
 
18 July, 2017 

Professor Caroline P. Slomp 
Handling Associate Editor 
Biogeosciences 
Princetonplein 9 
Room 1.08 
3584 CC  UTRECHT 
The Netherlands 
 

 

Dear Professor Slomp,  

Please find attached revision of the manuscript bg-2017-132, entitled " Effects of changes in 

nutrient loading and composition on hypoxia dynamics and internal nutrient cycling of a stratified 

coastal lagoon”. We have carefully considered the comments from the reviewers and undertaken 

the suggested changes as summarised below in this document. In addition further other editorial 

improvements have been made throughout the manuscript to improve the readability and clarity 

for readers of Biogeosciences. The modified version with track changes is included at end of the 

response to reviewers. 

 

We hope the manuscript now meets your expectations for publication and if you have any further 

requirements we would be pleased to make any necessary changes.  

Yours Sincerely  

Yafei Zhu 

  



 

Response to the 1st Reviewer’s comments  

 

Sect 2 Could you clarify if "balanced" Initial Conditions for the sediment (ie, as produced following the 

methodology described in p 4 L 19-24) were derived for each scenario, or if all scenario starts with the 

same IC. In the latter case (same sed ICs for all scenario), there would be a transient period during 

which sediments supports the nutrient delivery, and I wonder about any temporal trends in the 

indicated results (ie, would the same response to catchment scenario be obtained if rates were 

computed over different period of the simulations). Could the author comment on this aspect and 

provide a justification for the period selected as a basis for scenario comparison (ie; the numbers 

provided in Figs 4-12) In the former case (different ICs, specifically balanced for the different catchment 

scenarios), I don’t understand the content of P7 L 6-8. 

 

We have added a couple of sentences to make it clear that all the scenario had the same initial condition 

which was derived for the base case: “…To ensure the consistency of the analyses and comparisons, all 

scenarios had the same initial conditions including the sediment nutrient inventory which was derived 

from the base case….” 

The scenario with no catchment nutrient loading showed that the sediment N (both organic and 

inorganic) depleted within a few months from the start of the simulation. This short transition period did 

not significantly affect the overall results. However, P may have a much longer residence time in the 

system. There are a few reasons for why we have chosen the selected period for scenario comparison: 1) 

a good set of monitoring data was collected during that period; 2) the span of the simulation covered 

both dry and wet periods; 3) and, we have a good knowledge of the sediment geochemistry over the 

same period  

Sect 2.2 It would be good to have a few lines on the functioning of benthic-pelagic coupling in the 

model. 

We have expanded the model description section as recommended:”… The model included three groups 

of phytoplankton which were N-fixing cyanobacteria, vertically-migrating dinoflagellates and fast-

growing diatoms. One group of grazers was included and configured to avoid grazing on cyanobacteria. 

The mortality of phytoplankton together with the catchment input was the major source of organic 

matter.  The organic matter was represented by particulate organic carbon (POC), PON and particulate 

organic phosphorus (POP) and was further divided into labile and refractory fractions. To simplify, the 

dissolved organic carbon/nutrients and the hydrolysis process (conversion from particulate to dissolved 

organic carbon/nutrient) have not been modelled explicitly. Instead, the model has been configured in 

the way that mineralisation of particulate organic carbon /nutrient took place without going through 

hydrolysis first.  An accumulation of organic matter layer at the floor was formed due to settling. Some 

of the accumulated organic matter would deposit in the sediment and some would return to water 

column by resuspension. The rates of disposition and resuspension were calculated based on the 

modelled local shear stress and the critical shear stress defined for disposition and resuspension….” 



 

P5L9 I don’t understand the justification given for the estimation of the labile fraction of particulate 

organic input. What relates the 60% evaluated between the C/N ratios for labile OM and catchment 

OM, and the 60% deduced for the ratio between labile and refractory component. Wouldn’t there be 

a need to assign some C/N value to the refractory component to close this computation? 

The model had organic matter in the labile and refractory portions. Because there was no C data from 

the catchment load, we estimate a C:N weight ratio of 10 for catchment C loads based on the recorded 

N loads. The C:N ratio can be a good indicator of the lability of organic matter. If we assume Redfield 

(C:N=5.7) material is labile  then  5.7/10~=0.6 can be a good estimation of the labile portion for the 

catchment organic matter. The estimate was very close to the ones published for some other major 

rivers around the world (P5L21). The model does not close the computation based on C/N ratio but 

there was conversion from labile to refectory which is associated with mineralisation.  

 

 

P5 Last paragraph: Please provide in the text the period over which statistics presented in Figs 4-12. 

We have specified the period for which the statistics were calculated: “… The response of bottom water 

DO and sediment processes to different nutrient scenarios over the two-year simulation period between 

May 2010 and July 2012 were analysed and discussed, with the focus on the central basins of northern 

Lake King where the most severe hypoxia, highest sediment DIP fluxes and cyanobacterial blooms were 

located.” 

 

P9 L27 : It is very difficult to understand the development given here without a few lines in the model 

description of how the sediment module works. I think it would be much easier to decribe this mass 

balance with a few equations. A few points : * Zhu et al 2016 mention burial: How is burial 

considered in the present mass balance ? * The fact that TCO2 fluxes in the zero catchment scenario 

quantify the contribution from the refractory sediment stocks only is again related to the IC question 

above, please clarify. * L31: Why a different period is considered here (July2011 -> Jan2012). This 

also relates to the first question. Also on Fig. 5 the tot PP for the no-catchment scenario seems to be 

around 15% of the base case, and not 0.38% ? Could you explain? 

We have improved the model description. There was an equation (P9L33) that explained how the mass 

balance was worked out. The mass balance calculated here was not affected by burial. As organic matter 

will only be removed from the model by burial when the total depth exceeds a depth threshold (0.2m in 

this case).  

Since each scenario had the same initial condition, the TCO2 Fluxes in the zero catchment scenario can 

be a good estimate for what was contributed by refectory sediment C.  

We have made it more obvious that the mass balance was carried out for July 2011 to Jan 2012. The 

purpose of the mass balance was to compare the importance of catchment carbon and primary 

production to the development of hypoxia. The reason we chose this period was because during this 



period 1) large quantity of catchment organic carbon was introduced by a flood 2) and hypoxia was 

developed in this period. 

Figure 5 presents the results over the entire 2-year simulation. The percentage (either 0.38% or 15%) 

presented here were all relative. For example, let’s assume the PP is 15 ton/month over 12 month, and 

the total catchment carbon was 100 ton/year but 80 ton was introduced within one wet month. Then  

the ratio of PP: Catchment C would be 12/100  for the 12-month period but 1/80 for the wet month.  

 

MINOR COMMENTS * P2 L5 : How does hypoxia or anoxia enhance the recycling of N ? 

We suppose hypoxia/anoxia would reduce the production of NO3 through nitrification and thus affect 

the denitrification process.    

 

P2 L25 : " have been studied .. " -> could you briefly present the main conclusions of those previous 

study on the contribution of allocthonous/autochtonous organic matter to coastal hypoxia ? 

Updated: “…Paerl et al. (1998) showed that hypoxia in estuaries can be stimulated either by internal 

generated or external supplied organic matters depending on the meteorological and hydrological 

conditions….” 

P2 L10 space after "." 

Updated. 

P2L02 lowercase "N"itrogen 

Updated. 

P4L27 provide the reference for validation again. 

Updated. 

P4L31 knowns->known 

Updated. 

 

P5 l20 space before "." 

Updated. 

Sect 3.2 : Please provide an explicit definition of "hypoxic area". For instance P6L15 "area covered", 

means area where hypoxia prevails for more than 24h? ( deduced from axis label of Fig 5) 

Updated: “… Any further increase in catchment DIN or TP load had no obvious impact on the size of the 

total hypoxic area (the area with 24-hour-averaged bottom-water DO concentration < 2mg/L), while 

slight increases were seen for the other three scenarios. This was because TPP did not increase much 

when either DIN or TP increased.” 



P6 L18 : Why is DON mentioned here.  Sect.  2.2 precise DON and DOC are not represented in the 

model? 

Changed to PON. 

P7 L9-10 : "The ratio ..41)" : I don’t understand this sentence. What do you mean. This ratio was 33% 

instead of 8.5 % at Lake King. What is the R2 referring to ? Please rephrase 

Updated. This is the trend line plotting TPP vs TCO2: “ To compare the effect of nutrient reductions on 

TCO2 fluxes, the effect of the initial sediment nutrient condition was taken into account by subtracting 

the TCO2 flux and TPP for the simulation with no catchment nutrient input from all the model results. 

The TCO2 flux and TPP were highly correlated  and TCO2 flux was approximately equivalent to 8.5% 

(calculated by linear regression: R2=0.97, n=41) of the TPP across the entire lake system. The ratio was 

much higher at Lake King and increased to 33% (R2=0.93, n=41).”  

 

P7 L21-22 . In the case were all scenario starts from the same ICs (see main question 1), could it also be 

due to an ongoing mineralization of refractory sediment stocks ? 

Strictly speaking, yes, the ongoing mineralization of refractory sediment stocks contribute majority of 

the SOD for the zero catchment scenario. This SOD was small but relatively constant over time. 

However, it was really stratification that prevented oxygen replenishment and induced hypoxia.  

 

P8 L5: Those "mechanisms" were not mentioned in the results, nor are they clearly described in the 

following. Clarify or remove this sentence. 

Updated: “…Surprisingly, the model showed that primary production was equally sensitive to inorganic 

and particulate nitrogen loading and that there were two distinct mechanisms by which these two 

nitrogen forms were trapped within the lakes. Particulate nitrogen can settle down to the sediment 

while only a negligible portion of the inorganic nitrogen can be transported to the sediment by diffusion 

unless converted to particulate form by photosynthesis…” 

P8L6 " the model simulated the transport " -> "we used the model to simulate the transport .. " 

Updated. 

P8 "land use" -> could you expand a bit the discussion here ? 

Updated: “…We therefore suggest further studies need to be undertaken to better understand the 

degradation kinetics of PON and the factors that control this such as land use which may generate PON 

of different degradability…” 

P8 L15 :  were all biogeochemical processes disabled to estimate transport or only plankton 

uptake ? 

Updated: “…On the other hand, without any biogeochemical processes such as phytoplankton uptake, 

only 32% of the DIN remained in the lakes after the flood…” 



P8 L16: Please precise how is the 70% computed and to what the R2 refer. 

This was calculated by plot TN remaining vs TN input, 70% is the trend line with a slope of 0.7. See 

changes for P8L15-17 below. 

P8 L15-17 : Please rephrase. The reader can understand the message with the next sentence but it is 

not clear in the present form 

Updated: “…On the other hand, without any biogeochemical processes such as phytoplankton uptake, 

only 32% of the DIN remained in the lakes after the flood. In fact, all the simulations except for the TP 

reduction scenario showed that around 70% (calculated by linear regression: R2=0.99, n=37) of TN 

contributed by the flood event still remained in the lakes by the end of August 2011…” 

P8L18 : please provide explicitly the definition for TN export rate. 

Updated. “…TN exported to the ocean as a percentage of the total catchment nitrogen input increased 

by 2.3%, 8.1%, 24% and 50% correspondingly when TP was reduced by 25%, 50%, 75% and 100%,…” 

P9 L 16 and following:  Might be rephrased for clarity.  For instance using the au- 

tochtonous/allochtonous nomenclature. 

We have reworded this by using ‘internal primary production’ and ‘external catchment input’: “There 

has been controversy as to whether internal primary production  simulated directly by anthropogenic 

nutrients or external catchment organic carbon inputs caused hypoxia in estuaries such as the Gulf of 

Mexico (Boesch et al., 2009)…” 

P 10 L8 .. contribute "by" less than 7% "to" the .. P10 L9 bottom water "Oxygen" depletion 

Updated: “…In addition, the catchment POC only contributed less than 7% to the sediment TCO2 flux 

between September 2011 and Jan 2012…” 

P10 L23-25, please clarify or better integrate in the current discussion. 

It has been deleted to avoid confusion.  

Fig 5 -> reallocate the definition given in the axis label ( min 24h ..) to the caption or the text (or 

both) 

Updated. The definition was moved to the text. 



 

 

Fig 6 is maybe not essential, and could be described in words. 

Figure 6 has been deleted.  

Fig8 caption mentions again " and occurence of hypoxia .. of". Is that a Typo ? 

Updated 

 

  



Response to the 2nd  Reviewer’s comments  

 

1) Page 3, Line 29 – the sentence that begins here and describes the turbulence closure schemes is 

organized and worded in an odd way – please re- 

 

We have expanded the model description section and made it more readable.  

“…The model consists of two components, the hydrodynamic model and the 

biogeochemical/ecological model. The hydrodynamic model simulated the transport and 

turbulent mixing in the water column…” 

 

2) A model of bio-irrigation is mentioned (Page 4, Line 15) without any real description of it. I realize 

there is another paper describing this model, and after reading that paper (Zhu et al. 2016) I am 

convinced that this bio-irrigation model could be described in the current paper in just a few 

sentences to provide the basic details. 

 

We have expanded the model description section and made it more readable. See point 4 

below. 

 

3) Page 4, Lines 3-5 – has the wave model been validated at all? It is not in this paper, and from 

what I can tell, was not validated in Zhu et al. (2016). Either some validation is due in this paper, 

or the authors should cite where the validation exists. 

 

The wave model was not validated and we have added a sentence to explain it. “…. Since there 

was not any measured wave data inside the lakes, the default wave input parameters was 

used…” 

 

 

4) Page 4, Lines 23-24: A” spatially-varying sediment iron-bound phosphate. . ..” Is mentioned as an 

initial condition, but it is not clear at all how iron-phosphorus dynamics are represented by the 

model, and these dynamics are not really described in Zhu et al. (2016). I assume you are not 

modeling iron explicitly, but rather that there is an adsorption between iron-bound and free 

phosphate that is modulated by oxygen and assumes unlimited adsorption (Zhu et al. 2016 

include an adsorption parameter in the appendix table). You could clarify this with two additional 

sentences I think. For this comment and comment #2, I believe strongly that a given paper should 

attempt to be a stand-alone document, and cannot completely rely on a previous paper to 

describe the model. Obviously you cannot re-write the entire model description, but each model 

component that is highlighted should have a basic description of it and the original source of the 

details. 

 

We have expanded the model description section and made it more readable. Yes, iron was not 

modelled explicitly but treated as a spatially varying constant estimated by previous studies: 

“…The present model overcame previous limitations by implementing sorption and desorption 

of sediment phosphate, and bioirrigation into the model enabling an accurate simulation of 



sediment phosphorus dynamics. The sorption and desorption of sediment phosphate were 

modelled explicitly based on the penetration depth of oxygen and nitrate, and the sediment iron 

concentration which was a spatially varying constant estimated by using the data collected from 

previous studies. The impact of bioirrigation was modelled by introducing a scaling factor that 

was used to adjust the diffusion rates of oxygen and inorganic nutrient at the sediment-water 

interface. The scaling factor was a function of temperature, DO and labile organic matter….” 

 

 

5) There are a fair amount of basic grammatical errors in the text – please read over carefully to 

correct this. 

 

We have conducted thorough editing and proofreading. 

 

6) Page 7, Line 9: I assume that TPP is gross photosynthesis. If so, while it is relevant to relate TPP to 

the external POC loading, I think it is less useful for comparing TPP to sediment CO2 fluxes. I think 

it would be more appropriate to relate TPP-R (net phytoplankton production) to sediment CO2 

fluxes, because it is the net production that potentially yields carbon that can sink to sediments to 

support CO2 production. 

 

Yes, TPP is the gross photosynthesis. It is relatively easy to track and extract from the model. 

However, the net phytoplankton production is not a readily available output. On the other hand, 

TPP-R is strongly correlated to TPP. Therefore we consider the use of TPP in current study was 

also appropriate.  

 

7) Page 7, Line 17: Please define explicitly how you computed denitrification efficiency. 

 

The definition of denitrification efficiency was included: “…The denitrification efficiency here has 

been defined as the percentage of inorganic nitrogen released from the sediment as dinitrogen 

gas (g N/m2/year) and can be calculated by [N2/(FNH+ FN3 + N2) × 100%] (Eyre and 

Ferguson, 2009). FNH and FN3 are the sediment ammonia and nitrate fluxes in g N /m2/year…” 

 
8) Page 9, Lines 6-8: Please provide values for bottom shear stress to help the reader understand 

what “very low” means, relative to the rest of Gippsland lakes and other systems. 

 

Updated:  “…Another important reason for POC retention in the Lake King basin was that the 

bottom shear stress in this area was generally low and the 90th percentile shear velocity was 

only 0.34 cm/s which was lower than the reported critical shear velocity (0.4-0.8 cm/s) for the 

resuspension of phytoplankton-derived organic matter (Beaulieu, 2003)…” 

 

9) Page 10, Line 23-24: I think it is worth stating clearly what the mechanism is that limits internal 

phosphorus loading with elevated nitrate. Although you cite literature, the mechanism is not 

intuitive and perhaps not widely known. 



 

In line 25, we stated that: the model showed that the increase in oxidised depth of the sediment 

was limited due to increased sediment oxygen demand and low diffusion rate of nitrate in the 

sediment. This sentence has been deleted, as it does not fit well in the context of the discussion 

as what has been recommended by the 1st reviewer.  

 

10) Page 11, Lines 4-5: What do you mean by the sentence “However, initial input of catchment 

phosphorus. . .. . .”? What analysis or model run is this based on? There are not analyses in the 

paper to support this, and in the absence of such a statement, this sentence appears to contradict 

the one that came just before it 

 

We came to this conclusion by comparing the zero TP scenario to the other ones. If there is no 

TP from the catchment, there would be no primary production. There must be P input for 

primary production to trap the N, especially IN. This P would likely be contributed from the 

catchment, because the sediment P release would not occur until bottom oxygen was depleted.   

 

11) On Page 10, Lines 9-10, you state that bottom oxygen depletion in Lake King is primarily related 

to nutrient inputs and phytoplankton production, and your scenarios indicate that elevated TP 

loads did little to stimulate additional TPP and hypoxia. But then on Page 11, Lines 12-15, you 

indicate that there could be a recalcitrance of the system in the face of modest nutrient 

reductions due to internal phosphorus loading from sediment stores, which seems to contradict 

the prior statements. Please clarify the specifics of this in the manuscript if that is possible, as it 

leaves the reader wanting for a resolution. 

 

This was because sediment P rather than the catchment P supplied majority of the P to support 

TPP and hypoxia. The sediment P originated from the catchment. Therefore, reduction in 

catchment P will eventually reduce the P accumulation in the sediment.  

 

12) You also indicate a 5-10 year time frame for the exhaustion of internal P stores, but what is that 

based upon? It would seem easy to cut off new nutrient inputs and re- run the model for 5-10 

more years of no-new nutrient loads and quantify for how many years the sediments continue to 

release phosphorus without new watershed inputs 

 

This statement was based on the long-term studies of some European lakes (Schindler and 

Hecky, 2009), the 5-10 year was an expectation only.  We have removed this statement to avoid 

confusion.   

We acknowledge the reviewer’s comment that we would also like to do a long term simulation; 

but the model require intensive computation and more importantly good long term data. We 

will work on this and hopefully address this in a separate manuscript. 

 

13) The paragraph ending Page 11 needs grammatical editing. 

    We have conducted thorough editing and proofreading. 



14) Conclusion section, Page 12, lines 1-3: The first two statements of this paragraph, again, appear 

to contradict one another.  The first sentence says hypoxia is driven by stratification and sediment 

carbon enrichment, while the second says nitrogen- stimulated primary production was 

responsible for DO depletion. So which is it? Again, why would the internal phosphorus loading 

matter if nitrogen is the key limiting nutrient? You did show that TP loading increases stimulated 

TPP beyond what TN and POC stimulated – so perhaps some improved wording would help. 

 

Updated. We should say that the carbon enrichment was caused by primary production. In the 

Gippsland Lakes, either N or P could be the limiting nutrient depending on catchment input and 

sediment geochemistry, although we found N was typically the limiting one. On the other hand, 

both field studies and model results showed that it was sediment P release that supported the 

summer blooms. In fact, Figure 4 showed that increases in TP loading were not as effective as 

the increase TN in terms of stimulating TPP.  

 

15) Figure 2: I think it would be easier to see the flow record if it had its own panel 

    

Figure 2 was updated.   

 



 
16) Units: I understand the value of using tons to represent large numbers, but it might also help to 

indicate, perhaps in the text, what the sediment-water ammonium and phosphate fluxes were in 

commonly used units (micromole/m-2/h-1). Perhaps simply contrasting the rates at the highest 

nutrient increase and larges reduction. This would help compare these numbers with other 

systems. 



We have added a second y axis using mmole/m2/day for the CO2 and nutrient fluxes in figure 8,9 and 11 

which can help the reader who would like to compare the numbers with the molar units.  

 

Figure 1 Annual sediment TCO2 flux from Lake King  

 

 

Figure 2 Annual sediment ammonia flux from Lake King  

 



 

Figure 3 Annual sediment phosphate flux from Lake King 
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Effects of changes in nutrient loading and composition on hypoxia 

dynamics and internal nutrient cycling of a stratified coastal lagoon  

 

Yafei Zhu1,2,*, Andrew McCowan2, Perran L. M. Cook1 

1Water Studies Centre, Monash University, Clayton, 3800, Australia 5 
2Water Technology Pty Ltd, 15 Business Park Drive, Notting Hill, 3168, Australia 

* Correspondence to: Yafei Zhu (Yafei.zhu@monash.edu) 

 

Abstract. The effects of changes in catchment nutrient loading and composition on the phytoplankton dynamics,  development 

of hypoxia and internal nutrient dynamics in a stratified coastal lagoon system (the Gippsland Lakes) wereas investigated using 10 

a 3D coupled hydrodynamic biogeochemical water quality model. The study showed that primary productivity production was 

equally sensitive to changed dissolved inorganic and particulate organic nitrogen loads, highlighting the need for a better 

understanding of particulate organic matter bioavailability.  Stratification and sediment carbon enrichment wereare the main 

drivers for the hypoxia and subsequent sediment phosphorus release in the Lake King. High primary production stimulated by 

large nitrogen loading brought by  winter/spring  floods contributed almost all the sediment carbon deposition (as opposed to 15 

catchment loads) which was ultimately responsible for summer bottom-water hypoxia. Interestingly, internal recycling of 

phosphorus was more sensitive to changed nitrogen loads than total phosphorus loads, highlighting the potential importance 

of nitrogen loads exerting a control over systems that become phosphorus limited (such as during summer nitrogen-fixing 

blooms of cyanobacteria). Therefore, the current study highlighted the need to reduce both total nitrogenTN and total 

phosphorusTP for water quality improvement in estuarine systems. 20 
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1 Introduction 

Excessive anthropogenic nutrient loading, particularly nitrogen, has led to widespread hypoxia and other ecological damage 

in estuarine and coastal areas (Howarth et al., 2011). About half of the known hypoxic events have been caused by 

eutrophication (Diaz and Rosenberg, 2008). High primary production as a result of eutrophication can lead to hypoxia or 

anoxia in poorly mixed bottom water and subsequently enhance the recycling of both nitrogen and phosphorus which again 5 

can reinforce eutrophication (Correll, 1998). This has been found in many stratified estuarine systems around the world 

including the Baltic Sea (Vahtera et al., 2007) and the Black Sea (Capet et al., 2016) , the Neuse River Estuary (Paerl et al., 

1995) and the Gippsland Lakes (Scicluna et al., 2015). The magnitude of sediment phosphorus release is related to severity of 

bottom water dissolved oxygen (DO) depletion as well as the duration of hypoxia/anoxia. For example, Conley et al. (2002) 

found that the annual change in dissolved inorganic phosphorus (DIP) in Baltic Sea was proportional to the area covered by 10 

hypoxic water rather than the catchment phosphorus load.  

 

Although some researchers argued that reduction in both nitrogen and phosphorus were important to improve hypoxia in areas 

such as the Gulf of Mexico (Rabalais et al., 2007) and the Baltic Sea (Vahtera et al., 2007) , others considered that nitrogen 

should be the primary factor driving marine coastal eutrophication (Diaz, 2001, Hagy et al., 2004, Howarth and Marino, 2006) 15 

and thus hypoxia. Regardless of this controversy, the global river export of phosphorus to the coastal ocean has already 

decreasedropped significantly as a result of advances in wastewater treatment technology since the start of the 21st century; 

however, nitrogen export still remained high (Howarth et al., 2011). The form and composition of nitrogen export, i.e. dissolved 

inorganic nitrogen (DIN) and particulate organic nitrogen (PON), can also have significant impact on receiving coastal waters, 

as they have different residence times and bioavailability. Seitzinger et al. (2002) showed that total global PON and DIN export 20 

by rivers in 1990 wereare similar, but the DIN:PON ratios varied from region to region. Generally speaking, the DIN:PON 

ratio wasis much higher in areas with larger population indicating that anthropogenic activities had larger influence on DIN 

export compared to PON export. The global DIN inputs to coastal systems was predicted to increase by more than 120% to 47 

million ton N/year by 2050 compared to the level in 1990 (Seitzinger et al., 2002).  The relative importance of internally 

generated (primary production stimulated by DIN nitrogen export) and external supplied organic matter on hypoxia have only 25 

been studied by few researchers previously (Paerl et al., 1998, Turner et al., 2007). Paerl et al. (1998) showed that hypoxia in 

estuaries can be stimulated either by internal generated or external supplied organic matters depending on the meteorological 

and hydrological conditions. Most importantly, there was a lack of understanding of how different forms of nitrogen (i.e. DIN 

and PON) in catchment load can influence the dynamics of hypoxia and sediment phosphorus cycle in estuarine systems.  

 30 

Coupled hydrodynamic and biogeochemical/ecological models are now increasingly sophisticated and can capture complex 

biogeochemical feedbacks. There have been a number of successful applications of these models in studying the effects of 

changes in anthropogenic nutrient loading on the water quality dynamics in receiving estuarine waters (Kiirikki et al., 2001, 

Webster et al., 2001, Neumann et al., 2002, Pitkänen et al., 2007, Skerratt et al., 2013). However, all these studies primarily 
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focused on the effectiveness of alternative management scenarios for estuarine systems.  None of these studies has addressed 

the sensitivity of hypoxia dynamics and internal nutrient cycling to different forms of nitrogen, phosphorus and organic carbon 

inputs, which has important scientific and management implications for estuarine water quality.  

 

In this study, we utilised a 3D coupled hydrodynamic-biogeochemical/ecological model to evaluate: 1) the sensitivity of 5 

phytoplankton and hypoxia dynamics in the Gippsland Lakes to the change in different compositions of anthropogenic nutrient 

loading, 2) and the consequent impact on internal nutrient dynamics. 

2 Method  

2.1 Study Site 

The Gippsland Lakes, located in the southeast of Australia, are the largest estuarine coastal lagoon system in Australia (Figure 10 

1Figure 1). The system consists of three main lakes with a total surface area of about 360 km2. The depths vary from less than 

4-m deep in Lake Wellington to 5-10m deep in Lake King. Lake Wellington and Lake Victoria are linked by McLennan Strait 

which is a narrow channel about 10 km long, 80 m wide and up to 11 m deep. The lakes are connected to the ocean through 

an artificial entrance at Lakes Entrance constructed in 1889. The Gippsland Lakes has a catchment area of more than 200,000 

km2 and mainly receives freshwater inflow from 6 major rivers as shown in Figure 1Figure 1.  15 

 

The Gippsland Lakes suffer recurring blooms of toxic Nitrogennitrogen-fixing cyanobacteria in summers following floods in 

winter and spring. Together with stratification, high carbon delivery to the sediment in winter and spring following flood-

induced diatom/dinoflagellate blooms caused depleted bottom-water oxygen in summer, and a subsequent large release of 

phosphorus from the sediment in the central basins of Lake King and Victoria. Between July and August 2011, the Gippsland 20 

Lakes experienced two consecutive floods. In the following summer, a large toxic cyanobacteria bloom occurred in the lakes 

that persisted from mid-November 2011 to the end of January 2012. It was found that sediment phosphorus release as a result 

of depleted bottom DO rather than catchment load supplied most of the phosphorus to support the development of the bloom 

(Zhu et al., 2016).  

2.2 Model Description  25 

The coupled model used in the current study was developed by Zhu et al. (2016) using DHI’s MIKE3 FM and ECOLAB.  

The model consists of two components, the hydrodynamic model and the biogeochemical/ecological model. . The 

hydrodynamic model simulated the transport and turbulent mixing in the water column. The horizontal domain of the 

hydrodynamic model was discretised as triangular and quadrilateral elements with element area ranging from 1,500 m2 near 

Formatted: English (United Kingdom)
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the entrance channel and 3 km2 in Bass Strait. The model hadd a total of 33 fixed z and varying sigma layers for the vertical 

discretization with height from less than 0.5 m close to the surface to 5 m down to the bottom. Smagorinsky formulation for 

the horizontal and the standard κ-epsilon model for the vertical have been used to simulate the transport and turbulent mixing 

in the water column. A scaled eddy formulation was used for the horizontal and vertical dispersion processes which made the 

dispersion coefficients directly related to the eddy viscosity calculated by the turbulence models. With the same wind forcing 5 

data and model domain, a Spectral Wave model was also developed for the Gippsland Lakes, using DHI’s MIKE 21 Spectral 

Wave module. The wave model results were used to calculate wind-wave shear stress. Since there was not any measured wave 

data inside the lakes, the default wave input parameters washave been used. 

 

The water quality model contains 41 state variables describing the biogeochemical/ecological and chemical processes 10 

occurring in the water column and sediment compartments. The model included three groups of phytoplankton which were N-

fixing cyanobacteria, vertically-migrating dinoflagellates and fast-growing diatoms. One group of grazers was included and 

configured to avoid grazing on cyanobacteria.    The mortality of phytoplankton together with the catchment input was the 

major source of organic matter.  The organic matter was represented by particulate organic carbon (POC), PON and particulate 

organic phosphorus (POP) and Organic carbon/nutrients were was further divided into labile and refractory fractions. To 15 

simplify, the dissolved organic carbon/nutrients and the hydrolysis process (conversion from particulate to dissolved organic 

carbon/nutrient) have not been modelled explicitly.  Instead, the model has been configured in the way that mineralisation of 

particulate organic carbon /nutrient took place without going through hydrolysis first.  An accumulation of organic matter layer 

at the floor was formed due to settling. Some of the accumulated organic matter  would deposit in the sediment and some 

would return to water column by resuspension. The rates of disposition and resuspension were calculated based on the modelled 20 

local shear stress and the critical shear stress defined for disposition and resuspension.  

 

It has previously been shown that internal phosphorus recycling is a key process within the Gippsland Llakes requiring a 

refined implementation into water quality models (Webster et al., 2001). The present model overcame previous limitations by 

implementing sorption and desorption of sediment phosphate, and bioirrigation into the model enabling an accurate simulation 25 

of sediment phosphorus dynamics. The sorption and desorption of sediment phosphate were modelled explicitly based on the 

penetration depth of oxygen and nitrate, and the sediment iron concentration which was a spatially varying constant estimated 

by using the data collected from previous studies (Longmore, 2000, Monbet et al., 2007). The impact of bioirrigation was 

modelled by introducing a scaling factor that was used to adjust the diffusion rates of oxygen and inorganic nutrient at the 

sediment-water interface. The scaling factor was a function of temperature, DO and labile organic matter.  In addition, tThe 30 

model also included a simple cohesive sediment  transport module with 2 bed layers which took into account the of salinity 

and  the shear stress due to wind-wave and current interactions.  
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 The initial conditions, especially the sediment nutrient storage, could have a large impact on the model simulation. The initial 

condition of organic carbon, nitrogen and phosphorus, and inorganic nitrogen in the sediment were estimated by iteratively 

simulating the model for a year and the concentration at the end of a simulation was used as the initial condition for successive 

simulations. This was repeated until the sediment nutrient inventory did not change substantially by the end of the simulation. 

A spatially varying sediment iron-bound phosphate distribution was estimated based on previous field studies.  5 

 

The total sediment DIN, iron-bound phosphate, and labile particulate organic carbon (POC)POC, PON and particulate organic 

phosphorus (POP) POP in the Gippsland Lakes were approximately 118 ton N, 3,234 ton P, 2,861 ton C, 238 ton N, and 34 

ton P, respectively. The coupled model was calibrated and validated for the period between May 2010 and July 2012 and it 

has reproduced the hydrodynamic and biogeochemical conditions in the lakes well and successfully replicated the 2011-2012 10 

summer cyanobacterial blooms (Zhu et al., 2016). 

2.3 Nutrient scenarios  

CThe catchment nutrient load data were obtained from the Water Measurement Information System (previously was knowns 

as Victorian Water Resources Data Warehouse) which iwas managed by The Department of Environment, Land, Water and 

Planning (DELWP). The nutrient data consisted of various constituent concentrations including total nitrogen (TN), nitrate, 15 

nitrite, ammoniaammonium, total Kjeldahl nitrogen (TKN), total phosphorus (TP) and DIP. The concentrations of the total 

inorganic and particulate organic nutrients wereas first calculated using the raw data, and the particulate organic nutrients were 

then further divided into labile and refractory fractions. There was no measured data for the riverine carbon input for the river 

flows so the catchment organic carbon load was estimated using organic nitrogen load, assuming a C:N weight ratio of 10 

(Meybeck, 1982) which also agrees with previous studies that showed that the sediment C: N weight ratio was around 8 to 13 20 

in the Gippsland Lakes (Longmore, 2000, Holland et al., 2013). It can be assumed that organic matter with C:N ratio close to  

the Redfield ratio, 5.7 (on a mass basis), should be labile. The Redfield C:N ratio was close to 60% of that of the estimated 

catchment C:N ratio. Therefore, it was assumed that 60% of the catchment organic nutrients loads were labile and the rest was 

refractory and not bioavailable over the timescale of water residence time. Therefore, a very low mineralisation rate (0.005/day) 

was used for the refractory portion (Zhu et al., 2016).  25 

 

The majority of the catchment nutrient loads are associated with flood events. On average, the western rivers (Latrobe, 

Thomson, and Avon River) and eastern rivers (Mitchell, Tambo and Nicholson River) each suppliedy approximately 52% and 

48% of the riverine freshwater inflows to the lake system. However, the western rivers contributed up to approximately 70% 

of catchment nutrient loads between May 2010 and July 2012 (Table 1Table 1). The mMajority of these nutrients were 30 

delivered during the wet season and wereare associated with major floods (Figure 2Figure 2Figure 2). The DIN:PON ratio for 

the eastern rivers was only 0.6 compared to 1.17 for the western rivers, consistent with more intense human activities in the 
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western catchment. In other words, the percentages of riverine bioavailable nitrogen (DIN+ labile PON) delivered to the 

Gippsland Lakes in the form of labile PON were around 63% and 46% for the Eastern and Western rivers, respectively . These 

numbers were very close to the ones reported for the other major rivers around the world, including the Mississippi (40%), 

Amazon (62%) and Yangtze (45%) Rivers (Mayer et al., 1998) and  this confirmed that 60% of the particulate nutrient were 

labile was a valid reasonable assumption. The TN:TP ratios for both eastern and western rivers were around 10 (on a mass 5 

basis) which was close to the Redfield ratio of 7.23 (on a mass basis). While the DIN:DIP ratios were 22.3 and 18 (on a mass 

basis) for the eastern rivers and western rivers, respectively.  

 

For the current study, we used the calibrated model as the base case and simulated a number of nutrient load scenarios for the 

same period. There were 5 sets of scenarios with adjusted loads for DIN, PON, TN (DIN+PON), TP (DIP + particulate P), or 10 

TN and TP. In all the scenarios, POC were set to vary at the same proportion as PON. Since POC load was estimated based 

on PON load and the C:N ratio in the model was also used to define if particulate matter was labile or refractory. Each set of 

scenarios had 8 simulations which decreased and increased the load by 25%, 50%, 75% and 100%. To ensure the consistency 

of the analysesis and comparisons,  all scenarios had the same initial conditions including the sediment nutrient inventory 

which was derived from the base case. The response of bottom water DO and sediment processes to different nutrient scenarios 15 

over the two-year simulation period between May 2010 and July 2012 were analysed and discussed, with the focus on the 

central basins of northern Lake King where the most severe hypoxia, highest sediment DIP fluxes and cyanobacterial blooms 

were located.    

 

3 Results 20 

3.1 Primary production  

The annual total primary production (TPP) rate in Lake Wellington could reach as high as 600 g C/m2/year, about 350 g 

C/m2/year in Lake Victoria followed by 250 g C/m2/year in Lake King (Figure 3Figure 3).  The spatial variation in primary 

production rate was caused by a number of factors, mainly including the higher nutrients loads from the western rivers and 

longer residence time for Lake Wellington. As a result, Lake King only contributed about 12% of the total primary production 25 

in the lakes. The total catchment POC load was only 7.5% of the TPTP for the simulation period and was expected to have 

minor impact on the sediment biogeochemistry in the lakes.  As expected, the TPP in Lake King and the catchment nutrient 

load had a positive correlation (Figure 4Figure 4).  TPP was most sensitive to changes in TN+TP loads, and least sensitive to 

reductions in PON loads and increases in TP loads.  TPP was very sensitive to reductions in TP loads at reductions > 25%.  

The TN reduction scenarios displayed an intermediate response. TPP was more sensitive to reductions in TN than TP until 30 

reduction exceeded 75% when TPP became more sensitive to TP.  
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3.2 Bottom water oxygen 

The total area in Lake King covered by hypoxic bottom water was about 40 km2 for the base case (Figure 5Figure 5). Any 

further increase in catchment DIN or TP load had no obvious impact on the size of the total area of hypoxiahypoxic area (the 

area with 24-hour-averaged bottom-water DO concentration < 2mg/L), while slight increases were seen for the other three 5 

scenarios. This was because TPP did not increase much when either DIN or TP increased. Complete removal of catchment 

DIN and DON PON loads would result in 25% and 50% reductions in the total area covered by hypoxic bottom water. The 

decrease in hypoxic area  was insignificant when the TP load was reduced by 50% but followed by an accelerating decline if 

TP was further reduced. On the other hand, the hypoxic area reduced more steadily when TN was reduced and decreased the 

most when TN and TP were reduced. The most severe and persistent hypoxia/anoxia was found in the northern Lake King 10 

basin. Therefore, the statistics of the time series bottom DO concentration time series from LKN (location shown in Figure 

1Figure 1) was extracted and analysed.  It washas been found that the bottom water DO concentration at LKN would still 

decrease to close to 0 mg/L even if either catchment TN or TP was completely removed (Figure 6). It would require complete 

removal of both catchment TN and TP input to eliminate hypoxia in the northern Lake King basin. For the base case, the 

bottom DO concentration was below the 2 mg/L threshold for almost 43% of the time (Figure 6Figure 7) and the median 15 

bottom DO concentration was just slightly above 2 mg/L (Figure 7Figure 8). Compared to DIN and TP, doubling the PON 

load would result into much more frequent hypoxia at LKN, and the occurrence of hypoxia could substantially increase by 

almost 70% and could also lead to 73% reduction in median bottom DO concentration. This was likely because the POC was 

also adjusted with PON.  The median DO concentration would significantly increase to 5.5 mg/L if catchment TN was 

completely removed. A 100% reduction in TP load would improve the median bottom DO concentrations to about 4 mg/L and 20 

reduction in PON would have a similar effect. Nonetheless, DIN tended to have a relatively smaller impact on the bottom DO 

concentrations at LKN.  

3.3 Sediment Nutrient fluxes 

The total CO2 (TCO2) flux was a good indication of how much labile organic matter is deposited on the lake bed (Figure 

8Figure 9). To compare the effect of nutrient reductions on TCO2 fluxes, the effect of the initial sediment nutrient condition 25 

was taken into account by subtracting the TCO2 flux and TPP for the simulation with no catchment nutrient input from all the 

model results. The TCO2 flux and TPP were highly correlated (R2=0.97, n=41) and TCO2 flux was approximately equivalent 

to 8.5% (calculated by linear regression: R2=0.97, n=41) of the TPP across the entire lake system. The ratio between TCO2 

flux and TPPThe ratio at Lake King was much higher at Lake King than this atand increased to 33% (R2=0.93, n=41). This 

indicated that the deposition rate in Lake King was much higher than the rest of the lakes and/or the deposited organic matter 30 
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could have come from the other parts of the lakes. Increased PON loads resulted in greater increase in TCO2 flux than DIN or 

TP. The sediment ammoniaammonium fluxes followed very similar trends to the TCO2 fluxes where ammoniaammonium 

fluxes were more dependent on PON load (Figure 9Figure 10). The average annual nitrogen removal rate through 

denitrification was about 240 ton N/year  in the sediment of Lake King for the base case. However, the nitrogen removal rate 

in Lake King for all the scenarios only varied marginally from the based case by around ±15%, except for the simulation of 5 

no anthropogenic nutrient load which had a slightly higher reduction in denitrification rate at, approximately 35%.  As a result, 

the denitrification efficiency in the sediment of Lake King had a negative correlation with the catchment nutrient load (Figure 

10Figure 11).  

Denitrification efficiency is a commonly used measure of nitrogen removal efficiency from sediments. It has been defined as 

the percentage of inorganic nitrogen released from the sediment as dinitrogen gas (g N/m2/year) and can be calculated by 10 

[N2/(FNH + FN3 + N2) × 100%] (Eyre and Ferguson, 2009). FNH and FN3 are the sediment ammonium and nitrate fluxes 

in g N /m2/year.   Interestingly, sediment phosphate flux was more sensitive to the change in TN rather than TP loads (Figure 

11Figure 12). This was because the majority of the phosphate fluxes was a consequence of desorption processes under 

hypoxic/anoxic conditions.  The results also showed that even if the catchment nutrient load was completely removed, it would 

not stop sediment phosphate release and a 60% reduction was predicted. One explanation would be that desorption process 15 

still took place as stratification prevented bottom-water oxygen replenishment after the flood event.  

4 Discussion 

Through observations and modelling, we have previously documented the seasonal dynamics of phytoplankton and nutrient 

cycling in the Gippsland Llakes (Cook and Holland, 2012, Cook et al., 2010).  High winter inflows carriedy nitrogen into the 

Gippsland Lakes which stimulated phytoplankton productionivity.  Inputs of organic matter from internal production and the 20 

catchment ledad to hypoxia throughout spring and summer, which then causeddrive phosphorus release from the sediment.  

We now discuss the sensitivity of this conceptual model to changes in external nutrient loading rates.  

4.1 Primary production  

Outside the summer cyanobacterial blooms, the lakes are typically nitrogen limited (Holland et al., 2012), and we therefore 

expected a strong sensitivity of primary production to nitrogen loading rates.  Surprisingly, the model showed that primary 25 

production was equally sensitive to inorganic nitrogen loading and nitrogen loading in the form of particulate nitrogen loading 

and that there were two distinct mechanisms by which these two nitrogen forms were trapped within the lakes. Particulate 

nitrogen can settle down to the sediment while the almost all theonly a negligible  inorganicportion of the inorganic nitrogen 

cannot be transported to the sediment by diffusion unless converted to particulate form by photosynthesis.  To calculate how 

much PON or DIN could have been retained in the lakes after the floods in July and August 2011, we used the model to 30 
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simulated the transport of PON and DIN excluding all the biological and chemical processes. The results from this simulation 

showed that 78.779% of flood-introduced PON was retained in the lakes by the end of August. Of the retained labile PON, 

95% reached the sediment where roughly 90% was recycled over the following 3 months.  The importance of PON as a 

nitrogen source within aquatic systems will depends strongly on the degradation kinetics.  In this study, we estimated the 

degradation kinetics of PON based on a surprisingly small pool of literature (Cerco and Cole, 1994, Robson and Hamilton, 5 

2004, DHI Water & Environment, 2012, Deltares, 2013).  We therefore suggest further studies need to be undertaken to better 

understand the degradation kinetics of PON and the factors that control this such as  land use which may generate PON of 

different degradability.  

 

On the other hand, without any biogeochemical processes includingsuch as phytoplankton uptake, only 31.832% of the DIN 10 

remained in the lakes after the flood. In fact, all the simulations except for the TP reduction scenario showed that around 70% 

(calculated by linear regression: R2=0.99, n=37) of catchment TN input contributed by the flood event still remained in the 

lakes by the end of August 2011. It is suggested that majority of the DIN was assimilated by phytoplankton and transported 

settled to the sediment during the two-month high flow period between July and August 2011. The corresponding total TN 

exported to the ocean as a percentage of the total catchment nitrogen input rate increased by 2.3%, 8.1%, 24% and 50% 15 

correspondingly when TP was reduced by 25%, 50%, 75% and 100%, implying that the N:P ratio in flood waters  can be an 

important factor controlling the residence time of flood-introduced TN in the lakes. This is also has also been reflected in 

Figure 10Figure 9 which shows a sharp decline in sediment ammoniaammonium flux when catchment TP was reduced, 

highlighting the importance of biogeochemical factors on the residence time of nutrients in estuaries (Church, 1986). Under 

the same hydrodynamic conditions,  nitrogen in particulate form has a longer residence time as it can settle down to the bottom 20 

of the lake but DIN can be assimilated by phytoplankton and converted to PON before being washed out of the lakes.  The rate 

and efficiency of the conversion from DIN to PON ultimately determines the residence time of DIN in the system. 

4.2 Hypoxia 

Seasonal hypoxia is controlled by both stratification and inputs of organic carbon.  The hypoxia observed in the Gippsland 

Lakes coincided with the recent transition to higher flow following the Millennium drought which ended in 2010.  Boesch et 25 

al. (2001) also reported the extended hypoxia in the Chesapeake Bay in the 1970s which coincided with a transition from 

drought to wet years.  Large fresh water inflows do not only enhance stratification but also increase catchment organic carbon 

and nutrient loads. Similar to many other estuaries systems, such as  the Baltic Sea (Conley et al., 2002) and the Black Sea 

(Capet et al., 2013),  the supressed oxygen replenishment due to stratification and high oxygen consumption from the 

mineralisation of deposited organic carbon were the main causes of the hypoxia in Lake King. Stratification in Lake King 30 

could last up to several months before the water column became well-mixed again. Lake King also had a higher deposition 

rate compared to the other parts of the lakes and the majority of the POC deposition was found to be in the deeper basin in 
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northern Lake King. This was because a semi-closed circulation pattern was formed in this area as a result of the interaction 

between the outgoing river flow and the incoming tidal flow from the ocean;, resulting in a lot of POC being trapped in the 

area unless there was a large flood or storm surge.  Another important reason for POC retention in the Lake King basin was 

that the bottom shear stress in this area was generally very low and the 90th percentile shear velocity was only 0.034 cm/s 

which was lower than the reported critical shear velocity (0.4-0.8 cm/s) for the resuspension of phytoplankton-derived organic 5 

matter (Beaulieu, 2003). The normal current or wave conditions did not exert enough force to resuspend the sediment in this 

area once deposited.  Furthermore, increases in nutrient load did not proportionally increase the total area subject to hypoxia 

in Lake King. This was because the areas subject to high detritus deposition were determined by the hydrodynamics and wave 

conditions, and these depositional areas remained the same for all nutrient scenarios. Furthermore, Another important reason 

was that uunlike the Baltic Sea, where low -DO water could move upwards  from individual hypoxic basins and become 10 

connected to form a larger hypoxic region (Conley et al., 2009a),  the Gippsland Lakes is a much shallower system and the 

bottom water in areas with depths < 3-4m were frequently ventilated with wind-driven upwelling and incoming tidal currents, 

even during the stratified period,  highlighting the importance of high organic matter loads in the Gippsland Lakes in 

maintaining hypoxia. 

 15 

There has been some controversy as to whether internal primary production is simulated directly by anthropogenic nutrients 

or external catchment organic carbon inputs stimulate increased nutrient recycling caused hypoxia in estuaries such as the Gulf 

of Mexico (Boesch et al., 2009).   Previous studies have suggested that carbon either derived from algal blooms or the 

catchment could result in estuarine hypoxia depending on the hydrological and meteorological hydrological conditions (Paerl 

et al., 1998).  To compare the relative importance of the catchment carbon and primary production to the development of 20 

hypoxia in Lake King and sediment phosphorus flux, a mass balance calculation was undertaken to calculate the amount of 

labile POC deposited in the sediment of Lake King. The mass balance calculation was carried out for the period between July 

2011 and Jan 2012 and this was when servere hypoxia and high sediment P flux were observed. As the model in the current 

study was not able to trace the origin of the POC, the mass balance calculation was only an approximation and was based on 

the difference between the base case and the simulation of complete removal of the catchment TN and TP. For a given period, 25 

the change in sediment labile POC (ΔC) is approximately equal to the sum of settled labile POC contributed by catchment 

input and primary production, subtracted fromby the sediment CO2 flux due to mineralisation of labile POC.  If the conversion 

from labile to refractory POC can be excluded from the calculation, then sediment TCO2 flux for the zero catchment nutrient 

simulation canould be assumed to be completely contributed by the mineralisation of refractory POC in the sediment (Cmr). 

The sediment CO2 flux due to mineralisation of labile POC is equal to sediment TCO2 flux minus Cmr. Since the primary 30 

production for the zero catchment TP scenario between July 2011 and Jan 2012 was only equivalent to 0.38% of that for the 

base case, it canould be assumed that all the sediment POC accumulation was resulted from catchment input which is given 

by ΔC+TCO2- Cmr.  If applying the same approach to the base case, the total POC deposited in the sediment from both 

catchment and internal generation can be calculated.  
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The 2011 winter flood brought approximately 4,500 tons of labile organic carbon into the lakes and about 22% of this load 

settled in Lake King between July and August.  For this period, catchment carbon contributed almost half of the sediment 

TCO2 flux in Lake King.  However, bottom-water hypoxia did not develop in Lake King until mid-October by which time, 

most of the sediment labile POC derived from the catchment was mineralised based on the results of the zero catchment TP 5 

simulation. The elevated temperature and higher light levels during November resulted in higher primary production which 

consequently enhanced the sediment carbon enrichment, and increased the mineralisation rate of sediment POC. Severe 

bottom-water hypoxia developed and lasted through towards the end of the simulation. In addition, the catchment POC only 

contributed by less than 7% to the sediment TCO2 flux between September 2011 and Jan 2012. This number is very close to 

the catchment POC to TPP ratio of 8.3% for the entire two-year simulation period. Therefore, bottom water oxygen depletion 10 

in Lake King was primarily related to the planktonic organic matter stimulated by nutrient fluxes from the catchment. 

4.3 Internal nutrient dynamics 

Internal nutrient recycling can be a critical supply of nutrients to algal growth and it is therefore important to consider the 

sensitivity of these processes to changes in external loading.  Denitrification efficiency is a commonly used measure of nitrogen 

removal efficiency from sediments (Eyre and Ferguson, 2009). Consistent with previous studies (Mulholland et al., 2008, 15 

Gardner and McCarthy, 2009), denitrification efficiency increases increased with reduced nitrogen loading rates, which 

reduced sediment hypoxia and sediment organic carbon mineralisation rates.  Interestingly, at high reductions in phosphorus 

loading, there is was also a large increase in denitrification efficiency, which resulteds from the already noted transition to P 

limitation, meaning less organic nitrogen input to the sediment. 

 20 

We have previously shown that the primary source of phosphorus fuelling summer blooms of  N-nitrogen fixing bacteria 

cyanobacteria is was from the sediment (Scicluna et al., 2015, Zhu et al., 2016).  This sediment release of phosphorus is in 

turnwas induced by hypoxia, which is was in turn driven by internal algal productivityprimary . production.  As already 

discussed, this primary production algal productivity is was driven by nitrogen during the winter and spring months and one 

would therefore expect sediment phosphorus release to be sensitive to nitrogen loads. Although, internal phosphorus loading 25 

could be potentially supressed by elevated nitrate concentration in the bottom water (Hemond and Lin, 2010), the model 

showed that the increase in oxidised  depth of the sediment was limited due to  increased sediment oxygen demand and low 

diffusion rate of nitrate in the sediment. Of key importance, the model showed that internal phosphorus release from the 

sediment wasis more sensitive to total nitrogenTN loading than it is was to total phosphorus loading at load reductions <80%.  

Conversely, increases in total phosphorus loads are were expected to have a minimal effect on internal phosphorus recycling.  30 

There has previously been strong debate as to the importance of nitrogen versus phosphorus in coastal systems and it has been 

argued that the key focus of eutrophication management is to control phosphorus as it is the nutrient that ultimately limits 
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productivity (Schindler et al., 2008).  Using a mechanistic approach, the present study highlights that both N and P reductions 

are required to reduce internal recycling of phosphorus, and that phosphorus load reductions alone are likely to be ineffective 

(Paerl, 2009, Conley et al., 2009b). 

4.4 Management implications 

Compared to DIN, PON had a slightly larger impact on the bottom DO concentration in Lake King most likely because POC 5 

load was related to PON load. The results showed that LKN was more susceptible to TN loading to a certain extent when 

compared to TP. However, initial input of catchment phosphorus was essential to stimulate primary production which 

contributed majority of the carbon enrichment in the sediment. To eliminate hypoxia in the Gippsland Lakes within the time 

scale (~2 years) of the current model simulation, would require a complete removal of catchment nutrient input. Many sStudies 

have demonstrated that the effectiveness of external nutrient reduction couldan be compromised by the sediment supply (Rossi 10 

and Premazzi, 1991, Istvánovics et al., 2002, Søndergaard et al., 2003, Jeppesen et al., 2005, Wu et al., 2017). In reality, it is 

very difficult to reduce nutrients sufficiently and for long enough. It has previously been estimated that the feasible reductions 

in TN and TP were only 25%  (Ladson, 2012)  and  20% (Roberts et al., 2012), respectively; for the Gippsland Lakes. The 

results showed that even if the feasible reduction target was achieved, the immediate improvement in the water quality in the 

lakes was marginal. However, according to the experiences from pervious long-term studies of European lakes (Schindler and 15 

Hecky, 2009),  it is possible that some effect of catchment nutrient reduction on bottom water DO might become obvious in 

Lake King after at least 5 to 10 years’ continuous load control as sediment stores of phosphorus become run down. 

 

For the Gippsland Lakes, the majority of the catchment nutrient flux was nonpoint source introduced by the flood, making it 

difficult to manage. The reduction in dissolved inorganic nutrients in flood waters would be particularly more challenging. 20 

However, the current study has shown that the water quality in the lakes was also largely influenced by particulate nitrogen 

and phosphorus each of which comprised about 60% and 80% of the total catchment loads, respectively; between 2005 and 

2011. Therefore, erosion control is the key to reduce particulate nutrient load from nonpoint source and to improve the water 

quality in the Gippsland Lakes. Vegetated buffers, particularly  riparian forests,  have been considered to be the simplest but 

the  most effective management option to reduce agricultural nonpoint source pollutants (Phillips, 1989), especially for nutrient 25 

in particulate forms. Vegetated buffers have formed   an important part of the water quality improvement strategies for many 

coastal and estuarine systems  such as the Gulf of Mexico (Mitsch et al., 2001) and Chesapeake Bay (Lowrance et al., 1997). 

Zhang et al. (2010) analysed more than 50 published studies on the performance of vegetated buffers on nutrient removal and 

found that the median removal efficiency were 68.368% for nitrogen and 71.972% for phosphorus. However, the performance 

of vegetated buffers can be compromised at a catchment scale and the removal efficiency can be reduced dramatically to less 30 

than 20% (Verstraeten et al., 2006), due to sub-surface hydrological pathways, breakthrough surface runoff or bypass through 

roads (Mainstone and Parr, 2002). Other measures such as modification in agricultural practices should also be considered. 
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Carefully designed and properly managed vegetated buffers can be a part to an integrated nonpoint source control strategy for 

estuarine water quality improvement. 

 

5 Conclusion 

Hypoxia and associated sediment phosphorus release in Lake King were predominantly driven by stratification and sediment 5 

carbon enrichment. Primary production stimulated by nitrogen loads rather than catchment organic carbon flux input 

contributed majority of the carbon enrichment and was therefore responsible for the depletion of bottom water DO in summer. 

Although a significant amount of phosphorus was stored in the sediment, it would only be released under low bottom water 

DO conditions when a large quantity of POC settled in the sediment which wasis ultimately driven by nitrogen loading. In 

addition, the residence time of flood-introduced DIN couldan be largely influenced by a number of factors including the 10 

availability of phosphorus in flood water. It was found that DIN contributed introduced by floods couldan be converted to 

PON by photosynthesis quickly enough to prevent being flushed out of the lakes. The current study demonstrated that it is 

important to reduce both TN and TP in hypoxia mitigation in estuarine systems. 
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Figure 1 Gippsland Lakes, major tributaries and the location of LKN 

  



17 

 

 

 

 
Table 1 Nutrient loads between May 2010 and July 2012 

 
Eastern Rivers Western Rivers 

DIN (tN) 411.92 1,403.76 

PON* (tN) 681.58 1,197.09 

DIP (tP) 18.45 77.77 

PP*# (tP) 89.82 171.18 

POC (tC) 6,815.82 11,970.9 
*the refractory faction has been excluded 5 

# PP is particulate P which is TP – DIP 
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Figure 2 Monthly catchment nutrient input and river flows 
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Figure 3  Modelled depth integrated total annual primary production for the base case.   

 

Figure 4  Modelled total primary production in Lake King between May 2010 and July 2012: DIN, change in dissolved inorganic 

nitrogen load; PON+POC, change in particulate organic nitrogen and carbon loads; TN+POC, change in total nitrogen and 5 
particulate organic carbon loads; TP, change in total phosphorus load; TN+TP+POC, change in total nitrogen, total phosphorus 

and particulate organic carbon loads 
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Figure 5  Modelled total area experiencing hypoxia in Lake King  
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Figure 6  Minimum bottom DO concentration at LKN 

 
 Figure 67  Occurrence of hypoxia as percentage of time at LKN 
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Figure 78  Median bottom DO concentration and occurrence of hypoxia as percentage of at LKN 
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Figure 89 Annual sediment TCO2 flux from Lake King  
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Figure 910 Annual sediment ammoniaammonium flux from Lake King  

 
Figure 1011 Annual average denitrification efficiency infrom Lake King 
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Figure 1112 Annual sediment phosphate flux from Lake King 
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Figure 1213 Sediment POC deposition at Lake King contributed from catchment input and primary production 
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