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Executive summary 

This Stage 3 report follows on from previous reports on Lake Hugh Muntz undertaken by 

Griffith University. It provides information on experiments conducted to assess potential 

options for reducing the frequency and duration of cyanobacteria blooms in Lake Hugh 

Muntz (LHM) with a focus on the toxic cyanobacterium (= blue-green alga), Chrysosporum 

ovalisporum, and on sampling of key parameters in bottom sediments needed for assessing 

treatment options. It also provides a series of model simulations that were informed by the 

experiments and included a set of scenarios of different strategies to manage nutrient loads 

from the catchment and from the bottom sediments of the lake. The recommendations of 

this report will be utilised by the City of Gold Coast to undertake a multi-criteria analysis 

examining the feasibility and costing of progressing any of the recommendations. 

There were five key deliverables for this report: 

i) Information on effects of salinity and phosphorus on C. ovalisporum.  

The experimental work in this part of the project involved examination of the effects 

of salinity on growth of C. ovalisporum. The experiments also included an examination 

of the ability of C. ovalisporum to store large quantities of phosphorus within its cells. 

This information has been incorporated into the lake model studies outlined below. 

ii) Experiments with sediment cores to determine the response of the bottom sediments to 

the proposed sand capping. 

These experiments were required to ensure that the high-density sand did not sink 

through the existing upper sediment layer, which would thereby render the sand 

capping ineffective. 

iii) Carrying out additional experiments to ascertain whether further PhoslockTM applications 

will reduce blooms of C. ovalisporum.  

We also examined the ability to use PhoslockTM in association with the sand capping to 

‘mop up’ residual phosphorus not capped by the sand. 

iv) Incorporating information from the above experiments, and additional work on flow, 

nutrients and salinity from groundwater and stormwater, into the lake model.  
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This work was designed to improve model simulations, to better match the observed 

in-lake data, and improve confidence in use of the model for understanding how 

scenarios of different management options affected the goal to reduce the occurrence 

of toxic cyanobacteria blooms. 

(v) Generating a final report 

To compliment the final report, researchers will make themselves available to discuss 

the work via presentations, meetings and workshops. 

For deliverable i), experiments showed that C. ovalisporum is very tolerant to a wide range 

of salinities, with similar growth rates achieved at salinity levels of up to 50% of seawater. In 

full seawater, all cells died. Salinities between 50 and 100% were not tested because 

previous studies have shown that this freshwater species has limited tolerance to higher 

salinities. Therefore, the adaptation of this species to a wide range of salinities is an 

interesting new finding. These observations suggest that changing the salinity to attempt to 

control C. ovalisporum is unlikely to be successful, given the constraints of manipulating 

salinity to levels that would achieve the desired lethal dose for C. ovalisporum in LHM.  

The capacity of this species to store phosphorus was also quantified in laboratory 

experiments using two strains of C. ovalisporum from LHM. The study found that this 

species has superior phosphorus storage capability compared with other studied 

cyanobacteria. The results from these experiments were incorporated into the modelling by 

informing key parameters that relate to the quota of phosphorus allocated in C. ovalisporum 

cells to growth and storage.  

For deliverable ii), an experiment was conducted using two sources of sand added to 

sediment cores to simulate sand addition to LHM as a capping layer which could reduce 

nutrient releases from the bottom sediments to the water column. In the experiment, sand 

settled on the sediment surface with limited resuspension of the existing low-density 

sediment floc at the surface of the sediments. However, in the case of one type of sand, a 

light-coloured material, there was significant phosphate release into the water after 24 

hours, suggesting that an analysis should be undertaken on potential sand types to 

determine their feasibility for capping.  
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For deliverable iii), sediment samples were taken to determine the total phosphorus 

concentrations and the proportion of phosphorus that was readily exchangeable (using 

Colwell P measurements) and hence may be released into the water column. This 

information was used to estimate the mass of PhoslockTM required for an effective 

application that reduced P release from the bottom sediments. An estimate of 

approximately 87 tonnes of PhoslockTM was determined in order to effectively reduce 

current phosphorus in the system, noting however the model (deliverable iv) suggests this 

approximate level of Phoslock would not eliminate future algal blooms but could reduce the 

duration of the blooms. 

A previous application of PhoslockTM took place in December 2018. We sought to evaluate 

the distribution across the sediment surface of the PhoslockTM in the previous application. 

From our visual assessment of the bottom sediments, the distribution of PhoslockTM was 

uneven; there was patchy coverage in the western arm. This patchiness led us to estimate 

that the previous application was only about 40% effective in reducing phosphorus releases 

from the bottom sediments. 

The LHM catchment received significant rainfall in January and February 2020, after a period 

of prolonged drought. Further sediment sampling was undertaken after these events to 

determine the extent of cover of PhoslockTM by sediment. It was clear that there was a fine, 

black layer of material overlying the PhoslockTM layer on the sediment surface. This material 

had a relatively high nutrient content.  

For deliverable iv), we first applied an urban stormwater model, SWMM, to address a 

paucity of information about catchment inflows. The SWMM model provided discharge and 

nutrient concentrations to the lake model (DYRESM-CAEDYM) at a daily time scale based on 

information on land use, soil type and climate in the catchment of the lake. The lake model 

was also updated for an additional 12 months beyond March 2019, to February 2020. Based 

on comparisons with measured variables in the lake (e.g., temperature, salinity, dissolved 

oxygen, phytoplankton biomass, and nutrients), we consider that the updated catchment 

and lake models are suitable tools (i.e., are validated) to test management options for both 

the catchment and the lake. Six different management scenarios were explored for their 

ability to improve lake water quality and reduce the intensity of C. ovalisporum blooms. The 

management scenario of sand capping with Phoslock, considered to be 90% efficient in 
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reducing sediment nutrient releases, showed the greatest effect of reducing C. ovalisporum 

blooms, while the scenario of PhoslockTM application alone also displayed a positive water 

quality effect, but to a lesser degree. 
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Background 
Lake Hugh Muntz (LHM) has experienced major blooms of the cyanobacterium (= blue-

green alga), Chrysosporum ovalisporum, commencing in 2017 and persisting through winter 

2018 and into 2019, as well as in summer 2020. In December 2018, the City of Gold Coast 

(CoGC) approved the application of a commercial clay product, PhoslockTM, to the lake as a 

whole-lake trial to test its ability to control phosphorus availability for blooms. Based on 

measurements of total phosphorus undertaken by the CoGC before and after application, it 

was not clear that PhoslockTM application had a substantial effect in reducing phosphorus 

concentrations. While the bloom was less sustained than in the previous year, it was difficult 

to decipher an effect on C. ovalisporum that was directly attributable to the PhoslockTM 

application.  

Moving forward, with a view to examining options for bloom mitigation in the future, 

Griffith University was commissioned by the CoCG to build on previous works to provide 

more information on aspects of the species responsible for the algal bloom in LHM, assess 

the potential benefits of additional applications of PhoslockTM in LHM, and revise the model 

to incorporate new information from monitoring, experimental and field studies. These 

studies were designed to improve model robustness for future predictions.  

The main deliverables were: 

i) Information on effects of salinity and phosphorus on C. ovalisporum.  

The experimental work in this part of the project involved examination of the effects 

of salinity on growth of C. ovalisporum. The experiments also included an examination 

of the ability of C. ovalisporum to store large quantities of phosphorus within its cells. 

This information has been incorporated into the lake model studies, outlined below. 

ii) Experiments with sediment cores to determine the response of the bottom sediments to 

the proposed sand capping. 

These experiments were required to ensure that the high-density sand did not sink 

through the existing upper sediment layer, which would thereby render the sand 

capping ineffective. 
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iii) Carrying out additional experiments to ascertain whether further PhoslockTM applications 

will reduce blooms of C. ovalisporum.  

We also examined the ability to use PhoslockTM in association with the sand capping to 

‘mop up’ residual phosphorus not capped by the sand. 

iv) Incorporating information from the above experiments, and additional work on flow, 

nutrients and salinity of groundwater and stormwater, into the lake model.  

This work was designed to improve model simulations, to better match the observed 

in-lake data, and improve confidence in use of the model for understanding how 

scenarios of different management options could be used to meet the goal to reduce 

the occurrence of toxic cyanobacteria blooms. 

(v) Generating a final report 

To complement the final report, researchers will make themselves available to discuss 

the work via presentations, meetings and workshops. 

 

Deliverables 

i) Algal culture studies 
Salinity 
An experiment was conducted to determine whether increased salinity reduces the growth 

rate of C. ovalisporum. A strain of this species had previously been isolated from LHM by 

Ann Chuang at Griffith University. Prior to the study, there has been limited previous 

research on C. ovalisporum, but a study conducted in the Murray River showed that 

conductivities of 0.04-0.05 mS cm-1 were suitable for growth (Bowling et al. 2018). Another 

study of this freshwater species found that salinities of 50% seawater destroyed the cells 

(Duval et al. 2018).  

Based on the information from these studies, the experimental design involved using 

seawater diluted to a range of concentrations (0.47, 5.77, 7.71, 10.54, 15.17, 29.0, 59.16 mS 

cm-1). The conductivity of 0.47 mS cm-1 represents freshwater, the range of conductivity 

values from 5.77 to 10.54 mS cm-1 represents the salinity in LHM, and 59.16 mS cm-1 
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represents full seawater salinity. Experiments were conducted under controlled light and 

temperature conditions (28 °C, 20 µmol m-1 s-2 light intensity, 12:12 h light:dark cycle). 

Cultures were grown in the growth media BG11 (1/10th nitrogen addition) for 28 days (5 

replicates for each treatment).  

The optical density at 750 nm (as a measure of cell concentrations, OD750) was measured 

using a spectrophotometer to determine growth of C. ovalisporum throughout the 

experiment.  

The exponential growth rate is determined by the equation: 

μ= ln(X1/X0)/(t1-t0) 

where: 

µ = exponential growth rate (d-1) 

X1 = final cell density (measured as OD750) 

X0 = initial cell density (measured as OD750) 

t1 = final day of exponential growth 

t0 = initial day of exponential growth 

Additionally, another cyanobacterial species, Microcystis sp., which had previously been 

isolated from LHM by Ann Chuang, was subjected to the same experimental conditions as C. 

ovalisporum in order to provide a growth rate comparison under identical salinities as for C. 

ovalisporum.  

The results of the experiment are shown in Figs. 1 and 2. In the case of C. ovalisporum, 

growth rates were comparable among treatments up to 15.17 mS cm-1, with higher growth 

rates at 29 mS cm-1. These salinities compare with current salinities in LHM ranging from 

5.77 to 10.54 mS cm-1.  Above this conductivity level, i.e., at 59.16 mS cm-1 (equivalent to 

seawater salinity) there was cell death (Fig. 1). The highest growth rates were approximately 

0.2 d-1, which equates to a doubling time of about 5 days.  

In the case of the other cyanobacterium species isolated from LHM, Microcystis sp., growth 

rates were higher than those of C. ovalisporum at lower salinities. However, once the 

conductivity reached 15.17 mS cm-1, growth rates decreased, and this trend continued with 

increasing conductivity (Fig. 2). At a conductivity of 59.16 mS cm-1, cell death occurred. 
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Microcystis is also a cyanobacterial genus of concern as it can also form surface scums and 

can be toxic. 

 

Figure 1: Exponential growth rates (d-1) of C. ovalisporum isolated from Lake Hugh Muntz under a 
range of conductivities equating to different conductivities (mS cm-1), The salinity range for Lake 
Hugh Muntz at the time of the study was 5.77-10.54 mS cm-1. Full seawater salinity is 59.16 mS cm-1. 
Significant differences indicated by asterisks a * (P<0.05) or b*** (P<0.005). 

 

 

Figure 2: Exponential growth rates (d-1) of Microcystis sp. isolated from Lake Hugh Muntz 
grown in culture under a range of conductivities equating to different salinities (mS cm-1), 
The salinity range for Lake Hugh Muntz at the time of the study was 5.77-10.54 mS cm-1. Full 
seawater salinity is 59.16 mS cm-1. Significant differences indicated by asterisks a* (P<0.05), 
b*** and c*** (P<0.005). 
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The salinity profile and range of values in LHM is shown in Figure 3 for a period in 2019 

when there was a profiler measuring water column conductivity in LHM. The profile shows 

strong stratification and higher conductivity in the deeper waters. Based on the results of 

the experiments, increasing the conductivity (= salinity) in LHM by mixing surface and 

bottom waters, or by introducing higher salinity water from the adjacent canal, will not 

reduce growth rates of C. ovalisporum. The same is true for Microcystis sp. where mixing 

surface and bottom waters would not increase the salinity sufficiently to control growth of 

this species.   

 

 

Figure 3: Profiles of conductivity (mS cm-1) in LHM for 2 months in early 2019. The vertical 

break indicates the time where the profiler was out of operation. 

 
Phosphorus  
Two C. ovalisporum strains (isolated from LHM) were used (one of which was from the 

salinity trial) in an experiment to determine the capacity of this species to store phosphorus. 

This information is needed to improve parameterisation of the lake model (see Frassl et al. 

2019), and ultimately to determine the effectiveness of PhoslockTM in reducing blooms of 

C. ovalisporum. The response to inorganic nitrogen was also tested, acknowledging that this 

species is a nitrogen fixer, i.e. can use atmospheric nitrogen to meet its growth demand for 



City of Gold Coast Reference #76773115 
 

nitrogen. Typically cyanobacteria grow slower when fixing nitrogen than when using 

dissolved inorganic nitrogen.  

In this experiment there were four treatments (5 replicates each): 

• Growth media with nitrogen (nitrate) and phosphorus (phosphate) added 

(Control) 

• Growth media minus nitrogen  

• Growth media minus phosphorus  

• Growth media minus nitrogen and phosphorus 

In order to starve cells of nitrogen and phosphorus, cultures were centrifuged and washed 

at the start of the experiment. Pelleted cells were then placed in media without either 

nitrogen or phosphorus present, depending on the treatment. Experiments were conducted 

under controlled temperature and light conditions (28 °C, 20 µmol m-1 s-2 light intensity, 

12:12 h light:dark cycle). As with the previous salinity experiment, the absorbance at 750 

nm (OD750) was measured with a spectrophotometer throughout the experiment, as a 

measure related to cell concentrations and calculate growth rates (see calculations in 

section above). The experiment was run until cells reached stationary phase when 

phosphorus limited growth. At this time samples were taken and filtered onto glass fibre 

filters. Filters were analysed after Kjeldahl digestion to determine nitrogen and phosphorus 

content, and carbon was determined by a carbon/nitrogen analyser (Rayment and Lyons 

2011).  

There was no difference in the growth rate of C. ovalisporum between the control (all 

nutrients), and the P free media treatment for both strains (Fig. 4). The two strains, 

however, had different growth rates in each treatment. There were also differences in the 

strain responses to N free, and N+P free conditions.  

After the exponential growth phase, Chrysosporum cells reached stationary phase, when cell 

deaths equal cell growth divisions. Interestingly, stationary phase was maintained for many 

weeks and cells still appeared healthy. These observations point to an important finding 

that this species which is highly resilient to low nutrient availability. At day 0, and after ~50 

days the phosphorus, nitrogen and carbon content of the cells was determined (Table 1). 

There was a dramatic reduction in phosphorus content per unit carbon in the cells in both 
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the control and P starved treatments after ~50 days, although the reduction was greater in 

the treatment that was P starved. There were clear differences in the responses between 

the two strains, pointing to the fact that the strains in LHM have a range of responses to 

nutrient conditions, giving the population flexibility under varying environmental conditions.  

The maximum and minimum P content of C. ovalisporum cells was compared with values for 

another toxic cyanobacteria, Raphidiopsis raciborskii which dominates in southeast 

Queensland reservoirs. The maximum storage of P in C. ovalisporum was much higher than 

for R. raciborskii, but the minimum was comparable (Willis et al. 2017). Therefore 

C. ovalisporum had superior P storage capacity and means that under conditions of low P 

availability, it will take longer for the cells to become starved of P.  

Nitrogen per unit carbon did not decrease as much as phosphorus per unit carbon for the N 

free treatments (Table 1). This may be due to the ability of this species to fix nitrogen when 

dissolved nitrogen is at negligible concentrations or unavailable. Therefore, growth will 

continue irrespective of dissolved inorganic nitrogen conditions.  

 

Figure 4: Mean (standard deviation) growth rates (d-1) of two strains (purple bar, green bar) 

of C. ovalisporum (isolated from LHM) over the course of the first 12 days of the growth 

experiment. Treatments were control (full media), nitrogen free (N free), phosphorus free (P 

free), and N + P free. a, b and c demonstrate statistically significant differences between 

Strain 1 treatments, y and z demonstrate statistically significant differences between Strain 2 

treatments. 
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Table 1: Summary of the phosphorus and nitrogen per unit carbon (atomic) in C. ovalisporum 

cells on day 0 and after ~50 days growth. Treatments were control (full media), nitrogen free 

(N free), phosphorus free (P free), and N + P free. 

Strain Expt day Treatment P per unit C (atomic) N per unit C (atomic) 
1 Day 0 Control 0.7744 0.1585 
1 Day 51 Control 0.0394 0.1707 
  N free 0.0389 0.1705 
  P free 0.0058 0.1609 
  N+P free 0.0060 0.1529 

2 Day 0 Control 0.6175 0.1116 
2 Day 49 Control 0.0373 0.1377 
  N free 0.0505 0.1550 
  P free 0.0004 0.1270 
  N+P free 0.0008 0.1405 

 

In summary, the laboratory experiments have provided information for the lake model on 

nutrient quotas and growth rates of C. ovalisporum and give greater insights into the 

strategies used by C. ovalisporum to adapt to low nutrient concentrations (see Section iv). 

ii) Sand capping experiment 
Previous research indicated that a potential option for reducing the frequency and duration 

of cyanobacteria blooms in LHM is an application of clean sand as a capping layer over the 

base of the lake. 

To examine the practicality of sand capping, we carried out an experiment in eight columns 

containing sediment that had been cored from four deeper areas of the lake and then 

overlaid with lake water (Fig. 4a). We sought to test two main aspects:  

(1) whether the sand added to the top of the columns of water might simply fall 

through the loose uncompacted surface sediment, thereby not creating an effective 

sand barrier overlying the sediments, and  

(2) whether the sand itself could release nutrients into the overlying water. Two 

different types of sand were trialled, a light-coloured sand and a dark-coloured sand 

accessed from different locations by Steve McVeigh (City of Gold Coast). Three replicate 

columns were used for each sand type. 
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We observed that the sand added to the water surface fell through the water and mostly 

stayed at the sediment surface, resulting in a continuous layer suitable to act as a capping 

material (Fig. 4b). We caution, however, that underwater video of the bottom sediments, 

which was commissioned by City of Gold Coast, indicates that there may be additional loose 

organic material sitting above the bottom sediments. It is unclear how a large scale 

application of sand would react through an unconfined water column when applied to the 

lake. For this reason, a material that acts chemically to bind this material (e.g., Phoslock™) 

may be required to ‘mop up’ some of the light organic material and nutrients just above the 

capping layer immediately following the sand capping.  

The two sand samples were also placed into water in the laboratory at the equivalent ratio 

of sand to water used in the outdoor experiment. The sand was added to the water to 

mimic the outdoor experiment, and samples taken for dissolved inorganic and total nutrient 

concentrations. Sand slurry samples were left for 24 h then swirled, and additional samples 

taken again for nutrient analyses.  

 

 

Figure 5. a) Completion of the sand capping experiment on the shores of Lake Hugh Muntz, 10th 
October 2019. Four different areas of bottom sediment were cored using two replicates (i.e., in each 
container there is a duplicate core from one site). Two types of sand were used for each core. In 
summary, there were 4 cores x 2 sand types. b) A sand capping layer can be observed that overlies 
the bottom sediments of Lake Hugh Muntz, verifying that the layer of sand would be likely to form a 
barrier between the water column and the existing bottom sediments. Photos: Michele Burford 
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Nitrogen concentrations (total nitrogen (TN), ammonium, nitrate/nitrite) were near 

detection limits for both sand samples (Fig. 5). However, after 24 h the light-coloured sand 

had released a substantial amount of phosphate into the water. The same was not the case 

for the dark-coloured sand. Therefore, an analysis on any sand considered as a capping 

agent should be undertaken to determine 

its feasibility for capping. 

 

Figure 6: Concentrations of dissolved inorganic nutrients, and total nitrogen and phosphorus (mg L-1) 
in water samples from the sand leaching experiment after 0 and 24 h for light and dark sand types. 

 

iii) Sediment phosphorus and PhoslockTM 
 

This component of the study had four main aims: 

1. Determine the percentage coverage of Phoslock in Land Hugh Muntz as a result of 

the application in summer 2018/19 

2. Determine the total and extractable phosphorus concentrations in the sediment 

3. Estimate the appropriate PhoslockTM application based on the phosphorus 

concentrations in the lake to bind free phosphorus 

4. Determine the effect on deposition of particulate material to the sediments within 

the lake from a large inflow event in January 2020 

 

In order to determine the coverage of PhoslockTM throughout the lake, box cores of 

sediment were taken at randomised sampling sites in the deeper western arm. A 

preliminary scan was done in January 2020 and this was repeated in more detail in March 
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2020. The white material observed on the sediment surface was subsampled and analysed 

for lanthanum content to validate that it was derived from PhoslockTM application (Fig. 7, 

Table 2), because lanthanum is the active element in PhoslockTM that binds phosphorus. The 

high concentrations of lanthanum in these samples confirmed that the source of the white 

material was PhoslockTM. 

The percentage coverage of lanthanum at each site was determined with the categories 0, 

50 and 100% coverage (Fig. 8). Visual observations of coverage of lanthanum showed that it 

was highly patchy in the western arm and coverage did not appear to be related to water 

depth. It should be noted that the lanthanum could be dispersed deeper in the sediment 

but cores of the sediments (see below) showed no evidence of dispersal to deeper 

sediments. There is likely to be little bioturbation in these waters which would affect the 

distribution of PhoslockTM because the anoxic conditions would constrain organisms that 

would otherwise irrigate the bottom sediments. Deposition of sediments, e.g. inflow events, 

death of algal blooms, following the PhoslockTM application, however, might be expected to 

produce a fine floc layer on top of the consolidated sediment surface.  

Sampling was conducted in January 2020, prior to significant rainfall events in this month 

and following prolonged drought, to determine the total and extractable phosphorus 

concentrations in the sediment. Cores of 0-3, and 4-7 cm deep were taken from the box 

core samples for analysis for total Kjeldahl phosphorus (TKP), total Kjeldahl nitrogen (TKN), 

extractable phosphorus (Colwell P), and phosphorus buffering index (PBI). These samples 

were analysed at the Queensland Department of Environment and Science (Raymond and 

Lyons 2011). Data for sites > 8 m was separated from data for sites < 8 m deep.  

TKN and TKP values were higher in the surface sediment (0-3 cm deep) than deeper in the 

sediment (Table 2). Additionally, the deeper sites had higher concentrations than the 

shallower sites. A relatively small proportion of the TKP was exchangeable, based on Colwell 

P measurements, i.e., mean = ~15%. PBI was also measured as it is another technique for 

measuring phosphorus availability and is related to the Colwell P (Moody 2007). Values for 

TKP, Colwell P and PBI were high compared with another study in another nearby lake in 

southeast Queensland, i.e. Lake Wivenhoe (Burford et al. 2011). The sediment data was 

used for informing the modelling of LHM by assigning comparatively high rates of nutrient 
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release from the bottom sediments to the overlying water column based on the observed 

data.  

 

 

Figure 7: Photos of box 
cores of sediment from 
LHM showing the (a) and 

(b) lanthanum (white coverage) and (c) dark material settled on top of the lanthanum as a result of 
recent sedimentation processes. Photos: Michele Burford. 

(a) (b) 

(c) 
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Information on sediment phosphorus was also needed for estimating the amount of 

PhoslockTM needed to effectively bind the phosphorus and reduce blooms of C. ovalisporum.  

 

Figure 8: Google Earth image of LHM showing depth contours and percentage lanthanum coverage 
at the surface of the sediment at sites throughout the western arm of the lake. Coverage was 
estimated as 0, 50 or 100%. 

 

Table 2: Mean (standard deviation) of nutrient and other sediment parameters measured throughout 
LHM in January 2020 

>8 m deep sites Depth sediment 
0-3 cm 

Depth sediment 
4-7 cm 

No. sites 

TKN % 0.829 (0.298) 0.586 (0.163) 6 

TKP % 0.086 (0.023) 0.065 (0.015) 6 

Colwell P (mg/kg) 125.67 (19.88) 97.00 (22.51) 6 

PBI adjust 431 (153) 321 (95) 6 

Lanthanum (mg/kg) 13287 (7381)  4 

% dry weight 31   

<8 m deep sites    

TN % 0.369 (0.169)  4 

TP % 0.035 (0.015)  4 

Colwell P (mg/kg) 51.75 (38.95)  4 

PBI adjust 183 (73)  4 
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The data from this study was used by the PhoslockTM company to estimate the application 

of PhoslockTM needed to control the phosphorus levels in the lake. Their estimate of the 

required application load was 87 tonnes (Said Yasseri, unpubl. data), and it was 

recommended that this be applied in the winter. Further smaller applications may be 

needed as inflow events occur. It should be acknowledged that this result was based on an 

assumption that the phosphorus in the sediment was 40% exchangeable.  

 

iv) Modelling 
 

The lake model applied here is built upon that described in our previous reports (Burford et 

al. 2018; Frassl et al. 2019) but has been updated for this report in two major aspects. First, 

the model is now coupled with an urban stormwater model SWMM 

(https://www.epa.gov/water-research/storm-water-management-model-swmm) that 

provides daily estimates of surface water discharge volume and associated nutrient 

concentrations entering LHM. The previous model of Burford et al. (2018) and Frassl et al. 

(2019) used a rainfall-runoff relationship to calculate daily inflow volumes and estimates 

based on local waterway values. The urban stormwater model coupled with the lake model 

provides a comprehensive simulation tool to test management options for both the 

catchment and the lake. The SWMM model used inputs of climate data (e.g., rainfall), land 

use and soil type to calculate discharge and nutrient loads on a daily time scale suitable for 

use by the lake model. Second, the current simulation period has been extended for an 

additional 12 months beyond March 2019, to February 2020. The updated model 

configuration data are provided in Appendix 1. 

In addition, the lake model has been further refined by incorporating information from the 

aforementioned experiments: 

1) The algal culture studies on phosphorus shed light on the ability of C. ovalisporum to 

store phosphorus and nitrogen beyond its instantaneous use for growth. This 

information was used to update four algal physiological parameters in the lake 

model that describe the minimum and maximum quotas of phosphorus and nitrogen 

in the cells of C. ovalisporum.  
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2) The algal culture studies showed that salinity has almost no impact on growth rate of 

C. ovalisporum unless it exceeds values that we surmise are from half of seawater 

and seawater. Values were similar for Microcystis sp. but growth declined markedly 

at a salinity corresponding to half of seawater. This information was used to update 

the salinity tolerance of the corresponding phytoplankton group in the lake model. 

Incorporating information from SWMM, and laboratory and field studies by the Griffith 

University team improved the model fit, especially for some of the water quality variables. 

As shown in Fig. 9, the current model version demonstrates better performance (indicated 

by lower root-mean-square error values), for a range of water quality variables than the 

model presented in Burford et al. (2018). Variables examined were water temperature, 

salinity, dissolved oxygen, total phosphorus, total nitrogen, nitrate, ammonium, phosphate 

and C. ovalisporum (measured as chlorophyll a), as well as biomass indicators for the 

phytoplankton population. Detailed simulation results from SWMM and the lake model are 

shown below.  

Based on the updated lake-catchment model (termed “the reference simulation” hereafter), 

different management scenarios were explored by altering inputs to, or parameters in, the 

model. Note that the reference simulation took into account the PhoslockTM application of 

8-13 December 2018 by reducing nutrient releases and oxygen demand from sediment by 

40% in the model run after 13 December 2018. The reduction percentage was calculated 

based on the assumption that the PhoslockTM application corresponded to approximately 

half of the estimated required total dose of 87 tonnes (see Section iii) and uses the 

observations of PhoslockTM cover shown in Fig. 8. The net efficiency of 40% was therefore 

50% cover × 80% efficiency (= 40%). 
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Figure 9. Comparison of model performance in simulating water quality variables between the model 
version used in the previous report of Burford et al. (2018) and the current model incorporating 
information from laboratory experiments and the urban stormwater model SWMM. The 
performance is measured by the root-mean-square-error (RMSE). The lower the RMSE value, the 
better the model performance. Note that the y axis is on a logarithmic scale for easier visual 
interpretation. 

 

Urban stormwater model SWMM 
SWMM (Storm Water Management Model) has been adopted by the United States 

Environment Protection Authority as one of a recommended number of models for use for 

environmental assessment purposes. It is a dynamic (time-resolved) rainfall-runoff 

simulation model which can be used to simulate a single runoff event or long-term runoff 

quantity and quality, primarily from urban areas. SWMM has been widely used throughout 

the world for planning, analysis and design related to stormwater runoff, combined sewers, 

sanitary sewers, and other drainage systems in urban and non-urban areas. SWMM provides 

a better estimate of catchment surface runoff to LHM than a simple rainfall-runoff 

relationship as it accounts for various detailed hydrological processes (e.g., infiltration) that 

affect runoff from urban areas. The relevant processes for simulations in LHM include time-

varying rainfall, evaporation, and infiltration of rainfall into unsaturated soil layers. It should 

be noted however SWMM modelling was calibrated based on catchments similar to LHM 

where there are gully baskets, street sweeping and rain gardens that reduce nutrient losses 

to waterways 
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In addition, SWMM considers the spatial variability of biogeochemical processes by dividing 

the catchment into several smaller, homogeneous sub-catchment areas. We divided the 

LHM catchment into 12 sub-catchments based on the existing stormwater drainage 

network, and following the MUSIC model settings in the Lake Hugh Muntz Management 

Plan (2008). 

Rainfall input to SWMM was sourced from the Bureau of Meteorology (station number 

040981, Burleigh Waters Alert), while other climatic inputs, including air temperature and 

wind speed, were sourced from a nearby climatic station (No. 40764, Gold Coast Seaway). 

Total suspended solids (TSS), total nitrogen (TN) and total phosphorus (TP) concentrations in 

stormwater were taken from a stormwater monitoring experiment in the Lake Hugh Muntz 

Management Plan (2008). The assigned concentrations were 220 mg L-1, 2.03 mg L-1, and 

0.42 mg L-1, for TSS, TN and TP, respectively. TP was split 10:45:45 between phosphate, 

particulate and dissolved organic phosphorus. TN was split 2:30:34:34 between ammonium, 

nitrate, particulate and dissolved organic nitrogen. We used SWMM to model surface 

discharge volume (Fig. 10) and associated nutrient concentrations in the LHM catchment 

over the period of 6th June 2017 to 29th February 2020.  

 

 

Figure 10. LHM catchment discharge simulated by SWMM over the period of 6th June 2017 to 29th 
February 2020. The rainfall over the same period is shown, sourced from the Bureau of Meteorology 
(station number 040981). The red rectangle highlights the substantial rainfall events in January and 
February of 2020. 
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The SWMM modelling suggests that approximately 67,000, 108 and 618 kg of TSS, TP and 

TN, respectively, were generated from the catchment on an annual basis over the 

simulation period (note: the estimate excludes the period between Jan-Feb 2020). It is 

worth noting that the substantial rainfall events in January and February of 2020 (indicated 

by a red rectangle in Fig. 10), generated discharge volumes and nutrient loads comparable 

to annual values estimated over preceding years. 

Lake model DYRESM-CAEDYM 
An example of output from simulations by the lake model is given in Figs. 11, 12 and 13 for 

water temperature, salinity and dissolved oxygen, respectively, at the surface, intermediate 

depth and bottom of the lake. There is a close match between measurements and 

simulations. Our simulation confirmed that temperature stratification persisted in LHM 

through an extended summer period, when the surface water temperature could be up to 

30 °C, while the bottom remained close to 20 °C all year (Fig. 11). Occasionally in winter, the 

surface waters were cooler than the bottom waters. This type of ‘inverse’ stratification can 

only be supported if there are salinity gradients that maintain density stratification (i.e., 

dense saline water located below surface waters of lower salinity). 

 

Figure 11. Comparison of temperature simulations (black line) and measurements (red dots) at three 
depths in Lake Hugh Muntz. Data presented for three depths from left to right: 0 m = surface, 6 m, 
and 12 m = near bottom. The simulation period is 6th June 2017 to 29th February 2020. 
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The salinity simulation matched the observed data well and showed a clear upward trend 

over the period of June 2017 to December 2020, with the salinity in the surface layer 

increasing from approximately 2 to 3.6 PSU, from 2 to 5 PSU in the middle layer, and from 4 

to 7 PSU in the bottom layer (Fig. 12). In January and February 2020 there was a large 

amount of rainfall and discharge to the lake, which resulted in a decrease in salinity from 3.6 

to 1.0 PSU in the surface waters. Notably, however, there was little or no effect on salinity in 

the middle and bottom layers of the water column, suggesting that the discharge was 

confined mostly to the surface waters of the lake and confirming the existence of salty 

groundwater entering the lake. Therefore, despite the exceptionally high rainfall in January 

and February, the salinity appears to be progressively increasing through time and the 

vertical gradient of salinity now prevents the lake from mixing throughout the entire year. In 

earlier times of lower, more-uniform salinity through the water column, mixing occurred 

through the entire water column during winter (Burford et al. 2018). 

 

Figure 12. Comparison of salinity simulations (black line) and measurements (red dots) at three 
typical depths of Lake Hugh Muntz. Data presented for three depths from left to right: 0 m = surface, 
6 m, and 12 m = near bottom. The simulation period 6th June 2017 to 29th February 2020. 

 

The simulation of dissolved oxygen aligned well with the measurements at the three 

selected depths (Fig. 13). The dissolved oxygen values showed a significant difference 

between the surface and bottom layers, with dissolved oxygen values close to saturation 
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levels in the surface waters while the bottom layers remained anoxic. In between, at the 

selected middle depth, DO concentration varied widely over the simulation period, ranging 

from 0 to approximately 10 mg/L, depending on the depth of the halocline (the region of 

steepest vertical gradient of salinity). These swings depended on whether this depth 

intercepted the high-oxygen upper water layer or the anoxic bottom-water layer. 

The number of nutrient samples available to calibrate the model was limited and likely 

affected subsequent simulations of C. ovalisporm. We focused on reproducing the main 

features of low levels of nutrients in the surface mixed layer, extremely high levels of 

ammonium in the bottom waters, and mostly low levels of nitrate through the entire water 

column. Our reference simulation represents these trends well (Fig. 14, 15). The model 

captured the absence of nitrate in the anoxic bottom waters (Fig. 14a) which is likely to be 

associated with denitrification of any residual nitrate in this layer and lack of oxygen to 

support nitrification that would otherwise convert ammonium to nitrate. As a consequence 

of the lack of nitrification, ammonium builds up to extremely high levels in the bottom 

waters (Fig. 14b). Similarly, phosphate builds up in the lower water layer, likely driven by 

anoxia and releases from the bottom sediments associated with dissolution from iron and 

manganese under anoxic conditions (Fig. 14c). 

The concentrations of total nutrients (Fig. 15) largely reflect what was happening to 

dissolved nutrients through the water column; in bottom waters, TN and TP accumulated to 

very high levels as a result of the accumulation of the dissolved inorganic forms of nutrients 

– ammonium and phosphate, respectively. In many years prior to 2017, there was a clear 

seasonal variation in total nutrient concentrations in bottom waters, which was associated 

with lower levels in winter when the water column was usually well mixed and progressively 

higher concentrations in the first months following re-stratification in spring. Currently there 

is far less variation in nutrient concentrations with the water column being continuously 

stratified.  
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Figure 13. Comparison of dissolved oxygen simulations (black line) and measurements (red dots) at 
three depths of Lake Hugh Muntz: from left to right: 0 m = surface, 6 m, and 12 m = near bottom. The 
simulation period 6th June 2017 to 29th February 2020. 
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Figure 14. Simulated dissolved inorganic nutrient concentrations in the reference simulation: Nitrate (a), ammonium (b) and dissolved reactive phosphorus 
(c) over the water column of Lake Hugh Muntz from June 2017 to February 2020. Vertical observations of each variable are also shown as dots in each panel 
with the same colour scale as the simulation results. Note the different colour scale for each variable. 
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Figure 15. Simulated concentrations of total nitrogen (a) and total phosphorus (b) in the reference 
simulation over the water column of Lake Hugh Muntz from June 2017 to February 2020. Vertical 
observations of each variable are also shown as dots in each panel with the same colour scale as 
simulations. Note the different colour bar scale for each variable. 

 

Model output for simulations of the dominant phytoplankton species C. ovalisporum is 

shown as chlorophyll a concentrations in Fig. 16. We had limited data with which to validate 

the model (including important drivers like nutrients), and comparisons are not for the same 

samples of water because the model outputs a horizontal average for the lake surface water 

whereas the samples are taken from different sampling station locations and may show a 
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high level of variability associated with cyanobacteria floating and accumulating in certain 

areas, depending mostly on wind direction. The model adequately captured the peak in C. 

ovalisporum concentrations in early 2018 and 2019 but missed the second peak in early 

2020. The second peak happened after an extended dry period. We hypothesise that the dry 

period allowed time for nutrients to accumulate in the catchment and these nutrients were 

then flushed into the lake during a succession of storm events in early 2020. This episodic 

nature of nutrient delivery to the lake is only captured by the SWMM model in the daily 

output of discharge and its effects on nutrient loads. The model makes no adjustment of 

nutrient concentrations on a daily basis but in reality, concentrations of both dissolved and 

particulate nutrients could be much higher during storms and may therefore stimulate 

cyanobacteria blooms as noted in other small lakes (Wood et al. 2017). The model also did 

not capture the almost complete absence of C. ovalisporum during the latter half of 2019. 

Nutrient data for this period were sparse and did not allow us to decipher whether the 

mismatch may have been driven by discrepancies between the observed and simulated 

nutrient concentrations. This period corresponded to a long, extended period of drought 

when C. ovalisporum may have formed akinetes (spores) that sediment out and are only 

reactivated when conditions again become suitable for C. ovalisporum growth. The model 

does not have the capacity to simulate this ‘overwintering’ process. 

We also tested the relationship between rainfall and C. ovalisporum in LHM by applying a 

lag correlation analysis on the time series of rainfall and C. ovalisporum chlorophyll a 

concentration (Appendix 2). We found that the maximum concentration occurred 11 to 13 

days after a rainfall event. Overall, however, rainfall was a poor predictor of C. ovalisporum 

and accounted for only 9% of the variation in chlorophyll a associated with this species. 
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Figure 16. Simulations of the dominant phytoplankton group Chrysosporum ovalisporum in the 
reference simulation in the surface layer (0 m) of Lake Hugh Muntz from June 2017 to February 2020. 
The simulations are shown as a black line and the observations that are averaged across four 
monitoring sites are shown as red dots. The upper and lower boundaries of the shaded area indicate 
the maximum and minimum observed values, respectively. 

 

Management scenario simulations 
In the model scenarios, model parameters, initial conditions, inflow volumes or nutrient 

concentrations were changed to approximate different management options. These options 

included: 

1) Reference simulation with PhoslockTM 

Actual application of PhoslockTM (36 tonnes) in December 2018. 

2) No PhoslockTM application  

No PhoslockTM represents a scenario without the December 2018 PhoslockTM 

application. In this case a 40% increase in nutrient release and oxygen 

demand from the bottom sediments was applied in the model run;  

3) 87 tonnes PhoslockTM application with 80% efficiency 

This scenario was set up to simulate a design case where the optimal 

estimated dose of PhoslockTM (87 tonnes) was applied to LHM in December 

2018. For this scenario, the ammonium and dissolved reactive phosphorus 
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release, and the oxygen demand and nitrate uptake of the bottom sediments 

were reduced by 80%; 

4) Annual 87 tonnes PhoslockTM application 

This scenario built upon the scenario of 87 tonnes PhoslockTM application, but 

instead of a one-off PhoslockTM application, this scenario was designed to 

simulate a case where application of 87 tonnes PhoslockTM was repeated each 

year since December 2018. Based on the duration of the simulation, only one 

additional simulation (December 2019) was included. For this scenario, each 

application of PhoslockTM reduced 80% of the remaining ammonium and 

dissolved reactive phosphorus release, and oxygen demand and nitrate 

uptake of the bottom sediments; 

5) Sand capping to 50% of release 

This scenario was designed to simulate a case where sand capping with a 

thickness of 5-10 cm was reasonably evenly distributed to the LHM bottom 

sediments exposed to anoxic water (i.e., below a depth of 5 m). It was 

approximated as reductions by 50% in nutrient release from the sediment 

(ammonium and dissolved reactive phosphorus) and in oxygen demand and 

nitrate uptake of the bottom sediments; 

6) PhoslockTM application and sand capping layer to 90% of release 

This scenario was designed to simulate a case where a sand capping layer (5-

10 cm in thickness) was first applied and an 87-tonne PhoslockTM application 

was used subsequently. Similar to the last scenario, we assume the 

effectiveness of sand capping was 50%, and the subsequent application of 87 

tonnes PhoslockTM can further reduce 80% of the remaining ammonium, 

dissolved reactive phosphorus release and oxygen demand and nitrate 

uptake of the bottom sediments. Therefore, the overall effectiveness for this 

management scenario is 90% = 50% (sand capping) + 80% × 0.5 (PhoslockTM). 

For this scenario the ammonium, dissolved reactive phosphorus release, and 

oxygen demand and nitrate uptake of the bottom sediments were reduced by 

90%; 
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7) Reduced catchment nutrient load by 25% 

This scenario was designed to simulate the importance of catchment nutrient 

load to lake outcomes. Loads can vary dramatically depending on 

rainfall/runoff events or implemented nutrient reduction measures. A value 

of 25% was used to determine the sensitivity of the lake model to inflow 

nutrient concentrations.  

Except for the changes listed above, the setup of the simulations remained the same as in 

the reference simulation for each case being tested. Note that the reference simulation 

included the application of PhoslockM in 2018. The scenarios allowed us to isolate the effect 

of the management options being tested. 

 

 

 

(a) 

(b) 
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Figure 17. Model simulations of scenarios at a monthly time step for (a) salinity at the surface, (b) 
dissolved oxygen, (c) total nitrogen and (d) total phosphorus at the bottom (12m) and (e) 
Chrysosporum ovalisporum (measured as chlorophyll a) at the surface of Lake Hugh Muntz for 
different potential management options over the period from June 2017 to February 2020. Note that 
the simulations of the one-off 87 tonnes PhoslockTM application scenario overlap with that of the 
annual 87 tonnes PhoslockTM application scenario until December 2019. 

 

(c) 

(d) 

(e) 
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(a) 

(c) 

(b) 
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Figure 18. Absolute differences between model output averaged across the simulation period for 
each management scenario and the reference simulation with PhoslockTM application. Differences 
are shown for five chemical and biological variables, including (a) salinity at the surface, (b) dissolved 
oxygen, (c) total nitrogen and (d) total phosphorus at the bottom (12 m) and (e) Chrysosporum 
ovalisporum (measured as chlorophyll a) at the surface of Lake Hugh Muntz. 

The model scenarios examined the salinity, dissolved oxygen concentration, total nitrogen 

and phosphorus concentrations, and Chrysosporum (as chlorophyll a concentrations) for the 

four scenarios and the reference case. Salinity output from the model (Fig. 17, 18) was only 

used to verify that the model simulations ran properly; slight differences among the 

simulations were likely due to subtle variations in mixing dynamics and evaporation through 

feedback loops, e.g., from algae affecting light attenuation and the thermal dynamics of the 

surface layer. However, for the simulations of dissolved oxygen concentrations and 

Chrysosporum, the management scenario of PhoslockTM and sand capping with 90% 

effectiveness showed the greatest effect. It resulted in an increased dissolved oxygen 

concentration by 0.53 mg/L on average in the bottom waters and average reductions in TN 

by 1.84 mg/L, TP by 0.01 mg/L and C. ovalisporum chlorophyll a by 16.2 µg/L (Figs 17, 18). 

(d) 

(e) 
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The scenarios of sand capping with 50% effectiveness and one-off and annual 86 tonnes 

PhoslockTM application slightly increased dissolved oxygen concentrations and reduced TN, 

TP and C. ovalisporum levels compared with the no PhoslockTM application scenario (Figs 17, 

18). Note that given the relatively short simulation period, there is little difference in effect 

between the one-off PhoslockTM application and the annual PhoslockTM application (which 

only had one additional PhoslockTM application, in December 2019). To better assess the 

effect of the management scenario of annual PhoslockTM application, the simulation period 

needs extending to December of 2020, which would have required artificially extending the 

input data so was not undertaken. The 25% reduction in nutrient concentrations going into 

the lake (‘Reduced nutrient load’ in Fig. 17 and MS06 in Fig. 18) did not produce the levels of 

reduction of TN and C. ovalisporum and increases in dissolved oxygen that might have been 

expected, but had a major effect in decreasing the concentration of total phosphorus (Figs 

17, 18), and so not unexpectedly point to the importance of phosphorus loads from the 

LHM catchment These loads will be highly dependent on rainfall at short time scales as well 

as interannual variations in rainfall, and a targeted monitoring program could seek to 

quantify this variability. 

For each management scenario and the reference simulation, the average annual 

phosphorus mass balance was calculated using the lake inflow and outflow data as well as 

the modelled lake-sediment exchange rates of nutrients and dissolved oxygen. Four terms 

were considered in the budget, including inputs from the catchment and internal loading 

from the sediment, and outputs by flushing through the outlet and sedimentation. It is very 

important to emphasise that the internal lake fluxes (i.e., sedimentation and phosphorus 

release from the bottom sediments) are net values, and gross values are likely to be 

considerably larger as phosphorus could cycle multiple times between the sediment and the 

water column within each year. 

The annual inflow phosphorus mass from the catchment was 108 kg for all scenarios except 

the scenario of 25% reduced nutrient load, which had an inflow phosphorus mass of 81 kg 

(Fig. 19). Phosphorus loss from flushing through the outlet and sedimentation were also 

similar among scenarios except for the reduced nutrient load scenario, which had 

correspondingly reduced nutrient loads in the outflow. The phosphorus input from 

sediment release is of most interest and largely indicative of the effectiveness of each 
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management option. Sediment release varied significantly among scenarios. The scenario of 

sand capping plus 87 tonnes PhoslockTM showed the least phosphorus release from 

sediment of only 2.7 kg per year, while the scenario of no PhoslockTM application exhibited 

the most release of 5.9 kg. The sand-capping-only scenario, PhoslockTM-only scenarios, and 

reduced nutrient load scenario also showed less sediment release compared to the no 

PhoslockTM application scenario, but to a lesser extent, which is consistent with the results 

in Figs. 17 and 18. It is worth noting that phosphorus input from the catchment was mainly 

(~ 75%) composed of particulate organic phosphorus (which is not dissolved and not 

immediately bioavailable), while phosphorus released from the sediment and flushed to the 

outlet is mainly in dissolved bioavailable form. 
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Figure 19. Average annual phosphorus budget in Lake Hugh Muntz for six different management 
options and the reference simulation, showing inputs from the catchment and internal loading from 
the sediment, and outputs by flushing through the outlet and sedimentation. The annual average is 
calculated across the period of 06/06/2017-29/02/2020. Any imbalance between inputs and outputs 
may be attributed to the overall change in total phosphorus concentration in the water column. Note 
that internal lake fluxes (i.e., sedimentation and release from the bottom sediments) are net values, 
and gross values are likely to be considerably larger. 
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Conclusions 
 

LHM has experienced major blooms of the cyanobacterium (= blue-green algae), 

C. ovalisporum, commencing in 2017 and persisting through winter 2018 and through until 

winter 2019, with the bloom re-emerging early in 2020. This report provides information on 

experiments conducted to assess potential options for managing cyanobacteria blooms in 

LHM with a focus on the toxic cyanobacterium C. ovalisporum. 

The experimental work outlined in our report provides important information on the algal 

bloom species in LHM. Our laboratory experiments showed that C. ovalisporum is very 

tolerant of a wide range of salinities, with the same growth rate achieved in the range from 

freshwater to up to 50% seawater salinity. This species tolerated higher levels of salinity 

than another potential toxin-producing genus of cyanobacteria, Microcystis. This suggests 

that changing salinity in an attempt to control this species is unlikely to be successful as the 

salinity would need to be elevated well above half of that of seawater. 

As our previous report found, it was not clear that the trial PhoslockTM application in 

December 2018 had a substantial effect in reducing phosphorus concentrations and the 

magnitude of the C. ovalisporum bloom. The experimental work in this report looked further 

into this issue to provide information needed to estimate the amount of PhoslockTM 

required for an additional application. Additionally, the distribution of PhoslockTM across the 

sediment surface from the previous application was determined. It was clear that 

distribution was uneven despite extensive application in the western arm, with full coverage 

in some of the deeper areas and little or no coverage in others. 

The simulation results from the lake model were improved by using data from the urban 

stormwater model SWMM, and laboratory and field studies by the Griffith University team. 

The lake model was also updated for an additional 12 months beyond March 2019 to 

February 2020. The updated lake model now provides robust simulations for a range of 

water quality variables and can serve as a comprehensive simulation tool to test 

management options for both the catchment and the lake when coupled with the urban 

stormwater model.   
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The upward trend in salinity simulations reaffirmed earlier work implicating the existence of 

salty groundwater entering the lake and that the amount of salt in the water in the lake is 

increasing. The large storm events in January-February 2020 decreased the salinity of 

surface waters in LHM but had little effect on salinity in deeper water layers below the level 

of the halocline. The persistent stable stratification of the water column, resulting from the 

saline intrusions in the lake from the groundwater, may continue to result in deterioration 

of water quality in the lake through the permanently anoxic bottom-water layer, however 

we do not have a recommendation to prevent in groundwater inflows as there is no obvious 

way to control it. Given the high tolerance of salinity for the cyanobacteria species C. 

ovalisporum, an attempt to reduce the intensity of the algal bloom in the lake may have to 

rely on the reduction of nutrient concentrations in the water column. However, the 

experiments also showed that C. ovalisporum could accumulate large phosphorus stores in 

its cells, providing resilience to periods of low phosphorus supply (e.g., during drought). 

Six different management scenarios explored with the model were all designed to control 

nutrient concentrations, by reducing either sediment nutrient releases or nutrient loads 

from the catchment. The 25% reduction in nutrient concentrations in runoff from the 

catchment did not show the expected levels of reduction of C. ovalisporum and nutrients 

that might have been expected, likely because the levels of nutrient accumulated in the 

bottom sediments are already very high, and C. ovalisporum is well adapted to maintain its 

population under a low-nutrient regime. The importance of inflows from the catchment was 

reinforced indirectly, however, by observations in late January 2020, during collection of the 

sediment cores, which showed a thin layer of loose dark sediments overlying the white 

Phoslock™ material in some cores. We hypothesise that this material may have originated 

from very large storm events earlier in that month, which may have circumvented possible 

treatment of the stormwater.  A program of monitoring of flow and nutrient concentrations 

in inflows could help to validate the catchment modelling and better understand whether, 

and to what extent, storm events could impact the longevity of internal lake treatments 

(e.g., sand capping and/or Phoslock™ application). 

The management scenarios that aimed at reducing C. ovalisporum via controlling 

phosphorus availability showed positive water quality effects, with the management option 

of PloslockTM and sand capping with 90% effectiveness showing the greatest effect. 
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Additionally, our sand column applications also provide useful information on the choice of 

sand for capping. More specifically, the dark-coloured sand in the experiment not only 

limited resuspension of the loose material on the sediment surface as the sand settled, but 

it also ensured little phosphate was released from the sediment into the water. Therefore, 

management options that can control sediment release, such as sand capping and 

PhoslockTM application, hold promise to improve water quality and mitigate algae bloom in 

LHM. Detailed assessment of this management option could be undertaken to develop 

greater certainty about its effects and the costs involved.  

Recommendations 
Based on the findings of our study we outline some recommendations: 

It is clear that none of the treatment options for LHM will completely remove the 

algal blooms and that managing the scale of the blooms is a more realistic scenario 

The model outputs suggest that application of PhoslockTM with sand is the scenario 

with the maximum benefit in terms of suppressing blooms of C. ovalisporum. This 

assumes a reasonably thick layer of sand of 5-10 cm. However, the multi-criteria 

analysis is needed to assess the cost-effectiveness of this treatment. 

Other options tested in the model, e.g. PhoslockTM alone, also had an impact on 

reducing C. ovalisporum blooms but not to the same degree. This would be a lower 

cost option. 

The frequency of re-application of PhoslockTM will depend on the scale of inflows 

from year to year. Clearly the scale of inflow and concentrations of phosphorus in 

those inflows have a major effect on phosphorus stores in the lake.  
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Appendix 1: Model configuration data 

In the following, the input files for the updated lake model are given. Note that the input files were 

for the no-Phoslock application scenario, based on which other management scenarios including 

the reference simulation can be derived. Time series are given only exemplarily. 

 

Model configuration (LHM.cfg) 

<#5> 
Configuration file for Lake Hugh Muntz 
2017157             # Simulation start day 06/06/2017 
999                # Simulation length (in days)  
.TRUE.               # Run CAEDYM (.TRUE. or .FALSE.) 
1                  # Output Interval (in days, -9999 for every time step) 
0.2                # Light extinction coefficient (m-1) 
0.2          # Min layer thickness (m) 
1.0  # Max layer thickness (m) 
3600               # Time Step (s) 
13                # Number of Output Selections 
TEMPTURE SALINITY DO NH4 NO3 PO4 TN TP NODUL CYANO FDIAT CHLOR CRYPT #DOCL SiO2 TCHLA # List of 
Output Selections 
.FALSE.             # Activate bubbler (.TRUE. or .FALSE.) 
.FALSE.             # Activate non-neutral atmospheric stability (.TRUE. or .FALSE.) 
 

Morphometry (LHM.stg) 

<#3> 
LHM morphometry file 
-28.04995 # latitude 
13 # height above msl 
2 # number of inflows 
SURF 70.0 0.001 0.015 surface # ht, 1/2-angle, slope, drag coeff, name" 
5.0 70.0 0.001 0.015 groundwater1 # ht, 1/2-angle, slope, drag coeff, name" 
0.0  # zero-ht elevation [m] 
12.0 # crest elevation [m] 
1   # number of outlets 
11 # outlet elevations [m] 12.6, 11 
27  # number of stg survey points after header 
Elev [m] A [m^2] 
0.1 4145 
0.5 8301 
1.0 11524 
1.5 13843 
2.0 15803 
2.5 17632 
3.0 19466 
3.5 21624 
4.0 23995 
4.5 26474 
5.0 28751 
5.5 30972 
6.0 34645 
6.5 40176 
7.0 67775 
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7.5 90330 
8.0 104416 
8.5 116184 
9.0 122847 
9.5 128240 
10.0 133451 
10.5 138378 
11.0 143361 
11.5 148520 
12  149244 
12.5  149244.5 
13  149244.5 
 
Initial Profile (LHM.pro) 

INITIAL PROFILE at LHM 
13 # number of initial profile layers 
Height Temp Sal 
0 20.6 4.5 
1 21.2 4.4 
2 22.1 4.3 
3 22.4  4.2 
4 21.6  3.6 
5 19.7  2.1 
6 19.7  2 
7 19.7  2 
8 19.7 2 
9 19.7  2 
10 19.7  2 
11 19.8  2 
12 20  2 
 
Meteorological input (LHM.met) 

<#3> 
Lake Hugh Muntz meteorological data       
86400         # met data input time step (seconds) 
CLOUD_COVER   # longwave radiation type (NETT_LW, INCIDENT_LW, CLOUD_COVER) 
FIXED_HT 22.5   # sensor type (FLOATING, FIXED_HT), height in metres (above water surface, above lake 
bottom)       
TIME SOLAR_RAD CLOUDS AIR_TEMP VAP WIND_SPEED RAIN 
2017157 158.56 0.29 17.15 10.44 3.52 0 
2017158 159.72 0.12 14.75 6.55 1.81 0 
2017159 159.72 0.29 15.65 8.08 2.16 0 
2017160 136.57 0.61 17.8 13.29 4.34 0 
2017161 129.63 0.58 18.95 16.56 5.78 0 
2017162 67.13 0.94 19.05 19.71 4.69 0.041 
… 
 
Inflow (LHM.inf) 

LHM DYRESM-CAEDYM Inflow file 
2           # number of inflow streams。 
surface     # stream 1 
groundwater # stream 2 
YearDayNum InfNum VOL TEMPTURE SALINITY DO NH4 NO3 PONL DONL PO4 POPL DOPL POCL SiO2 
2017157 1 0 21.41 0.53 8.82 0.02 0.3 0.35 0.35 0.005 0.1 0.05 10 1 
2017157 2 800 18 6.11 0 0.04 0.2 0.35 0.35 0.005 0.1 0.05 1 1 
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2017158 1 0 19.91 0.55 9.08 0.02 0.3 0.35 0.35 0.005 0.1 0.05 10 1 
2017158 2 800 18 6.11 0 0.04 0.2 0.35 0.35 0.005 0.1 0.05 1 1 
2017159 1 0 18.78 0.57 9.29 0.02 0.3 0.35 0.35 0.005 0.1 0.05 10 1 
2017159 2 800 18 6.11 0 0.04 0.2 0.35 0.35 0.005 0.1 0.05 1 1 
… 
 
 
Outflow File (LHM.wdr) 

Daily withdrawals LHM   [m^3/day].                
1                       ! Number of outlets  
YearDayNum Outflow 
2017157 255.8 
2017158 436.3 
2017159 414.3 
2017160 328.8 
2017161 420.7 
2017162 22733.9 
 
 
Physical Parameter (LHM.par) 

<#7> 
Parameters File for DYCD 4.0.0 
1.3E-3          # bulk aerodynamic mmt. transport coeff. 
0.09            # mean albedo of water  
0.96            # emissivity of a water surface 
4.0             # critical wind speed [m s^-1] 
43200           # time of day for output of results  [s] after midnight  
0.012           # bubbler entrainment coefficient 
0.083           # buoyant plume entrainment coeff. 
0.08           # shear production efficiency (eta_K) 
0.2             # potential energy mixing efficiency (eta_P) 
0.2             # wind stirring efficiency (eta_S) 
0.4E+06        # effective surface area coeff. 
1.4E-02         # BBL dissipation coeff. 
600            # vertical mixing coeff. 
 
 
Biogeochemical configuration (LHM.con) 

! CAEDYM v3 Configuration File: Lake Hugh Muntz 
3.2                       CAEDYM Version Number 
!-------------------------------------------------------------------------------! 
! I/O Configuration: 
LHM.bio Biological parameters file 
LHM.chm Geo-chemistry database file 
LHM.sed Sediment parameters file 
LHM.int Initial conditions file 
NULL   Inflow forcing file 
NULL   3D forcing file 
T    Print progress messages to screen 
T    Write debug information to file (caedym_debug.out) 
1.0    Print time step (days)       
720.0   Time series time step (minutes) 
1 1 0   Time series location 
T    Print integrated time series files 
!-------------------------------------------------------------------------------! 
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! Biological Configuration: 
! PHYTOPLANKTON ---------- 
 5                        Number of PHYTOPLANKTON groups to simulate 
  2 3 4 5 7               Chosen groups to simulate 
 1                        Currency (units): 1=Chl;2=C.&Chl params;3=C. &C params 
 5                        Number of phyto groups with dynamic nitrogen stores 
  2 3 4 5 7            Chosen phyto groups with internal nitrogen stores 
 5                        Number of phyto groups with dynamic phosphorus stores 
  2 3 4 5 7                 Chosen phyto groups with internal phosphorus stores 
 0                        Number of phyto groups with internal carbon stores 
 0                        Number of phyto groups with toxin/metabolite production  
 1                        Number of groups able to fix nitrogen 
 3                        Chosen phyto groups able to fix N2 
 0.1                      Minimum allowable biomass for phytoplankton 
 T                        Direction of advection of motile phytoplankton 
 F                        Stokes settling into the sediment 
 F                        Motile settling into the sediment 
 0                        Phytoplankton time series group 
! ZOOPLANKTON ------------ 
 0                        Number of ZOOPLANKTON Groups to simulate 
 0.02         Minimum allowable biomass for zooplankton 
 0                        Zooplankton time series group 
! FISH ------------------- 
 0                        Number of FISH groups to simulate  
 0                        Fish time series group 
 0                        Number of fish EGG/LARVAE cohorts 
! MISCELLANEOUS ---------- 
 0                        Number of PATHOGEN groups to simulate 
 0                        Number of JELLYFISH groups to simulate 
 0                        Number of SEAGRASS groups to simulate 
 0                        Number of MACROALGAE groups to simulate 
 0                        Number of CLAM/MUSSEL groups to simulate 
 0                        Number of other INVERTEBRATE groups to simulate 
 1e-2                     Minimum allowable biomass for all other species 
!-------------------------------------------------------------------------------! 
! Nutrient/Chemistry Configuration: 
 0                        Simulate suspended solids  (SSOL1, SSOL2) (set to "2" to run both SSOL1 and SSOL2) 
 F                        Simulate refractory OM pools (POMR, DOMR) 
 F                        Simulate Bacterial Biomass          (BAC) 
 0                        Simulate Biologically Active Components 
 F                        Type of sediment model (F=STATIC;T=CANDI) 
 F                        Simulate Geochemistry Module (has to be T if running CANDI) 
 1                        Geochemistry time-step (days) 0 means CAEDYM time step 
 4                       Number of chemical components (excluding H+, H2O, e-) 
 PO4 NO3 NH4  SiO2 !!!!  MnII MnIV Cl Ca Na K Mg FeII FeIII SO4 H2S CH4 DIC  
 1                        Number of minerals/pure phases to include 
  Fe(OH)3_a ! FeS(ppt) Calcite Birnessite Siderite Rhodchros Aragonite Birnessite   
!-------------------------------------------------------------------------------! 
! Miscellaneous Configuration: 
 T               settf    Simulate settling (& migration for phytos) 
 T               resuf    Simulate resuspension 
 F               colf     Simulate colour / tracer 
 0               exrf     Experimental configuration flag 
 0               nera     3D variables subject to error analysis 
 T               for3df   Forcing domain for 3D forcing 
 T               inflag   Sparse locations where inflows are written 
 0               obf      Open boundary condition type (0 = no open boundaries) 
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 1               wmode    Type of water system 
!-------------------------------------------------------------------------------! 
… 
 
Chemical Parameter (LHM.chm) 

! ------------------------------------------------------------------------------ 
  TRACER constants 
! ------------------------------------------------------------------------------ 
     0.00000      decr (/day) : Decay rate for colour/tracer                   ! 
     0.00000      sett (m/s)  : Sett rate for colour/tracer                   ! 
 
! ------------------------------------------------------------------------------ 
  OXYGEN constants 
! ------------------------------------------------------------------------------ 
    50.00000   PCmax  (g/m^2) : Maximum limit of polychaete biomass            !  
     2.67     YOC    (mg C/mg O) : Respiration stoichiometric ratio of C to O2!     
     0.10000   fox    (no units) : Frac of net DO allocated to seagrass roots  ! 
     2.66667   YSG    (mg seagC/mg O) : Stoichiometric factor, seagrass C : DO ! 
     2.66667   YOJ    (mg jelC/mg O) : Stoichiometric factor, jellyfish C : DO ! 
     0.00000   oxmin  (mg/L) : Minimum DO in the bottom layer (mg/L)           ! 
     0.02000   prc    (no units) : Photo-respiration phytoplankton DO loss     ! 
 
! ------------------------------------------------------------------------------ 
  BACTERIA constants  ********************************************************* 
! ------------------------------------------------------------------------------ 
! KDOB : Half sat const for DO dependence of POM/DOM decomposition  (mg/L)     ! 
   3.0                : Water Col                                              ! 
   2.5                : Sediment                                               ! 
! fanB : aerobic/anaerobic factor                                              ! 
   0.3                 : Water Col                                             ! 
   0.3                 : Sediment                                              ! 
! Temperature representation for bacteria                                      !  
! vT (no units)        : Temperature multiplier                                ! 
     1.05000                                                                   ! 
! Tsta (Deg C)         : Standard temperature                                  ! 
    20.00000                                                                   !  
! Topt (Deg C)         : Optimum temperature                                   ! 
    28.00000                                                                   ! 
! Tmax (Deg C)         : Maximum temperature                                   ! 
    35.00000                                                                   ! 
!------------------------------------------------------------------------------! 
! Respiration of Bacteria                                                      ! 
     0.01000           krB   (/day)      : Water Column                        !  
     0.00500           krBs  (/day)      : Sediment                            ! 
! Bacterial Excretion of DOC                                                   ! 
     0.20000           kexB  (/day)      : Water Column                        ! 
     0.00000           kexBs (/day)      : Sediment                            ! 
! Half sat const for bacteria function f(BAC)                                  ! 
     0.50000           kOCB  (/day)      : Water Column                        ! 
     0.00000           kOCBs (/day)      : Sediment                            ! 
! Bacterial "grazing" preferences (decimal %), should total 1.0                ! 
! PbPOM                                                                        ! 
     0.15000           1 - LABILE                                              !  
     0.05000           2 - REFRAC                                              ! 
! PbDOM                                                                        !  
     0.75000           1 - LABILE                                              ! 
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     0.05000           2 - REFRAC                                              ! 
… 
 
Sediment (LHM.sed) 

! Sediment parameters for Lake Hugh Muntz 
 
! -----------------------------------------------------------------------------! 
    INORGANIC PARTICLE constants  
! -----------------------------------------------------------------------------! 
! Density of suspended solid particles                                         ! 
 0.26500E+04           deS (kg/m^3)      : SSOL1                               ! 
 0.26500E+04           deS (kg/m^3)      : SSOL2                               ! 
 0.26500E+04           deS (kg/m^3)      : SSOL3                               ! 
 0.26500E+04           deS (kg/m^3)      : SSOL4                               ! 
 0.26500E+04           deS (kg/m^3)      : SSOL5                               ! 
 0.26500E+04           deS (kg/m^3)      : SSOL6                               ! 
! Diameter of suspended solids groups                                          ! 
 3.0000E-06           diaSS (m)          : SSOL1                               ! 
 3.0000E-06           diaSS (m)          : SSOL2                               ! 
 3.0000E-06           diaSS (m)          : SSOL3                               ! 
 3.0000E-06           diaSS (m)          : SSOL4                               ! 
 3.0000E-06           diaSS (m)          : SSOL5                               ! 
 3.0000E-06           diaSS (m)          : SSOL6                               ! 
! Specific attenuation coefficient                                             ! 
 0.05000E+00           KeSS (mg^-1Lm^-1) : SSOL1                               ! 
 0.05000E+00           KeSS (mg^-1Lm^-1) : SSOL2                               ! 
 0.05000E+00           KeSS (mg^-1Lm^-1) : SSOL3                               ! 
 0.05000E+00           KeSS (mg^-1Lm^-1) : SSOL4                               ! 
 0.05000E+00           KeSS (mg^-1Lm^-1) : SSOL5                               ! 
 0.05000E+00           KeSS (mg^-1Lm^-1) : SSOL6                               ! 
! Critical shear stress                                                        ! 
 0.05000E+00           tcs (N/m2)        : SSOL1                               ! 
 0.05000E+00           tcs (N/m2)        : SSOL2                               ! 
 0.01000E+00           tcs (N/m2)        : SSOL3                               ! 
 0.01000E+00           tcs (N/m2)        : SSOL4                               ! 
 0.01000E+00           tcs (N/m2)        : SSOL5                               ! 
 0.01000E+00           tcs (N/m2)        : SSOL6                               ! 
  
  
! -----------------------------------------------------------------------------! 
   STATIC SEDIMENT constants 
! -----------------------------------------------------------------------------! 
! Theta(sed)           : Temp multiplier of sediment fluxes                    ! 
     1.060                                                                     ! 
!-- SEDIMENT OXYGEN DEMAND 
0.19           rSOs (g/m^2/day)  : Static sediment exchange rate        ! 
0.4           KSOs (mg O/L)     : 1/2 sat const for DO sediment flux   ! 
!-- NUTRIENT FLUXES                                                            ! 
! PO4 sediment flux                                                            !  
0.001           SmpPO4 (g/m2/day) : Release rate of PO4                   ! 
     1.50          KOxS-PO4 (g/m^3)  : Controls sed release of PO4 via O and NO3    ! 
! NH4 sediment flux                                                            !  
0.15           SmpNH4 (g/m2/day) : Release rate of NH4                 ! 
     1.50           KDOS-NH4 (g/m^3)  : Controls sed release of NH4 via O   ! 
! NO3 sediment flux                                                            !  
-0.55          SmpNO3 (g/m2/day) : Release rate of NO3                     !  
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      3.0          KDOS-NO3 (g/m^3)  : Controls sed release of NO3 via O       ! 
! Si sediment flux                                                             ! 
     0.03850           SmpSi (g/m2/day)  : Release rate of Si                  ! 
     0.50000           KDOS-Si (g/m^3)   : Controls sed release of Si via O    ! 
! DOC sediment flux                                                            ! 
     0.00000           SmpdocL (g/m2/day): Release rate of DOCL                !  
     0.00100           SmpdocR (g/m2/day): Release rate of DOCR                ! 
     0.50000           KDOS-doc (g/m^3)  : Controls sed release of DOC via O   ! 
! DOP sediment flux                                                            ! 
     0.00000           SmpdopL (g/m2/day): Release rate of DOPL                !  
     0.00000           SmpdopR (g/m2/day): Release rate of DOPR                ! 
     3.50000           KDOS-dop (g/m^3)  : Controls sed release of DOP via O   ! 
! DON sediment flux                                                            ! 
     0.00000           SmpdonL (g/m2/day): Release rate of DONL                !  
     0.00000           SmpdonR (g/m2/day): Release rate of DONR                ! 
     3.50000           KDOS-don (g/m^3)  : Controls sed release of DON via O   ! 
!-- METAL ETC FLUXES 
! Fe Sediment flux  
     0.44000           SFe   (g/m^2/day) : Sediment release rate (Static Model)!  
     0.04000           KDOFe (mg/L)      : Oxygen sediment half saturation     ! 
! Mn Sediment flux  
     0.08600           SMn   (g/m^2/day) : Sediment release rate               ! 
     0.40000           KDOMn (mg/L)      : Oxygen sediment half saturation     ! 
! Su Sediment flux  
     0.08600           SSu   (g/m^2/day) : Sediment release rate               ! 
     0.40000           KDOSu (mg/L)      : Oxygen sediment half saturation     ! 
! Al Sediment flux  
     0.0120            S_AL  (g/m^2/day) : Sediment release rate               ! 
     3.50000           KDOAl (mg/L)      : Oxygen sediment half saturation     ! 
! Zn Sediment flux  
     0.0120            S_Zn  (g/m^2/day) : Sediment release rate               ! 
     3.50000           KDOZn (mg/L)      : Oxygen sediment half saturation     !                          
!--- SEDIMENT COMPOSITION 
     0.050             sedOrganicFrac    : Fraction of sediment that is organics ! 
     0.100             sedPorosity       : Sediment Porosity (porewater fraction) ! 
     0.000            resusRate (g/m2/d): Composite resuspension rate ! 
     1.0E+08           resusKT (g)      : Half-sat for resus dependence on sed mass ! 
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Appendix 2: Relationship between rainfall and chlorophyll a 

A lag correlation analysis was used to identify whether there is a relationship between 
rainfall and cyanobacteria chlorophyll in Lake Hugh Muntz (LHM). This appendix is produced 
via R markdown, an increasingly popular document format that is fully reproducible and 
supports dozens of static and dynamic output formats. 

Data collection 
Rainfall 

Rainfall data were sourced from the weather station of Burleigh Waters Alert (Station NO. 
040981) maintained by Australian Bureau of Meteorology. Daily rainfall data were collected 
for the period of 06/06/2017 - 29/02/2020. 

Cyanobacteria chlorophyll 

The City Council of Gold Coast has five monitoring sites along the LHM edge and 
cyanobacteria biovolume data are regularly collected on an approximately weekly basis. In 
this analysis, these data were converted from biovolume to chlorophyll and the average 
chlorophyll value across the five sites for each monitoring date was calculated. The 
chlorophyll data cover the period of 30/10/2017 - 25/02/2020. Note that the cyanobacteria 
data period is within the rainfall data period, enabling lag correlation analysis of the two 
time series. 

Data analysis and Results 
Time series of rainfall and cyanobacteria chlorophyll 
# Read in CYANO 
cyano<-read.csv("../Data/WQ data/Obs_LHM_edge-chla.csv") 
# Read in rainfall 
rain<-read.csv("../Data/LHM rainfall.csv") 
# Data wrangling 
library(dplyr,quietly = TRUE,warn.conflicts = FALSE) 
library(lubridate,quietly = TRUE,warn.conflicts = FALSE) 
data<-rain%>% 
  left_join(.,cyano[,c(1:6)],by=c("Date"))%>% 
  mutate(Date=as.Date(Date,format="%d/%m/%Y")) 
# Plotting rainall and CYANO 
library(ggplot2) 
data%>% 
  ggplot(aes(x=Date))+ 
  geom_col(aes(y=Rainfall_m*1000))+ 
  geom_point(aes(y=AVG_CHLA),color="red")+ 
  theme_classic()+ 
  ylab("Rainfall (mm) \n Cyanobacteria chlorophyll (mg/L)") 

## Warning: Removed 877 rows containing missing values (geom_point). 

https://rmarkdown.rstudio.com/index.html
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Figure A1. Time series of rainfall (black bar) and average cyanobacteria chlorophyll (red 
dots) in Lake Hugh Muntz over the period of 06/06/2017 - 29/02/2020. 

Visually checking Fig. A1, there seems to be a weak correlation between rainfall and 
chlorophyll. In the following, we applied lag correlation analysis to quantify the extent of 
correlation of these two time series were. The reason to choose lag correlation is that a 
noticeable increase in nutrients in the lake that leads to a cyanobacteria bloom is often 
caused by antecedent rainfall events. The lag correlation analysis helps answer how many 
days the antecedent rainfall should be prior to a detected cyanobacteria bloom. 

First, we generated a series of lagged time series of rainfall, ranging from 1 - 40 days’ lag, 
and then calculated Pearson’s correlation coefficient between each of the lagged rainfall 
time series and the chlorophyll time series. 

library(tis,warn.conflicts = FALSE) 
cor.value<-c() 
 
for(lag in 1:40){ 
  cor.value[[lag]]<-data%>% 
    mutate(rain_lag=lag(Rainfall_m,lag))%>% 
    summarise(corr=cor.test(x=AVG_CHLA,y=rain_lag,use="complete.obs")[4], 
              p_value=cor.test(x=AVG_CHLA,y=rain_lag,use="complete.obs")[3
]) 
} 
 
do.call(rbind.data.frame,cor.value) 

##           corr     p_value 
## 1   0.06409171   0.4830846 
## 2  -0.01861248   0.8387577 

(μ
g/

L)
 

g/
L)
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## 3  -0.04446612    0.626734 
## 4   0.07458501   0.4142282 
## 5    0.2196059  0.01508211 
## 6    0.1499497  0.09924328 
## 7   0.06587689   0.4709544 
## 8    0.1862335  0.03999073 
## 9   0.08007751   0.3806014 
## 10   0.0579693   0.5259281 
## 11   0.2303858  0.01068185 
## 12   0.2852427 0.001449511 
## 13   0.2228549  0.01361423 
## 14   0.1542088   0.0899016 
## 15   0.1034013   0.2570511 
## 16   0.1455938    0.109572 
## 17  0.06014914   0.5104573 
## 18    0.205129  0.02341723 
## 19    0.211646  0.01927255 
## 20 -0.08774978    0.336499 
## 21  0.03394184   0.7105277 
## 22  0.08806046   0.3347844 
## 23  -0.1176643   0.1967888 
## 24  0.07864148   0.3892292 
## 25  0.04364882   0.6330905 
## 26   0.1055308   0.2473295 
## 27 -0.05478114   0.5489737 
## 28  0.05440525   0.5517228 
## 29   0.1269509   0.1634905 
## 30 -0.02807851   0.7588394 
## 31   0.2341103 0.009448494 
## 32   0.1653192  0.06879633 
## 33  0.06653296   0.4665385 
## 34  0.02034119   0.8240135 
## 35  0.07317935   0.4231049 
## 36  0.08315162   0.3625257 
## 37 -0.06579568   0.4715026 
## 38   0.2536582 0.004814873 
## 39   0.1568751   0.0844183 
## 40   0.1514704  0.09582375 

Results showed that when the lags were 11, 12 and 13 days, the correlation coefficients 
were up to 0.23, 0.29 and 0.22, respectively, with p < 0.02. Although some other individual 
lags such as 19, 31 and 38 days were also significant, their neighboring lags displayed 
relatively low coefficient values. This suggested that it likely took from 11-13 days after a 
rainfall event to detect the maximum cyanobacteria chlorophyll in LHM. 

To quantify how much variation in chlorophyll can be explained by the lagged rainfall time 
series, we further developed a linear multiple regression model, in which the chlorophyll 
was a function of 11, 12 and 13 days lagged rainfall time series. 

lm.data<-data%>% 
  mutate(rain_10=lag(Rainfall_m,10), 
         rain_11=lag(Rainfall_m,11), 
         rain_12=lag(Rainfall_m,12), 
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         rain_13=lag(Rainfall_m,13), 
         rain_14=lag(Rainfall_m,14))%>% 
  filter(complete.cases(.)) 
 
summary(lm(AVG_CHLA~rain_11+rain_12+rain_13,data=lm.data)) 

##  
## Call: 
## lm(formula = AVG_CHLA ~ rain_11 + rain_12 + rain_13, data = lm.data) 
##  
## Residuals: 
##     Min      1Q  Median      3Q     Max  
## -42.592 -26.496  -5.607  22.579  58.649  
##  
## Coefficients: 
##             Estimate Std. Error t value Pr(>|t|)     
## (Intercept)   26.971      2.751   9.805   <2e-16 *** 
## rain_11      436.546    215.317   2.027   0.0449 *   
## rain_12      332.245    212.018   1.567   0.1198     
## rain_13      438.834    443.757   0.989   0.3247     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## Residual standard error: 27.86 on 118 degrees of freedom 
## Multiple R-squared:  0.1163, Adjusted R-squared:  0.09381  
## F-statistic: 5.175 on 3 and 118 DF,  p-value: 0.002144 

The regression results showed that the three variables only accounted for about 9% of the 
variation in chlorophyll, but none of the coefficients was statistically significant at the 0.01 
level. We then built another regression model relating chlorophyll only to the 12-day lagged 
rainfall time series, as it showed the highest Pearson’s correlation coefficient among the 
three lagged time series. 

summary(lm(AVG_CHLA~rain_12,data=lm.data)) 

##  
## Call: 
## lm(formula = AVG_CHLA ~ rain_12, data = lm.data) 
##  
## Residuals: 
##     Min      1Q  Median      3Q     Max  
## -33.227 -25.955  -6.765  21.320  66.086  
##  
## Coefficients: 
##             Estimate Std. Error t value Pr(>|t|)     
## (Intercept)   28.765      2.608   11.03  < 2e-16 *** 
## rain_12      538.173    165.078    3.26  0.00145 **  
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## Residual standard error: 28.17 on 120 degrees of freedom 
## Multiple R-squared:  0.08136,    Adjusted R-squared:  0.07371  
## F-statistic: 10.63 on 1 and 120 DF,  p-value: 0.00145 
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The second regression model showed R-squared values only dropped to 7%, but with a 
statistically significant coefficient (p < 0.01). 

Conclusion 

In this analysis, we applied lag correlation analysis to identify the relationship between 
rainfall and chlorophyll in LHM. Results showed that it generally took from 11-13 days after 
a rainfall event to detect the maximum cyanobacteria chlorophyll in LHM, but rainfall alone 
accounted for merely 9% of the variation in cyanobacteria chlorophyll. 
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