients are bioavailable. Since the upward flux of 

phosphate and ammonia at 20cm depth is close to zero, it might be assumed that the 

concentrations of solid-phase N and P at this and greater depths represent the refractory 

component since all the labile component appears to have been exhausted. 

 

They calculated the time to deplete the sediment nutrient store as the mass of nutrient in 

the sediment to 20 cm divided by the flux at the surface. Depending on the site and 

proportion of the total sediment nutrient that was thought to be labile, estimated draw-

down times varied from a decade to > 100 years. N draw-down times were generally 

longer than for P.  

 

The decline in concentration with depth is attributed to decomposition, which relies on 

the assumption that there has been no change in sedimentation rate, or type of sediment, 

throughout the depths of the sediment cores. Major changes have occurred in the 

catchment, and at Lakes Entrance, over the past 150 years that will certainly have 

changed the sedimentation rate and type of organic matter deposited. If the deposition 

rates of labile solid-phase nutrients have increased significantly over the last century, 

then the draw-down times are overestimated. Similarly, they are underestimated if the 

deposition rates have decreased over this time. 

 

Webster and Wallace (2001) compared their flux estimates to those measured by benthic 

chambers near some of the sediment core sites by Longmore et al (2001). They found 

that the modeled fluxes under-estimated benthic chamber fluxes by at least 50%. They 

attributed this to two factors. First, the benthic chamber fluxes are probably dominated by 

the decomposition of freshly deposited organic matter on or very close to the sediment 

surface. Secondly, the estimate of diffusive fluxes depends on the resolution with which 

the sediment core is sectioned. The relatively coarse section intervals of Longmore 



8  8/7/2008 

(2000) led to poor definition of the slope of nutrient concentration with depth near the 

sediment surface. However, Webster and Wallace considered that it is the fluxes 

calculated from the core measurements that are most pertinent to the estimation of long-

term nutrient release from the sediment column. It is these fluxes which represent the 

removal of nutrients from the sediment store below the top few millimetres of sediment. 

 

2. Measurements of benthic fluxes 

 

Roberts et al. (2003) and Longmore et al. (2005) carried out studies which aimed to: 

(1) Measure spatial and temporal changes in benthic nutrient fluxes 

(2) Assess the total release of nutrients from sediments 

(3) Assess the relative importance of sediment nutrients in contributing to algal blooms 

(4) Identify the areas and conditions under which sediment nutrient release is most likely 

to occur. 

The methods involved have been detailed in Roberts et al. (2003). Briefly, eight sites 

were sampled, four in shallow waters, and four in deep waters (Fig 3). All sites were 

sampled with transparent benthic chambers, using in situ light fields. Benthic chambers 

trap a known volume of water over a known area of sediment, and we follow the change 

in concentration of oxygen, carbon dioxide and nutrients in the chamber over time, as 

they are consumed by, or released from, the sediment. Shallow sites were sampled with 

up to four replicate chambers during daylight, while the deeper sites were sampled by 

one chamber each during the day and again overnight. Shallow sites were also sampled 

by up to six smaller chambers, designed to continuously measure the impact of 

microphytobenthos on oxygen concentration.  

 

Spatial differences were larger than seasonal differences in benthic nutrient fluxes. 

Average inorganic nitrogen and phosphate fluxes were four times higher at the deeper 

sites than at the shallower sites. Reasons for the spatial differences may include 

differences in the supply of organic matter, dissolved oxygen concentrations, active 

uptake of nutrients by microphytobenthos, or the effects of fauna associated with shallow 

waters. When shallow and deep-water fluxes are extrapolated to the whole of the surface 

area of the Gippsland Lakes, the annual nutrient input from the sediments is larger than 

the catchment input. Fluxes from the deeper waters for as little as 10 days would be 

sufficient to supply the nitrogen and phosphorus requirements of a large bloom. These 

data suggest that, particularly in years of low river flow, the internal nutrient loading 

could be the most significant source for primary producers. Western Lake Victoria 

comprises only 11% of the surface area of the Lakes, but supplies more than 50% of the 

nitrogen and phosphorus fluxes. Phosphate fluxes vary with the supply of organic matter, 

and bottom-water oxygen concentration, both factors taken into account in the CSIRO 

model. In contrast, we found that inorganic nitrogen fluxes depended much more strongly 

on the carbon supply than on oxygen concentrations. It may be that the CSIRO model 

would reproduce observations more closely if the dependence within the model of 

nitrogen processes on ambient oxygen concentration was removed.   
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Figure 3 Benthic nutrient flux sampling sites. 

 

The sediment work described above was recently extended by further analysis of the 

distribution of phosphorus forms with depth.  A study was carried out which aimed to: (i) 

Measure the size of the nutrient pool in the sediments; (ii) Quantify the rate of nutrient 

release from the pool in the sediments that  supports algal blooms, and (iii) Estimate how 

long the pool will take to decline as catchment inputs are reduced. Triplicate sediment 

cores were collected from seven of the same sites previously sampled throughout the 

Gippsland Lakes, and 10 sub-samples collected from the upper 30 cm of each core. The 

sections were treated with a sequential extraction scheme, to provide estimates of the 

concentrations of a range of phosphorus phases of varying bioavailability. The phases 

measured included: exchangeable P, apatite P, detrital inorganic P, Fe-associated P and 

organic P. Exchangeable P is immediately available for algal growth, while Fe-associated 

P and organic P may become converted to exchangeable P under the right conditions. 

Apatite P and detrital inorganic P are thought to be permanently unavailable for algal 

growth. The variation of the concentrations of each phosphorus form with depth were 

then modelled, using a steady-state model (Slomp et al. 1996), to estimate transfer rates 

between the phases, fluxes with the water column, and permanent burial. 

 

Total P concentration varied from 6 to 44 µg P g
-1

(Fig 4). Overall, organic P and Fe-

associated P dominated the P phases, comprising 62% and 25% respectively of the total. 

Exchangeable P comprised 6% of the total, while the other two non-reactive phases 

comprised less than 4% each. Therefore, on average all but 8% of the P in sediments to 
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30 cm was in immediately available or potentially available forms. There were spatial 

differences, with the concentrations of most forms of P lower in Lake Wellington than in 

Lake Victoria, Lake King or Jones Bay. There were also differences with depth at all 

sites, with the concentration of most phases highest at the surface, and declining with 

depth. In Lake Wellington, the reactive phases were dominated by Fe-P, and this 

supported the estimated diffusive flux of 0.1 mmol P m-2 d-1. In the other lakes, the 

diffusive flux (0.3-0.6 m mol m
-2

 d
-1

) was supported principally by breakdown of organic 

P.  The sediment store to 30 cm could support the diffusive fluxes for about 10 years in 

Lake Wellington, and about 20 years in the other lakes. This is a similar timeframe to that 

expected for significant reductions in catchment inputs.  

 

Figure 4 Solid-phase P concentrations, western Lake Victoria. 
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3. Importance to cyanobacteria 

 

Overall sediment nutrient fluxes in the Gippsland Lakes are dominated by those from the 

deeper waters. The CSIRO model predicts low algal biomass in dry years, suggesting that 

catchment inputs are the key driver of blooms. Simple calculations indicate that benthic 

fluxes could provide enough nutrients, even in a dry year, to drive a large bloom.  If these 

are both true, it suggests that Nodularia blooms depend on a catchment input other than 

nutrient (e.g. a fall in salinity, trace growth factor) to trigger a bloom. If so, nutrient 

reductions from the catchment may not reduce algal bloom size or frequency.  

 

If we consider the Lakes as a whole phytoplankton growth will depend on a nutrient 

source from the catchment as nutrients within the Lakes can be lost through export to 

Bass Strait or to sinks such as sediment burial or denitrification. Nutrient supporting 

phytoplankton in the lakes are supplied from three sources. The most important is the 

external source provided by either the catchments or atmospheric deposition. Nutrients 

that are already in pelagic stores (phytoplankton, organic detritus, zooplankton) which 

can be recycled within the water column through biological breakdown by the microbial 

loop form a second source. The third source is nutrients that arrive at the sediment 

surface (through sedimentation or infauna grazing), which can be released back to the 

water column after mineralization or chemical transformation. The amount and form of 

nutrient released from sediments is dependant on both biological and physical conditions 

of the lake area (see figure 5 for a summary of these ). 

 
 

Figure 5. Processes controlling benthic nutrient fluxes in the Gippsland Lakes. 

 

Modeling of biogeochemical processes in the Gippsland Lakes (CSIRO 2001) indicates 

that the major source of nutrients for phytoplankton production is recycling in the water 
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column which represents around 65% of both phosphorus and nitrogen demand for the 

growth requirements of the algae (Table 2 and 3). External nutrient sources only supply 

11% of the nitrogen and 5% of the phosphorus requirement of phytoplankton growth. The 

sediments therefore make up around 20-30% of the remaining requirement and so are an 

important source of nutrients in the maintenance of phytoplankton biomass and 

productive capacity. The biogeochemical modeling of the Gippsland Lakes calculate that 

on average sediments represent a source of inorganic nutrients to the water column that is 

greater than twice the external nitrogen load and seven times the phosphorus load.  

The modeled dissolved inorganic nutrient loads for the Gippsland Lakes as a whole 

represent an addition of 8 mg N m
-2

 d
-1

 and 0.5 mg P m
-2

 d
-1

 (Table 2 and 3). These 

catchment loads to the water column are equivalent to annual loads of approximately 

1000 tonnes of dissolved inorganic nitrogen (DIN) and 100 tonnes of dissolved inorganic 

phosphorus (DIP). Longmore et al (2005) calculated that the sediment efflux of nutrients, 

based on extrapolation of measured fluxes to the whole lake system, is approximately 

3000 tonnes of DIN and 600 tonnes of DIP per annum.  

These fluxes are not consistent in terms of percentage of phytoplankton demand across 

regions. The calculated flux from sediments can be highly influenced by both the 

relationship between shallow and deep sites and the differences in the sediment efflux (or 

influx rates) and water column cycling efficiencies. Figures 6 and 7 show the annual 

sediment flux from shallow and deep sites for DIP and DIN in comparison to the soluble 

sediment inventory, phytoplankton growth requirement and water column cycling 

effeciency.  

 

 

Figure 6. Phosphate annual fluxes (tonnes y
-1

); sediment pool tonnes to 20 cm. 

 



13  8/7/2008 

 

Figure 7. DIN annual loads (tonnes y
-1

); sediment pool tones to 20 cm. 

 

Overall the calculated sediment flux rates from benthic chambers for the Lakes as a 

whole are consistent with the modeled contribution of sediments from the CSIRO 

modeling; DIN and DIP efflux are approximately double and seven times the catchment 

loads respectively. It should be noted that the overall DIN and DIP only represent about 

one third of the total loads of nutrients entering the lakes and so sediment release rates are 

about equivalent to  total nitrogen catchment loads and around double total phosphorus 

catchment loads. A substantial proportion of the total nitrogen and total phosphorus load 

from catchment sources is assumed to be refractory and transits the system or contributes 

to the highly refractory sediment nutrient pool. 
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Table 2. Modelled DIN fluxes in Gippsland Lakes. All figures in mg N m
-2

 d
-1

. Source: Table 3.3 

Webster et al (2003). 

Region Catchment load Recycling in 

Water column 

Sediment 

efflux 

Phytoplankton  

uptake 

Lake Wellington 13 41 19 72 

Lake Victoria &  

Lake King 

3 59 21 78 

Total 8 49 20 75 

 
Table 3. Modelled DIP fluxes in Gippsland Lakes. All figures in mg P m

-2
 d

-1
. Source: Table 3.3 

Webster et al (2003). 

Region Catchment load Recycling in 

Water column 

Sediment 

efflux 

Phytoplankton  

uptake 

Lake Wellington 0.8 5.7 3.4 9.9 

Lake Victoria &  

Lake King 

0.2 8.2 4.4 10.9 

Total 0.5 6.8 3.8 10.4 

 
Table 4. Estimated annual and daily DIN and DIP efflux from sediments in the Gippsland Lakes. 

Source, Table 4 Longmore et al (2005). 

Region Area Mean DIN 

flux 

(Tonnes yr
-1

) 

Mean DIP 

flux 

(Tonnes yr
-1

) 

Mean DIN 

flux 

(mg N m
-2

 d
-

1
) 

Mean DIP 

flux 

(mg P m
-2

 d
-

1
) 

DIN:DIP 

(Moles) 

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  

(including Jones 

Bay) 

117 678 18 15.9 0.42 81.4 

Total 341 3079 593 24.7 4.8 11.9 

 

The analysis of nutrient flux rates and sediment nutrient inventories shows the dominant 

source of variation is regional. The influence of sediment sources of nutrients on 

phytoplankton in the lake system must therefore take these differences into consideration. 

Nutrient loads are delivered primarily by the river systems. Around two-thirds of the 

nutrient loading is delivered from the Western catchments through Lake Wellington and 

Lake Victoria. Nutrients entering the system from the west have a longer flow path (and 

greater restrictions in flow) than catchment loads from the east before reaching Lakes 

Entrance. The hydrodynamics of the system are such that nutrient processes are often 

spatially and temporally delineated. Measurements of rates of processes, physical and 

chemical attributes of the sediments, and water quality show strong regional patterns. 

When considering the role of sediment nutrient stores in phytoplankton dynamics the 
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interaction between physical and biological factors become critical. The Gippsland Lakes 

are relatively shallow and have a water residence time that allows significant interaction 

between sediment and water column processes. In addition, being an estuary, the 

influence of salinity on both physical and biological processes is also important. 

The biophysical attributes of certain regions of the lakes determine the current status of 

the phytoplankton biomass and composition. Lake Wellington is a large, shallow lake 

which is physically delineated from Western Lake Victoria by a deep, narrow passage 

(McLennans Strait). This lake is generally well mixed with high suspended solids and 

moderate to high chlorophyll concentrations (5 to 10 mg chl a m
-3

). Although 

phytoplankton production is high, a substantial proportion of nutrients are recycled in the 

water column. The physical mixing of the lake ensures that the sediment surface remains 

oxic. Catchment loads of inorganic nutrients to Lake Wellington have nitrogen to 

phosphorus ratios of 19:1 by moles, which is above the Redfield ratio of 16:1 for 

phytoplankton. However denitrification rates in the lake reduce nitrogen to phosphorus 

ratios in the water column to levels were nitrogen limitation of water column production 

predominates. This is despite a competing process of phosphorus burial that also reduces 

phosphorus concentrations on similar time scales. 

Unlike Lake Wellington, Lake Victoria and Lake King are relatively narrow and have 

regions of deep water (>6m) which can become stratified for significant periods of time. 

The two Lakes typically have lower suspended sediment concentrations (and hence 

deeper light penetration) and can become hypoxic or anoxic in their bottom waters when 

stratification persists for months at a time. The fundamental differences in the physical 

nature of Lake King and Lake Victoria can lead to an uncoupling of sediment processes 

from surface waters which has a strong influence on phytoplankton dynamics. Surface 

water phytoplankton production can lead to depletion of bottom water oxygen with 

subsequent reduction in sediment denitrification efficiencies and release of particulate 

pools of phosphorus as DIP. This effect of pelagic production on sediment processes 

leads to a positive feedback of external loads on the release of sediment pools of 

phosphorus, and a reduction in the loss of nitrogen from the system as nitrogen gas. 

Sediments pools of nutrients therefore have the effect of prolonging what would 

otherwise be short duration events of increased phytoplankton production driven by 

external loads. 

Although the work of Longmore et al (2005) appears to support the overall modeled 

contributions of sediments and the catchments to the water column, there is large 

variation in the location of the measured sediment sources not matched by the model 

results (Table 4). The modeling gives outputs that separate the lakes into two distinct 

areas (Lake Wellington and Lake King and Victoria combined); these areas represent 

approximately 40% and 60% of the lake surface area respectively. The model calculates 

that sediment efflux of nitrogen is relatively similar across the whole lake averaging 

around 20 mg N m
-2

 d
-1

. The benthic chamber results show that in fact there is a strong 

regional pattern of nitrogen flux that leads to 50% of all DIN flux being released from 

Western Lake Victoria which represents only 11% of the total lake area. Similarly the 

modeled phosphorus results predict only a small difference in the flux between Lake 

Wellington and the remainder of the lakes of 3.4 and 4.4 mg P m
-2

 d
-1

 respectively. Again 

the benthic chamber results show a predominance of phosphorus flux from Western Lake 

Victoria with >60% of DIP being released to the water column in this region (Table 4). 

The benthic flux rates from the chambers make a number of assumptions about the 

effects of depth in each region, and were collected over a 12 month period in 2002-2003. 
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They represent only a small temporal time frame in comparison to the modeled values 

which integrate over a number of years. It is unclear how much inter-annual variability 

will affect the comparison of measured versus modeled flux rates (Fig 8), however the 

results from the benthic chambers may give some insight into potential deficiencies in the 

biogeochemical model assumptions. 

The differences in the modeled and measured results have great relevance to the potential 

for algal blooms in particular areas of the Lakes. Firstly the modeled release rates assume 

a generally similar efflux rate of nutrients throughout the lakes under steady state 

conditions; this consistency in efflux rates also leads to a similar nitrogen to phosphorus 

ratio in terms of supply from the sediments. Overall the model predicts that nitrogen will 

remain slightly limiting in most regions of the Lakes. The average results for the whole of 

the Lakes from the chambers in general agree with the model outputs; overall the total 

sediment efflux is similar and the ratio of nitrogen to phosphorus are also similar. 

However the regional pattern in nutrient flux can lead to very different outcomes in 

particular areas of the Lakes.  

The modeling has calculated the requirements for phytoplankton uptake in the lakes as 75 

mg N m
-2

 d
-1

 and 10.4 mg P m
-2

 d
-1

. Estimated sediment efflux rates in eastern Lake 

Victoria are sufficient to supply at least 40% of the phytoplankton inorganic nitrogen 

requirement and 70% of the inorganic phosphorus requirement. In the western end of 

Lake Victoria the sediment is capable of supplying well in excess of the modeled average 

phytoplankton requirements for nitrogen (140%) and phosphorus (250%). As most of this 

flux comes from the deeper water sites the potential for the rapid build up of nutrient to 

levels sufficient to drive blooms of algae is quite high. The development of stratified 

conditions will lead to high bottom water concentrations of DIN and DIP which can be 

transferred to the surface waters either through mixing events or diurnal algal migration 

(eg dinoflagellates). 

Longmore et al (2005) have calculated that most of the inorganic nutrient load comes 

from a relatively small area of the lake (western Lake Victoria, see Figure 8). This region 

has a number of physical factors that led to early recognition that it is a depositional zone 

for particulates in waters coming from the western catchment (Bek and Bruton 1979). It 

is situated at the eastern end of McLennan Strait (which typically has a high salinity 

gradient from end to end), and it therefore is a potential area of flocculation and 

deposition of particulate matter arriving from Lake Wellington (turbidity data indicates 

that this indeed the case). Similarly it is the first area of the lake that has reasonably 

stable salinity stratification in conjunction with deeper waters (>6m). These attributes 

could lead to a combination of relatively high sediment loading by particulates with a 

deeper water layer that becomes occasionally hypoxic or anoxic. Overall this is the first 

part of the lake were loads of nutrients can become substantially uncoupled from pelagic 

processes. Depth distributions of pore water phosphate concentration (Fig 9) demonstrate 

the enrichment in western and central Lake Victoria (sites 6 and 8) compared to the rest 

of the Lakes. 
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Eastern Lake Victoria
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North Lake King
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South Lake King
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Figure 8. Benthic phosphate flux range (min, max, mean) in different areas over 6 

years.  

In contrast to western Lake Victoria, the data of Longmore et al (2005) show that the 

Lake King/ Jones Bay region of the lakes has reasonable rates of DIN efflux and very low 

levels of DIP efflux. On average the measured ratios of nitrogen to phosphorus efflux in 

this region are >80:1 by moles, substantially above the Redfield ratio of 16:1. These 

results indicate that if sediment sources are the primary nutrient load to the water column 

in this region the phytoplankton could become phosphorus limited. It should be noted that 

the overall ratio of nutrient flux in this region of the lakes is heavily influenced by 

differences in shallow and deep water flux rates. In Jones Bay (which is less than 2m 

deep) water column inorganic nutrients (DIP and DIN) are consumed by sediment 

processes, although phosphorus is preferentially retained when compared to Redfield 

ratios. In the deep water sites of this region DIN and DIP efflux would lead to slight 

nitrogen limitation, 15:1 by moles. The Lake King/ Jones Bay area has the highest 

regional nitrogen to phosphorus ratio measured for deep water sites nutrient fluxes in the 

lakes, East and West Lake Victoria have average ratios of 9:1 and 6:1 respectively for 

deep water sites (see figure 10). 
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Figure 9 Pore water phosphate concentrations from the Gippsland Lakes (refer Fig 

1 for locations).  

 

 

Figure 10. DIN:DIP flux and pool ratios.  
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If the results from the benthic chambers are representative of both regional and depth 

related flux rates then interactions between waters coming from either the western and 

eastern ends of the catchments or between stratified water in the Lake King region could 

lead to potential algal blooms. It is possible that under certain conditions water with high 

DIN and low DIP could mix with water with low DIN and high DIP during a flow event 

or destratification of the Lake King region. The potential for this will be dependent on the 

overall influence of sediment flux rates on the total DIN and DIP pool of the bottom and 

surface waters of these areas preceding a mixing event. 

The ratio of nitrogen to phosphorus flux in sediments may also affect where and when 

particular types of algae are likely to occur. Cyanobacteria such as Nodularia have 

commonly reached bloom proportions in certain sections of the lakes; similarly 

dinoflagellate blooms have occurred in most regions as well. The current modeling does 

not accurately predict the occurrence of Nodularia which it is assumed needs particular 

physical and chemical conditions to reach bloom proportions. There are eco-

physiological studies under way to determine to what extent these assumptions are 

correct. In general nitrogen fixing species such as Nodularia would be expected to have a 

physiological advantage when phosphorus supply is high and nitrogen is limiting, and 

other factors such as temperature, salinity and light are also expected to control growth 

potential of this species. Although the Lakes are considered to be primarily nitrogen 

limited (which would favor species like Nodularia), the results from the benthic chamber 

studies have indicated that there may be complex interactions between nitrogen and 

phosphorus supply (particularly in the eastern Lake Victoria and the Lake King region). It 

is interesting to note that the early work of Axelrad and Bulthuis (1977) showed, using 

algal bioassay experiments, that phytoplankton growth potential was limited by both 

nitrogen and phosphorus supply throughout the lakes. 

The losses of nutrients through internal cycling, between the sediment and water column, 

are important to the current and future water quality of the Lakes. The sediments play an 

important role as a sink for nutrients in two fundamental ways. Firstly nitrogen that 

arrives in the Lakes is rapidly utilized by phytoplankton and eventually is delivered to the 

sediments as organic matter. The processes of mineralization, nitrification and 

denitrification mediated by sediment bacteria are an important loss term in the total 

nutrient budget of the system. Secondly there is an apparent long term sink for particulate 

phosphorus in deep sediment stores that also reduces the overall load of nutrients in the 

water column. Although some of these processes (eg denitrification rates, sediment 

inventories) have been measured in recent studies, there still remains a large level of 

uncertainty as to the current rates of these processes throughout the Lakes. The response 

of sediment pools to reductions in catchment nutrient loads is likely to have a profound 

consequence on the effectiveness of catchment nutrient reductions on phytoplankton 

dynamics. Two relevant questions are: 

• Will sediment pools be mobilized under reduced load conditions, and if so, when 

and how? 

• Will nutrient ratios change under reduced loads to enhance the possibility of 

cyanobacterial algal blooms? 

The long term predictions for the Gippsland Lakes indicate that even under significant 

load reductions anoxic events will still occur in the deep waters of Lake Victoria and 

Lake King. It is probable however that these events will be reduced both in intensity and 

duration. The release of phosphorus from deep sediment stores could lead to a change in 
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the relative ratio of nitrogen to phosphorus fluxes from sediments as well as the 

magnitude of phosphorus released from particular anoxic events. It is predicted that deep 

sediment stores will be a relatively invariant source of nitrogen and phosphorus to the 

surface layers of oxidized sediments into the foreseeable future.  

The presence of deep sediment stores of phosphorus will have the effect of loading the 

surficial sediment with phosphorus during times of high water column oxygen tension 

through the adsorption of mobilized phosphorus to iron oxides. Anoxic events triggered 

by catchment inputs will potentially release this sediment phosphorus pool into the water 

column; the magnitude of this release will be determined by the timing between events 

and level of oxygenation of sediments in deeper parts of the lakes. It is anticipated that 

reductions in catchment loads will lead to a generally increased efficiency of 

denitrification, leading to lower retention times for this element in the system. Overseas 

data of the recovery of lakes in response to reduced nutrient loading indicates that most 

systems respond quite rapidly to reduced nitrogen inputs but that there is generally a lag 

in response to phosphorus reductions of 10-15 years (Jeppesen et al 2005). Whether the 

combination of sediment storage of phosphorus and reduced nitrogen flux will lead to a 

higher likelihood of cyanobacterial blooms, due to greater nitrogen limitation, is unclear. 

A critical question is the role of sediment nutrient stores in the long term (months to 

years) nutrient release from the sediments, even when external sources are reduced. The 

currently available data recognizes that a significant pool of nutrients resides in the 

sediments and that some proportion of this pool may be released over years to decades.  

The most recent work of Longmore and Monbet has shown that the majority of the 

particulate phosphorus pool in the sediments has the potential to be remobilized. This 

data is still being analysed, but if most of the particulate pool of phosphorus is not 

refractory then the supply of this element to the water column from currently stored 

sources may continue for decades, assuming current flux rates. This data also has 

relevance to the potential for transfer of phosphorus from deep sediment stores to the 

surface or into the water column through physical mixing or bioturbation. This is 

particularly the case in Lake Wellington were physical reworking of sediments 

commonly occurs to a depth of 15-20cm. In the longer term the reduction of loads in the 

Lakes may also lead to a change in the infauna in the deeper areas of Lake Victoria and 

Lake King through a reduction in anoxic or hypoxic events. These changes are more 

likely to introduce deeper dwelling organisms to the sediment biota leading to deeper 

bioturbation. The current state of knowledge of sediment P speciation is still rudimentary 

(being primarily based on chemical reactivity). There is, however, a clear indication that 

a large percentage of the sediment store to 20cm, which represents more than 40 times 

the annual catchment load, may become bio-available and re-enter the pelagic food web. 

The experience of other systems to nutrient load reduction gives some indication of the 

potential time frame that improvements in water quality may occur. In general 

phosphorus is considered the most persistent of the nutrients in relation to internal 

loading. As mentioned earlier changes in nitrogen loading lead to rapid changes in the 

nitrogen status of receiving waters due to the high internal loss rates that can occur 

through denitrification. In addition sediment storage of rapidly bio-available forms of 

nitrogen is unlikely as the inorganic nitrogen species are highly soluble and only have a 

low binding affinity with most sediment components. Phosphorus can be stored in high 

quantities in sediments either adsorbed to particles or in organic form. Generally 

sediment stores of phosphorus are in dynamic equilibrium with the concentration of 

porewater phosphorus which is primarily controlled by the rate of supply and quality of 
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sedimenting particles and water column exchange rates. The higher the load of 

phosphorus the greater the storage of sediment pools; the inverse becomes true under 

lower phosphorus loads and sediment pools will become mobilized and return to the 

water column in response to reduced inputs. This equilibrium between sediments and the 

water column pools of phosphorus leads to the buffering of water column phosphorus 

concentrations that can significantly delay the effect of reduced catchment loads 

(Schippers et al 2006). 

At this point in time the effect of sediment nitrogen and phosphorus pools on the long 

term improvement of water column parameters under reduced loading regimes is difficult 

to determine. There are still major uncertainties in the spatial distribution of the sediment 

inventories and the rates of change in these pools with time. The more recent data from 

sediment accumulation studies and nutrient speciation results indicate that there may be 

significant spatial heterogeneity in both the size and the relative age of sediment 

inventories. Overall the deeper parts of the Lakes appear to have sedimentation rates 

much higher than previously estimated, and the faster accumulation of the sediment 

stores in these areas is likely to lead to semi or highly reactive deep sediment stores, as 

compared to the presumably older, more refractory, highly worked sediments in 

shallower areas. 

 

4. Prospects for intervention 

The short-term release of N is thought to be controlled by the rain of dead plant matter on 

the sediment surface (Longmore et al. 2001), while the short-term release of P is 

controlled by both the plant matter deposition and oxygen concentration in the water 

column (Figs 11, 12). Neither of these factors is amenable to control in the short term. 

The plant matter deposition reflects primary production in the water column, driven by 

both external and internal nutrient supply. Oxygen concentration (or more specifically, 

anoxia) is controlled by both the consumption at the sediment surface, and the presence 

of physical barriers (the halocline) to vertical mixing which prevent resupply from the 

atmosphere. Stratification is driven primarily by river flow.  In the longer term, the 

interconversion of P forms between phosphate and more tightly bound (less available) 

forms and rate of burial below the bioactive zone will ultimately control the supply of 

sediment P to the water column. 
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Figure 11 Variation of phosphate flux with carbon dioxide production (deep sites). 

Figure 12 Variation of phosphate flux with ambient DO concentration. 
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5. Conclusions 

 

• Current sediment flux rates have the potential to maintain phytoplankton 

production exclusively in some areas of the lakes. 

Sediment nutrient fluxes are sufficient to be important in phytoplankton production 

throughout the lakes. In particular areas of the lakes sediment efflux of nutrient is greater 

than the modeled requirements for phytoplankton production. These areas could supply 

sufficient nutrient over short time scales to produce algal blooms. 

• Pool will not run down fast. 
The sediment inventory of nutrients is large enough to maintain current flux rates for 10’s 

to 100’s of years if it is predominantly labile in nature. The current data on phosphorus 

pools to 20cm of depth indicate that most (>90%) is potentially available under the 

appropriate conditions. There is no experimentally derived information on the lability of 

the nitrogen pool; however the sediment profiles indicate that a significant proportion of 

this pool may also be labile. 

• Fluxes not amenable to manipulation 
The factors controlling nutrient flux rates in the lakes are both long (historic 

sedimentation rates and loadings) and short (water column oxygen concentration, organic 

matter deposition) term. These factors are not easily amenable to manipulation, and are 

unlikely to change significantly in the short term. 

• The regional differences in the nutrient ratios of sediment derived nutrients may 

lead to spatial differences in nutrient limitation. 

The measured nutrient flux rates in Lake King/Jones Bay indicate that this area may be 

bio-geochemically different to the rest of the lakes. There is a potential for interaction 

between waters derived from the western and eastern catchments to enhance algal bloom 

conditions. 

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

Lake Victoria; better handle on bloom triggers? 

There is a level of uncertainty in the regions delineated by the sediment core and benthic 

flux data. The extrapolation of flux measurements from a single site to areas representing 

10’s of square kilometres could lead to significant errors in overall lake wide budgets. 

Inter-annual variability in flux rates can also have implications on the absolute 

importance of benthic versus external loads to water column processes. The differences 

in flux rates between shallow and deep areas of the lake can make a large difference in 

calculated flux for the region. We have no data to determine if there is a boundary or 

gradient of change between the shallow and deep areas. 

The discrepancy between modeled and measured flux rates in particular regions of the 

lakes has implications on the potential factors leading to algal blooms. A re-assessment of 

historic water quality data and/or targeted study to determine the nutrient status of 

phytoplankton in these regions may help to resolve these differences. 
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