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1. Purpose 

The overall objective of the project is to explore why one wetland on Gunbower Island 

(Reedy Lagoon) is dominated by aquatic macrophytes, while an adjacent wetland (Black 

Swamp) is dominated by algae, even though both receive water from the same source, have 

had similar water management and have carp present.  This report explores differences in 

water quality in the two wetlands following environmental watering starting in September 

2020.  A conceptual model is presented which articulates the potential feedback loops 

which help maintain the wetlands in either a clear-water macrophyte dominated state 

(Reedy Lagoon) or in a turbid, phytoplankton dominated state (Black Swamp). 

2. Background 

Black Swamp and Reedy Lagoon are two meander cut-off wetlands located on Gunbower 

Island roughly NNW from the town of Cohuna.  Reedy Lagoon is dominated by aquatic 

macrophytes, while Black Swamp is dominated by algae, even though both wetlands receive 

water from Gunbower Creek.  Water quality was monitored in both wetlands following 

environmental watering in September 2020.  Both Reedy Lagoon and the northern arm of 

Black Swamp (hereafter Black Swamp North) both initially received environmental water.  

The southern arm of Black Swamp (hereafter Black Swamp South) was filled from mid -

October from inflows from Reedy Lagoon.  Black Swamp North and Black Swamp South 

remained isolated from each other (at least by surface water) during the course of the 

study.  Water samples were taken approximately weekly and measured for dissolved 

oxygen, electrical conductivity, total suspended solids, colour, dissolved organic carbon, 

total phosphorus, total nitrogen and chlorophyll a.  In addition, 3 sediment samples were 

taken from each wetland and analysed for nitrate, total Kjeldahl nitrogen, total nitrogen, 

total iron, total phosphorus and total carbon. 

3. Results 

3.1 Electrical Conductivity 

Electrical conductivity is  a surrogate for salinity.  There are no default trigger values for 

electrical conductivity in wetlands in south-eastern Australia in the Australian Water Quality 

Guidelines (ANZECC & ARMCANZ, 2000), but the expected range for lowland rivers is 125 - 

2200 EC.  Electrical conductivity was not remarkable at any of the three sites (Figure 1).  The 

increase in salinity over time at Black Swamp, is a likely consequence of evapo-

concentration as the site dried out. 
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Figure 1: Electrical conductivity measured at Black Swamp North (closed circles), Black 

Swamp South (open circles) and Reedy Lagoon (red triangles).  

3.2 Total Suspended Solids 

The total suspended solids concentration is a measure of how turbid the water is.   Total 

suspended solids in Reedy Lagoon remained low (<20mg/L) for most of the sampling period, 

as did the water in Black Swamp South. The total suspended solids concentration in Black 

Swamp North was much higher than at the other two sites but wouldn't be considered 

excessive (Figure 2)1.   
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1 There are no default trigger values for total suspended solids for wetlands in south-east Australia in the 

Australian Water Quality guidelines.  The guidelines above which further investigation is warranted for 

turbidity in lowland rivers are  6 - 50 NTU, with the upper value more appropriate for the wetlands on 

Gunbower Island.  At first approximation, 1 NTU is roughly equivalent to 1 mg/L of suspended solids, although 

this can vary depending on the site. 
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Figure 2: Total suspended solids (TSS)  measured at Black Swamp North (closed circles), 

Black Swamp South (open circles) and Reedy Lagoon (red triangles).  

3.3 Colour 

Colour is a measure of how "yellow" a water sample is, and is indicative of the levels of 

dissolved humic and fulvic acids (forms of natural dissolved organic carbon)  in the water2.  

The water in both Black Swamp North and Black Swamp South is highly coloured with levels 

up to 350 Hazen Units (HU) indicating high levels of dissolved natural organic matter at both 

sites (Figure 3).  The level of colour in Reedy Lagoon is more modest - between about 50 and 

70 HU. 
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Figure 3: Colour measured at Black Swamp North (closed circles), Black Swamp South (open 

circles) and Reedy Lagoon (red triangles). 

3.4 Dissolved Organic Carbon 

The dissolved organic carbon  levels do not necessarily reflect what would be expected from 

the Colour numbers.  The dissolved organic carbon levels in Reedy Lagoon were relatively 

low at the start of the inflows, and rose steadily over time (Figure 4).  Conversely, the 

dissolved organic carbon concentration in Black Swamp North was very high, typical of 

levels expected to be seen in blackwater.  The dissolved organic carbon concentration in 

Black Swamp South was intermediate between the two other sites. However, based on the 

Colour measured at this site, it was expected that the dissolved organic carbon 

concentration would be higher, especially around early November. 

 
2 There are no default trigger values for colour for wetlands in south-east Australia in the Australian Water 

Quality Guidelines.   
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Figure 4: Dissolved organic carbon (DOC) concentrations measured at Black Swamp North 

(closed circles), Black Swamp South (open circles) and Reedy Lagoon (red triangles). 

3.5 Dissolved Oxygen 

Given the high dissolved organic carbon concentrations in Black Swamp North, it is 

somewhat surprising that on each sampling occasion the dissolved oxygen levels in the 

swamp were so high (Figure 5).  Dissolved oxygen concentrations vary over the course of 

the day, higher during daylight hours (because of photosynthesis), and lower at night time 

(due to respiration).  As will be discussed shortly, Black Swamp North is hypereutrophic and 

supports an exceedingly high biomass of algae.  Therefore, the dissolved oxygen 

concentration may fall overnight and increase during the day.  Alternatively, the dissolved 

organic carbon at this site may not be very bioavailable.  The dissolved oxygen pattern 

observed at Black Swamp South is more like what would be expected when a dry wetland 

containing a significant amount of litter is initially flooded.  As dissolved organic carbon is 

leached from the litter, microorganisms consume the carbon and simultaneously consume 

oxygen, leading to a sag in the oxygen concentration.   
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Figure 5: Dissolved oxygen (DO) concentrations measured at Black Swamp North (closed 

circles), Black Swamp South (open circles) and Reedy Lagoon (red triangles). 

3.6 Chlorophyll a 

Chlorophyll a concentration is a surrogate measure of algal biomass.  In Black Swamp North 

this level was exceedingly high (Figure 6), and would be classified as hypereutrophic, 

especially given the high concentrations of both nitrogen and phosphorus in the swamp.  

What is surprising is that the chlorophyll a concentration at Black Swamp South mirrors that 

seen in Reedy Lagoon, rather than those observed at Black Swamp North. 
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Figure 6: Chlorophyll a (Chl a) concentrations measured at Black Swamp North (closed 

circles), Black Swamp South (open circles) and Reedy Lagoon (red triangles). 
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3. 7 Total Phosphorus and Total Nitrogen 

The total phosphorus (Figure 7) and total nitrogen concentrations (Figure 8) in Reedy 

Lagoon are moderate and are at levels which would classify the lagoon as eutrophic.  

Conversely, the concentration of nutrients at Black Swamp North and Black Swamp South 

are extremely high.    
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Figure 7: Total phosphorus concentrations measured at Black Swamp North (closed circles), 

Black Swamp South (open circles) and Reedy Lagoon (red triangles). 
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Figure 8: Total nitrogen concentrations measured at Black Swamp North (closed circles), 

Black Swamp South (open circles) and Reedy Lagoon (red triangles). 
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3.8 Sediments 

 

Three sediment samples were taken from each wetland and analysed for a suite of 

constituents (Table 1).  The sediment characteristics were somewhat variable within each 

site, but overall the two wetlands had very similar sediment characteristics and therefore 

cannot explain the differences in nutrient concentrations observed in the two wetlands.  It 

is of note that the concentration of phosphorus in both wetlands is similar to other 

wetlands along the Murray River (e.g. Baldwin 1996) while both the total iron and total 

organic carbon concentrations are lower than would be expected in similar wetlands (e.g. 

Baldwin et al, 2015). 

 

Table 1: Sediment Characteristics of Reedy Lagoon and Black Swamp 

Site Nitrate 

(mg N/kg) 

Total 

Kjeldahl N 

(%) 

Total 

nitrogen 

(%) 

Total Iron 

(%) 

Total 

Phosphorus 

(mg/kg) 

Total 

organic 

Carbon 

(%) 

Reedy 

Lagoon 1 3.6 0.97 0.97 1.50 360 4.60 

Reedy 

Lagoon 2 13 0.81 0.81 1.40 320 4.80 

Reedy 

Lagoon 3 35 1.00 1.10 1.40 410 4.80 

Black 

Swamp 1 41 0.50 0.50 1.30 360 3.00 

Black 

Swamp 2 31 0.53 0.53 1.40 320 3.00 

Black 

Swamp 3 190 1.00 1.00 1.50 580 4.10 

 

4. Synthesis 
 

This synthesis was developed in collaboration with (in alphabetical order) Kate Bennetts 

(Fire, Flood and Flora), Chris Bloink (Ecology Australia), Paul Brown (Fisheries and Wetlands), 

Damien Cook (Rakali Ecological Consulting), Jean Dind (Forestry NSW), Will Honybun 

(NCCMA), Chris Jones (Arthur Rylah Institute), Sophia Piscitelli (NCCMA), Peter Rose 

(NCCMA), Genevieve Smith (NCCMA), Nick Whatley (DELWP), Rod White (NCCMA) and 

Leeza Wishart (Parks Victoria) in a series of workshops hosted by North-Central CMA. 

 

4.1 Characterisation of the sites: 

Black Swamp North: During the sampling period, water in Black Swamp North contracted to 

a small, isolated pool.  Based on the water characteristics reported for Black Swamp North, 

it would be considered a turbid, humo-hypereutrophic wetland.  This means that the water 

is turbid, is highly coloured, has excessive levels of nutrients and is dominated by algae.  The 

source of the coloured water, as well as the high concentrations of dissolved organic 

carbon, is most likely the result of litter fall from the surrounding trees.  
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Black Swamp South: The water quality in Black Swamp South had many characteristics 

similar to that in Black Swamp North - it was highly coloured, had high levels of dissolved 

organic carbon and had very high nutrient levels.  However, unlike Black Swamp North, the 

water was, at worst, only moderately turbid (similar to Reedy Lagoon) and given the 

nutrient concentrations, had surprisingly low levels of algal biomass. 

Reedy Lagoon: Based on total dissolved solids, chlorophyll a and total phosphorus 

concentrations for most of the sampling period, Reedy Lagoon would be considered a clear 

water but eutrophic lake (noting that turbidity did increase in the lagoon towards the end of 

the sampling period). 

Because of the study design (observational data) it is not possible to unequivocally assign 

causation to the observed results.  However, in conjunction with the literature, the data can 

be used to hypothesise possible explanations.  

4.2 Conceptualisation 

Reedy Lagoon and Black Swamp, are two adjacent wetlands with quite different attributes.  

Reedy Lagoon is a shallow, relatively clear wetland dominated by macrophytes while Black 

Swamp is a shallow, turbid wetland with high loads of dissolved organic carbon dominated 

by phytoplankton.  

A paleoecology study (Gell et al 2018) indicated that most of the wetlands on Gunbower 

Island, including Black Swamp,  were actually clear-water wetlands dominated by 

macrophytes rather than turbid, phytoplankton dominated systems. Seed bank experiments 

have shown that there is still an extant bank of propagules of aquatic macrophytes in the 

sediments of the wetlands on the Island (Nielsen et al, 2014).  Furthermore, exclusion 

experiments have shown that, in the absence of herbivory or disturbance, aquatic 

macrophytes can grow (flourish) in these wetlands (Bennetts et al, 2019, 2020). 

The fact that shallow lakes can have two apparently alternative stable-states i.e. a clear-

water macrophyte-dominated state or, a turbid phytoplankton-dominated state was first 

proposed by Scheffer et al. (1993) and has been subsequently described in numerous 

papers in the literature. 

Essentially, the concept of multiple stable states proposes that an ecosystem contains a 

number of reinforcing feedback loops (both biotic and abiotic) which interact with each 

other to maintain the overall condition/functioning of the ecosystem, in spite of significant 

perturbations (e.g. Pimm et al, 1984).  The ability of an ecosystem to maintain some 

semblance of equilibrium in the face of a perturbation is referred to as the ecosystem's 

resilience.  However, at some point (the tipping point), the ecosystem dramatically shifts 

from one stable state to another.  The second stable state has its own set of self-reinforcing 

feedback loops maintaining the ecosystem in the alternate stable state.  Removal of the 

disturbance that caused the ecosystem to shift into another stable state does not 

necessarily revert the ecosystem back to its original stable state (this is called hysteresis).  

Scheffer et al. (1993) proposed a fairly simple model to predict whether or not a shallow 

lake would be in a clear-water macrophyte-dominated state or a turbid, phytoplankton- 
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dominated state (Figure 9A).  Vegetation tends to enhance water clarity while, on the other 

hand, high turbidity prevents the growth of submerged plants and favours the growth of 

algae. Scheffer et al. (1993) suggested that macrophytes maintain a shallow lake in a clear-

water state by consolidating sediments, preventing resuspension by wave action and 

therefore lowering 'inorganic turbidity'.  Aquatic macrophytes also directly or indirectly 

negatively impact on phytoplankton biomass and hence reduce 'algal turbidity'.   

This is consistent with the data from the water quality monitoring. Based on the data, the 

only key difference between the site that had high algal biomass (Black Swamp North) and 

the sites with low algal biomass (Black Swamp South and Reedy Lagoon; at least for most of 

the sampling period) is the amount of total suspended solids.  In fact, there is a strong 

positive correlation between the chlorophyll a concentration observed at each site and the 

total suspended solids concentration (r = 0.83; Figure 10).  Of course, correlation doesn't 

necessarily imply causation, and because algal biomass will represent a proportion of the 

suspended sediment load, there is a degree of auto-correlation in the relationship. 

Scheffer et al. (1993) also suggested that other direct impacts of macrophytes on 

phytoplankton include outcompeting algae for nutrients and producing allelopathic 

substances that inhibit the algae.   Vegetation can also indirectly impact on algal numbers by 

providing refuges for phytoplankton-consuming zooplankton from planktivourous fish.    

Scheffer et al. (1993) contend that the principal disturbance that drives a shallow clear-

water lake to become a turbid, phytoplankton-dominated one is nutrients.  Algal growth in 

many aquatic systems is limited by the availability of nutrients.  Many aquatic plants are 

efficient at removing nutrients from the water column, therefore suppressing algal growth.  

However, as nutrient concentrations increase, there will be a critical point where there are 

more nutrients in the water column than can be assimilated by the aquatic plants. At this 

point the nutrient limitation on algae is relieved and phytoplankton begin to dominate.  

Phytoplankton both adsorb and scatter light (Scheffer et al., 1993).  They absorb 

photosynthetic active radiation in photosynthesis. This limits the amount of light reaching 

submerged vegetation, potentially leading to light limitation for the benthic vegetation.  

Phytoplankton are suspended particles, and therefore scatter light (algal turbidity).  

Simplistically, light is adsorbed by both water molecules and dissolved organic matter.  As 

light is scattered, the path an individual photon has to travel from the surface to the bottom 

increases.  Therefore, the photon has a higher probability of encountering a molecule of 

water or dissolved organic carbon, and therefore of being adsorbed.   That is why the depth 

of light penetration decreases as turbidity increases. 

Loss of vegetation means that the sediments are no longer consolidated and therefore are 

more easily resuspended by wave action or the action of organisms like carp, creating 

'inorganic' turbidity which, in turn, leads to further light limitation of benthic macrophytes. 
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Figure 9: Steps used to build a conceptual model of the drivers for the transition between clear-water and turbid stable states in ephemeral wetlands in Gunbower Forest.  

To read the model - as the object at the tail of the arrow increases, the object at the arrow head is positively impacted/increases if the arrow is green and, is negatively 

impacted/decreases if the arrow is red.  (A) the original model proposed by Scheffer et al. (1993; modified from the original)3; (B) including a drying phase; 

 

 

 
3 In Figure 1 the red arrow from vegetation which is perpendicular to the red arrow from fish to zooplankton should be read as vegetation has a negative effect on the 

negative effect fish have on zooplankton; i.e. vegetation has a positive effect on zooplankton - this is from Scheffer et al (1993) original model. 
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Figure 9: Continued  (C) including the impact of vegetation and bioturbation on nutrients; (D) including dissolved organic carbon and biofilms in the model; (E) 

differentiating between attached and floating vegetation  and, algae and surface -scum forming cyanobacteria .
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Figure 9: Continued - (F) The final conceptual model for state shift between clear-water and 

turbid wetlands in Gunbower Forest. 
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Figure 10: Relationship between total suspended solids and Chlorophyll a measured at Black 

Swamp North (closed circles), Black Swamp South (open circles) and Reedy Lagoon (red 

triangles).  The regression line is placed through all data. 
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All of the positive feedback loops identified by Scheffer et al. (1993; Figure 9A) are 

undoubtedly operating in the wetlands of Gunbower Forest and, help maintain the wetlands 

as either clear-water macrophyte-dominated or, turbid and phytoplankton-dominated.  

However, the model presented by Scheffer et al, 1993 for shallow lakes (Figure 9A) needs to 

be modified to account for: 

• The wetting and drying of wetland ecosystems in semi-arid regions (Figure 9B);  

• The role that both fish and aquatic macrophytes play in regulating nutrients (Figure 

9C);  

• The significant input of allochthonous carbon entering the wetlands from the 

surrounding forest (Figure 9D); and 

• A differentiation between floating and attached (both submerged and emergent) 

macrophytes, as well as between phytoplankton dispersed in the water column and 

cyanobacteria that can form a surface scum (Figure 9E) 

Coupled together, these additional feedback loops present a more robust conceptualisation 

of state-transitions in the wetlands of Gunbower Island (Figure 9F). 

4.2.1 Periodic wetting and drying  Wetlands and floodplain environments can be 

characterised as a single stable state driven by periodic floods and droughts (Colloff and 

Baldwin, 2010).  This has a profound impact on the feedback loops described by Scheffer et 

al.  For a start, there will be a natural succession of aquatic vegetation as the wetland begins 

to dry out, ultimately replacing submerged and emergent aquatic vegetation by mudflat or 

terrestrial species.  Therefore, unlike permanently inundated lakes, the success of 

revegetation on reflooding, and therefore maintaining a clear-water phase on re-filling, is 

highly dependent on the persistence of viable propagules in the now drying soil (e.g. Nielsen 

et al, 2013, 215).  The second impact of drying out on aquatic vegetation is herbivory (and 

sediment disturbance) by terrestrial organisms - including native species like kangaroos and 

feral species like rabbits, deer and pigs.  On initial drying a substantial amount of material 

recognisable as aquatic macrophytes will persist on the bed of the wetland for a period of 

up to several years (Baldwin et al, 2013; Figure 11), forming a mat over the sediment 

surface.   Similarly, aquatic roots and rhizomes will also persist for some time below or 

within the sediment surface (Figure 12).  The surface matting and the sub-surface root 

network will help prevent sediment re-suspension on re-filling of the wetland during that 

period when the new aquatic macrophytes are beginning to establish.   However, aquatic 

vegetation produced during the wet phase can represent a major source of energy (carbon) 

to terrestrial organisms during the dry phase (Baldwin et al, 2013). Over time there is a loss 

of both above-ground and below-ground aquatic macrophyte biomass during the dry phase 

through decomposition and herbivory by terrestrial organisms.  In semi-arid forested 

floodplains, the amount of terrestrial plant material that colonises the wetland as the dry 

phase persists can be substantially less than was initially present as aquatic macrophyte 

material at the beginning of the dry phase (Figure 11) and therefore doesn't necessarily 

confer the same amount of protection to sediment re-suspension on re-filling.  It follows 

that the loss of aquatic macrophyte biomass during an extended dry phase could lead to a 

shift in the wetland to a phytoplankton-dominated system because of an increased 

likelihood of turbidity on re-filling.  
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Figure 11: Changes in above-ground aquatic macrophyte (Panel a) and terrestrial (Panel b) 

plant biomass on a floodplain over time (From Baldwin et al, 2013) 

 

 

Figure 12: Changes in root biomass on a floodplain over time (From Baldwin et al, 2013). 

Drying has a profound impact on other obligate aquatic organisms - essentially, they die.  

For some organisms, such as fish, the population in the wetland on re-filling will be 

dependent solely on migration.  For other organisms with dry-tolerant resting stages (e.g. 

zooplankton) re-colonization will depend on the continual viability of the resting stage (e.g. 

Nielsen et al, 2013, 2015).  

Drying also has substantial impacts on sediment nutrient dynamics (Baldwin and Mitchell 

2000).  For example, the severity of sediment desiccation negatively impacts on a 
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sediment's ability to adsorb phosphorus on re-wetting (Attygalla et al, 2016), meaning 

following extended periods of drying, there will initially be more phosphorus in the water 

column on re-wetting, favouring an algal-dominated wetland. 

4.2.2 Fish, macrophytes and nutrients (Figure 9C):  Although Sheffer et al. (1993) believed 

excessive nutrient concentration was the disturbance most likely to tip a shallow lake from a 

clear-water state to a turbid state; in the original model, it was proposed that the only 

control on nutrients was uptake by macrophytes.  Therefore, the more macrophytes, the 

less nutrients and therefore the less algal biomass (Figure 9A).  This needs to be modified 

for wetlands.  Phosphorus generally has a high affinity for iron oxides and iron hydroxides, 

therefore, one of the main pools of sedimentary phosphorus is phosphorus associated with 

iron minerals.  Most of the sediments in wetlands are anaerobic.  A group of bacteria use 

iron in anaerobic respiration.  In the process they dissolve the iron minerals, releasing 

phosphorus into the interstitial water in the sediments.  When the sediment is disturbed, 

e.g. through 'mumbling', (fish disturbing the bottom sediments while foraging for food) the 

phosphorus in the interstitial water can be released into the overlying water column.   

Some aquatic macrophytes can actively pump oxygen into their rootzones (e.g. Eleocharis 

sp., Juncus sp. and Phragmites sp.; Brix et al, 1992). This converts the dissolved iron formed 

during anaerobic conditions back into amorphous iron oxyhydroxides, which in turn binds 

the phosphorus that was in the interstitial waters.  Therefore, in addition to direct uptake of 

nutrients, aquatic macrophytes can reduce the amount of phosphorus released into the 

overlying water column by altering the sediment chemistry. 

4.2.3 Dissolved organic carbon and biofilms (Figure 9D).  One of the features of the wetlands 

located in riverine forests is the significant input of dissolved organic carbon into the 

wetlands, either leached on re-filling from the plant litter that had accumulated on the 

wetland floor during the dry phase, or from direct litter fall into the wetland during the wet 

phase.  The presence of substantial amounts of dissolved organic carbon in forested 

floodplain wetlands, creates a series of feedback loops that aren't necessarily present in 

shallow lakes. 

The dissolved organic carbon is an energy source for bacteria (e.g. Whitworth et al., 2014) 

which in turn can be consumed by higher organisms.  For example, Mitrovic et al. (2014) 

showed that the density of zooplankton in tanks with added dissolved organic carbon (in 

this case from leachate from redgum leaves and at concentrations typically found in 

wetlands) was up to four times higher than in controls without added dissolved organic 

carbon  Experiments have shown that increased zooplankton biomass can result in 

cyanobacterial blooms through preferential predation by zooplankton of other 

phytoplankton taxa that normally would outcompete cyanobacteria for resources, 

particularly nutrients (e.g. Wang et al, 2010).  Because many species of cyanobacteria 

preferentially accumulate as surface blooms, the light climate available for submerged 

macrophytes (as well as non-surface scum forming phytoplankton) will be reduced during 

blooms through both physical shading and through the adsorption of light by the 

cyanobacteria. For these reasons our conceptualisation specifically differentiates between 

cyanobacteria and other phytoplankton (Figure 9 E). 
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Dissolved organic carbon from redgum leachate can also directly impact on the light climate 

of the wetland through absorbance of solar radiation.  Although most of the light absorbed 

by dissolved organic carbon from eucalypt litter absorbs in the ultra-violet region, there is 

some absorption of light in the indigo and blue regions of the visible (i.e. photosynthetically 

active) spectrum (e.g. Liu et al, 2020) - hence accounting for the yellow to brown hue of 

tannin rich waters.  This will negatively impact on submerged photosynthetic organisms but, 

because cyanobacteria can accumulate at the surface, changes to the light climate will not 

have the same impact on them (see next section). 

High levels of dissolved organic carbon have been associated with low production in some 

European lakes, even though they have high levels of nutrients.  Theses lakes are described 

as dystrophic.  It is suggested that the causes of the low production are not necessarily the 

colour of the water, but rather the low pH in these systems (Poniewozik et al, 2011). 

Because of the low pH, the levels of bicarbonate ion are low, which inhibits photosynthesis 

(the pH in the two wetlands in this study were circum-neutral to alkaline, meaning that 

production in these wetlands was not inhibited by low pH).  Conversely, a study of the 

impact of dissolved organic carbon on aquatic plant growth showed that dissolved organic 

carbon (derived from redgum leaves) stimulated the growth of Myriphyllum crispatum and 

the floating fern Azolla filiculoides, presumably because of high nutrients (particularly 

nitrogen) found in the redgum leaf extract (Edwards, 2000). 

There is an indirect interaction between the amount of aquatic vegetation in a wetland and 

the amount of dissolved organic carbon present.  Baldwin et al. (2014) showed that the 

uptake of dissolved organic carbon increased linearly with an increase in the surface area on 

which bacterial biofilms could grow- they termed solid substrates on which biofilms could 

establish and grow as 'sites of transformation'.  Aquatic macrophytes offer a good substrate 

on which bacterial biofilms can grow (Srivastava et al, 2017).  The bacteria consume  

dissolved organic carbon and, a proportion of that carbon is converted to exocellular 

polymers (slime - including exocellular polysaccharides).  The biofilm (bacteria plus slime) is 

the main energy and nutrient source for grazer/scrapper macro- and micro-invertebrates as 

well as important energy source for shredder macroinvertebrates. 

Baldwin et al. (2014) argued that aquatic ecosystems with extensive sites of transformation 

are more productive than depauperate areas for two reasons.  Firstly, the greater the area 

of biofilm, the more rapidly dissolved organic carbon (which is generally unavailable to 

higher organisms) can be transformed into bacterial biomass and polysaccharides, and 

hence be  incorporated into the food web. Furthermore, unlike free floating bacteria, 

bacteria in biofilms can be directly consumed by macroinvertebrates (e.g. shrimp).  On the 

other hand, free floating (pelagic) bacteria are  grazed by much smaller (microscopic) 

organisms, which in turn are preyed upon by slightly larger organisms, etc.  Therefore, a 

food web based on biofilms is much shorter, and therefore more efficient than one based 

on pelagic bacteria: 

Dissolved organic carbon  ----> biofilm ----> shrimp ----> fish 

compared to: 
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Dissolved organic carbon -----> bacteria -----> micro-zooplankton -----> meso-zooplankton ---

-----> macro-zooplankton ----------> small macroinvertebrate -----> large macroinvertebrate --

--> fish. 

Because shorter food webs are more efficient, they should support a greater biomass of fish 

prey.  As a hypothesis, it is possible that omnivorous fish such as carp are less likely to 

engage in 'mumbling' (disturbing the bottom sediments in order to forage for food, which 

requires energy) when the density of prey organisms is higher.  It follows that turbidity 

should be reduced in environments with extensive biofilms.  This hypothesis needs testing. 

4.2.4 Differentiation between attached and floating macrophytes, as well as between 

surface-scum forming cyanobacteria and other algae (Figure 9 E) 

The original conceptualisation proposed by Scheffer et al, (1993) did not differentiate 

between cyanobacteria and other phytoplankton, nor between attached macrophytes and 

floating macrophytes (Figure 9 A).  However, when considering the wetlands on Gunbower 

Island, such a differentiation seems warranted - although in doing so it adds complexity to 

the final model (Figure 9F).    

As noted above, the reason that the current model differentiates between cyanobacteria 

and other phytoplankton is based on the physiology of cyanobacteria.  Because many 

species of cyanobacteria preferentially accumulate as surface blooms, the light climate 

available for submerged macrophytes (as well as non-surface scum forming phytoplankton) 

will be reduced during blooms through both physical shading and through the adsorption of 

light by the cyanobacteria.   

Similarly, the ability of floating macrophytes to interfere with both the underwater light 

climate and nutrient dynamics in a water body indicates separating them from attached 

(both submerged and emergent macrophytes).  Indeed, Tezanos Pinto and O'Farrell (2014) 

explored the possibility of three stable states in lakes:  

•  A clear-water attached-macrophyte dominated state 

• A turbid, phytoplankton dominated and, 

• A clear water-floating macrophyte dominated state. 

While they fell short of recognising this third stable state, they present a compelling case 

for the inclusion of free floating macrophytes as a separate state.  Free-floating plant 

communities are stable in relatively deep, nutrient-rich water, and favour locations where 

freezing is unlikely to occur, and wind disturbance is minimal.  Importantly, they identify a 

key positive feedback loop maintaining a system dominated by free floating plants.  

Specifically, once the density of free-floating plants reaches a certain level (possibility 50 -

75% coverage see Abdel-Tawwab (2006)), the underwater light climate is reduced, 

suppressing photosynthesis by both phytoplankton and submerged macrophytes.  Because 

of the low rates of underwater photosynthesis, oxygen levels in the water column are 

reduced (and are further reduced because of the physical blocking by the free-floating 

plants of diffusion of oxygen from the atmosphere into the water column).  Sediment 

oxygen demand further decreases oxygen levels in the water column, resulting in hypoxia.  
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Hypoxia favours the release of nutrients (particularly phosphorus) into the over lying water 

column (see 4.2.2), which in-turn favours the growth of more free-floating macrophytes.  

While not specifically discussed by Tezanos Pinto and O'Farrell (2014), the raft of 

macrophytes floating on the surface will help reduce turbidity by limiting the impact of 

wind -derived turbulence.  Furthermore, if a wetland does dry, the mat of the dead and 

dying free-floating macrophytes has the potential to consolidate the sediment surface in 

much the same way as submerged macrophytes (see Section 4.2.1). 

4.3 Feedback Loops and stable states in humo-eutrophic wetlands 

Using the proposed conceptual model, it is possible to hypothesise which feedback loops 

are maintaining wetlands in either a clear-water macrophyte-dominated state (Figure 13) or 

a turbid, phytoplankton-dominated state (Figure 14). 

4.3.1 Clear-water macrophyte-dominated: Like shallow lakes (Scheffer et al, 1993) the 

vegetation serves to minimise the impact of waves on resuspending sediments, hence 

keeping the water in a clear-water state, favouring macrophytes over phytoplankton.  The 

loss of suspension of sediments also decreases the amount of nutrients in the water 

column, which limits algal growth (bottom up control).  Furthermore, some macrophytes 

(eg. Juncus sp., Typha sp.) actively pump oxygen into their root zone (Brix et al, 1992).  The 

oxygenated root zone increases adsorption of phosphate through oxygenation of reduced 

iron species to iron oxyhydroxides.  Iron oxyhydroxides have a high affinity for phosphorus, 

reducing its release to the overlying water column.  The macrophytes serve as refuges for 

phytoplankton-consuming zooplankton, creating a top-down control of algal biomass.  The 

macrophytes are a surface on which biofilms can grow, which increases secondary 

production, which helps reduce benthic feeding, which prevents the macrophytes from 

being disturbed and reduces suspension of sediments (with their associated nutrients, 

particularly phosphorus).  The biofilms also consume dissolved organic carbon, which in turn 

increases light penetration in the wetland, favouring macrophyte growth. 
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Figure 13: Proposed feed-back pathways maintaining a wetland in a macrophyte-dominated 

state.  To read the model - as the object at the tail of the arrow increases, the object at the 

arrow head is positively impacted/increases if the arrow is green and, is negatively 

impacted/decreases if the arrow is red. 

4.3.2 Turbid phytoplankton-dominated: In the absence of aquatic macrophytes, there is 

nothing to consolidate the sediments during the wet phase, which increases turbidity 

favouring phytoplankton, particularly cyanobacteria, because of the decrease in the light 

climate as well as the increase in nutrients in the water column.  In the absence of 

macrophytes, there is an increase in fish (and other organisms) predation on zooplankton, 

releasing the top down control of algal biomass by zooplankton present in the macrophyte 

dominate state. The loss of substrates on which to grow biofilms means that dissolved 

organic carbon concentration should be higher, which will also impact on the light climate, 

as will the impact of increased nutrients on the formation of surface-bloom-forming 

cyanobacteria.   Loss of biofilms will also decrease secondary production in the wetland, 

potentially increasing benthic feeding, which in turn impacts on both turbidity and 

nutrients. Also, without macrophyte beds to feed in, benthivory becomes dominant form of 

feeding in adult carp. ‘Mumbling’ behaviour turns-over sediment and prevents seedling 

establishment. 

  

 

 

 

 Figure 14: Proposed feed-back pathways maintaining a wetland in a phytoplankton-

dominated state. To read the model - as the object at the tail of the arrow increases, the 

object at the arrow head is positively impacted/increases if the arrow is green and, is 

negatively impacted/decreases if the arrow is red. 
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4.4 Shifting Base lines 

As Humphries and Winemiller (2008) note "[t]he passage of time and lack of data about 

conditions before these disturbances [in the case the switch from clear-water to a turbid 

state] commenced obscures our perception of historic conditions....".  In other words, are 

there factors currently in the wetland, that weren’t historically present.  Or in the 

alternative, are there factors that would have historically been present in the wetlands that 

are no longer present.  Clearly carp is an example of the former.  Understanding the latter is 

more difficult - but obviously can be informed with appropriate engagement with the 

Traditional Owners of the Island.  Two factors that should be present but aren't to any great 

extent are large woody debris and mussels (specifically the Billabong mussel - Velesunio 

ambiguus).  

 A third factor which should be considered is the decrease in inundation frequency and 

duration in the wetlands under current river regulation compared to the period prior to 

river regulation.4 

4.4.1 Large Woody Debris: There appears to be much less large woody debris in the 

wetlands than would be expected.  The dominant overstory vegetation is the river redgum 

Eucalyptus camadulensis.  While river redgums would be unlikely to survive in the wetland, 

they do line the banks of most of the wetlands.  Typically, a mature redgum is 20 - 30 

metres in height.  Most of the wetlands are ancient meander cut-offs, and therefore are 

about 60 - 80 metres wide.  Trees falling from either bank would mean that all but the very 

centre of the billabong would have received timber falls at some stage.  Redgum snags are 

very long lived.  Mackensen et al, (2003) estimated the decay period (the time it would take 

for a redgum log to lose 95% of its weight) of 375 years on a floodplain.  Similarly, the large 

stands of standing tree trunks in both Lake Hume and Lake Mulwala (both of which were 

filled in the 1930's) attest to the longevity of the wood in an aquatic environment. 

Large woody debris would play a number of significant roles in preventing the transition 

from a clear water to a turbid state.  Firstly, they are sites for biofilm colonisation, which 

would result in a decrease in the dissolved organic carbon concentration, which in turn 

would improve the light climate at the sediment surface.  Increased biofilm biomass would 

increase secondary productivity, which should result in a decrease in benthic feeding by 

carp.  Large amounts of woody debris would also help limit terrestrial herbivory or other 

sediment disturbance by physically stopping large terrestrial organisms from accessing parts 

of the wetland bed.  Mats of small woody debris (bark and small twigs) would also help 

protect the sediment bed from wind erosion following filling. 

4.4.2 Mussels: It is likely that the wetlands were extensively occupied by the freshwater 

mussel Velesunio ambiguus. These Billabong mussels were prevalent in slow or non-flowing 

environments in the Murray-Darling Basin.  They are very long-lived (potentially decades), 

can survive periods of hypoxia and, if protected from the weather- usually by burrowing into 

 
4 Which will only be made worse in a changing climate (e.g. see Baldwin 2020). 
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the mud, can survive for extended periods (potentially several years) of desiccation (Walker, 

1981; Ponder et al, undated, and references therein).   

Billabong mussels are filter feeders.  Although we don't have an accurate assessment of 

their processing capacity, mussels have the potential to maintain the wetlands in a clear 

water state because they are filter feeders.  One supplier of mussels suggests that they can 

process about 30 L of water/mussel/day (AustSilvers, undated), although there is no data 

supplied to support this claim.  A recent, more rigorous study on another inland freshwater 

mussel (Alathyria jacksoni) gave a processing rate of about 5L/mussel/day.  The historic 

density of mussels in the Gunbower Island wetlands is unknown.  Walker (1981) reported 

densities of mussels of the order of 2 - 5/m2, at sites along the Murray River, although they 

reference density of juveniles in a pond at Lat Trobe University of over 100 juveniles/m2 

(Walker, 1981 at page 83).  If we assume an average density of 5 mussels /m2 and a 

processing rate of 5 L/mussel/day and an average wetland depth of 1 metre, then all of the 

water in a wetland would be filtered through mussels every 40 days (or approximately 9 

times in a year).  At a processing rate of 30L/mussel/day, the turnover time reduces to 

about 6 - 7days or about 55 times in a year. 

Clearly, there are some significant knowledge gaps surrounding the potential role that 

mussels play/played in the ecology of the Gunbower Island wetlands which should be 

addressed. 

4.4.3. Increased duration of drying:  The current non-managed flood regime is very different 

than it would have been prior to river regulation.  There are three large upstream water 

storages with a total storage volume of about 10,000 GL.  Furthermore, a substantial 

amount of water is diverted for irrigation, stock and domestic and  urban uses prior to 

reaching Gunbower Forest. Modelling suggests that, in the absence of river regulation, 

Gunbower Forest would have flooded in most years; even in dry years (Figure 15).  So, 

although the wetlands would have naturally dried out, the period between drying and re-

filling would not have necessarily been long, especially compared to the current regime.5   

 

 

 

 
5 Noting that the modelling is at odds with the paleo-ecological study (Gell et al, 2018) that, based on the rate 

of sediment accumulation, indicated that most of the wetlands on Gunbower Island historically may have been 

dry in 3 - 7 years out of 10.    
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Figure 15: Modelled natural daily flow at Torrumburry on the Murray River from 1889 to 

2010 in the absence of any river regulation (data source MDBA). Based on the modelling 

there would have been no flooding in Gunbower Forest in 1902, 1914, 1940, 1982, 2006 and 

2008. 

4.5 Potential management interventions  

A number of key factors emerge from this conceptualisation of the factors influencing 

whether a wetland is turbid and dominated by phytoplankton (specifically cyanobacteria) or 

is clear-water and dominated by aquatic macrophytes.  

Aquatic macrophytes act as ecosystem engineers in these wetlands.  Ecosystem engineers 

are organisms that modulate the physical environment and its resources, and thus create, 

maintain and change habitats and resources (Jones et al. 1994, 1997; Wright and Jones 

2006).  In the wetlands the aquatic macrophytes prevent resuspension of sediments during 

the wet phase.  Mats of dead macrophytes can also prevent sediment re-suspension during 

re-filling.  They form a substrate on which biofilms can grow and they directly (by uptake) or 

indirectly (through changes in sediment properties) reduce nutrient concentrations in the 

wetlands.   

As Scheffer et al. (1993) noted, underwater light climate is one of the principal drivers of 

whether or not macrophytes are present in a wetland.  The underwater light climate in the 

wetlands is determined by suspended sediments, dissolved organic carbon load (moderated 

by consumption by biofilms) and the presence of cyanobacteria (which is positively 

influenced by high nutrient concentration - especially phosphorus).  Therefore, the presence 

of aquatic macrophytes in a wetland positively re-enforces the conditions necessary to 

maintain aquatic macrophytes in the wetland.  However, once the macrophytes are 

removed, they become difficult to re-establish without intervention.  The loss of 

macrophyte coverage means that both nutrient and suspended sediment levels are likely to 

rise, favouring cyanobacteria.  A cyanobacterial bloom would also likely lower the 

underwater light climate, making the re-establishment of macrophytes more difficult.  

Assuming that the desired state is a clear-water macrophyte-dominated wetland, a 

potential management interaction would be the active planting of aquatic macrophytes 

throughout a large proportion of the wetlands.  This needs to be done at a stage when the 
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wetlands are suitably shallow so that any residual turbidity plays only a minor role in their 

establishment.  Alternatively, the bare sediments could be stabilised using a biodegradable 

matting, mimicking the macrophyte mat that forms in wetlands following drawdown, prior 

to planting (or potentially natural re-establishment).  To be effective, the matting would 

need to cover a substantial area of the wetland.  Large tank (mesocosm) experiments 

(involving sediment, carp, matting and plants) could be used to determine the effectiveness 

of this latter approach before undertaking the exercise at a whole of wetland scale. 

Dissolved organic carbon in the wetlands has the potential to be problematical.  High levels 

of dissolved organic carbon would naturally occur in the wetlands.  As noted above, 

elevated levels of dissolved organic carbon should favour cyanobacterial blooms.  The 

wetlands are naturally eutrophic.  Dissolved organic carbon should increase the biomass of 

zooplankton, which in turn will selectively predate non-cyanobacterial phytoplankton, 

potentially resulting in blooms of cyanobacteria.  Dissolved organic carbon itself will reduce 

some wavelengths of light through absorption, therefore reducing the underwater light 

climate.  Surface cyanobacterial blooms will further reduce the underwater light climate 

through absorption and scattering, potentially making the establishment of submerged 

macrophytes more difficult.  To circumvent this feedback loop, prior to the establishment of 

macrophytes, it is suggested that the area available for biofilm colonisation (which consume 

dissolved organic carbon) in the wetlands of interest be substantially increased by the 

importation of large amounts of woody debris.  Large woody debris may also play a role in 

restricting disturbance of the sediments by terrestrial organisms and could be selectively 

placed to help protect regenerating or revegetated plants.  They should also reduce the 

impact of wave action on resuspending sediments. 

Re-introduction of mussels into the wetlands should also be considered; as would be 

actively cultivating free-floating macrophytes such as Azolla sp. 

For wetlands that currently have macrophytes present, to prevent a switching from the 

macrophyte-dominated stable state to the turbid, phytoplankton-dominated stable state it 

is probably necessary to either remove or reduce the magnitude of the perturbations that 

could cause that shift.  Based on the conceptual model we have developed there are three 

significant sources of perturbation that could cause that shift: 

• Carp. It will be difficult to eradicate carp from the wetlands, however attempts to do 

so should be continued.   

• Native and feral terrestrial organisms.  Actively excluding native herbivores from 

wetlands and totally removing feral animals (particularly rabbits, pigs and deer) from 

Gunbower Island has the potential to limit the pressure on aquatic macrophytes 

during the drying phase. While native herbivores such as Eastern Grey Kangaroos 

graze on the above ground biomass of plants and may decrease the amount of 

above ground growth,  feral pigs actively dig up plant roots, rhizomes and tubers, 

removing the organs that wetland plants regenerate from when they are inundated. 

• High nutrient concentrations. While the source water (the Murray River via 

Gunbower Creek) has relatively low levels of nutrients, the wetlands are naturally 

eutrophic because of nutrients leached from litter (e.g. Baldwin 1999).  Therefore, 

there are not many options to reduce nutrient loading in the wetlands.   Reducing 
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carp numbers will lead help reduce resuspension of sediments (and hence nutrients).  

Increasing species that actively pump oxygen into their root zone (e.g. Juncus sp, 

Typha sp) would also help in lowering phosphorus concentrations in the water 

column. 

• Extended dry periods.  Based on the conceptual model it is highly likely that 

terrestrial grazing is one of, if not the main, perturbation driving the shift from a 

macrophyte-dominated to an algal-dominated system.   Extended dry periods will 

increase the period when grazing is possible, which in turn, will reduce the amount 

of organic matter (derived from stranded aquatic macrophytes) that help stabilise 

the sediments on re-inundation (before new macrophytes have had the opportunity 

to establish).  One of the levers that managers have is the ability to deliver water.  It 

is strongly suggested that the amount of standing organic matter on the surface of 

the sediments, as well as the mass of root material in the sediments is used to guide 

the timing of flooding once a wetland has dried out.  (Once the amount of material 

falls below a critical value, flooding is initiated).  This will require the on-going 

monitoring of organic material in the wetland following drying. 
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