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Abstract 

Solar salt producers use solar energy to evaporate seawater as it flows through a 

series of ponds. The Shark Bay Salt solar ponds, at Useless Inlet in Western Australia, 

vary in salinity from that of seawater to four times seawater, over the pond sequence. 

Water column photosynthesis and biomass decreased markedly with increasing salinity 

along the pond sequence, while benthic productivity increased as cyanobacterial mats 

developed. Correspondingly, net productivity shifted from autotrophy to heterotrophy in 

the water column and from heterotrophy to autotrophy in the benthos. Both shifts 

occurred at intermediate salinity in the pond sequence, where there was low production 

in both the water column and benthos. Within individual ponds, productivity, algal 

biomass and physico-chemical conditions were relatively constant over the year of 

study. Transitions between benthic and planktonic production along the pond sequence 

were driven mostly by direct responses to salinity stress, as well as the formation of a 

gypsum crust on the pond floors at higher salinity (>120 g kg-1). This transition is 

similar to that which occurs in saline lakes undergoing anthropogenic salinisation and 

identifies critical salinities for the restoration of these lakes. 

Dissolved organic species were the dominant form of nutrients total nitrogen and 

total phosphorus in the ponds, while contributions from dissolved inorganic nutrient 

species were relatively small. Phosphorus was mostly conservative in the water column 

based on comparisons with the conservative metal cation, Mg2+ through the pond 

sequence, while dissolved organic nutrients accumulated along the pond sequence. High 

phytoplankton productivity at lower salinities depleted water column dissolved 

inorganic nutrients, while sediment pore water nutrient release at intermediate salinities 

increased ammonium concentrations and partly satisfied phytoplankton nitrogen 

demand. Analysis of benthic nutrient flux data indicated that benthic cyanobacterial 

mats at higher salinities acquired nutrients mostly from sediment pore water. The mats 
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themselves impeded exchange of dissolved nutrients between the sediments and the 

water column, most likely by preventing ammonium release through oxygenation of the 

sediments and uptake of nutrients that would otherwise diffuse from the sediments to 

the water column. As phytoplankton acquire the majority of their nutrients from the 

water column, maintenance of existing water column nutrient concentrations will be 

essential to avoid production by phytoplankton detrimental to salt production.  

Finally, nutrients that limit phytoplankton production were identified in the solar 

salt pond series. Water column ratios of dissolved inorganic nutrients and comparisons 

of nutrient concentrations with those of a conservative element were suggestive of 

nitrogen limitation along the entire salinity gradient. Nutrient addition bioassays, 

however, indicated that at lower salinity phytoplankton were nitrogen limited and at 

higher salinity, phosphorus limited. Pond-scale biogeochemical processes not present in 

the bioassay bottles and the change in species composition as salinity increased may 

explain these inconsistencies between the methodologies. Up to 10% of the pool of 

dissolved organic nitrogen in the water column was available for phytoplankton growth 

in the low salinity ponds, potentially alleviating nitrogen limitation.  

This research has successfully identified the major factors responsible for the 

observed patterns observed in primary producers, and factors controlling the water 

column nutrient concentrations. This study is the first to integrate planktonic and 

benthic productivity measurements in solar salt ponds and also the first to fully explore 

the nutrient dynamics along the salinity gradient created by the pond series. The pond 

ecology and nutrient dynamics of the solar salt ponds at Useless Inlet are currently 

functioning well for salt production. Due to the adverse effects on salt quality, 

detrimental levels of biological production can be avoided by maintaining current 

salinities and water levels in each pond and by avoiding turbid, nutrient-rich runoff from 

entering the ponds from surrounding land and earthworks. 

 ii 



Segal, PhD 2005                                                                                           University of Western Australia 

Contents 

Abstract ............................................................................................................................. i 

List of Figures .................................................................................................................. v 

List of Tables .................................................................................................................vii 

Acknowledgements.......................................................................................................viii 

Preface ............................................................................................................................. ix 

Statement of Candidate Contribution...................................................................................................... ix 

Chapter 1 

Introduction 

1.1 Solar Salt Ponds ................................................................................................................................. 1 

1.2 Study Background.............................................................................................................................. 4 

1.3 Research Objectives ........................................................................................................................... 6 

1.4 Logistical Considerations................................................................................................................... 8 

1.5 Structure of the Thesis........................................................................................................................ 9 

Chapter 2 

Transition from planktonic to benthic algal dominance along a salinity gradient 

Abstract .................................................................................................................................................. 11 

2.1 Introduction ...................................................................................................................................... 11 

2.2 Study Site ......................................................................................................................................... 14 

2.3 Methods and Materials ..................................................................................................................... 15 

2.4 Results .............................................................................................................................................. 19 

2.5 Discussion ........................................................................................................................................ 30 

Chapter 3 

Nutrient dynamics along a solar salt pond sequence 

Abstract .................................................................................................................................................. 39 

3.1 Introduction ...................................................................................................................................... 39 

3.2 Study Site ......................................................................................................................................... 42 

3.3 Methods and Materials ..................................................................................................................... 43 

3.4 Results .............................................................................................................................................. 48 

 iii



                                                                                    Productivity and nutrient dynamics in solar salt ponds 

3.5 Discussion.........................................................................................................................................60 

Chapter 4 

Nutrient limitation of phytoplankton in solar salt ponds 

Abstract...................................................................................................................................................67 

4.1 Introduction ......................................................................................................................................67 

4.2 Study Site..........................................................................................................................................70 

4.3 Methods and Materials .....................................................................................................................71 

4.4 Results ..............................................................................................................................................76 

4.5 Discussion.........................................................................................................................................84 

Chapter 5 

Conclusion 

5.1 Study Conclusions ............................................................................................................................91 

5.2 Recommendations.............................................................................................................................96 

5.3 Future Work......................................................................................................................................98 

References .................................................................................................................... 101 

 

 iv 



Segal, PhD 2005                                                                                           University of Western Australia 

List of Figures 

Figure 1.1. Schematic diagram of salt production at Shark Bay Salt Joint Venture................................ 5 

Figure 2.1. Map of Useless Inlet ponds, showing ponds sampled, sample locations, the direction of 

water flow (low to high salinity) and location of water pumps.............................................................. 16 

Figure 2.2. Annual average water column density and magnesium ion concentration in Useless Inlet 

ponds ...................................................................................................................................................... 20 

Figure 2.3. Annual average water column dissolved oxygen and turbidity for Useless Inlet ponds ..... 21 

Figure 2.4. Annual average water column concentrations of ammonium, nitrate plus nitrite and 

filterable reactive phosphorus for Useless Inlet ponds........................................................................... 22 

Figure 2.5. Annual average chlorophyll a and phaeophytin concentrations for water column and 

benthos for Useless Inlet ponds.............................................................................................................. 23 

Figure 2.6. Water column and benthic algal composition by algal group for Useless Inlet ponds, 

autumn 2003........................................................................................................................................... 25 

Figure 2.7. Annual average water column photosynthesis and respiration for Useless Inlet ponds...... 26 

Figure 2.8. Annual average chlorophyll specific production for water column and benthic for Useless 

Inlet ponds.............................................................................................................................................. 28 

Figure 2.9. Annual average benthic production and respiration for Useless Inlet ponds ...................... 29 

Figure 2.10. Estimated annual average water column and benthic areal photosynthesis for Useless Inlet 

ponds. ..................................................................................................................................................... 30 

Figure 3.1. Map of Useless Inlet ponds, ponds sampled, sample locations, direction of water flow 

(lower to higher salinity) and location of water pumps.......................................................................... 44 

Figure 3.2. Annual average water column concentrations for ammonium and nitrate-nitrite and total 

nitrogen and dissolved organic nitrogen) for Useless Inlet ponds.......................................................... 49 

Figure 3.3. Annual average water column concentrations of filterable reactive phosphorus and total 

phosphorus and dissolved organic phosphorus for Useless Inlet ponds................................................. 50 

Figure 3.4. Annual average sediment-bound total nitrogen , total phosphorus and organic carbon 

concentrations for Useless Inlet ponds................................................................................................... 52 

Figure 3.5. Annual average sediment pore water ammonium, nitrate-nitrite and filterable reactive 

phosphorus concentrations for Useless Inlet ponds................................................................................ 53 

Figure 3.6. Annual average sediment pore water-water column nitrogen exchange for light and dark 

chambers ................................................................................................................................................ 54 

 v



                                                                                    Productivity and nutrient dynamics in solar salt ponds 

Figure 3.7. Annual average sediment pore water-water column phosphorus exchange for light and dark 

chambers.................................................................................................................................................55 

Figure 3.8. Ammonium sediment pore water-water column exchange versus oxygen flux ..................56 

Figure 4.1. Map of Useless Inlet ponds, the ponds sampled, sample locations, the direction of water 

flow (low to high salinity) and location of water pumps ........................................................................72 

Figure 4.2. Mean of seasonal samples of water column molar ratios for the different species of 

nitrogen and phosphorus.........................................................................................................................77 

Figure 4.3. Mean chlorophyll a concentrations as a percentage of control on Day 3 and Day 6 for 

nutrient addition bioassays .....................................................................................................................79 

Figure 4.4. Mean chlorophyll a concentrations on Day 3 and Day 6, as a percentage of control, for 

bioassays in ponds P0 and P2E...............................................................................................................80 

Figure 4.5. Mean concentrations of ammonium, nitrate-nitrite and filterable reactive phosphorus on 

Day 0, Day 3 and Day 6 for bioassays in pond P0..................................................................................82 

Figure 4.6. Mean concentrations of ammonium, nitrate-nitrite and filterable reactive phosphorus on 

Day 0, Day 3 and Day 6 for bioassays in pond P2E ...............................................................................83 

 

 vi 



Segal, PhD 2005                                                                                           University of Western Australia 

List of Tables 

Table 2.1. Characteristics of ponds sampled at Useless Inlet ................................................................ 17 

Table 3.1. Physical and biological statistics for ponds sampled at Useless Inlet................................... 45 

Table 3.2. Mean percentage water column photosynthetic nutrient demand that could be supplied by 

sediment pore water-water column nutrient exchange and average percentage benthic photosynthetic 

nutrient demand that could be supplied by sediment pore water............................................................ 58 

Table 3.3. Average time for water column DIN and DIP uptake and resupply in light and dark 

conditions by water column photosynthetic production and sediment pore water-water column nutrient 

exchange ; and sediment pore water DIN and DIP uptake and resupply in light and dark conditions by 

benthic photosynthetic production and sediment pore water-water column nutrient exchange ............. 59 

Table 4.1. Details of ponds sampled at Useless Inlet ............................................................................ 71 

Table 4.2. Experimental set up for dissolved organic nutrient availability bioassays ........................... 75 

 

 vii



                                                                                    Productivity and nutrient dynamics in solar salt ponds 

Acknowledgements 

I thank Shark Bay Resources, Perth, Western Australia for funding the 

experimental and sampling equipment, laboratory analysis and travel costs during this 

study. I was supported financially by an Australian Postgraduate Award - Industry 

scholarship under the Australian Research Council’s Strategic Partnerships with 

Industry - Research and Training Scheme (No. C00107505) and a UWA Completion 

Scholarship.  

Special thanks go to my supervisors, Dr Anya Waite and Prof. David Hamilton, 

whose support and encouragement has helped me through both good and bad times 

during my study. Thanks also to the postgraduate coordinators Prof. Murugesu 

Sivapalan and Dr Anas Ghadouani for their assistance during my study.  

I would like to thank the staff at Shark Bay Salt Joint Venture, Useless Loop, for 

accommodation and on-site assistance, especially Laurie Mann, Rick Jennings and 

Darrel Cumming. I would like also like to thank Jeff Millgate, formerly of SBSJV, who 

was involved in the initiation of this project. 

Many thanks to the staff of the Marine and Freshwater Research Laboratory, 

Murdoch University for nutrient analyses and the loan of equipment, which I mostly 

returned in working condition. Thanks to Celeste, Kris, Jamie, Vaughn, Xiaohong and 

LiRong.  

Thanks also to Robert Jellison and two anonymous reviewers for their comments 

on Chapter 2. Their suggestions greatly improved the manuscript.  

Lastly, I would like to thank my parents for their love and support and the best 

meal of the week.  

 

 viii 



Segal, PhD 2005                                                                                           University of Western Australia 

Preface 

The main body of this thesis is comprised of three chapters (2-4), each of which 

is a paper written with the intention to be suitable for publication in a peer-reviewed 

scientific journal: 

• Chapter 2 has been accepted for publication in Hydrobiologia under the title 

“Transition from planktonic to benthic algal dominance along a salinity 

gradient” by R.D. Segal, A.M. Waite and D.P. Hamilton (Centre for Water 

Research ED1921). 

• Chapter 3 has been submitted to Marine and Freshwater Research under the title 

“Nutrient dynamics along a solar salt pond sequence” by R.D. Segal, A.M. 

Waite and D.P. Hamilton (Centre for Water Research ED1922). 

• Chapter 4 has been submitted to a special issue of Hydrobiologia under the title 

“Nutrient limitation of phytoplankton in solar salt ponds” by R.D. Segal, A.M. 

Waite and D.P. Hamilton (Centre for Water Research ED1923). 

Statement of Candidate Contribution 

Except where referenced, the material presented in this thesis is a synthesis of 

my own ideas and the work undertaken by myself under the supervision of Dr A.M. 

Waite and Prof. D.P. Hamilton. It is not intended to contribute to the award of any other 

degree or diploma. As the author of all material within this thesis, I am completely 

responsible for all data analyses, figures and written text contained herein. In addition, I 

conducted all field sampling and experimentation.  

 

 ix



Segal, PhD 2005                                                                                           University of Western Australia 

Chapter 1 

Introduction 

1.1 Solar Salt Ponds 

The majority of solar saltworks use solar energy to evaporate seawater as it 

flows through a series of ponds to produce crystalline sodium chloride. These ponds are 

generally located on coastal flats or reclaimed tidal areas. The phytoplankton and 

benthic algae of solar salt ponds play an important role in salt production. Well 

managed ponds which result in stable species composition and concentrations help to 

increase solar absorption, remove dissolved organic carbon and nutrients from the water 

column, and line the ponds to prevent leakage (Javor, 1989; Davis, 1990).  

Biological production in the ponds can increase dissolved organic carbon (DOC) 

concentrations in the concentrated seawater which flows downstream to the 

crystallisers. This can lead to reduced salt crystal quality by creating small, hollow and 

fragile crystals that may have brine (concentrated seawater) inclusions (Davis, 1990; 

Davis & Giordano, 1996). Bacteria, DOC and other impurities may also be incorporated 

within these inclusions. These conditions result in reduced salt purity as well as 

increased transport costs and washery losses. The floors of the crystallisers are also 

weakened, making harvesting by large machinery more difficult and causing damage to 

the ponds (Javor, 1989; Davis 1990; Davis & Giordano, 1996). 

In particular, excess benthic biological production has led to decreased salt 

quality, and even the shut-down of production at some salt pond operations (Davis, 

1990; Davis & Giordano, 1996). One such example occurred at Dampier, Western 

Australia (20.4° S, 116.4° E), where large amounts of oxygen generated by benthic 

producers was trapped within the mat, causing the benthic algal mats to lift from the 

sediments and flow with the concentrated seawater into the crystallisers (Roux, 1991).  

 1
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Salinity is a dominant factor in the ecology of solar salt ponds. Increasing 

salinity exerts stress on the pond organisms and causes the precipitation of compounds. 

Organisms die as the salinity exceeds their tolerance limits, while the (mostly benthic) 

organisms that do persist need to deal with the formation of benthic crusts. Calcium 

carbonate is the first compound to precipitate (at salinity twice seawater), then calcium 

sulphate (gypsum, at salinity three times seawater) and finally sodium chloride (salt, at 

salinity ten times seawater) (Davis, 1990; Williams, 1998a).  

The pond ecology and species composition of the lower salinity ponds reflect the 

marine origin of the seawater source. Marine phytoplankton, zooplankton, macrophytes, 

invertebrates and fish are reported to persist at salinities to 100 g kg-1, just less than 

three times that of seawater (Rodriguez-Valera, 1988; Pedros-Alio et al., 2000). (Note: 

Throughout this thesis, salinity with be given in units of g kg-1, to avoid confusion at 

higher salinities where mg L-1 no longer equates to g kg-1 and parts per thousand (ppt) 

(Williams and Sherwood, 1994). Organisms that persist at higher salinities include 

benthic mat forming diatoms, cyanobacteria and other bacteria, zooplankton, nekton 

(commonly Artemia spp.), the chlorophyte Dunaliella spp and halophilic bacteria. 

Macrophytes and vertebrates are absent at these salinities (Rodriguez-Valera, 1988; 

Davis, 1990; Pedros-Alio et al., 2000). Only halophilic bacteria and the phytoplankton 

Dunaliella salina have been recorded in the crystallisers (Rodriguez-Valera, 1988; 

Davis, 1990). 

As salinity increases through the pond sequence, benthic cyanobacterial mats 

become increasingly important to the pond ecology, nutrient dynamics and, therefore, to 

salt production. There are several studies on the structure and function of benthic 

cyanobacterial mats in solar salt ponds (D’Amelio et al., 1989; Canfield & Des Marais, 

1993; Caumette et al., 1994), while Jones et al. (1981) investigated the benthic biology 

of two Australian solar pond sequences. Roux (1991) investigated benthic biomass and 
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composition in a solar salt pond sequence at Dampier, Western Australia. The mats are 

characteristically layered, highly productive, and represent the joint output of 

functionally different groups of phototrophic and non-phototrophic organisms (van den 

Ende & van Gemerden, 1994; Des Marais, 1995). The top layer at the sediment-water 

interface consists of diatoms and cyanobacteria. Underneath this layer are several types 

of sulphur and non-sulphur bacteria, including phototrophic and non-phototrophic 

species. The bottom layer is populated by sulphate reducing bacteria (van den Ende & 

van Gemerden, 1994; Des Marais, 1995). These mats are typically 5-10 mm thick, with 

the photic zone being in the top 1-2 mm. Where gypsum has precipitated from 

hypersaline waters, the mats may be up to 50 mm thick with the same layers distributed 

vertically within the gypsum matrix (van den Ende & van Gemerden, 1994; Oren et al., 

1995; Canfield et al., 2004).  

The layering of organisms is a result of differential light penetration, and oxygen 

and sulphur gradients. These gradients can be very steep and the oxygen/sulphide 

interface undergoes a diel vertical migration, so enhanced tolerance or motility are 

strategies used by organisms to survive the fluctuating conditions (Caumette, 1989; van 

den Ende & van Gemerden, 1994; Des Marais, 1995). There is a complex set of 

interactions between the functional groups in benthic cyanobacterial mats involving the 

utilisation and exchange of oxygen, sulphur and organic substrates, in addition to light. 

Examples include sulphide-intolerant cyanobacteria which rely on the consumption of 

sulphide by purple and colourless sulphur bacteria and the use of cyanobacterial 

excretory by-products by sulphate reducing bacteria which produce sulphide (van den 

Ende & van Gemerden, 1994; Des Marais, 1995; Canfield et al., 2004). 

Javor (1989) and Williams (1998a) provide an overview of saline ecosystems, 

including solar salt ponds. The most recent published studies of solar salt pond ecology 

investigated water column primary production and nutrient concentrations from a pond 
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sequence in southern Spain (Pedros-Alio, et al., 2000; Joint et al., 2002). A decrease in 

water column biomass and photosynthetic productivity, and an increase in benthic 

biomass as salinity increases, are commonly reported from solar salt pond sequences 

(Davis 1990; Pedros-Alio et al., 2000; Joint et al., 2002). However, integration of 

benthic and planktonic productivity and nutrient dynamics has not previously been 

attempted, or at least published. The only published ecological research on solar salt 

ponds in Western Australia focussed on phosphorus dynamics, benthic biomass and 

species identification, and the production of extracellular polysaccharides by benthic 

cyanobacterial mats (Roux, 1991, 1996). Phosphorus was found to limit primary 

production in the pond system, highly productive benthic mats were found to 

dramatically influence salt production, and nutrient limitation of benthic cyanobacterial 

contributed to the production of extracellular polysaccharides (Roux, 1991, 1996). 

While solar salt pond series vary in pond size and configuration, they have in 

common the presence of a salinity gradient and the precipitation of gypsum and sodium 

chloride as salinity increases. The ponds may differ considerably in climatic conditions 

and nutrient status. These differences and the lack of published studies, especially in 

Australia, complicate the extrapolation of the current study to other similar pond 

systems beyond the identification of trends and critical salinities.  

 

1.2 Study Background 

The Shark Bay Salt Joint Venture (SBSJV) evaporation ponds are split into two 

sections, the primary concentrators, and the secondary concentrators and crystallisers 

(Fig. 1.1). There are 16 primary concentrator ponds at Useless Inlet, increasing in 

salinity from 40 g kg-1 to 180 g kg-1. These ponds generally decrease in size and depth 

along the pond sequence from PM1 (2300 ha, 10 m deep) to P3F (150 ha, 1 m deep) 

(see Chapter 2 for complete site description). The movement of concentrated seawater is 
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mostly gravity fed, however pumps are located between pond P0 and P1B and between 

P3F and the flume at Useless Inlet (see Fig. 2.1). Concentrated seawater then flows 

down the flume to the secondary concentrator ponds at Useless Loop. Once the density 

has reached 1.218 kg m-3 in the secondary concentrator ponds, concentrated seawater is 

pumped into the crystallisers to a depth of 30-50 cm. After the salt layer on the 

crystalliser floor has increased by 20 cm, the remaining concentrated seawater is 

drained off and the salt is harvested and loaded into trucks (Stenbeck et al., 1999). The 

salt is transported to the washery facility, where it is sprayed with seawater to wash off 

any insoluble and particulate matter. The salt is then dried centrifugally, reloaded onto 

trucks and taken out to the stockpile.  

CaCO3
Useless Inlet ponds

Useless Loop ponds

Crystallisers

CaSO4

NaCl 

Washing    Bitterns 

Seawater

Stockpile  

Flume

40 g kg-1 1030 kg m-3

180 g kg-1 1140 kg m-3

270 g kg-1 1218 kgm-3

285 g kg-1  
1245 kg m-3 

 

Figure 1.1. Schematic diagram of salt production at Shark Bay Salt Joint Venture (after 

Williams, 1998a). The numbers in the right hand column indicate salinity (g kg-1) and 

density (kg m-3) respectively. 

Phytoplankton are an important component of flora in the primary concentrators 

but are replaced by benthic algae as salinity increases at Useless Inlet. As the salinity 
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increases further, the benthic algae also disappear. The benthic algae are replaced in the 

secondary concentrators at Useless Loop by hard gypsum floors and the crystallisers at 

Useless Loop have hard salt floors. These changes in species composition along the 

salinity gradient are common to coastal solar salt works where seawater is evaporated to 

produce sodium chloride (see Chapter 2).  

The hydrodynamics of the solar salt ponds at Useless Inlet and Useless Loop 

were investigated in 1999-2000 (Stenbeck et al., 1999; Bruce et al., 2000). The ecology 

and nutrient dynamics of the ponds had not previously been studied and an investigation 

was a critical step in pond management and the prevention of excess biological 

production in the ponds. Concerns over excess biological production and a lack of 

understanding of the ecology and nutrient dynamics in the ponds at Shark Bay prompted 

the pond managers to initiate the current study of pond ecology to complement a routine 

and ongoing monitoring programme. As the majority of the biological activity occurs in 

the Useless Inlet ponds, the study focussed on these lower salinity ponds rather than the 

crystallisers at Useless Loop.  

Apart from the hydrodynamic study of the ponds in 1999-2000, regular 

biological surveys of the Useless Inlet ponds have been conducted since 2001, to build 

upon occasional surveys prior to that time (Davis, 1997, 1999; Actis Environmental, 

unpubl. data). Davis (1997, 1999) conducted surveys to identify the species present and 

their relative abundance and found that there was a shift towards a benthic-dominated 

system with increasing salinity.  

 

1.3 Research Objectives 

The salinity gradient created by the evaporation of seawater as it flows through a 

series of solar salt ponds allows investigation of changes in primary productivity and 

nutrient dynamics as salinity increases. The objectives of this study were (1) to evaluate 
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changes in planktonic and benthic primary production along the salinity gradient and 

investigate the relationship between these changes and the prevailing physico-chemical 

conditions, (2) to investigate and quantify nutrient dynamics of the ponds and their role 

in solar salt pond ecology, and (3) to use multiple techniques to identify the limiting 

nutrient for phytoplankton biomass in the solar salt ponds and how this nutrient may 

influence the observed phytoplankton distribution in the ponds. These three objectives 

have been delineated into chapters that constitute part of this thesis. 

During the study, high concentrations of dissolved organic nutrients were found 

in the water column. It was speculated that they may play a role in phytoplankton 

nutrition and may therefore relieve nutrient limitation. A further objective of this study, 

therefore, was to examine the availability of dissolved organic nutrients to 

phytoplankton in the solar salt ponds (see Chapter 4).  

The simultaneous study of benthic and planktonic productivity and nutrient 

dynamics is new to the study of solar salt ponds. This component of the study involved 

the measurements of both planktonic and benthic productivity and biomass, water 

column, sediment pore water and sediment-bound nutrients, sediment pore water-water 

column nutrient exchange and the identification of nutrients limiting phytoplankton 

biomass. This integrated approach was used to identify the factors responsible for 

changes in water column nutrient concentrations, and observed biological patterns and 

species distributions in Useless Inlet. This information was intended to assist in pond 

management to optimise salt production and system stability, and is transferable to other 

solar salt ponds, the previously stated limitations of pond configuration and nutrient 

status notwithstanding.  

The investigation of primary production and nutrient dynamics identifies 

productive ponds, the processes controlling water column production and nutrient 

concentrations, and the condition of benthic biomass in the higher salinity ponds; all 
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relevant to stability of the ponds and management for optimising salt production. A 

major objective of this study was to identify nutrient management options for the 

control of biological production or maintenance of current biological production, for use 

in improved management of the ponds.  

The current study provides insights into the general dynamics of saline systems 

that may then be applied to other saline systems. The presence of the stable salinity 

gradient made the solar salt pond sequence an ideal model for possible changes that may 

occur to lakes undergoing secondary or anthropogenic salinisation. That is, the spatial 

increase in salinity along the pond sequence can be used a guide for the temporal 

increase in salinity in lakes undergoing salinisation. By identifying the changes in 

benthic and planktonic productivity and nutrient dynamics as salinity increases, the 

salinities at which the major changes occurred can be nominated. Limitations to the 

wider application of this study were thought to include (1) the marine source water and 

associated flora and fauna, which may differ from inland species, (2) the high salinity of 

the ponds, whereas significant changes to lake ecology may occur at lower salinities, 

and (3) the permanent inundation instead of water levels that fluctuate seasonally.  

 

1.4 Logistical Considerations 

The remoteness of the study site placed logistical limitations on the current 

study. Laboratory experimentation could not be conducted due to the distance of the 

study site from analytical facilities in Perth, while laboratory facilities available at 

Useless Loop were not able to be adapted readily to any experimental protocol. 

Therefore experiments were conducted in situ, and samples were frozen or refrigerated 

for later analysis. The laboratory experiments that could not be conducted included 14C 

productivity measurements, photosynthesis versus irradiance measurements, 

phytoplankton nutrient uptake rates using of stable isotopes of nitrogen and radio-
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labelled phosphorus, measurement of nitrogen fixation and denitrification, and nutrient 

limitation of phytoplankton growth rates.  

This study was the first detailed investigation of the productivity and nutrient 

dynamics of the solar salt ponds at Useless Inlet. As only limited water column nutrient 

data had been collected previously, this necessitated the collection of a large amount of 

data for the first time in these ponds. The most fundamental aspects were included for 

investigation following consultation with pond managers, focussing on primary 

production and nutrient dynamics. Aspects not covered in this study included the role of 

nekton, zooplankton and bacteria in pond ecology.  

The large number of ponds in Useless Inlet meant that sampling of all ponds was 

not practical, to ensure sufficient replication for the given time and resources. To ensure 

coverage of the salinity gradient present in Useless Inlet, a compromise was made 

between the number of ponds sampled and the number of replicates in each pond. The 

choice of site within each pond was also limited due to access, water depth and pond 

sediments. Once this study has identified ponds along the salinity gradient of significant 

interest, more focused investigations can be conducted.  

 

1.5 Structure of the Thesis 

 This thesis consists of three self-contained chapters containing the core findings 

of this Ph.D. study, with each intended for publication in international peer-reviewed 

journals. Chapter 2 examines changes in planktonic and benthic primary productivity 

along the salinity gradient and identifies the mechanisms responsible for the change 

from planktonic to benthic dominance. Chapter 3 provides details of changes in nutrient 

dynamics along the pond sequence and identifies the processes responsible for the 

observed water column nutrient concentrations. Using the productivity results from 

Chapter 2, the sources of nutrients for planktonic and benthic production are also 

 9



                                                                                    Productivity and nutrient dynamics in solar salt ponds 

identified, creating new understanding of the changes in productivity as salinity 

increases. Chapter 4 investigates potential nutrient limitation of phytoplankton and 

provides details of changes in limiting nutrients as salinity increases. In Chapter 4, 

availability to phytoplankton of the large pool of dissolved organic nutrients is 

investigated. A final chapter contains the study conclusions, recommendations to the 

SBSJV pond managers and suggestions for future areas of research in the Useless Inlet 

ponds.  
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Chapter 2 

Transition from planktonic to benthic algal dominance along a salinity gradient 

The original publication is available at www.springerlink.com (DOI: 10.1007/s10750-

005-0916-8) 

Abstract 

Highly regulated salinity gradients in solar salt pond concentrating sequences provide 

an opportunity to investigate in situ salinity impacts on aquatic flora and fauna. The 

Shark Bay Salt solar ponds at Useless Inlet in Western Australia vary in salinity from 

seawater to four times seawater over the pond sequence. We observed a shift from 

planktonic to benthic primary productivity as salinity increased. Water column 

photosynthesis and biomass decreased markedly with increasing salinity, while benthic 

productivity increased as cyanobacterial mats developed. Correspondingly, productivity 

shifted from autotrophy to heterotrophy in the water column and from heterotrophy to 

autotrophy in the benthos. Both shifts occurred at intermediate salinity (S = 110 g kg-1, 

ρ = 1.087 g cm-3) in the pond sequence, where there was little production by either. 

Within individual ponds, productivity, algal biomass and physico-chemical conditions 

were relatively constant over one year, with only water column photosynthesis 

significantly different between seasons, mostly due to greater winter production. 

Transitions between benthic and planktonic production and their relative magnitudes 

appear to be driven mostly by direct responses to salinity stress, but also by changes in 

nutrient availability and grazing, which are also influenced by salinity.  

 

2.1 Introduction 

Solar salt ponds are hypersaline environments with features common to both salt 

lakes and coastal lagoons, and are located on coastal flats or reclaimed tidal areas in 

temperate and tropical areas around the world. To produce sodium chloride, a series of 
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ponds are used to evaporate seawater and, as evapoconcentration proceeds through the 

ponds, a sequence of precipitation reactions occurs. The first major compound to 

precipitate is calcium carbonate, followed by calcium sulphate (gypsum) and finally 

sodium chloride (salt). After the sodium chloride has crystallised, the remaining highly 

saline solution is drained and the salt harvested (Williams, 1998a). 

The planktonic and benthic algae of solar salt ponds play an important role in 

salt production. Well-managed ponds, which result in stable species composition and 

biomass, aid in solar absorption, removal of dissolved organic carbon and nutrients from 

the water column, and line the pond to reduce leakage (Javor, 1989; Davis, 1990; 

Stenbeck et al., 1999). Biomass in ponds of low salinity (40-80 g kg-1) is dominated by 

seagrasses, macroalgae and phytoplankton, but includes fish and other marine animals. 

Benthic marine diatoms, dinoflagellates and cyanobacteria are also present in the low-

salinity ponds, which have the highest diversity in the system (Davis, 1990; Des Marais, 

1995; Davis & Giordano, 1996). Ponds of intermediate salinity (80-150 g kg-1) are 

dominated by benthic cyanobacterial mats and have reduced phytoplankton populations 

(Davis, 1990; Des Marais, 1995; Davis & Giordano, 1996). At salinities >150 g kg-1, 

benthic mats are replaced by gypsum and salt floors while in the crystalliser ponds 

(>270 g kg-1), Dunaliella salina and halophilic archaea are dominant (Davis, 1990; Des 

Marais, 1995). The use of the terms low, intermediate and high salinity in this paper 

refers specifically to the range of salinities encountered in solar salt ponds and 

hypersaline lakes rather than the substantially lower salinity categories normally used to 

define inland waters (e.g. Davis et al., 2003).  

There has not been a systematic comparison between planktonic and benthic 

production in solar salt ponds. As salinity increases, the decrease in phytoplankton 

biomass and increase in benthic biomass will result in a change in the major contributor 

to pond production. The interactions between water and sediment will also be modified, 
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especially organic matter mineralisation and nutrient exchange. Pond function will be 

altered and management of the pond system will need to reflect this change. For 

example, in Dampier, Western Australia, benthic production shut down the salt pond 

operation (Roux, 1991). In freshwater, estuarine and coastal systems, the contribution of 

benthic production to total production is likely to have been underestimated 

(Underwood & Kromkamp, 1999; Vadeboncoeur et al., 2003). For example, the water 

column contributes only 50% of total estuarine production in the Wadden Sea in the 

Netherlands and 36.5% in the Lynher estuary in the England (Underwood & 

Kromkamp, 1999). Generally, benthic production is inversely related to phytoplankton 

production due to competition for nutrients and light (Vadeboncoeur et al., 2003).  

Salinity is a key stressor for biota in saline lakes. Thus the progressive salinity 

gradient created by the solar salt pond sequence allows for a controlled investigation of 

salinity as a stressor. Increased salinity also produces a number of changes in other 

water quality parameters (e.g. dissolved gases). The stress of increasing salinity on 

planktonic and benthic communities can be demonstrated by measuring short-term 

changes in the ratio of photosynthesis to respiration rates, and longer-term changes in 

community structure and species composition (Freedman, 1995). In solar salt ponds 

variations in salinity within individual ponds are small compared with those between 

ponds, so that each pond effectively provides a mesocosm that is subject to a different 

salinity under similar environmental conditions, allowing a test of the effects of salinity 

on primary productivity in the salt pond sequence (Bauld, 1981). 

Our study used the highly-regulated salinity sequence at Useless Inlet solar salt 

ponds in Western Australia to examine changes in primary production in planktonic and 

benthic algae, and to explore relationships between primary production and physico-

chemical conditions along the pond sequence. We used changes in production, 

community structure and species composition of primary producers to examine the 
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relative dominance of benthic and planktonic production through the pond series. This 

information is used to speculate on the critical salinity limits for restoration of salinised 

systems. 

 

2.2 Study Site 

Shark Bay Salt Joint Venture is located at Useless Loop, 700 km north of Perth, 

Western Australia (26°12’ S, 113°19’ E). Useless Loop has a warm, dry climate 

characterised by high temperatures and low rainfall (mean rainfall 210 mm year-1; mean 

evaporation 2100 mm year-1). With the exception of occasional cyclones, the majority 

of the rainfall occurs in winter. High average temperatures (annual daytime mean 

~28°C), strong winds, high irradiance and low rainfall produce excellent conditions for 

salt production.  

The production of sodium chloride from the evaporation of seawater occurs in 

two geographic locations that are connected by a flume. The primary ponds are located 

at Useless Inlet, 20 km to the south of the secondary concentrators and crystallisers, at 

Useless Loop. Sixteen primary concentrator ponds cover a total area of approximately 

5600 ha, with a general decrease in pond area from the first (PM1, 2300 ha) to the last 

pond (P3F, 150 ha) in the sequence. The salinity of the inlet water is 40 g kg-1 (ρ = 1.03 

g cm-3), reflecting the salinity of Shark Bay which is elevated above normal seawater 

levels, and the water entering the flume is approximately 170 g kg-1 (ρ = 1.14 g cm-3). 

Seagrasses, marine macroalgae and phytoplankton occur early in the pond sequence 

(PM1, P0, P1A, P1B and P1C) but are succeeded by hypersaline species as the salinity 

increases (Davis, 1997 and 1999).  
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2.3 Methods and Materials 

Eight ponds ranging in salinity from that of Shark Bay (40 g kg-1) to beyond that 

where gypsum precipitates (120 g kg-1) were sampled for water column and benthic 

biomass and productivity and water column dissolved inorganic nutrients (Fig. 2.1, 

Table 2.1). Productivity and benthic biomass was measured at the same location in each 

pond over two days while water column biomass and nutrients were sampled on one of 

these days, with measurements carried out on four occasions to reflect seasonal 

changes: in June and September-October 2002, and January-February and April-May 

2003. Sites within each pond were accessed from the shore and water depth was 

typically < 1 m. Macrophytes occurring in deeper waters (e.g. Ruppia) were not 

included in benthic biomass or productivity sampling in ponds P0, P1B and P2A as a 

result of the shoreline sampling. 

Water column primary production was estimated as change in dissolved oxygen 

(DO) concentration with time with in situ light and dark 5-L plastic bottles (Cahoon & 

Cooke, 1992; Pinckney & Zingmark, 1993; Kramer et al., 1994). Initial and final 

samples were taken in duplicate from each of the light and dark bottles. Incubation 

started around 0900h and ended after 3-5 hours. Samples were fixed immediately after 

collection and Winkler titrated for DO determination later the same day (Grasshoff, 

1983). Net productivity (NP) and respiration (R) were calculated according to the 

method of Pedros-Alio et al. (2000). Addition of DO consumption from the dark bottle 

to DO production in the light bottle was used to estimate gross photosynthesis, 

assuming similar rates of respiration in light and dark bottles (Kramer et al., 1994; 

Underwood & Kromkamp, 1999). One light and one dark incubation were conducted at 

each site twice each season, with the exception of pond P2A in spring, pond P1B in 

summer and ponds P0 and P2E in autumn, which were conducted three times.  
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Figure 2.1. Map of Useless Inlet ponds, showing ponds sampled, sample locations, the 

direction of water flow (low to high salinity) and location of water pumps (after 

Stenbeck et al. (1999)). 
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Table 2.1. Characteristics of ponds sampled at Useless Inlet.  

Pond 

 

Water 

salinity  

g kg-1

Water 

density  

g cm-3

Area 

ha 

Maximum 

 Depth m 

Phytoplankton  

Biomass 

Benthos 

composition 

 

P0 70 1.056 1100 5 High Ruppia, microalgae 

P1B 79 1.065 500 5 High Ruppia, microalgae 

P2A 91 1.069 200 5 High Ruppia, microalgae 

P2E 114 1.087 300 7 Medium microalgae 

P2C 120 1.093 200 4 Low microphytobenthos 

P3B 137 1.106 100 3 Low soft cyanobacterial mat 

P3D 152 1.121 100 3 Low hard cyanobacterial mat 

P3F 176 1.141 150 1 Low hard gypsum floor 

 

Benthic primary production was estimated as the change in dissolved oxygen 

concentration with time with continuously stirred in situ 5-L light and dark plastic dome 

chambers (Cahoon & Cooke, 1992). Pond P3F was not sampled as domes could not 

penetrate the hard gypsum floor. Initial and final samples were taken in duplicate from 

each of the light and dark chambers using a syringe inserted into the chamber via silicon 

tubing. A short length of tubing fixed on the other side of the chamber allowed pressure 

equalisation. Incubation started around 0900h and ended after 2-5 hours. DO was 

determined by the Winkler method as above. Net productivity (NP) and respiration (R) 

were calculated according to the method of Cahoon & Cooke (1992). As for the 

planktonic incubation, DO consumption in the dark chamber was added to DO 

production in the light chamber to give gross photosynthesis, assuming similar light and 

dark respiration rates. One light and one dark incubation were conducted at each site 

twice each season, with the exception of ponds P1B, P2A, P2E and P2C in summer and 

ponds P2A, P2E and P2C which were conducted three times. 

Water column productivities were converted from volumetric to areal units 

assuming a uniform depth of 1 m. This may lead to small inaccuracies of areal water 
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column productivity between ponds as mean water depth was not the same in all ponds, 

but these errors are small relative to measured variations in volumetric production. 

Oxygen fluxes were also converted to carbon fluxes assuming a molar photosynthetic 

and respiratory quotient of 1, to allow comparisons with previous studies (Cahoon & 

Cooke, 1992; Pedros-Alio et al., 2000).  

Water samples for chlorophyll a and phaeophytin were collected once per 

season from the eight ponds and near the seawater inlet gate. Chlorophyll a and 

phaeophytin samples were collected by filtration of a known volume of pond water 

(GF/C-equivalent filters). Filters were kept on ice for transport to the laboratory and 

then stored frozen. Following extraction in 90% acetone, chlorophyll a and phaeophytin 

were determined spectrophotometrically (APHA, 1998). GF/C filters were used instead 

of GF/F filters. On several occasions GF/C filtrate was filtered through GF/F filters and 

no particulate matter was observed to be collected. Benthic chlorophyll a and 

phaeophytin were sampled in duplicate in the eight ponds. The top 2 cm of sediment 

was collected using a 5 cm diameter Perspex corer, kept on ice for transport to the 

laboratory and stored frozen. Samples were then analysed for chlorophyll a and 

phaeophytin as for water column GF/C filters.  

Duplicate water column and sediment samples were preserved with Lugol’s 

solution (APHA, 1998), stored in the dark and examined microscopically (Leica 

DMIRB Inverted Research Microscope) for algal species identification. Microalgae and 

cyanobacteria were identified to genus level where possible. Individual filaments of 

filamentous Cyanobacteria were counted as single “cells”. 

Water samples for nutrient analysis were collected from the eight ponds and near 

the seawater inlet gate once on the four seasonal sampling occasions. Density, salinity, 

temperature and turbidity were measured on unfiltered samples, while ammonium, 

nitrate plus nitrite, filterable reactive phosphorus and magnesium ion concentrations 
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were determined on filtered samples (0.45 µm membrane filter). All samples were kept 

on ice for transport to the laboratory. Filtered samples were then frozen prior to 

analysis, while samples for density, turbidity and magnesium ion concentration were 

refrigerated. Magnesium ions are regarded as conservative over the evaporation 

sequence and can be used as a reference for non-conservative behaviour of other ion 

concentrations (Nadler & Margaritz, 1980). Nitrate plus nitrite (NOx) was analysed 

using the copper-cadmium reduction method, ammonium (NH4) using the phenol-

hypochlorite method and filterable reactive phosphorus (FRP) using the ascorbic acid-

molybdenum-tartrate method (APHA, 1998) by Flow Injection Analysis (Lachat 

QC8000). High salinity samples were diluted to approximate seawater salinities to allow 

for the use of standard methods. Turbidity was measured using a nephelometric 

turbidimeter (Hach 2100A) and magnesium ion concentration was determined by ICP-

OES (Varian Vista). Salinity and temperature were measured in the field using a TPS 

WP-81 salinity/temperature meter. Water densities were measured in the laboratory 

using an Anton Paar DMA 35 digital density meter and were temperature-corrected to 

15.6°C.  

 

2.4 Results 

Densities and magnesium ion concentrations increased consistently between the 

inlet seawater and pond P3F but were relatively constant in each pond over the sample 

period (Fig. 2.2). Water at P3F (ρ = 1.141 g cm-3, [Mg] = 7775 mg l-1) was 4-5 times 

more saline than the incoming seawater (ρ = 1.031 g cm-3, [Mg] = 1550 mg l-1). In 

contrast, water column dissolved oxygen (DO) concentrations decreased along the pond 

sequence (Fig. 2.3). For the sample period, DO in pond P0 averaged 6.0 mg l-1 and 3.0 

mg l-1 in pond P3F, representing around 90% of salinity-corrected saturation values in 

each pond. There was an increase in annual average turbidity from the input seawater 
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(1.3 NTU) to pond P0 (5.7 NTU) before a gradual decrease along the pond sequence 

(Fig. 2.3).  

Density was strongly positively correlated with magnesium concentration (r = 

0.99, p < 0.001). In contrast, DO was negatively correlated with magnesium ion 

concentration (r = -0.73, p < 0.001). There was a significant difference between ponds 

(ANOVA, p < 0.001) for density, magnesium concentration, turbidity and dissolved 

oxygen concentration, corresponding to salinity increase. Conditions within each pond 

were relatively stable over the sampling period and only for dissolved oxygen (ANOVA 

p < 0.05) was there a significant difference between seasons.  
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Figure 2.2. Annual average water column density (temperature corrected to 15.6°C) and 

magnesium ion concentration in Useless Inlet ponds (error bars = 1 standard deviation 

(sd) based on variance over four seasons, n = 4). 
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Figure 2.3. Annual average water column dissolved oxygen and turbidity for Useless 

Inlet ponds (NB: no measurement of DO in SW; error bars = 1sd based on variance over 

four seasons, n = 4). 

Of the nutrients, only FRP correlated strongly with magnesium ion 

concentration (r = 0.91, p < 0.001; Fig. 2.4), with concentrations increasing from 5 to 22 

µg l-1 corresponding to evapoconcentration and indicating that FRP was relatively 

conservative. Ammonium and nitrate plus nitrite concentrations were less strongly 

correlated with magnesium ion concentration (r < 0.67, p < 0.001) and were depleted 

relative to evapoconcentration. There was a significant difference between ponds for 

NH4 and FRP concentrations corresponding to salinity increase (ANOVA, p < 0.001) 

but there was no significant difference between seasons (ANOVA, p > 0.05) for the 

dissolved inorganic nutrients.  
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Figure 2.4. Annual average water column concentrations of ammonium, nitrate plus 

nitrite and filterable reactive phosphorus for Useless Inlet ponds (error bars = 1sd based 

on variance over four seasons, n = 4). 

Water column chlorophyll a concentrations increased from the seawater input 

(0.7 µg l-1) to P0 (12.4 µg l-1) and then decreased along the pond sequence to P3F (Fig. 

2.5A). There was little variation between seasons (ANOVA, p > 0.05). Chlorophyll a 

was positively correlated with turbidity (r = 0.74, p < 0.001) but negatively correlated 

with inorganic nutrients (NH4 r = -0.78, p < 0.001; NOx r = -0.38, p < 0.05; FRP r = -

0.61, p < 0.001), suggesting a larger influence of salinity and possibly grazing by nekton 

and zooplankton. Benthic chlorophyll a concentrations ranged from 40.4 mg m-2 (P2E) 

to 366 mg m-2 (P3D) (Fig. 2.5B), coinciding with presence of benthic cyanobacterial 

mats in pond P3B. On an areal basis, benthic chlorophyll made up >80% of the total 

vertically integrated areal chlorophyll a in each pond and increased from 81% in pond 

P0 to 99% in pond P3D.  

There was a significant difference between sites in both water column and 

benthic chlorophyll a and phaeophytin (ANOVA, p < 0.001). Water column chlorophyll 
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a was negatively correlated with magnesium ion concentrations (r = -0.66, p < 0.001) 

but benthic chlorophyll a was positively correlated with it (r = 0.49, p < 0.001). Only 

benthic chlorophyll a showed a significant difference between seasons (ANOVA, p < 

0.01). 
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Figure 2.5. Annual average chlorophyll a and phaeophytin concentrations for (A) water 

column and (B) benthos for Useless Inlet ponds (error bars = 1sd based on variance over 

four seasons, n = 4 (A), n = 8 (B)). Note there were no benthic measurements for SW 

and P3F.  
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The phytoplankton population in the ponds comprised of diatoms, 

cyanobacteria, dinoflagellates and other flagellates (Fig. 2.6A). The diatom genera of 

Amphora, Navicula, Nitzschia, Thalassionema and Mastogloia were almost always 

present. Gymnodinium was the dominant genus amongst the dinoflagellates, while 

Anacystis, Aphanothece and Microcoleus were the dominant cyanobacteria. The most 

common phytoplankter was the nanoflagellate Ochromonas. The other flagellate present 

was Cryptomonas. Flagellates were mostly absent from the high-salinity ponds, with the 

exception of Dunaliella which first appeared in pond P3F (S = 170 g kg-1).  

The benthic algae also consisted of diatoms, cyanobacteria, dinoflagellates and 

other flagellates (Fig. 2.6B), and the dominant diatom and dinoflagellate genera were 

the same as the phytoplankton. The cyanobacteria included Anacystis, Aphanothece, 

Gomphosphaeria, Microcoleus, Oscillatoria and Spirulina, and the main flagellates 

were Cryptomonas and Rhodomonas. With increasing salinity the number of species 

and cell counts of diatoms decreased while for cyanobacteria they increased. 
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Figure 2.6. (A) Water column and (B) benthic algal composition by algal group for 

Useless Inlet ponds, autumn 2003. Note there was no benthic sample for P3F.  

Mean annual water column primary production decreased with magnesium ion 

concentration through the ponds (r < -0.72, p < 0.001) and was positively correlated 

with chlorophyll a (r = 0.71, p < 0.001) (Fig. 2.7). Maximum rates of both 

photosynthetic production (0.39 mg O2 l-1 h-1) and respiration (0.11 mg O2 l-1 h-1) 

occurred in pond P0 (S = 70 g kg-1) in winter. Both photosynthesis and respiration were 
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almost constant across in ponds upgradient of P2C, despite progressive increases in 

salinity. Unlike the physical parameters and nutrient concentrations, there was a 

significant difference between sites and between seasons for photosynthesis (ANOVA, 

p < 0.001). Winter was the most productive period for the water column, despite the 

lowest water temperatures (< 20°C). Summer water temperatures at the pond margins 

exceeded 25°C. There was no consistent pattern of between-pond temperatures. 

Respiration also showed a significant difference between sites but no significant 

difference between seasons. Chlorophyll a specific production was significantly 

different between sites and between seasons (ANOVA, p < 0.001), and was weakly 

correlated with salinity (r = 0.26, p < 0.05), showing high variability over the year (Fig. 

2.8A).  
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Figure 2.7. Annual average water column photosynthesis (P) and respiration (R) for 

Useless Inlet ponds (error bar = 1sd based on variance over the four seasons, n = 4). 

Benthic productivity in ponds P0 and P1B was likely due to microphytobenthos, 

with the large peak at P3B (3.51 mmol O2 m-2 h-1) produced by cyanobacterial mat algae 

(Fig. 2.9). The low rates of benthic production in intermediate ponds corresponded with 
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low benthic chlorophyll a concentrations. Although P3D had the highest chlorophyll a 

concentrations, the photosynthetic rate was lower than at P3B. The ponds with highest 

benthic respiratory demand were P2A (1.50 mmol O2 m-2 h-1) and P3B (1.08 mmol O2 

m-2 h-1). Photosynthesis and respiration rates were significantly correlated (r = 0.45, p < 

0.001) but the large amount of unexplained variation was likely contributed by oxygen 

consumption by heterotrophic organisms and chemical demand. Benthic photosynthesis 

and respiration were significantly different between ponds (ANOVA, p < 0.001) but not 

between seasons. 

Unlike the water column, benthic production was only weakly positively 

correlated with chlorophyll a concentration (r = 0.36, p < 0.01) and with salinity (r = 

0.24, p > 0.05). The chlorophyll a specific production was greater than 0.01 mmol O2 

mg chl a-1 h-1 for all ponds except P3D (0.005 mmol O2 mg chl a-1 h-1) (Fig. 2.8B). 

However, ANOVA showed a significant difference between sites and between seasons 

(p < 0.001 and p < 0.05, respectively). Water column specific production was much 

higher than benthic specific production, indicating higher photosynthetic efficiency and 

a tendency of decoupling of productivity and total chlorophyll. 

Generally, the water column photosynthesis to respiration ratio (P:R) decreased 

as salinity increased, from >5 to around the compensation point of 1 from pond P2C, 

i.e., the water column had become more heterotrophic. In contrast, the benthic P:R was 

initially >1, dropped to around 1 at P2A and P2E before again exceeding 1 after P2C. 

Lower benthic chlorophyll a concentrations coincided with benthic communities that 

were net heterotrophic while higher concentrations coincided with communities that 

were net autotrophic. 
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Figure 2.8. Annual average chlorophyll specific production for water column (A) and 

benthic (B) for Useless Inlet ponds (error bar = 1sd based on variance over the four 

seasons, n = 4). Note there was no benthic sampling at P3F. 
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Figure 2.9. Annual average benthic production and respiration for Useless Inlet ponds 

(error bar = 1sd based on variance over the four seasons, n = 4). Note there was no 

sampling at P3F. 

Average hourly depth integrated production was dominated by the water column 

in the low-salinity ponds and by benthic algae in the high-salinity ponds, with the 

switch occurring between pond P2E and P2C (S = 110 - 120 g kg-1) (Fig. 2.10). Lower 

turbidity and higher benthic algae concentrations also occurred after pond P2E. The 

water column on average contributed >75% of the hourly photosynthetic production 

from ponds P0 to P2E, but <37% from ponds P2C to P3D. Interestingly, the highest 

average areal benthic production (P3B, 3.50 mmol O2 m-2 h-1) was less than half the 

highest average planktonic production (P0, 8.31 mmol O2 m-2 h-1). 
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Figure 2.10. Estimated annual average water column (WC) and benthic areal 

photosynthesis for Useless Inlet ponds (error bar = 1sd based on variance over the four 

seasons, n = 4). 

 

2.5 Discussion 

Our study is the first to determine both planktonic and benthic primary 

production along the salinity gradient of a solar salt pond sequence. We observed a clear 

shift from planktonic to benthic production and biomass at Useless Inlet as salinity 

increased. The water column became mostly devoid of phytoplankton, and benthic 

cyanobacterial mats developed through the ponds, in common with observed changes in 

community structure in solar salt ponds around the world (Javor, 1983a, b; Davis, 1990; 

Pedros-Alio et al., 2000). The ponds at Useless Inlet provide a good model for the 

investigation of the mechanisms behind the observed shifts. The key features at Useless 

Inlet were shifts from water column phytoplankton autotrophy to heterotrophy, benthic 

algae heterotrophy to autotrophy, and phytoplankton to benthic algal biomass 

dominance. These shifts also occurred at a stage in the pond sequence (P2E to P2C ρ = 
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1.09 g cm-3) where there was reduced planktonic and benthic primary production and 

biomass. 

The Useless Inlet pond sequence can be regarded as a low-nutrient system 

compared with other salt pond sequences (Pedros-Alio et al., 2000; Joint et al., 2002). 

The inlet seawater has low concentrations of dissolved inorganic nitrogen and 

phosphorus (average DIN = 22 µg l-1; average DIP = 5 µg l-1) and the ponds receive 

little rainfall runoff from the surrounding land. Evapoconcentration causes dissolved 

nitrogen and phosphorus concentrations to increase as salinity increases, while 

biological uptake and sediment interactions modify dissolved nutrient concentrations. In 

the Useless Inlet ponds, concentrations of dissolved inorganic nitrogen decrease more 

rapidly than predicted from evapoconcentration alone, while FRP is conservative by 

comparison. Only Javor (1983a, b) reported a uniform increase in ammonium and 

phosphate concentration with salinity, as expected from dominance of 

evapoconcentration. 

Solar salt pond sequences have highest water column chlorophyll a 

concentrations at low salinity followed by a decline to negligible levels of chlorophyll a 

as salinity increases (Javor, 1983a; Pedros-Alio et al., 2000; Joint et al., 2002). The 

mechanism believed to be responsible for this decline is increasing salinity, which 

places direct physiological stress on the flora, while potential controls by nutrient 

limitation or nekton and zooplankton grazing may be largely isolated to the initial ponds 

and middle ponds, respectively (Javor, 1983a, b; Pedros-Alio et al., 2000). In the 

Useless Inlet pond sequence, dissolved inorganic nitrogen is depleted relative to FRP, 

suggesting potential for nitrogen limitation of phytoplankton biomass, though it should 

be noted that there is an increase in concentrations of dissolved inorganic nitrogen and 

phosphorus as salinity increases. Light limitation of phytoplankton is unlikely as most 

solar salt ponds are shallow and located at low latitudes where irradiances are high 
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(Joint et al., 2002) but photoinhibition may be partly responsible for significantly lower 

water column specific production in summer. 

Despite lower concentrations of dissolved nitrogen and phosphorus, water 

column production at Useless Loop reached similar levels to those reported at Bras del 

Port in Spain (Pedros-Alio et al., 2000). High turnover rates of dissolved nutrients may 

explain the higher productivity at Useless Inlet, though Joint et al. (2002) reported a 

lower range of productivities from the same ponds in Spain. Differences in productivity 

measurement methodology may explain some of the reported differences but other 

factors such as species composition, hydrodynamics and salinity also affect 

productivity. For example, the residence time for ponds at different salt works is 

expected to differ (around a month for each pond at Useless Inlet) due to the various 

sizes of the ponds and consequently the flow rates necessary to allow for desired 

evapoconcentration of salts. Further examination of growth rates and hydrodynamics is 

required to address these issues but it may be assumed that in Useless Inlet there will be 

sufficient residence time through the pond sequence for phytoplankton to have 

equilibrated to the prevailing physico-chemical conditions. 

The maximum rate of phytoplankton production at Useless Inlet occurred at 70 g 

kg-1 in pond P0, where the majority of the water column biomass consisted of the small 

flagellate Ochromonas. This maximum rate occurred at a lower salinity than observed 

in previous studies of solar salt ponds (e.g. 125 g kg-1, Pedros-Alio et al., 2000). Smaller 

phytoplankton such as Ochromonas are generally favoured under a low-nutrient regime 

(Agawin et al., 2000) such as that in the low salinity ponds at Useless Inlet. In 

agreement with previous studies, there was a decrease in water column productivity and 

biomass as salinity increased, before low productivity prevailed at higher salinity 

(Javor, 1983a; Pedros-Alio et al., 2000; Joint et al., 2002).  
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Indicators of ecosystem stress include an increased ratio of photosynthesis and 

respiration to biomass, increased community heterotrophy (decreased P:R) and changes 

in community composition (Freedman, 1995). For the phytoplankton in Useless Inlet, 

biomass to production ratios increased and P:R decreased along the pond sequence, 

suggesting increasing salinity stress of phytoplankton. In the short term, salinity stress 

increases energy requirements of cells by necessitating production of osmoregulating 

chemicals or structures. In the long term, stressed species’ growth rates will decline, 

resulting in dominance by a few tolerant species. A corresponding decrease in species 

richness also generally accompanies severe levels of ecosystem 'stress', e.g., by salinity 

(Freedman, 1995; Williams, 1998a; Herbst, 2001).  

In addition to increasing salinity stress, grazing of phytoplankton is possibly 

important in the increased water clarity that occurs after pond P2A (1.069 g cm-3). 

Abundance of the halophilic brine shrimp Artemia increases greatly after pond P2A (M. 

Coleman, unpubl. data), as a result of reduction in its predators, and grazing by nekton 

such as Artemia is commonly regarded as a major control on phytoplankton biomass in 

solar salt ponds (Davis & Giordano, 1996). Further examination of phytoplankton 

grazing by Artemia in the Useless Inlet ponds is required to determine its relative 

importance in the ponds.  

Despite similar biomass to other hypersaline environments, the benthic mats at 

Useless Inlet are comparatively thin (<10 mm), the water column is low in nutrients and 

the underlying sediments are coarse sands rather than nutrient rich silt or mud often 

found in other systems (e.g. Dampier Salt). Benthic productivities are low compared 

with other hypersaline systems including nearby Hamelin Pool (Bauld, 1984) and two 

Egyptian salt ponds (Javor, 1989) but are similar to those of solar salt ponds in Mexico 

(Garcia-Pichel et al., 1999).  
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Specific production by benthic algae did not increase and the P:R did not 

decrease along the salinity gradient, unlike these measures for phytoplankton. Benthic 

chlorophyll a contains a proportion that is not photosynthetically active, as some 

chlorophyll may be buried or shaded (Cahoon & Cooke, 1992; Pinckney & Zingmark, 

1993; Underwood & Kromkamp, 1999), thereby overestimating the benthic mat 

chlorophyll and reducing the specific production. The specific production, 

photosynthesis to respiration ratios and species composition data suggest that the 

benthic community is much better adapted than phytoplankton to these high-salinity 

conditions, an advantage that may be partly related to the benthic habitat. The benthic 

algae are also largely free from competition with phytoplankton for light and nutrients 

at high salinity.  

The salinity at which the water column becomes clear and benthic 

cyanobacterial mats become dominant is greater than 120 g kg-1 (after P2C), which is 

the point at which gypsum precipitates. Roux (1996) reported greater development of 

cyanobacterial benthic mats on thin gypsum substrates, with similar species to Useless 

Inlet. The gypsum crust stabilises the sediment surface, forms a barrier to exchange with 

the water column, allows the formation of anaerobic conditions underneath the mat and 

is a source of sulphate for sulphate reducing bacteria. Furthermore, cyanobacterial 

growth rate increases in the presence of Ca2+ (gypsum CaSO4), which stimulates the 

uptake of phosphate (Healy, 1982; Roux, 1996). Calcium ion is believed to be non-

essential for phosphate uptake, but perhaps interacts with the phosphate carrier or pump 

(Budd & Kerson, 1987). 

Beneath the mat surface there is increased mineralisation of organic material, 

higher nutrient concentrations, internal recycling of nutrients and production of H2S 

from bacterial sulphate reduction (Roux, 1996). Under anaerobic conditions certain 

phototrophic bacteria and cyanobacteria (including Microcoleus) use H2S instead of 
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H2O as an electron donor (Des Marais, 1995; Pinckney & Paerl, 1997; Fenchel et al., 

1998). Microenvironments provided by gypsum, in combination with organisms with a 

tolerance to higher salinity and reduced competition with phytoplankton for light may 

explain the dominance of total biomass and production by the benthic mats in the high 

salinity ponds. We therefore suggest that the lack of a gypsum crust in pond P2E and 

P2C may partly explain the absence of benthic mats in these ponds.  

Several stages may be recognised along the salinity gradient in Useless Inlet, 

corresponding to changes in production and community structure; a stage when 

phytoplankton-macrophytes dominate at low salinity and a stage when benthic 

cyanobacterial mats dominate at high salinity under clear-water conditions. The 

observed gradients of change and the low chlorophyll and turbidity levels (<30 µg l-1, 

<10 NTU; Timms & Moss, 1984; Davis et al., 2003) arguably preclude their 

classification as distinct ecological regimes or alternative stable states (Scheffer et al., 

2001). However, the two biological communities in the solar salt ponds are similar to 

those identified by Davis et al. (2003) for inland lakes undergoing anthropogenic 

salinisation: a clear-water state with macrophytes and another clear-water state with 

benthic cyanobacterial mats. The two states also resemble those reported by Melack 

(1988) for a soda lake (Lake Elmenteita) in Kenya, where following an increase in 

salinity due to lower than average rainfall, highly productive phytoplankton declined 

and benthic microalgae became more important. In effect, the salinity gradient at 

Useless Inlet may be regarded as a spatial analogue to temporal salinity increases which 

might be expected in lakes undergoing anthropogenic or natural salinisation. There are 

differences between the Useless Inlet ponds and inland lakes, however, and these 

include different species of flora and fauna and different water regimes. For example, 

the dominant grazer in the salt ponds is Artemia, which was introduced into the salt 

ponds artificially, whereas the indigenous brine shrimp Parartemia is the dominant 
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grazer in most Western Australian salt lakes (Williams, 1998b). Furthermore, there is no 

cycle of wetting and drying in solar salt ponds similar to the seasonal or episodic cycles 

that commonly occur in inland Western Australian lakes and wetlands. Stable water 

levels have certainly favoured the development of benthic mats in the high salinity 

ponds, which may not occur in lakes with fluctuating water levels. Solar salt ponds may 

nevertheless provide important insights for restoration of salinised lakes particularly 

where specific target salinities are nominated (Davis et al., 2003).  

It is not known whether there may be hysteresis effects which may, for example, 

necessitate reducing salinity to levels lower than those present initially in order to re-

establish the original biota in salinised natural systems. Hysteresis effects arise from 

complex interactions and feedbacks between nutrient loads, water levels, light 

penetration, phytoplankton, macrophytes and grazing (Harris, 1999). Changes to 

nutrient dynamics and the loss of submerged macrophytes and zooplankton may also 

affect restoration efforts (Scheffer, 1998; Scheffer et al., 2001; Davis et al., 2003). For 

example, when reducing salinity, benthic mats may survive until they are out competed 

for light and nutrients with phytoplankton and submerged macrophytes. Conversely, re-

establishment of submerged macrophytes may be hindered by presence of the gypsum 

crust which is closely linked with these benthic mats.  

In conclusion, there was a clear shift from planktonic to benthic primary 

production as salinity increased along the Useless Inlet pond sequence. At the same time 

there was a shift from water column autotrophy to heterotrophy and benthic 

heterotrophy to autotrophy, and all occurred at the same point along the salinity 

gradient. Salinity stress and tolerance, reduced competition, increased nekton and 

zooplankton grazing of phytoplankton, increased water clarity and gypsum precipitation 

are other potential causes for the observed changes in productivity and community 

structures with salinity.  
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The salt pond sequence is characterised by a gradient of change between 

phytoplankton at low salinity and benthic cyanobacterial mats at high salinity, with an 

intermediate low productivity state separating the two. The salinity gradient present in 

the pond sequence may be regarded as a spatial representation of the temporal changes 

observed for lakes undergoing anthropogenic salinisation. The sequence may be used as 

a guide for predicting changes in productivity and community structure as salinity 

increases. A switch from a plankton/macrophyte system to a benthic cyanobacterial mat 

system is the likely progression as salinity increases. A decrease in phytoplankton 

species diversity, an increase in benthic species diversity and an increase in water clarity 

can also be expected.  
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Chapter 3 

Nutrient dynamics along a solar salt pond sequence 

Abstract 

We investigated the effects of sediment-water column interactions and primary 

productivity on nutrient dynamics along a salinity gradient in a solar salt pond sequence 

at Useless Inlet, Western Australia. Our study quantified the fate and transformations of 

nutrients within and between the benthos and water column in association with the 

salinity gradient. Dissolved organic nitrogen (DON) and dissolved organic phosphorus 

(DOP) constituted the majority of the total nutrient pool (up to 96%). Lower salinity 

ponds (70-115 g kg-1) had net inputs of nitrogen and phosphorus to the water column, 

while in higher salinity ponds with benthic cyanobacterial mats, there was net loss of 

water column nutrients. Phytoplankton uptake probably depleted water column 

dissolved inorganic nitrogen at low salinities, while sediment pore water releases at 

intermediate salinities increased water column dissolved inorganic and organic nitrogen 

concentrations. In high salinity ponds (>120 g kg-1), oxygen production by benthic 

cyanobacterial mats at higher salinities prevented the release of nutrient-rich sediment 

pore waters, directly via uptake and indirectly via sediment oxygenation. Phytoplankton 

acquire the majority of their nutrients from the water column, not from sediment pore 

water release, and dominate ponds of low to intermediate salinity (70-90 g kg-1). 

Benthic cyanobacterial mats acquire the majority of their nutrients from sediment pore 

water and perpetuate their existence by reducing nutrient fluxes to the water column.  

 

3.1 Introduction 

In commercial salt production operations, solar energy is used to evaporate 

seawater as it flows through a series of ponds. Salinity increases along the pond 

sequence from seawater (35 g kg-1) to the precipitation point of sodium chloride (270 g 
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kg-1). Nutrient enrichment of solar salt ponds increases primary production, and the 

resultant increase in biomass can interfere with salt crystal formation and harvesting. In 

some cases salt production may be shut down by benthic algal production, which lifts 

and entrains algal material and extracellular polysaccharides into the water column, 

which then flow into the salt crystallisers (Roux, 1991; Davis & Giordano, 1996). High 

dissolved organic carbon concentrations arising from biological production may also 

reduce salt quality (Davis, 1990; Davis & Giordano, 1996). In this study we investigate 

nutrient dynamics in a previously unstudied solar salt pond sequence at Useless Loop, 

Western Australia, with the dual objectives of (1) understanding more fully the nutrient 

fluxes in individual ponds and their role in solar salt pond ecology and (2) identifying 

how such information can be used to manage salt ponds to optimise salt production.  

The quality and quantity of salt produced in commercial solar salt pond 

operations are controlled largely by the rate of movement of concentrated seawater 

through the salt pond system. Water density and salt concentration are the main 

parameters used to determine the volume and timing of saline water transfers through 

the pond sequence and into the crystallisers. As evapoconcentration of the inlet seawater 

proceeds through the ponds, there is a sequence of precipitation reactions. Calcium 

carbonate precipitates first (c. 70 g kg-1), followed by calcium sulphate (gypsum) at 120 

g kg-1 and finally sodium chloride at 270 g kg-1 (Williams, 1998a). After the sodium 

chloride has crystallised, the remaining highly saline solution is drained from the 

crystallisers for disposal to bitterns ponds and the crystallised salt is harvested 

(Williams, 1998a). Biomass in ponds of salinity <80 g kg-1 is generally dominated by 

seagrasses, macroalgae and phytoplankton, while ponds of salinity 80-150 g kg-1 are 

dominated by benthic cyanobacterial mats and are characterised by lower phytoplankton 

biomass (Davis, 1990; Davis & Giordano, 1996). At salinities >150 g kg-1 benthic mats 

are replaced by a thick gypsum floor, and in the crystalliser ponds (>260 g kg-1) 
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Dunaliella salina and halophilic bacteria dominate the water column above a salt floor 

(Davis, 1990). Phytoplankton persist in the Useless Inlet ponds until a salinity of 100 g 

kg-1 and benthic mats dominate in the range 120-150 g kg-1 (Segal et al., 2006).  

It is generally considered desirable for salt production to maintain ponds as a net 

sink for nutrients (Davis, 1990). However, there is a little information on benthic and 

water column production, biomass and nutrient dynamics in solar salt pond systems. 

One method of estimating nutrient sources and sinks is simply to compare water column 

nutrient concentrations along the pond sequence to those of a conservative element such 

as magnesium ion (Mg2+). Unlike salinity, Mg2+ concentrations increase conservatively 

with evapoconcentration as they are not affected by precipitation reactions or consumed 

along the salinity gradient (Nadler & Margaritz, 1980). As run-off from the land is 

negligible and rainfall is low at Useless Inlet, the major nutrient sources are from the 

initial marine input to the ponds and from sediment pore water and sediments, while 

transformations of nutrient species within the ponds directly influence their biological 

availability.  

Sediment pore water-water column (PW-WC) nutrient exchange is also an 

important process in the nutrient dynamics of shallow lakes and coastal waters, since 

nutrient concentrations in interstitial waters are generally several times greater than 

those in the water column (Fisher et al., 1982; Oldham & Lavery, 1999). Nutrients 

released from sediment pore water can influence water column production by providing 

a significant supplement to those present in the water column (Fisher et al., 1982; Reay 

et al., 1995). Some of the major factors that affect PW-WC nutrient exchange include 

diffusion rates, microbial activity, redox conditions, algal nutrient demand, bioturbation 

and sediment resuspension (Sundback & Graneli, 1988; Oldham & Lavery, 1999; 

Lavery et al., 2001).  
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Increases in salinity enhance phosphate release from salt lake sediments, since 

increasing anion concentrations result in greater competition with phosphate ions for 

surface sorption sites (Clavero et al., 1993). This release may be modified by sediments 

with high oxide content which have higher phosphate sorption capacity (Clavero et al., 

1993). Increases in salinity have also been found to increase ammonium flux from both 

freshwater and estuarine sediments exposed to seawater (Gardner et al., 1991). The 

development of benthic microbial mats at higher salinities in the pond sequence can be 

expected to influence PW-WC nutrient exchange as well as redox conditions, both 

directly by uptake of available nutrients and indirectly via alteration of sediment 

chemistry (Bauld, 1986). 

A comprehensive investigation of the nutrient dynamics of a solar salt pond 

sequence has not previously been undertaken and comparison of planktonic and benthic 

fluxes is rare for any system. Here we quantify water column, sediment pore water and 

sediment-bound nutrients, as well as PW-WC nutrient exchange, to determine nutrient 

turnover times of these pools and to elucidate the nutrient demand of phytoplankton and 

benthic algae in ponds through the sequence. We identify the processes that are likely to 

control water column nutrient concentrations and benthic fluxes, explain the 

relationship with phytoplankton community structure, and identify pond management 

priorities for solar salt ponds.  

 

3.2 Study Site 

Shark Bay Salt Joint Venture (26°12’ S, 113°19’ E) is located at Useless Loop, 

700 km north of Perth, Western Australia. Climate at Useless Loop is characterised by 

high temperature and low rainfall, with the majority of rainfall in winter. In addition, 

strong winds and high irradiance produce excellent conditions for evaporation and salt 

production. The production of sodium chloride from the evaporation of seawater is 
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separated physically into two phases, primary and secondary concentrators, connected 

by a flume. The primary ponds are located at Useless Inlet, 20 km south of the 

secondary concentrators and crystallisers at Useless Loop. The sixteen primary 

concentrator ponds cover a total area of approximately 5600 ha, generally decreasing in 

size from the first pond (PM1: 2300 ha) to the last pond (P3F: 150 ha) as water is 

evaporated (Stenbeck et al., 1999; Bruce et al., 2000). Inlet water from semi-enclosed 

Shark Bay is already slightly hypersaline at 40 g kg-1 (ρ = 1.03 g cm-3) and the water 

entering the flume is approximately 170 g kg-1 (ρ = 1.14 g cm-3). A more detailed 

chemical and biological description of the ponds can be found in Segal et al. (2006). 

Residence times in the larger ponds are c. 3 to 5 months, but only 3 to 4 weeks in the 

smaller ponds based on system volume and daily flow rates in the flume (Dufty, 1980; 

Bruce et al., 2000). 

 

3.3 Methods and Materials 

Eight ponds were sampled in Useless Inlet, ranging in salinity from that of Shark 

Bay (40 g kg-1) to beyond that where gypsum precipitates (120 g kg-1) (Fig. 3.1, Table 

3.1). Sediment pore water-water column (PW-WC) nutrient exchange, sediment-bound 

nutrients and sediment pore water nutrients were measured in duplicate at the same 

location in each pond over four seasons in one year; June and September-October 2002 

and January-February and April-May 2003. Concurrently, water samples were taken 

once in each pond and from near the seawater inlet gate, and salinity and temperature 

were measured in situ with a TPS WP-81 salinity/temperature meter. Sites within each 

pond were accessed from the shore and were mostly < 1 m deep. As a result of the 

shoreline sampling protocol, macrophytes in deeper waters (e.g. Ruppia) were not 

included in PW-WC nutrient exchange and sediment-bound nutrient sampling in ponds 

P0, P1B and P2A. No samples for the analysis of nutrients were taken in pond P3F for 

 43



                                                                                    Productivity and nutrient dynamics in solar salt ponds 

sediment PW-WC nutrient exchange, sediment-bound nutrients or sediment porewater 

nutrients, due to the impenetrable, thick gypsum floor.  

 
Figure 3.1. Map of Useless Inlet ponds, ponds sampled, sample locations, direction of 

water flow (lower to higher salinity) and location of water pumps (after Stenbeck et al., 

1999). 
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Table 3.1. Physical and biological statistics for ponds sampled at Useless Inlet.  

POND 

 

Water 

salinity  

g kg-1

Water 

density  

kg m-3

Area 

ha 

Max. 

Depth 

m 

Phytoplankton  

biomass 

Benthos composition 

 

P0 70 1056 1100 5 high Ruppia and microalgae 

P1B 79 1065 500 5 high Ruppia and microalgae 

P2A 91 1069 200 5 high Ruppia and microalgae 

P2E 114 1087 300 7 moderate microalgae 

P2C 120 1093 200 4 low microphytobenthos 

P3B 137 1106 100 3 low soft cyanobacterial mat 

P3D 152 1121 100 3 low hard cyanobacterial mat 

P3F 176 1141 150 1 low hard gypsum floor 

 

Water samples for nutrient analysis were collected from the eight sample ponds 

(Fig. 3.1) and near the seawater inlet gate. Unfiltered samples were collected for 

analysis of total nitrogen (TN) and total phosphorus (TP). Other samples were filtered 

through a 0.45 µm membrane filter and the filtrate was analysed total dissolved nitrogen 

(TDN), total dissolved phosphorus (TDP), ammonium (NH4), nitrate-nitrite (NOx), 

filterable reactive phosphorus (FRP) and magnesium ion (Mg2+) concentrations. All 

samples were kept on ice during transport from the ponds to the laboratory before being 

stored frozen prior to analysis. Magnesium ion samples were refrigerated only.  

Following digestion with persulphate, TN and TDN were analysed as nitrate, 

and TP and TDP as phosphate by Flow Injection Analysis (FIA) (Lachat QC8000) 

(APHA, 1998). NOx was analysed using the copper-cadmium reduction method, NH4 

using the phenol-hypochlorite method and FRP using the ascorbic acid-molybdenum-

tartrate method (APHA, 1998) by FIA (Lachat QC8000). Dissolved organic nitrogen 

(DON) was calculated by subtracting NOx and NH4 from TDN (DON=TDN-NOx-

NH4). Dissolved organic phosphorus (DOP) was calculated by subtracting FRP from 

TDP (DOP=TDP-FRP). Magnesium ion concentrations were determined by ICP-OES 
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(Varian Vista). High salinity samples were diluted to approximate seawater salinities to 

allow for the use of standard methods. 

A 5-cm diameter polycarbonate corer was used to take duplicate sediment 

samples for analysis of sediment-bound organic carbon, nitrogen and phosphorus at 

each sample site in the eight ponds. The upper 2 cm of each core were retained, kept on 

ice for transport back to the laboratory and stored frozen prior to analysis. Sediment-

bound total nitrogen was analysed on these samples after freeze drying and Kjeldahl 

digestion, using the hypochlorite-salicylate method on a Technicon AutoAnalyzer II 

(Technicon, 1977a, b). Using the same digested sample, sediment-bound total 

phosphorus was analysed spectrophotometrically using the ascorbic acid-molybdenum-

tartrate method (Technicon, 1977a, b; APHA, 1998). Sediment-bound organic content 

was analysed by loss on ignition (LOI) from combusting the dry sediment at 550°C for 

1 hour. Percent LOI was converted to percent organic carbon (OC) by multiplying by 

0.4, a value within the range found in other studies (Craft et al., 1991; Leong & Tanner, 

1999) 

A 10-cm diameter polycarbonate corer was used to collect additional sediment 

samples for sediment pore water analysis. The upper 2 cm of two sediment cores were 

transferred to a filter tower and vacuum filtered through a GF/C-equivalent filter. This 

filtrate was filtered once more through a 0.45µm membrane syringe filter. Duplicate 

sediment pore water samples were collected and kept on ice for transport back to the 

laboratory before storage by freezing prior to analysis for NH4, NOx and FRP as above. 

Sediment PW-WC nutrient exchange was estimated in duplicate in each pond 

using measurements from water enclosed by benthic chambers over several hours. The 

aim of this sampling regime was to evaluate changes in benthic fluxes along the salinity 

gradient. Further investigation with increased spatial resolution would have been 

required to comprehensively estimate pond fluxes and pond nutrient balances. 
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Transparent (light) and opaque (dark) 5-L plastic dome chambers (diameter = 28.5 cm) 

were gently pushed into the sediment to enclose water. Water in the chambers was 

continuously stirred during the incubation period using a 5 cm stirring bar rotated by a 

12V motor. Before the motor was turned on, a sample was taken from each chamber by 

syringe via silicon tubing inserted into the chamber. A short length of tubing inserted 

into the opposite side of the chamber allowed pressure equalisation. Incubations started 

around 0900h and ended 2-5 h later, with a sample taken just prior to the end of the 

incubation period. All samples were filtered through a 0.45 µm syringe membrane filter, 

kept on ice for transport to the laboratory and stored frozen prior to analysis for TDN, 

TDP, NH4, NOx and FRP as above. Light and dark fluxes for each nutrient species were 

determined according to the method of Cahoon and Cooke (1992). 

We used the photosynthetic rates reported in Segal et al. (2006) as a basis for 

calculating (1) the theoretical time required for phytoplankton to take up the pool of 

available nutrients from the water column, and (2) the theoretical time required for 

benthic algae to take up the pool of nutrients in the sediment pore water. We assumed a 

photosynthetic quotient (PQ) of 1 (mol O2 evolved mol-1 C fixed) and a molar C:N:P 

uptake of 106:16:1. Regeneration times of water column and sediment pore water 

nutrients were calculated from respiration rates reported in Segal et al. (2006) using a 

respiratory quotient (RQ) of 1 (mol C respired mol-1 O2 consumed) and a molar C:N:P 

for release of 106:16:1. In addition, the PW-WC nutrient fluxes from our study were 

used to calculate (3) the time required by the sediment pore water influx to deplete the 

water column available nutrient pools and (4) the time required by the sediment pore 

water efflux to deplete the sediment pore water nutrient pool.  

Photosynthetic nutrient demand by phytoplankton and benthic algae was 

compared quantitatively to the sediment pore water (PW) nutrient fluxes to estimate the 

relative acquisition of nutrients. We calculated the following percentages: 
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Phytoplankton nutrient demand supplied by the sediment pore water nutrient efflux: 

100
demand Planktonic

effluxPW 
×         (1) 

Benthic photosynthetic nutrient demand supplied by the water column:  

100
demand Benthic

influxPW 
×         (2) 

Benthic photosynthetic nutrient demand supplied by the sediment pore water: 

 100
demand Benthic

influxPW 1 ×⎥⎦
⎤

⎢⎣
⎡ −         (3) 

 

3.4 Results 

Relationships between dissolved inorganic nutrient concentrations and Mg2+ 

concentrations along the pond sequence suggest that both NH4 and NOx (i.e. DIN) were 

depleted as water moved through the pond system (Fig. 3.2A), while FRP remained 

reasonably conservative (Fig. 3.3A). In contrast, TN, DON and DOP accumulated in the 

lower-salinity ponds. After pond P0, TN and DON continued to accumulate relative to 

Mg2+ (Fig. 3.2B), while DOP was generally conservative (Fig. 3.3B). TP also 

accumulated at lower salinities but unlike DOP, TP was depleted as salinity increased 

along the pond sequence (Fig. 3.3B). There were significant differences (t-test, p < 

0.001) between measured water column concentrations of NH4, NOx, DON, TN and 

DOP along the pond sequence, and what was predicted based on conservative behaviour 

associated with Mg2+ concentrations.  
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Figure 3.2. Annual average water column concentrations for (A) ammonium (NH4) and 

nitrate-nitrite (NOx) and (B) total nitrogen (TN) and dissolved organic nitrogen (DON) 

for Useless Inlet ponds. The line represents conservative concentrations for each species 

of nitrogen expected from evapoconcentration based on magnesium ion concentrations. 

(Error bars = 1 sd, n = 4) 
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Figure 3.3. Annual average water column concentrations of (A) filterable reactive 

phosphorus (FRP) and (B) total phosphorus (TP) and dissolved organic phosphorus 

(DOP) for Useless Inlet ponds. The line represents conservative concentrations for each 

species of phosphorus expected from evapoconcentration based on magnesium ion 

concentrations. (Error bars = 1 sd, n = 4) 

There was a significant difference (ANOVA, p < 0.05) between sites for all 

species of nitrogen and phosphorus in the water column but no significant difference 
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(ANOVA, p > 0.05) between seasons. TN, TP, DON, DOP and FRP were strongly 

positively correlated with Mg2+ (r > 0.9, p < 0.001, n = 36) while correlation 

coefficients of ammonium (NH4) and nitrate-nitrite (NOx) with Mg2+ were lower (NH4 

and NOx: r = 0.65, p < 0.001, n = 36). Evapoconcentration was an important, but not the 

only, driver of changes in concentrations of nutrient species along the pond sequence 

accounting for ca. 36% of the variance in NH4 and NOx, and 80% of the variance in 

TN, TP, DON, DOP, and FRP. 

For the sampling period, DON made up between 57 and 96% of TN in the water 

column and DOP made up between 58 and 86% of the TP. In contrast, DIN was less 

than 10% of water column TN and FRP less than 19% of TP. Particulate nitrogen and 

phosphorus were highest in the lower salinity ponds, possibly due to greater 

phytoplankton biomass.  

TN and organic carbon (OC) concentrations in the bottom sediments increased 

with salinity along the pond sequence and with the development of benthic biomass and 

benthic mats (Fig. 3.4). Both were positively correlated with Mg2+ (TN: r = 0.46, p < 

0.01, n = 58; OC: r = 0.78, p < 0.001, n = 58) while sediment-bound TP concentrations 

decreased as Mg2+ increased (r = -0.58, p < 0.001, n = 58). As a result, the sediment-

bound C:N ratio remained almost constant, while sediment-bound C:P and N:P 

increased with increase in salinity. 

There were significant differences in TN, TP and OC concentrations in the 

bottom sediments between ponds (ANOVA, p < 0.01) and TP and OC between seasons 

(ANOVA, p < 0.05). TN was positively correlated with OC in the bottom sediments (r = 

0.65, p < 0.01, n = 58) but TP was negatively correlated with OC (r = -0.56, p < 0.01, n 

= 58). Sediment pore water NH4 and NOx were only weakly positively correlated with 

TN in the sediments (r = 0.34 and r = 0.16 respectively, p > 0.05, n = 28), while 
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sediment pore water FRP was not significantly correlated with TP in the sediments (r = 

-0.29, p > 0.05, n = 28).  
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Figure 3.4. Annual average sediment-bound total nitrogen (TN), total phosphorus (TP) 

and organic carbon (OC) concentrations for Useless Inlet ponds. (Note: No samples 

taken at P3F; Error bars = 1 sd, n = 4) 

DIN concentrations in sediment pore water were dominated by NH4, with NOx 

generally <25% of DIN (Fig. 3.5). Both inorganic constituents were weakly positively 

correlated with Mg2+ (NH4: r = 0.46, p > 0.05, n = 59; NOx: r = 0.36, p > 0.05, n = 59). 

Average sediment pore water FRP concentrations were similar in each pond and were 

not correlated with Mg2+ (r = 0.03, p > 0.05, n = 59). Concentrations of all sediment 

pore water nutrient species were significantly different between sites (ANOVA, p < 

0.01), while only FRP was significantly different between seasons (ANOVA, p < 0.01). 

Unlike nutrients in the water column, the molar DIN:DIP ratio in sediment pore water 

increased with along the pond sequence. For the ponds sampled, sediment pore water 

NH4 concentrations were 15 times greater than water column concentrations, while NOx 

and FRP concentrations were only 3 and 4 times greater.  
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Figure 3.5. Annual average sediment pore water ammonium (NH4), nitrate-nitrite 

(NOx) and filterable reactive phosphorus (FRP) concentrations for Useless Inlet ponds. 

(Note: No samples taken at P3F; Error bars = 1 sd, n = 4) 

Nitrogen release from sediment pore water at lower salinities was dominated by 

NH4 and DON species (Fig. 3.6A, B), while phosphorus release was dominated by DOP 

species (Fig. 3.7A, B). There were large releases of NH4 and DON from sediment pore 

water in ponds P2A and P2E, while sediment pore water in ponds P2C and P3B was a 

net sink for these nitrogen species (a net transfer from WC to sediments). Sediment pore 

water in ponds P0 to P2E was a source of DOP to the water column, while bottom 

sediments in ponds P2C to P3D were a sink for DOP. Sediment pore water in pond P3D 

was a source of DON to the water column. There was no significant difference 

(ANOVA, p > 0.05) in N and P species’ fluxes between sites except for NH4 in both the 

light and dark chambers (ANOVA, p < 0.001). Also, there was no significant difference 

between seasons for all N and P species’ fluxes (ANOVA, p > 0.05), except NH4 in 

dark chambers (ANOVA, p < 0.05). Sediment spatial heterogeneity could be 

responsible for the large variability in measured nutrient fluxes.  
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Figure 3.6. Annual average sediment pore water-water column nitrogen exchange (µg 

N m-2 h-1) for (A) light and (B) dark chambers (Error bars = 1 sd, n = 4). Positive flux is 

release from sediment pore water and negative flux is uptake from water column to 

sediment pore water. 
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Figure 3.7. Annual average sediment pore water-water column phosphorus exchange 

(µg P m-2 h-1) for (A) light and (B) dark chambers (Error bars = 1 sd, n = 4). Positive 

flux is release from sediment pore water and negative flux is uptake from water column 

to sediment pore water. 

There was no correlation between Mg2+ and sediment pore water fluxes for any 

of the nutrient species (r < 0.07, p > 0.05, n ≤ 124). The correlation between benthic 

productivity (Segal et al., 2006) and nutrient fluxes was also very weak. The strongest 

 55



                                                                                    Productivity and nutrient dynamics in solar salt ponds 

association found was a clear link between the production/consumption of dissolved 

oxygen and flux of NH4 (Fig. 3.8). Higher fluxes of NH4 were generally associated with 

lower oxygen concentrations, which were more common in the dark changes (Fig. 3.8), 

resulting in a negative correlation. While a linear relationship was statistically 

significant (p < 0.001), only 15% of the NH4 flux was explained. The relationship may 

be better represented by a threshold model, where once a low enough oxygen flux 

occurs, NH4 flux affects water column concentrations. The higher NH4 fluxes occurred 

in ponds P2A and P2E.  
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Figure 3.8. Ammonium sediment pore water-water column exchange versus oxygen 

flux (r = -0.38 p < 0.001, n = 111). Light and dark chamber flux results are denoted 

separately. Positive O2 and NH4 flux is sediment release and negative O2 and NH4 flux 

is sediment uptake. 

Sediment pore water nutrient effluxes in the light, calculated from the 

phytoplankton demand and sediment pore water fluxes (Equation 1) provided only a 

very small fraction of the DIN requirements of phytoplankton in ponds P0 and P1B and 

none of the demand in ponds P2C, P3B and P3D; the remainder of the demand was 
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supplied by the water column DIN pool (Table 3.2). In contrast, sediment pore water 

effluxes in ponds P2A and P2E supplied up to 30% of phytoplankton demand for DIN 

(Table 3.2). Sediment pore water nutrient effluxes may satisfy only a small fraction (≤ 8 

%) of the DIP demand of the phytoplankton in all ponds, and the water column is 

therefore likely to dominate supply (Table 3.2). Release of DON and DOP from 

sediment pore water could meet some of the phytoplankton demand in some of the 

ponds but the bioavailability of these organic compounds is not known.  

The nutrient demand from photosynthesis by benthic algae (Equation 3) was 

greater than measured nutrient influxes to the sediments from the water column; our 

calculations showed almost all nitrogen and phosphorus for benthic photosynthesis in 

ponds P0, P1B, P2C, P3B and P3D could be obtained from the sediment pore water 

(Table 3.2). There was net release of DIN and DIP by benthic respiration in ponds P2A 

and P2E. DON and DOP in the water column could meet some of the benthic demand 

but this would again be highly dependent on the availability of these species.  
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Table 3.2. (A) Mean percentage water column photosynthetic nutrient demand that 

could be supplied by sediment pore water-water column nutrient exchange and (B) 

average percentage benthic photosynthetic nutrient demand that could be supplied by 

sediment pore water. Blank spaces in (B) denote no net benthic photosynthetic nutrient 

demand.  

 Pond DIN DON DIP DOP 
A P0 1 2 0 1 
 P1B 1 14 0 6 
 P2A 30 44 3 1 
 P2E 15 0 0 0 
 P2C 0 0 0 12 
 P3B 0 0 7 0 
 P3D 0 61 0 0 

B P0 >100 >100 99 >100 
 P1B >100 >100 100 >100 
 P2A     
 P2E     
 P2C 98 61 97 >100 
 P3B 99 93 >100 93 
 P3D 96 >100 100 82 

 

Phytoplankton photosynthesis could consume the water column DIN pool in 1 to 

6 hours in ponds P0, P1B and P2A, while corresponding times for the water column 

DIP pool ranged from 4 to 14 hours (Table 3.3). Consumption of the DIN and DIP pools 

was much slower in ponds P2E to P3D. Water column nutrients tended to be 

regenerated by phytoplankton more slowly in the dark than the rate at which they were 

consumed in the light (Table 3.3). The water column DIN pools in ponds P2A and P2E 

were rapidly resupplied by release from sediment pore water (Table 3.3), but not at a 

rate to satisfy the demand by phytoplankton. The water column DIP pool in each pond 

was taken up by phytoplankton, or resupplied by exchange with the sediment pore water 

only very slowly.  

Depletion or full utilisation of sediment pore water DIN and DIP pools by 

benthic photosynthetic demand could occur in less than 3 hours in ponds P0, P1B, P2C, 
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P3B and P3D, while in ponds P2A and P2E there was replenishment of sediment pore 

water DIN and DIP in the light chambers (Table 3.3). Replenishment of sediment pore 

water from benthic respiration by algae and bacteria occurred in less than 5 hours in 

ponds P2A and P3E. These uptake and resupply times were shorter than those based on 

the measured sediment PW-WC nutrient exchange. Uptake and resupply times for the 

sediment pore water DIN pools were generally faster than for the DIP pools.  

 

Table 3.3. Average time for water column DIN and DIP uptake (negative) and resupply 

(positive) in light and dark conditions by water column photosynthetic production (WC) 

and sediment pore water-water column nutrient exchange (PW-WC) (n = 4); and 

sediment pore water DIN and DIP uptake (negative) and resupply (positive) in light and 

dark conditions by benthic photosynthetic production (Benthic) and sediment pore 

water-water column nutrient exchange (PW-WC) (n = 4).  

 Water Column Sediment pore water 
 WC PW-WC Benthic PW-WC 
 hrs hrs Hrs hrs 

DIN Light Dark Light Dark Light Dark Light Dark 
P0 -1 4 131 111 -1 0.4 -7 -6 

P1B -3 5 317 86 -3 1 -45 -12 
P2A -6 13 21 7 1 0.4 -1 -0.2 
P2E -12 27 77 34 6 2 -5 -2 
P2C -82 43 <-500 <-500 -1 1 33 >500 
P3B -56 45 <-500 <-500 -1 1 92 47 
P3D -56 145 <-500 >500 -2 5 47 -140 
P3F -235 51       
DIP Light Dark Light Dark Light Dark Light Dark 
P0 -4 16 <-500 >500 -2 1 132 -257 

P1B -11 20 <-500 >500 -2 1 >500 -119 
P2A -14 29 >500 <-500 2 1 -15 27 
P2E -35 79 >500 <-500 6 2 -145 69 
P2C -216 113 <-500 >500 -1 2 29 -25 
P3B -155 126 >500 >500 -0.5 1 -44 -16 
P3D -111 289 <-500 >500 -1 3 291 -394 
P3F <-500 139       
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3.5 Discussion 

Our study is the first to quantify and compare benthic and water column nutrient 

dynamics along a salinity gradient in solar salt ponds. Dissolved organic nitrogen 

(DON) and dissolved organic phosphorus (DOP) constituted the majority of the total 

nutrient pool (up to 96%), nutrients accumulated in the lower salinity ponds, and higher 

salinity ponds with benthic cyanobacterial mats were a sink for water column nutrients. 

Phytoplankton uptake most likely depleted water column inorganic nitrogen at low 

salinities, while at intermediate salinities sediment pore water release increased water 

column inorganic and organic nitrogen concentrations. At higher salinities, oxygen 

production by benthic cyanobacterial mats evidently acted as a preventative mechanism 

against the release of nutrient-rich sediment pore waters. 

Water column nutrients 

The domination of DIN pools and fluxes by NH4 along the entire pond sequence 

is a key feature of interest in our study. The accumulation of NH4 in solar salt ponds has 

previously been attributed to NH4 excretion by protists and invertebrates (Pedros-Alio et 

al., 2000), but in our study sediment pore water release to the water column is almost 

certainly a major source of NH4 at intermediate salinities. Absence of nitrifying bacteria 

in hypersaline waters (> 120 g kg-1, Post & Stube, 1988; Oren, 1999; Joint et al., 2002) 

also prevents NOx production from NH4 (Post & Stube, 1988; Oren, 1999).  

The conservation of FRP across the salinity gradient is quite atypical of solar 

salt pond systems (Javor 1983b, Roux, 1991, Pedros-Alio et al., 2000) and indicates 

efficient recycling of FRP within the water column. The low sediment pore water to 

water column (PW-WC) FRP fluxes in Useless Inlet ponds may also have contributed to 

this relatively conservative behaviour. Additionally, conservative behaviour of both 

DOP and TP in Useless Inlet ponds contrasts with Dampier salt ponds in Western 

Australia. Non-conservation (loss) of DOP and TP through the Dampier pond sequence 
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was attributed to utilisation and demobilisation by pond biota (Sammy, 1983; Roux 

1991).  

The proportions of TN as DON were anomalously high in the Useless Inlet 

ponds (57-96%) compared with estuarine and coastal waters (< 20%, Berman & Bronk, 

2003) and other solar salt ponds (50-67%, Jones et al., 1981). The proportion of TP as 

DOP was also high but similar to that in the salt ponds at Dampier (>75%, Roux, 1991). 

Sediment pore waters were an important source of DON and DOP in the Useless Inlet 

ponds, particularly in the lower salinity ponds (P0 to P2E) and in association with the 

benthic mats in pond P3D. At lower salinities, relatively high phytoplankton biomass 

likely contributed to dissolved organic nutrients via excretion and death (Davis, 1990; 

Selig et al., 2002; Berman & Bronk, 2003).  

Up to 73% of DON may be available to phytoplankton in marine and estuarine 

waters (Seitzinger et al., 2002; Berman & Bronk, 2003), while DOP may also be an 

important source of P (Cotner & Wetzel, 1992). The high concentrations of dissolved 

organic nutrients in the Useless Inlet ponds could significantly impact upon 

phytoplankton growth, depending on their availability. It is likely, however, that 

dissolved organic fractions will become more refractory as they pass through the pond 

sequence, due to preferential mineralisation of bioavailable organic fractions.  

Benthic nutrient fluxes 

Benthic nutrient fluxes were generally similar to those found in marine and 

estuarine environments. NOx and FRP fluxes were lower in the ponds than found 

elsewhere, possible due to the lower organic content of sediments in the ponds, while 

the average ammonium fluxes along the salinity gradient were higher than found 

elsewhere (Nowicki and Nixon, 1985; Reay et al., 1995; Rizzo, 1990; Sundback et al., 

1991), but were highly variable. No published sediment nutrient flux data from 

hypersaline environments were found for comparison. 
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Benthic fluxes were generally lower where sediments were net autotrophic (P0, 

P1B, P2C, P3B and P3D) and generally higher and directed out of the sediments where 

sediments were net heterotrophic (P2A and P2E). The benthic mats and the gypsum 

crust in the higher salinity ponds in Useless Inlet appeared to retain nutrients produced 

from within and below the sediment surface, as suggested by Canfield et al. (2004). 

This occurrence is desirable in the salt pond system, to avert problems associated with 

high dissolved organic carbon and nutrients reaching the crystallisers. In our study, 

there was a clear link between benthic oxygen production and NH4 fluxes, with the 

largest fluxes occurring only when there was net consumption of oxygen in the 

chamber, and no net NH4 flux with oxygen production from the sediments. A strong 

negative correlation generally exists between benthic productivity and benthic nutrient 

fluxes due to benthic algal uptake from the water column and sediment pore water as 

well as increased sediment oxidation status with benthic production (Sundback & 

Graneli, 1988; Rizzo, 1990; Reay et al., 1995), 

High benthic productivity at high salinity (> 120 g kg-1) can cause DON and 

DOP to be released to the water column by photosynthetic production of fresh organic 

matter and in association with cyanobacterial slimes (Davis, 1990; Davis & Giordano, 

1996). Biogeochemical production of pore water nutrients at high concentrations under 

benthic mats enhances the concentration gradient between sediment pore water and 

water column DON and DOP, increasing the potential for release to the water column 

(Eyre & Ferguson, 2002; Berman & Bronk, 2003). However, in this study we found that 

only sediments in pond P3D release DON to the water column, while fluxes in the other 

high salinity ponds were into the sediment porewater. 

Planktonic-benthic interactions 

In lower salinity (ponds P0 and P1B), decreases in water column DIN 

concentration compared with the conservative element Mg2+ could be accounted for 
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entirely by phytoplankton uptake. Phytoplankton assimilated DIN much faster than it 

could be replenished by sediment pore water release, by planktonic release in the dark 

or by flow through the ponds. Joint et al. (2002) also found that phytoplankton could 

rapidly turn over water column pools of nitrogen in solar salt ponds; however, they 

reported turnover times of days to weeks.  

In pond P2A (salinity c. 90 g kg-1), DON accumulation was likely due to 

sediment pore water release. However, in higher salinity (ponds P2E to P3D) there was 

no obvious relationship between changes in water column concentrations and planktonic 

and sediment pore water uptake or release of DIN and DON. For example, water 

column concentrations of DIN increased in pond P3B, but sediment pore water and 

planktonic release remained similar to planktonic uptake. Also, the increase in water 

column DON could not be explained by the measured sediment pore water DON fluxes 

in ponds P2C and P3B, as the fluxes were directed into the sediment pore water.  

We speculate that there may be occasional uncoupling of sediment PW-WC 

nutrient flux from benthic primary productivity in the ponds. However, there are high 

concentrations of dissolved organic nutrients of unknown bioavailability and our use of 

stoichiometric estimates of algal uptake of dissolved inorganic nutrients is simplistic. 

Overall, while our analysis here has identified many of the important processes and 

sources of nutrients along the pond sequence, we have not fully identified the processes 

responsible for the observed water column concentrations along the entire salinity 

gradient.  

Because phytoplankton at low and intermediate salinities (ponds P0 to P2E) 

appear to acquire the majority of their nutrients from the water column, not through 

sediment release, management of phytoplankton biomass and production at these 

salinities should depend primarily on regulating water column nutrient concentrations. 

Our analysis indicates that control of nitrogen concentrations would be of higher 
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priority in these ponds, as the dissolved inorganic nitrogen pool is consumed more 

rapidly by phytoplankton and is also depleted in the water column.  

In the higher salinity ponds, benthic algae appear to acquire the majority of their 

nutrients from sediment pore water, such that nutrient concentrations in the water 

column are not likely to be of major importance in maintaining benthic biomass and 

benthic productivity at acceptably low levels for salt production. However, water 

column nutrient concentrations that lead to high phytoplankton biomass could indirectly 

affect benthic function, for example, by shading the pond sediments. It is not known at 

this time what nutrient concentrations in the high salinity ponds would lead to large 

increases in phytoplankton and benthic biomass. From the perspective of pond 

management, it is important that salinities do not increase in these ponds, since this 

could lead to increased deposition of gypsum and smothering of benthic mats (Davis & 

Giordano, 1996). The stability of benthic mat communities may be at least as critically 

regulated by salinity as by nutrients. Decomposing organic matter that would 

subsequently be release from the mats would be a potential nutrient and carbon source 

to the water column and downstream crystallisers.  

Our study reinforces our previous finding that increasing salinity stress is 

responsible for the decline in phytoplankton biomass and productivity as salinity 

increases in the Useless Inlet ponds (Segal et al., 2006). Insufficient nutrient supply is 

not the cause for the phytoplankton decline, since water column nutrient concentrations 

increase along the salinity gradient due to sediment pore water release and 

evapoconcentration. Similarly, the increase in benthic biomass and productivity with 

salinity, and occurrence of benthic cyanobacterial mats, depends upon precipitation of 

gypsum at salinities > 120 g kg-1, the formation of the gypsum crust and the high 

nutrient microenvironment it creates (Segal et al., 2006). Therefore, it is salinity that 

dictates the location and function of the benthic cyanobacterial mats rather than water 

 64 



Segal, PhD 2005                                                                                           University of Western Australia 

column nutrient concentrations. The benthic mats then influence the sediment pore 

water concentrations and fluxes. The results from this study indicate that salinity 

provides the primary constraint to the wider distributions of benthic and planktonic 

producers at Useless Inlet. 
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Chapter 4  

Nutrient limitation of phytoplankton in solar salt ponds 

Abstract 

Nutrient limitation of phytoplankton was investigated in solar salt ponds at Useless Inlet 

in Western Australia. The ponds use solar energy to evaporate seawater for the purpose 

of commercial salt production. Comparisons of changes in dissolved inorganic nitrogen 

to phosphorus ratios and concentrations of dissolved inorganic nutrients against changes 

in concentrations of the conservative cation Mg2+ indicated that phytoplankton biomass 

was potentially nitrogen limited along the entire pond salinity gradient. Nutrient 

addition bioassays indicated that in low salinity ponds (70-90 g kg-1) phytoplankton 

were nitrogen limited but in high salinity ponds (110-140 g kg-1), actually phosphorus 

limited. This may be due to isolation of phytoplankton in bioassay bottles from in situ 

conditions as well as to changes in phytoplankton species composition between ponds, 

and the variable availability of inorganic and organic nutrient sources. The differences 

in limiting nutrient between methods indicate that phytoplankton cells may be 

proximally limited by nutrients that are not theoretically limiting at the pond scale. 

Dissolved organic nutrients constituted a large proportion of total nutrients, with 

concentrations increasing through the pond sequence of increasing salinity. From the 

change in nutrient concentrations in bioassay bottles, 5-10% of dissolved organic 

nitrogen may be available for phytoplankton uptake in low salinity ponds, potentially 

alleviating the dissolved inorganic nitrogen limitation of phytoplankton biomass.  

 

4.1 Introduction 

The maintenance of stable biological communities in commercial solar salt 

ponds is important to ensure high quality salt and the quantity of salt produced. 

Phytoplankton communities are especially important to solar salt production as they 
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increase absorption of solar energy and therefore increase evaporation (Davis, 1990). 

Alleviation of nutrient limitation in these ponds can therefore increase evaporation, but 

excess nutrients and dissolved organic carbon from primary production in the lower 

salinity ponds flowing into the crystallisers can interfere with salt crystal formation, 

reducing salt quality and weakening crystalliser floors (Davis, 1990; Davis & Giordano, 

1996). Identification of the nutrients limiting production is therefore important for the 

management of the salt pond system, but may also provide valuable insights into the 

ecological function of these specialised environments (Beardall et al., 2001). The 

identification of limiting nutrients may further explain the commonly observed decline 

in phytoplankton biomass as salinity increases in solar salt ponds (Segal et al., 2006).  

Solar salt ponds in series create a salinity gradient as solar energy evaporates 

water flowing through the ponds. The salinity varies from that of incoming seawater (35 

g kg-1) to the precipitation point of sodium chloride (270 g kg-1). Phytoplankton are 

abundant in the ponds with salinities < 80 g kg-1, while ponds of salinity 80-150 g kg-1 

support lower phytoplankton concentrations (Davis, 1990; Davis & Giordano, 1996). At 

salinities > 150 g kg-1, phytoplankton biomass is negligible to the point of the 

crystalliser ponds (> 260 g kg-1) where the chlorophyte Dunaliella salina and halophilic 

archaea become abundant (Davis, 1990). Phytoplankton persist in the Useless Inlet 

ponds until c. 100 g kg-1 (Segal et al., 2006). 

Primary production in coastal marine waters is most commonly nitrogen limited 

(Smith, 1984), while within an estuary there is potential for nitrogen limitation at one 

time or place and phosphorus limitation at another (Smith, 1984; Howarth, 1988). 

Despite the intake of potentially N-limited seawater, the Useless Inlet solar salt ponds 

have to date been considered to be phosphorus limited (Stenbeck et al., 1999). 

Phosphorus was also considered to be the limiting nutrient in solar salt ponds at 

Dampier, Western Australia, due to nitrogen fixation by benthic cyanobacteria and 
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photosynthetic sulphur bacteria (Roux, 1991). By contrast, Joint et al. (2002) reported 

that neither nitrogen nor phosphorus significantly limited photosynthetic carbon fixation 

by phytoplankton in a Spanish solar salt pond sequence.  

The objective of our study was to determine the limiting nutrient for 

phytoplankton biomass along the pond sequence at Useless Inlet through the use of 

water column nutrient ratios, comparisons of water column concentrations with a 

conservative tracer along the salinity gradient, and in situ nutrient addition bioassays 

(Smith, 1984; Howarth, 1988). The use of multiple methodologies to assess nutrient 

limitation is recommended to account for the limitations and scaling effects of each 

individual method (Fisher et al., 1992; Beardall et al., 2001) and has not previously 

been applied to solar salt ponds.  

Using the ratio of total nitrogen to phosphorus as an indicator of potential 

nutrient limitation in phytoplankton has the benefit of allowing the consideration of 

nutrients incorporated (perhaps temporarily) into the dissolved organic and particulate 

phase, which may become available for uptake over moderate time scales. However, 

this approach becomes unsuitable in the presence of large amounts of resilient non-

phytoplankton particulate material, such as seagrass detritus (Hecky et al., 1993; 

Beardall et al., 2001). The more conservative ratio of dissolved inorganic nitrogen to 

inorganic phosphorus represents only the nutrients most readily available for uptake, but 

may not represent the ratio of nutrients that are actually available to phytoplankton 

(Beardall et al., 2001), especially in the presence of particulate or organic-bound 

nutrients of variable and/or unknown availability. It is therefore important to use a 

number of approaches in the assessment of nutrient limitation.  

Studies taking place within an estuarine salinity gradient often compare nutrient 

concentrations to a conservative element to elucidate broad-scale nutrient dynamics in 

estuarine studies (eg Fisher et al., 1988) but use of this technique as an indicator of 
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nutrient limitation is uncommon (eg Pitkanen & Tamminen, 1995). Large variations in 

the conservative element in estuaries and salt ponds offer unique opportunities for 

comparison with other non-conservative elements such as nutrients. Lastly, bioassays 

can be used to indicate nutrient limitation at the phytoplankton scale but are isolated 

from large scale biological and chemical processes which might also deliver nutrients to 

phytoplankton (Hecky & Kilham, 1988; Beardall et al., 2001). 

We found previously that dissolved organic nitrogen and dissolved organic 

phosphorus constitute more than 50% the water column total nitrogen and total 

phosphorus, respectively, in the solar salt ponds at Useless Inlet (Chapter 3). Even if 

only a small fraction of the dissolved organic nutrient pool is available for 

phytoplankton, nutrient limitation could readily be alleviated in the ponds. A specific 

investigation of the direct availability of the dissolved organic nutrients for growth was 

therefore warranted. In addition, we hoped to make a preliminary estimate the fraction 

of DON and DOP pools available indirectly, via bacterial or UV degradation, for 

phytoplankton growth (Seitzinger & Sanders, 1997; Selig et al., 2002; Berman & 

Bronk, 2003). 

 

4.2 Study Site 

Shark Bay Salt Joint Venture (SBSJV, 26°12’ S, 113°19’ E) is located at Useless 

Loop, 700 km north of Perth, Western Australia. Climate at Useless Loop is 

characterised by high temperature and low rainfall, with the majority of rainfall in 

winter. In addition, strong winds and high irradiance produce excellent conditions for 

evaporation and salt production. The production of NaCl from the evaporation of 

seawater is separated physically into two phases, primary and secondary concentrators, 

connected by a flume. The primary ponds are located at Useless Inlet, 20 km to the 

south of the secondary concentrators and crystallisers at Useless Loop. The sixteen 
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primary concentrator ponds cover a total area of approximately 5600 ha, generally 

decreasing in size from the first pond (PM1: 2300 ha) to the last pond (P3F: 150 ha) in 

the sequence (Stenbeck et al., 1999; Bruce et al., 2000). The salinity of the inlet water 

from the semi-enclosed embayment Shark Bay is 40 g kg-1 (ρ = 1.03 g cm-3) and the 

water entering the flume is approximately 170 g kg-1 (ρ = 1.14 g cm-3). A more detailed 

description of the pond biochemistry can be found in Segal et al. (2006). 

 

4.3 Methods and Materials 

Eight ponds in Useless Inlet and the inlet seawater were sampled, ranging in 

salinity from 40 g kg-1 to 176 g kg-1 (Fig. 4.1, Table 4.1). Water column nutrients were 

sampled once per pond and near the Shark Bay inlet gate over four seasons in one year. 

Nutrient limitation bioassays were conducted in duplicate over the four seasons in six of 

the ponds. Sites within each pond were accessed from the shore and were typically 

around one metre deep. Field work was undertaken in June 2002, September-October 

2002, January-February 2003 and April-May 2003.  

Table 4.1. Details of ponds sampled at Useless Inlet.  

POND 

 

Water salinity  

g kg-1

Water density  

kg m-3

Area 

ha 

Max. Depth 

m 

Phytoplankton  

biomass 

P0 70 1056 1100 5 High 

P1B 79 1065 500 5 High 

P2A 91 1069 200 5 High 

P2E 114 1087 300 7 Moderate 

P2C 120 1093 200 4 Low 

P3B 137 1106 100 3 Low 

P3D 152 1121 100 3 Low 

P3F 176 1141 150 1 Low 
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Figure 4.1. Map of Useless Inlet ponds, the ponds sampled, sample locations, the 

direction of water flow (low to high salinity) and location of water pumps (after 

Stenbeck et al., (1999)). 

A detailed description of water column nutrient sampling and concentrations is 

given in Chapter 3. Nitrogen to phosphorus ratios from the water column from Chapter 
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3 are reported here to supplement nutrient limitation bioassays and to provide a more 

definitive assessment of potential nutrient limitation. Water column nutrient 

concentrations relative to the conservative element Mg2+ from Chapter 3 will also be 

used here to assess nutrient limitation of phytoplankton. Magnesium ion concentrations 

are conservative as the evapoconcentration of seawater proceeds, allowing assessments 

of depletion, accumulation or conservation of nutrient species along the pond sequence 

(Nadler & Margaritz, 1980). 

We chose to measure the limitation of biomass (as maximum yield) in bioassays, 

as represented by chlorophyll a concentrations, rather than attempting measurements of 

instantaneous growth rate to indicate nutrient limitation. The method indicated which 

nutrient is limiting over times scales of the order of days (i.e. Liebig limitation, Beardall 

et al., 2001). Bioassays assessing nutrient limitation of phytoplankton biomass were 

conducted in situ in ponds P0, P1B, P2A, P2E, P2C and P3B. Nutrient limitation 

experiments were discontinued at an early stage in ponds P3D and P3F as chlorophyll a 

concentrations were consistently below detection levels (< 0.1 µg l-1). The bioassays 

consisted of three treatments: nitrogen addition, phosphorus addition, and nitrogen plus 

phosphorus addition, which were evaluated against a control of no added nutrients. The 

nutrient addition levels were 16 µM N (as ammonium (NH4)) and 1 µM P (as 

phosphate); at least twice ambient concentrations. We added 1 mL of 9600 µM N (as 

NH4Cl) solution to 600 mL pond water and 1 mL of 600 µM P (as KH2PO4) solution to 

600 mL pond water. We used addition of N as NH4 instead of nitrate because NH4 is 

generally preferentially taken up by phytoplankton (Antia et al., 1990; Bronk & Ward, 

1999).  

Transparent 600 mL PET plastic bottles were used to enclose water for the 

treatments and control, and the change in chlorophyll a concentration in situ over three 

and six days was used to assess nutrient limitation. With the exception of winter, the 
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bottles were filled with site water that had been screened (approx. 150 µm mesh) to 

remove large nekton and zooplankton. The initial sample for chlorophyll a was taken 

directly from the water column and vacuum filtered through a 1 µm glass fibre filter. 

Duplicate bottles were used for each treatment, with one bottle filtered on Day 3 and the 

second on Day 6. All filters were stored on ice for transport to the laboratory, and frozen 

for storage prior to analysis. Chlorophyll a concentrations were determined by 

spectrophotometric analysis following extraction in 90% acetone (APHA, 1998). 

Alkalinity and pH were measured in each of the bottles to determine potential for 

limitation by dissolved inorganic carbon during the incubations. Alkalinity was 

determined by the titration method of Wetzel and Likens (1979) and pH was measured 

using a Cyberscan 20 pH/Temperature meter (Eutech Cybernetics, Singapore).  

To determine the availability of water column dissolved organic nitrogen and 

dissolved organic phosphorus to phytoplankton, we conducted a similar series of in situ 

bioassays in which we separated dissolved nutrients into three fractions via filtration, 

resulting in the following fractions: unfiltered, filtered to < 1 µm (glass fibre filter), and 

filtered to < 0.2 µm (membrane filter). The unfiltered sample (UF) acted as a control, 

the <1 µm fraction was assumed to be particulate and phytoplankton-free (GFC) and the 

< 0.2 µm fraction was assumed to be particulate, phytoplankton and bacteria-free (020) 

(Cotner & Wetzel, 1992; Seitzinger & Sanders, 1997). All experiments were conducted 

in transparent 600 mL PET plastic bottles.  

For experimental treatments, we added screened, unfiltered pond water (P) to 

GFC-filtered pond water (P+GFC) and to 0.2 µm-filtered water (P+020) at 1:9 volume 

to test the availability of nutrients in these fractions to the phytoplankton in the 

unfiltered pond water (Table 4.2) (Seitzinger & Sanders, 1997; Jorgensen et al., 1999). 

All site water was screened to remove large nekton and zooplankton (150 µm mesh) 

prior to filtration. Measurement of concurrent changes in phytoplankton biomass and 
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concentrations of dissolved inorganic and organic nutrients in these bottles allowed us 

to quantify the extent to which the two nutrient fractions (GFC and/or 020) were used 

for phytoplankton growth, assuming similar rates of mineralisation of the two organic 

nutrient fractions. While this size fractionation may not completely separate 

phytoplankton and bacteria (Cotner & Wetzel, 1992), it conforms to most analytical 

definitions used for these two groups. The inclusion or exclusion of bacteria (GFC vs 

020 fraction) will allow us to distinguish whether dissolved organic nutrients are taken 

up directly, or only after bacterial degradation. 

Table 4.2. Experimental set up for dissolved organic nutrient availability bioassays. The 

purpose of these experiments was to test the ability of phytoplankton biomass (UF) to 

grow with different fractions of organic nutrients (GFC-filtered and 020-filtered). GFC-

filtered and 020-filtered fractions were assessed separately as controls with no 

phytoplankton added. 

  Biomass Nutrients 

  # replicates # replicates 

Name Conditions 

Pond 

P0 

Pond 

P2E 

Pond 

P0 

Pond 

P2E 

UF 

(Control) 

Unfiltered (ambient phytoplankton + ambient 

nutrients)  3 3 3 3 

GFC 

(Control) 

filtered - 1 µm glass fibre (bacteria + ambient 

nutrients < 1 µm) - - 3 3 

020 

(Control) 

filtered - 0.2 µm membrane (phytoplankton-free 

and bacteria-free + nutrients < 0.2 µm) - - 3 2 

P+GFC 

(Treatment) 

1:9 UF:GFC 

(ambient phytoplankton + bacteria + ambient 

nutrients < 1 µm) 3 3 3 3 

P+020 

(Treatment) 

1:9 UF:020 

(ambient phytoplankton + ambient nutrients < 0.2 

µm) 3 2 3 2 

 

In February 2004, these dissolved organic nutrient bioassays were executed in 

triplicate, in ponds P0 and P2E, representing different salinity in the salt pond system. 
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Two bottles were used for each treatment, with one bottle filtered on Day 3 and the 

second on Day 6. Water samples for determination of phytoplankton biomass were 

taken from the water column on Day 0 directly, and from the bottles on Day 3 and Day 

6, and vacuum-filtered through a 1 µm glass fibre filter for chlorophyll a analysis. All 

filters were placed on ice for transport to the laboratory before being frozen for storage. 

Chlorophyll a concentrations were determined as above.  

We also measured changes in ammonium (NH4), nitrate-nitrite (NOx) and 

filterable reactive phosphorus (FRP) in the bottles from Day 0 to Day 3 and to Day 6, to 

determine whether the dissolved organic species were being indirectly used for 

phytoplankton growth. Samples for NH4, NOx and FRP were taken from 0.2 µm 

membrane filtered pond water on Day 0 and from the bottles on Day 3 and Day 6. NOx 

was analysed using the copper-cadmium reduction method, NH4 using the phenol-

hypochlorite method and FRP using the ascorbic acid-molybdenum-tartrate method 

(APHA, 1998), by FIA (Lachat QC8000). High salinity samples were diluted to 

approximate seawater salinities to allow for the use of standard methods. 

 

4.4 Results 

The mean dissolved inorganic nitrogen (DIN=NH4+NOx) to dissolved organic 

phosphorus (DIP≅FRP) molar ratio ranged from 4 to 10 in the ponds, based on the four 

seasonal samplings (Fig. 4.2). Mean molar nitrogen to phosphorus ratios for the 

corresponding samples for total (TN:TP, 18-29), dissolved organic (DON:DOP, 22-32) 

and particulate nutrients (PN:PP, 13-51) were greater than for DIN:DIP (Fig. 4.2). Mean 

molar N:P ratios were most similar at the seawater intake to the ponds (DIN:DIP = 10, 

TN:TP = 22, DON:DOP = 18, PN:PP = 13.3). There was a significant difference 

between ponds for DIN:DIP, TN:TP and DON:DOP (ANOVA, p < 0.05) and also a 

significant difference between seasons for TN:TP, DON:DOP and PN:PP (ANOVA, p < 
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0.05). Molar DIN:DIP ratios decreased only slightly as salinity increased and were not 

significantly correlated with Mg2+ concentration (r = 0.04, p > 0.05, n = 36). Molar 

TN:TP ratios generally increased along the pond sequence, mostly in association with 

decrease in TP, resulting in a significant positive correlation of TN:TP with Mg2+ (r = 

0.50. p < 0.01, n = 36). The molar DON:DOP ratio was also positively correlated with 

Mg2+ (r = 0.67, p < 0.001, n = 36).  
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Figure 4.2. Mean of seasonal samples of water column molar ratios for the different 

species of nitrogen and phosphorus (Error bars = 1 se, n = 4). The horizontal line at 16:1 

is the Redfield Ratio, below which indicates nitrogen limitation and above indicates 

phosphorus limitation.  

All nutrient limitation bioassays are presented as percentage change in 

chlorophyll a in each treatment compared with controls. A large increase in chlorophyll 

a concentration occurred on Day 3 in the nitrogen (+N) addition treatments in ponds P0 

(227%), P1B (219%) and P2A (160%) (salinity = 70, 79 and 91 g kg-1 respectively; Fig. 

4.3A). In contrast, there was little or no increase in chlorophyll a concentration in the 

+N treatments on Day 3 in ponds P2E, P2C and P3B (salinity of 114, 120 and 137 g kg-
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1 respectively; Fig. 4.3A). Conversely, there was no change in the phosphorus (+P) 

treatments in ponds P0, P1B and P2A but an increase in biomass in the +P alone in 

ponds P2E and P2C (Fig. 4.3A). There was a further increase in biomass with the 

addition of both nitrogen and phosphorus in pond P2A, P2E and P2C (+N+P, 281, 189 

and 121% respectively, Fig 4.3A). Only the addition of N and P produced an increase in 

biomass in pond P3B.  

The percentage change in biomass for the +N, +P and +N+P treatments on Day 

6 was similar to Day 3 in ponds P0, P1B and P2A (Fig. 4.3B). The smaller response to 

the +N+P treatments in these low salinity ponds on Day 6 was possibly due to depletion 

of dissolved inorganic carbon, as indicated by increased pH (0.09-0.25 units) and 

decreased HCO3
- (7-31 mg l-1 as CaCO3) concentrations. By Day 6 there was a large 

increase in biomass in ponds P2E (221 and 331%), P2C (164 and 283%) and P3B (186 

and 323%) in the +P and +N+P treatments, respectively (Fig. 4.3B). Response to the 

addition of nutrients in ponds P2E, P2C and P3B (salinity = 114, 120 and 137 g kg-1 

respectively) took approximately twice as long (3 days) on average as in the lower 

salinity ponds (P0, P1B and P2A, salinity = 70, 79 and 91 g kg-1 respectively).  
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Figure 4.3. Mean chlorophyll a concentrations as a percentage of control on (A) Day 3 

and (B) Day 6 for nutrient addition bioassays. No difference from control gives a value 

of 100% (Error bars = 1 se; Day 3: P0, P2A and P2C n = 7, P1B and P3B n = 6, P2E n = 

8; Day 6: P0, P2A and P2C n = 7, P1B and P3B n = 6, P2E +N n = 8, P2E +P and +N+P 

n = 7).  
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In the dissolved organic nutrient bioassays, phytoplankton biomass differed 

greatly between treatments in pond P0 (salinity = 70 g kg-1) and pond P2E (salinity = 

114 g kg-1) (Fig. 4.4). In pond P0 biomass had increased by 268% in the P+GFC 

treatment and by 322% in the P+020 treatment by Day 6. By contrast, in pond P2E, 

biomass decreased in the P+GFC and P+020 on both Day 3 (81 and 76% respectively) 

and Day 6 (90 and 50% respectively) (Fig. 4.4).  
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Figure 4.4. Mean chlorophyll a concentrations on Day 3 and Day 6, as a percentage of 

control, for bioassays in ponds P0 and P2E. No difference from control gives a value of 

100% (Error bars = 1 se; see Table 4.2 for number of replicates). Note that organic 

nutrients in the two fractions can significantly increase phytoplankton growth in the 

lower salinity pond, but not in the higher salinity pond. 

In pond P0, concentrations of ammonium (NH4) in the GFC treatment increased 

by 29 µg l-1 but did not change in the 020 treatment. The UF, P+GFC and P+020 

treatments in this pond produced intermediate increases in NH4 (Fig. 4.5A). By Day 6 in 

the GFC treatment, concentrations of NH4 in pond P0 had returned to those of the 

control or lower. In pond P0, there was no increase in nitrate-nitrite (NOx) 
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concentrations in the 020 treatment (Fig. 4.5B). The UF, GFC, P+GFC and P+020 

treatments in pond P0 showed a similar increase in NOx concentration by Day 3, before 

decreasing by Day 6. The changes in filterable reactive phosphorus (FRP) of 1-2 µg l-1 

for pond P0 were markedly less than changes in concentrations of nitrogen species (Fig. 

4.5C).  

In pond P2E, the P+020 treatments showed increases in concentrations of NH4 

of 22 µg l-1 and of NOx by 19 µg l-1 (Figs. 4.6A, B). NOx in this treatment increased by 

a further 10 µg l-1 by Day 6, while NH4 decreased by 6 µg l-1.There was an increase in 

both NH4 and NOx in the GFC and UF treatments by Day 3 and then a decrease by Day 

6. The 020 and P+GFC treatments in this pond did not increase in either NH4 or NOx. 

The changes in concentrations of FRP in pond P2E in the different treatments (<3 µg l-1) 

were similar to those observed pond P0 (Fig. 4.6C).  
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Figure 4.5. Mean concentrations of (A) ammonium, (B) nitrate-nitrite and (C) filterable 

reactive phosphorus on Day 0, Day 3 and Day 6 for bioassays in pond P0. (Error bars = 

1 sd; see Table 4.2 for number of replicates). Note that the > 0.2 µm fraction seems 

necessary for the regeneration of ammonium and nitrate.  
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Figure 4.6. Mean concentrations of (A) ammonium, (B) nitrate-nitrite and (C) filterable 

reactive phosphorus on Day 0, Day 3 and Day 6 for bioassays in pond P2E. (Error bars 

= 1 sd; see Table 4.2 for number of replicates). 
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4.5 Discussion 

We used three techniques at two spatial scales to identify nutrients limiting 

phytoplankton biomass in a series of solar salt ponds of progressively increasing 

salinity. Two of the three methods, water column nutrient ratios and comparison of 

water column nutrient concentrations along the salt pond sequence with a conservative 

element, may provide an indication of potential for nutrient limitation at the pond scale 

(Pitkanen & Tamminen, 1995; Beardall et al., 2001). The third method, bioassays in 

enclosed bottles, isolate phytoplankton from biogeochemical and transport processes 

operating at the pond scale, and measure the direct response of the organisms to 

available nutrients. Bioassays thus balance the duration of isolation from pond-scale 

processes against the time required for an observable response (Hecky & Kilham, 1988; 

Fisher et al., 1992). The combination of these techniques strengthens our analysis of 

nutrient limitation. For the ponds at Useless Inlet, phytoplankton biomass was nitrogen 

limited in the low salinity ponds (70-91 g kg-1) and phosphorus limited in the higher 

salinity ponds (114-137 g kg-1). Furthermore, our experiments indicate that direct or 

indirect uptake of DON by phytoplankton could at least partly alleviate inorganic 

limitation in the low salinity ponds.  

Comparison of DIN:DIP and TN:TP ratios offer contrasting insights into 

nutrient limitation potential. Ratios of DIN:DIP in the ponds indicated that nitrogen was 

likely to be the limiting nutrient across all ponds, whereas total nutrient ratios indicated 

potential phosphorus limitation, also over all ponds. More than 50% of the total nitrogen 

and phosphorus in the Useless Inlet ponds is comprised of dissolved organic forms 

(Chapter 3) that on the evidence of the bioassays may be only partially available to 

phytoplankton for growth (5-10%), and almost unavailable in the high salinity ponds. In 

another study (Reuter et al., 1993) a large contribution of DON to TN and DOP to TP 

was considered to preclude the use of TN:TP ratios as an indicator of nutrient limitation. 
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Total and particulate nitrogen to phosphorus ratios are also often used to identify 

nutrient limitation of phytoplankton (Hecky et al., 1993; Beardall et al., 2001) although 

these ratios are prone to interferences from non-phytoplankton material including 

inorganic particles and material that may have originated from seagrasses and 

macrophytes (Atkinson & Smith, 1983; Hecky et al., 1993; Beardall et al., 2001). For 

these reasons, we infer that at the pond scale, nitrogen limited phytoplankton biomass in 

the Useless inlet ponds. To resolve the conflict with the bioassay results, we infer that at 

higher salinities, a large fraction of this nitrogen must be a) unavailable, or b) available 

only via pond-scale processes excluded from the bottle bioassays. 

Our study is the first to apply comparison of nutrient concentrations with those 

of a conservative element for use as an indicator of nutrient limitation of phytoplankton 

biomass in a solar salt pond sequence. Relative to the conservative element, Mg2+, both 

NH4 and NOx were depleted in the water column in all ponds, with the exception of 

pond P2A, while FRP concentrations are generally conservative along the entire pond 

sequence (Chapter 3). This nitrogen depletion provides indirect evidence that nitrogen 

limits phytoplankton biomass in the Useless Inlet ponds. Again, this is in agreement 

with the DIN:DIP ratios but contrary to the bioassay results.  

Phytoplankton biomass in the lower salinity ponds (P0, P1B and P2A) is clearly 

nitrogen limited in the bioassay, while in the higher salinity ponds (P2E, P2C and P3B) 

it is phosphorus limited. The change in phytoplankton community composition in the 

pond sequence due to increasing salinity (Segal et al., 2006) appears to affect which 

nutrient is limiting. The nanoflagellate Ochromonas dominates the phytoplankton 

population in ponds P0, P1B and P2A (Segal et al., 2006) and its disappearance would 

very likely change the limiting nutrient in the higher salinity ponds. Different 

phytoplankton species may have a high affinity for phosphorus (including organic 

phosphorus) or be capable of luxury storage of phosphorus (Howarth, 1988). The 
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difference in limiting nutrient indicated by the bioassays and by dissolved inorganic 

nutrient concentrations also suggests that processes excluded from the bioassays were 

important in the dynamics of nutrient transformations and phytoplankton uptake of 

nutrients, including the effects of grazing, phytoplankton sedimentation and sediment-

water column interaction (Hecky & Kilham, 1988; Fisher et al., 1992).  

Changes between nitrogen and phosphorus limitation of phytoplankton biomass 

in estuaries have been widely reported and are generally considered to be driven by 

seasonal and spatial changes in nutrient loading from catchment runoff (Fisher et al., 

1992; Thompson & Hosja, 1996; Yin et al., 2001). With effectively only one input of 

seawater and nutrients to the Useless Inlet ponds, external causes of the change in 

limiting nutrient in estuaries are absent from the Useless Inlet ponds. Useless Inlet 

receives low annual rainfall (220 mm yr-1, SBSJV unpublished data) and Shark Bay 

receives only a small input of nitrogen and phosphorus via rainfall (Smith & Atkinson, 

1983 & 1984). We infer that the shift in limiting nutrient found here must be driven by 

internal factors, such as the change in species composition mentioned earlier. 

The occurrence of nitrogen limitation contrasts with previous studies from solar 

salt ponds and with focus on phosphorus management in Shark Bay that suggest 

phosphorus is the limiting nutrient. The different phytoplankton species composition at 

Shark Bay, a lack of nitrogen fixation, especially at low salinities, and the abundance of 

dissolved organic nutrients (see Chapter 3 and below) are possible causes for the 

disparity with other studies.  

Investigation of the availability of dissolved organic nutrients indicated that 

dissolved organic nitrogen, but not dissolved organic phosphorus, may be available to 

alleviate nutrient limitation of phytoplankton. Accumulation of NH4 in the 

phytoplankton-free fraction (GFC) in pond P0 suggests that there is bacterial 

mineralisation of DON or bacterial excretion, at a rate not balanced by nitrification of 
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NH4 (Seitzinger & Sanders, 1997; Jorgensen et al., 1999). It is possible that some DON 

may have been transformed to NOx in pond P0, through bacterial nitrification of NH4 

that was either released from or mineralised by bacteria. Nitrifying bacteria may be 

present at the salinity of pond P0 (70 g kg-1), while absent from ponds and crystallisers 

of high salinity (> 120 g kg-1) (Post & Stube, 1988; Joint et al., 2002). Oren (1999) 

suggested the oxidation of NH4
+ to NO2

- is absent above 150 g L-1 (135 g kg-1) and that 

there may not be oxidation of NO2
- to NO3

- at even lower salinities. It is possible that 

the energetic burden of osmoregulation, especially the synthesis of osmoregulatory 

compounds, may be too great for nitrifiers as they obtain only a small amount of energy 

from the dissimilatory oxidation process (Oren, 1999; Canfield et al., 2004). The 

increased NH4 and NOx would have contributed to increases in phytoplankton biomass 

in the diluted natural populations. None of the phytoplankton species found in the 

Useless Inlet ponds is known to be capable of nitrogen fixation (Segal et al., 2006).  

Approximately 10% of the DON in pond P0 was converted to DIN in the 

phytoplankton-free fraction bottle (GFC), presumably by bacterial action. 

Approximately 50% of the additional DIN was consumed in the bottles containing 

phytoplankton (UF, P+GFC and P+020). The large DON pool (> 500 µg N l-1) and the 

apparent bioavailability of at least a component of the DON could alleviate DIN 

limitation in this pond, accounting for its elevated phytoplankton biomass (Segal et al., 

2006). Little change in FRP concentrations in all treatments in pond P0 suggests that 

mineralisation of DOP is negligible or uptake and release of FRP by phytoplankton and 

bacteria is rapid. 

It is unclear why phytoplankton biomass declined in dissolved organic nutrient 

bioassays in pond P2E. Microzooplankton may have been present in the bioassay bottles 

after screening the pond water, and may have consumed the phytoplankton. Changing 
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the ratios of phytoplankton and bacteria in the treatments at this salinity may also have 

changed nutrient recycling rates in the bottles, and impeded phytoplankton growth.  

The extent to which dissolved organic compounds are used directly by 

phytoplankton can depend on the organisms present (Seitzinger et al., 2002; Twomey et 

al., 2005). The change in species composition, especially the decline in Ochromonas 

abundance, between pond P0 and P2E could have affected the utilisation of dissolved 

organic compounds. In addition, differences in chemical composition of dissolved 

organic compounds can also affect DON and DOP utilisation by phytoplankton 

(Seitzinger et al., 2002; Twomey et al., 2005). DON and DOP compounds may become 

more refractory between pond P0 and P2E, since mineralisation of the more labile 

components would occur as the water flows through the ponds. From this we would 

expect a reduction in the availability of DON and DOP between ponds P0 and P2E. 

Measurements of the changes in DON and DOP concentrations and composition from 

pond P0 to P2E would indicate changes in availability to phytoplankton and an increase 

in the refractory nature of these compounds. 

Photodegradation of dissolved organic nutrients releasing inorganic species 

might be expected in the high-light conditions at Useless Inlet. Photochemical 

breakdown of 20% of DON to NH4 over several days has been found in coastal waters 

and up to 51% of DOP in the North Pacific was broken down to FRP by 20 minutes’ 

exposure to UV light (Bushaw et al., 1996; Karl & Yanagi, 1997). In this study 

however, absorption of UV light by the plastic bottles in the bioassays may have lead to 

an underestimation of photodegradation of dissolved organic compounds. This can be 

seen in the < 0.2 µm fraction of the pond water (with phytoplankton and bacteria 

removed) where the concentrations of NH4, NOx and FRP did not increase. 

We conclude that DON could be available to phytoplankton in pond P0, either 

through direct uptake, or indirectly, via cell-surface enzymes or bacterial mediation, and 
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possibly via photodegradation. The increase in DIN observed in the treatment bottles in 

response to mineralisation of DON, represents a likely pathway for alleviation of 

dissolved inorganic nitrogen limitation in pond P0. In pond P2E, however, reductions in 

phytoplankton biomass in the bioassay bottles made conclusions regarding 

bioavailability of dissolved organic nutrients difficult.  

The final objective of this study was to recommend nutrient management 

options for solar salt pond managers. Several strategies to maintain N and P 

concentrations at constant levels include maintaining current water levels and salinities 

in each pond to manage internal nutrient sources, and intercepting runoff from roads, 

surrounding land and earthworks to manage external nutrient sources. Maintaining 

current water levels will stop drying and reflooding of exposed sediments, which can 

cause release of nutrients to the water column (Davis, 1990; Roux, 1991; McComb & 

Qui, 1998). Decreased water levels in Useless Inlet mostly occur when demand to fill 

the crystallisers with the highly concentrated seawater exceeds seawater inflow, 

commonly in summer. Salinities in the ponds also increase in this situation. The use of 

pumps or an additional gate at the seawater inlet and better matching of crystalliser 

demand with concentrator pond capacity can help overcome both of these problems. In 

addition, the maintenance of levees separating ponds will help to maintain constant 

salinity in each pond by avoiding mixing of pond waters of different salinities (Davis, 

1990). Lastly, intercepting run off from surrounding land and earthworks will prevent 

turbid and potentially nutrient-rich waters entering the ponds (Davis, 1990). This study 

has emphasised the importance of nutrient concentrations to phytoplankton biomass in 

solar salt ponds and identified a critical component of their management.  

 89



                                                                                    Productivity and nutrient dynamics in solar salt ponds 

 

 90 



Segal, PhD 2005                                                                                           University of Western Australia 

Chapter 5  

Conclusion 

5.1 Study Conclusions 

This study investigated planktonic and benthic production and nutrient dynamics 

of a solar salt pond series in Shark Bay, Western Australia. The paucity of published 

literature on the ecology of solar salt ponds and the potential for catastrophic effects on 

salt production of excessive biological production provided the motivation for this 

research project. The main objectives of this study were to identify the processes that 

regulated nutrient concentrations in the ponds and to elucidate the causal mechanisms of 

the observed successions of benthic and primary producers. 

Along the pond sequence and associated increasing salinity, the main ecological 

features of note are the decline in phytoplankton biomass and productivity and the 

increase in benthic biomass and productivity. It was concluded that increased salinity 

stress along the pond sequence was directly responsible for the decline in phytoplankton 

rather than indirectly, via salinity-driven changes in nutrient concentrations and grazing. 

In general, nitrogen and phosphorus concentrations increased as salinity increased and 

biomass and productivity of phytoplankton were already in decline well before the 

appearance of the nekton Artemia, which dominates solar salt ponds.  

Nutrient limitation did not explain the decline in phytoplankton biomass as 

phytoplankton were nutrient limited along the entire pond sequence. Phosphorus 

limitation in bioassays was more pronounced as salinity increased, but this change may 

have resulted from changes in species composition caused by increased salinity and the 

isolation of the phytoplankton populations in the bioassays from pond scale processes.  

The phytoplankton populations in the low salinity ponds appear to assist salt 

production by enhancing evaporation under well defined salinities. They also disappear 

from the water column at higher salinities, reducing competition with benthic algal 
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populations. Phytoplankton biomass in the ponds also remains fairly stable throughout 

the year, with a slight increase in winter. Phytoplankton blooms and their subsequent 

collapse could seriously disrupt pond ecology as the concentrated seawater flows 

through the salt pond sequence. The only current concern for pond managers is the 

marked increase in dissolved organic nutrients in lower salinity ponds, which may arise 

from phytoplankton release or decay of cells.  

Higher salinity ponds may favour mat forming species by removing grazers and 

competition by other species for light and nutrients, but more importantly, the increased 

salinity caused the precipitation of gypsum. The gypsum crust on the pond floors forms 

a barrier at the sediment-water column interface, allowing the development of anoxic 

conditions in the sediments. The anoxic conditions promote mineralisation of organic 

matter by sulphate-reducing bacteria as well as high nutrient concentrations in sediment 

pore waters. The gypsum crust also stabilises the sediment surface and is a concentrated 

source of calcium and sulphate. Calcium plays a role in cyanobacterial nutrition and 

sulphate is used by sulphate reducing bacteria for the mineralisation of organic matter 

under the low redox conditions that occur beneath the gypsum crust. Benthic mats 

occurred in the pond sequence only after the precipitation of gypsum, after pond P2C. 

Prior to gypsum precipitation, there were no benthic mats despite reduced competition 

for light and nutrients from the low phytoplankton biomass.  

The gypsum crust and cyanobacterial mats formed a barrier to nutrient exchange 

between the water column and the high-nutrient sediment pore waters. At lower salinity 

sandy sediments readily exchanged both dissolved organic and inorganic nutrients. 

Benthic cyanobacterial mats obtained most of their nutrient requirements from the 

sediment pore water and acted as a barrier to nutrient exchange with the water column. 

The formation of benthic mats in solar salt ponds is encouraged by pond managers as 

the mats are believed to strip nutrients from the water column and prevent high nutrient 
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concentrations from reaching the crystallisers where excessive productivity could 

severely impact on salt production (Davis & Giordano, 1996).  

The benthic cyanobacterial mats in the Useless Inlet ponds are currently not a 

threat to production as they are thin (1 to 1.5 cm in depth), making them unsuitable for 

trapping oxygen bubbles which could detach the mat from the pond bottom. During this 

study and previous surveys (Davis, 1997, 1999), detached floating mats were not 

observed. The mats remain thin because the sediments are coarse sands, not nutrient-

rich mud and silt, like those found in Dampier (Roux, 1991). The sediment-bound 

organic matter content is contributed largely by benthic microalgae, with the 

cyanobacterial mats relying on nutrient recycling beneath the mats to support their 

nutritional requirements. As the amount of extracellular polysaccharides produced by 

benthic cyanobacterial mats is largely dependent on the amount of benthic algal biomass 

(Roux, 1996), the extent and thickness of the mats should be carefully gauged by pond 

managers, as a guide to potential for deleterious changes in pond condition.  

Salinity is the main factor driving the observed biological patterns in the Useless 

Inlet ponds. The phytoplankton and benthic algal populations, which are regulated by 

salinity, then largely control water column nutrient concentrations. Phytoplankton 

progressively deplete the water column of dissolved inorganic nitrogen (DIN) through 

the lower salinity ponds. However, sediment pore water releases to the water column 

increase DIN concentrations further along the pond sequence. As salinity increases 

further, the low levels of phytoplankton biomass have little influence on water column 

DIN concentrations. Also, in the higher salinity ponds, benthic algal mats influence 

water column nutrient concentrations by preventing the release of high nutrient 

sediment pore waters.  

Along the pond sequence, where benthic productivity was greatest, fluxes of 

sediment pore water to the water column were lowest. Specifically, there was a 
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relationship between benthic production, as measured by oxygen production, and 

sediment pore water to water column ammonium (NH4) fluxes. Where oxygen was 

generated by benthic photosynthesis, NH4 fluxes were negligible. NH4 effluxes from 

sediment pore water only occurred when oxygen was consumed, i.e. net heterotrophic 

conditions. The mechanisms responsible for this relationship include benthic algal 

uptake of NH4 at the sediment-water column interface as well as maintenance of 

elevated oxygen concentrations, as a result of benthic photosynthesis which was likely 

to promote nitrification and prevent phosphorus desorption from inorganic particles.  

The conservative behaviour of dissolved inorganic phosphorus (DIP) 

concentrations in the water column along the pond sequence, despite high 

phytoplankton demand in the lower salinity ponds, suggests tight coupling of supply 

and demand of phosphorus in the water column. Low fluxes of nutrients from the 

sediment pore waters to the water column may also contribute to the conservative 

behaviour of phosphorus. Therefore, one of the major outcomes of this study is that 

nitrogen is more dynamic in the pond system, is limiting phytoplankton biomass in the 

low salinity ponds and should be the focus of pond management in the Useless Inlet 

ponds.  

Dissolved organic species make up the majority of water column nitrogen and 

phosphorus in the Useless Inlet ponds. The availability of these species to 

phytoplankton remains largely unknown. Dissolved organic nitrogen (DON) may be 

taken up by phytoplankton directly or indirectly in pond P0 and may relieve DIN 

limitation, which could explain the elevated biomass and productivity present in this 

pond. It is likely that the dissolved organic nutrient pool becomes more refractory as it 

flows through the ponds, due to preferential mineralisation, and may therefore become 

less available for algal nutrition.  
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Benthic cyanobacterial mats also did not always release dissolved organic 

compounds, as would be expected from the high rates of photosynthesis. Only the mats 

in pond P3D released DON in sufficient amounts to increase water column 

concentrations. The low release rates or uptake into sediment pore waters would be 

beneficial to salt production, as high concentrations of dissolved organic matter can 

reduce salt quality. There was sufficient sediment pore water release of DON in the 

lower salinity ponds to increase water column concentrations. While the investigation of 

dissolved organic carbon concentrations was beyond the scope of this study, 

concentrations may be correlated with other dissolved organic compounds, and provide 

some insights into the amount of dissolved organic matter reaching the crystallisers.  

The use of the solar salt pond sequence in this study as a guide for salt lakes 

undergoing secondary salinisation has proved to be limited due to differences in species 

composition and water regime between the marine influenced ponds with relatively 

constant water levels and salinity, and inland lakes with no marine influence and 

seasonal or episodic water regimes. In particular, the permanent and relatively constant 

inundation in the higher salinity ponds favours the development of the benthic 

cyanobacterial mats. 

Where inland lakes have stable water levels and increasing salinity, the shift 

from planktonic to benthic dominance of production may be expected and the formation 

of benthic mats of a similar type to solar salt ponds will occur, coincident with the 

precipitation of gypsum (salinity = 120 g kg-1). At lower salinities the depletion of water 

column nutrients by phytoplankton and, at higher salinities, the reduction of nutrient 

exchange between the water column and sediments as a result of the presence of benthic 

algae, especially by benthic cyanobacterial mats, may be also expected. As this has been 

the first study to compare solar salt ponds and secondary salinisation of inland lakes, 
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further research will be needed to fully develop the use of the ponds as a guide for 

nutrient dynamics and planktonic and benthic successions in inland salt lakes. 

This study is the first to integrate water column and benthic productivity and 

nutrient cycling in solar salt ponds and to identify the factors responsible for observed 

biological patterns and water column nutrient concentrations. The outcomes from this 

study will assist pond managers in maintaining the current levels of pond production 

that are favourable for salt production. Publication of the findings in international 

journals should also stimulate interest in the study of solar salt ponds for both salt 

production and the ecology of hypersaline ecosystems.  

 

5.2 Recommendations 

Current pond biology and nutrient concentrations in the Useless Inlet ponds 

appear to be favourable for salt production. Continued stability of these conditions is 

important for favourable pond function, as physical, chemical and biological parameters 

in the ponds vary little over the year. As this study has shown that salinity is largely 

responsible for the observed pattern of pond biology in Useless Inlet, maintenance of 

pond salinities in narrow ranges is central to the creation of favourable conditions for 

salt production.  

Balancing seawater inflow and crystalliser demand for concentrated seawater 

will maintain the salinities in each pond by sustaining water levels and preventing 

salinity from shifting upstream. This is especially important in summer, when 

crystalliser demand for concentrated seawater and evaporation are greatest. This balance 

will require coordination between pond managers and crystalliser managers. In addition, 

ensuring sufficient seawater is entering the pond system when demand and evaporation 

are greatest will necessitate the installation of pumps or an additional inlet gate at the 
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seawater intake. Maintaining the levees separating ponds will also ensure the stability of 

pond salinities by separation of water of different salinities.  

Maintenance of stable pond salinities will avoid mass mortality of pond 

organisms, but other measures need to be taken to avoid excess production by 

phytoplankton and benthic algae in the ponds. Phytoplankton blooms in the lower 

salinity ponds could produce large amounts of organic material which would then flow 

downstream to the other ponds and the crystallisers. The collapse of the blooms could 

cause the death of other pond organisms, creating a further pulse of organic material and 

nutrients. While this study has shown that benthic cyanobacterial mats acquire the 

majority of their nitrogen and phosphorus requirements from the sediment pore waters, 

massive increases in water column concentrations of these nutrients may still stimulate 

accumulation of large benthic biomass. This change could introduce significant 

quantities of extracellular polysaccharides in these ponds, which has led to shutdown of 

salt production elsewhere (Davis, 1990; Roux, 1991). 

Increased nutrient concentrations can be created by lowering water levels in the 

ponds and exposing pond sediments. Nutrients are then released upon reflooding of the 

sediments and are available to fuel phytoplankton growth (McComb & Qui, 1998). 

Other nutrient sources include turbid, nutrient-rich runoff from surrounding land, 

earthworks and levee maintenance. Avoiding fluctuating water levels and external 

nutrient sources should maintain stability of biological production.  

Salinity and water level measurements are taken weekly in the Useless Inlet 

ponds and water column nutrient concentrations, biomass and species composition are 

measured twice a year. This study has shown relatively constant nutrient concentrations 

and benthic and planktonic biomass in individual ponds, based on quarterly sampling. 

To identify elevated or varying nutrient concentrations, and to take management 

actions, more frequent sampling is required. Monthly or bimonthly water column 
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nutrient and biomass sampling would allow for a more accurate evaluation of intra-

annual cycles and seasonality. It has been assumed in this study that all ponds are well 

mixed, both vertically and horizontally. This assumption should be tested in future 

studies, however, particularly in relation to potential for associated variability of 

dissolved oxygen concentrations and nutrient, phytoplankton, nekton and zooplankton 

concentrations.  

The benefits to salt production from the current study may not be immediately 

evident as the ponds are functioning well for salt production. This study may well have 

greater application in the future, however, if conditions change and knowledge of the 

pond function and ecology is required to manage productivity and nutrient dynamics. 

The effect of short term perturbations on pond ecology and ultimately on salt 

production, will also benefit from the insights gained in this study.  

 

5.3 Future Work 

While much is still unknown about solar salt pond ecology, the following 

suggestions for future areas of study represent the largest knowledge gaps. 

1. Measurement of the abundance and distribution of nekton and zooplankton 

along the pond sequence and the quantification of grazing rates to formally 

evaluate the role of grazing in the decline of phytoplankton biomass as salinity 

increases. 

2. The effect of changing salinity on planktonic and benthic productivity by 

experimental manipulation of salinity levels.  

3. The estimation of the horizontal and vertical stratification of the ponds, as they 

vary in depth, shape and bathymetry. Parameters to investigate include water 

column temperature, dissolved oxygen and nutrient concentrations, salinity, and 

phytoplankton and benthic biomass. Short-circuiting of the evapoconcentration 
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process when lower salinity water flows over higher salinity to the pond outlet 

without mixing may be a serious problem for efficient salt production. 

Stratification of the water column can also greatly affect nutrient and 

phytoplankton dynamics in the ponds. 

4. The measurement of uptakes rates of dissolved inorganic nutrients by 

phytoplankton along the salinity gradient in the pond sequence. 

5. The measurement of uptakes rates of dissolved organic nutrients by 

phytoplankton along the salinity gradient in the pond sequence. This may be 

achieved by measuring changes to dissolved organic nutrient concentrations in 

experimental enclosures or by the addition of individual organic compounds and 

measurement of resultant changes in concentrations. 

6. Investigate the mechanisms of nutrient dynamics along the salinity gradient 

including nitrogen fixation, nitrification/denitrification and the effect of 

sediment redox potential on nitrogen and phosphorus fluxes across the sediment-

water interface. 

7. The measurement of changes to benthic biomass and productivity under elevated 

water column nutrient concentrations, to identify for pond managers threshold 

concentrations were benthic algae viability might be compromised.  

8. Measurement of water column dissolved organic carbon concentrations and 

identification of sources to the water column. The effect of DOC concentrations 

in the concentrated seawater on salt crystal formation and quality also needs to 

be quantified. 

9. Investigation of the role of water column and benthic heterotrophic bacteria in 

the nutrient dynamics and cycling along the salinity gradient.  

10. The evaluation of nutrient concentrations conducive to the production of 

extracellular polysaccharides by benthic cyanobacterial mats 
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11. Further investigation of the use of solar ponds as a guide to the changes in the 

ecology of inland lakes due to secondary salinisation. 

12. Further focussed investigation of the applicability of alternative stable states 

theory to the salt pond series. Conceptualising the dynamics of the pond series 

would identify the fundamental aspects of the aquatic ecology of the ponds. 

 100 



Segal, PhD 2005                                                                                           University of Western Australia 

References 

Agawin, N.S.R., C.M. Duarte & S. Agustí, 2000. Nutrient and temperature control of 

picoplankton to phytoplankton biomass and production. Limnology and 

Oceanography 45: 591-600.  

American Public Health Association, 1998. Standard Methods for the Examination of 

Water and Wastewater. (20th ed.). APHA, AWA and WEF. Washington, DC, 

USA. 

Antia, N.J., P.J. Harrison & L. Olivera, 1991. The role of dissolved organic nitrogen in 

phytoplankton nutrition, cell biology and ecology. Phycologia 30: 1-89. 

Atkinson, M.J. & S.V. Smith, 1983. C:N:P ratios of benthic marine plants. Limnology 

and Oceanography 28: 568-574. 

Bauld, J., 1981. Occurrence of benthic microbial mats in saline lakes. Hydrobiologia 81: 

87-111. 

Bauld, J., 1984. Microbial mats in marginal marine environments: Shark Bay, Western 

Australia, and Spencer Gulf, South Australia. In Cohen, Y., R.W. Castenholz & 

H.O. Halvorson (eds.). Microbial Mats: Stromatolites. Alan R. Liss Inc. New 

York, USA. 

Bauld, J., 1986. Benthic microbial communities of Australian saline lakes. In De 

Deckker, P. & W.D. Williams (eds.). Limnology in Australia. CSIRO Australia, 

Dr W. Junk Publishers. Dordrecht, The Netherlands. 

Beardall, J., E. Young & S. Roberts, 2001. Approaches to determining phytoplankton 

nutrient limitation. Aquatic Sciences 63: 44-69. 

Berman, T. & D.A. Bronk, 2003. Dissolved organic nitrogen: a dynamic participant in 

aquatic ecosystems. Aquatic Microbial Ecology 31: 279-305. 

 101



                                                                                    Productivity and nutrient dynamics in solar salt ponds 

Bronk, D.A. & B.B. Ward, 1999. Gross and net nitrogen uptake and DON release in the 

euphotic zone of Monterey Bay, California. Limnology and Oceanography 44: 

573-585. 

Bruce, L.C., M.J. Meuleners, D.A. Horn & J. Imberger, 2000. Optimisation of salt 

production in the Shark Bay Salt fields – Final Report. Centre for Water 

Research. University of Western Australia, Perth, Western Australia. 

Budd, K. & G.W. Kerson, 1987. Uptake of phosphate by two cyanophytes: cation 

effects and energetics. Canadian Journal of Botany 65: 1901-1907. 

Bushaw, K.L., R.G. Zepp, M.A. Tarr, D. Schulz-Lander, R.A. Bourbonniere, R.E. 

Hodson, W.L. Miller, D.A. Bronk & M. Moran 1996. Photochemical release of 

biologically available nitrogen from aquatic dissolved organic matter. Nature 

381: 404-407. 

Cahoon, L.B. & J.E. Cooke, 1992. Benthic microalgal production in Onslow Bay, North 

Carolina, USA. Marine Ecology Progress Series 84: 185-196. 

Canfield, D.E. & D.J. Des Marais, 1993. Biochemical cycles of carbon, sulphur and free 

oxygen in a microbial mat. Geochimica et Cosmochimica Acta 57: 3971-3984 

Canfield, D.E., K.B. Sørensen and A. Oren, 2004. Biogoechemistry of a gypsum-

encrusted microbial ecosystem. Geobiology 2: 133-150. 

Caumette, P., 1989. Ecology and general physiology of anoxygenic phototrophic 

bacteria in benthic environments. In Cohen, Y. & E. Rosenberg, (eds.). 

Microbial Mats: Physiological Ecology of Benthic Microbial Communities. 

American Society for Microbiology. Washington DC, USA. 

Caumette, P., R. Matheron, N. Raymond & J-C Relexans, 1994. Microbial mats in the 

hypersaline ponds of Mediterranean salterns (Salins-de-Giraud, France). FEMS 

Microbiology Ecology 13: 273-286. 

 102 



Segal, PhD 2005                                                                                           University of Western Australia 

Clavero, V., M. García, J.A. Fernández & F.X. Niell, 1993. Adsorption-desorption of 

phosphate and its availability in the sediment of a saline lake (Fuente de Piedra, 

southern Spain). International Journal of Salt Lake Research 2: 153-163. 

Cotner Jr., J.B. & R.G. Wetzel, 1992. Uptake of dissolved inorganic and organic 

phosphorus compounds by phytoplankton and bacterioplankton. Limnology and 

Oceanography 37: 232-243. 

Craft, C.B., E.D. Seneca & S.W. Broome, 1991. Loss on ignition and Kjeldahl digestion 

for estimating organic carbon and total nitrogen in estuarine marsh soils: 

calibration with dry combustion. Estuaries 14: 175-179. 

D’Amelio, E.D., Y. Cohen & D.J. Des Marais, 1989. Comparative functional 

ultrastructure of two hypersaline submerged cyanobacterial mats. In Cohen, Y. 

& E. Rosenberg, (eds.). Microbial Mats: Physiological Ecology of Benthic 

Microbial Communities. American Society for Microbiology. Washington DC, 

USA. 

Davis, J.A., M. McGuire, S.A. Halse, D.P. Hamilton, P. Horwitz, A.J. McComb, R.H. 

Froend, M.N Lyons & L. Sim, (2003). What happens when you add salt: 

predicting impacts of secondary salinisation on shallow aquatic ecosystems by 

using an alternative-states model. Australian Journal of Botany 51: 715-724. 

Davis, J.S., 1990. Biological management for the production of salt from seawater. In 

Akatsuka, I. (ed.). Introduction to Applied Phycology. SPB Academic 

Publishing. The Hague, The Netherlands. pp 479-488. 

Davis, J.S., 1997. Useless Loop Saltfield: Status report of the current biological 

condition. Shark Bay Salt Joint Venture. Useless Loop, Western Australia. 

Davis, J.S., 1999. Biological assessment of the Shark Bay Pond system after the 

addition of pond PM1. Shark Bay Salt Joint Venture. Useless Loop, Western 

Australia. 

 103



                                                                                    Productivity and nutrient dynamics in solar salt ponds 

Davis, J.S. & M. Giordano, 1996. Biological and physical events involved in the origin, 

effects and control of organic matter in solar saltworks. International Journal of 

Salt Lake Research 4: 335-347. 

Des Marais, D.J., 1995. The biogeochemistry of hypersaline microbial mats. Advances 

in Microbial Ecology 14: 251-274. 

Dufty, P.O., 1980. Salt Data Manual – Shark Bay Salt. Shark Bay Salt Joint Venture. 

Perth, Western Australia. 

Eyre, B.D. & A.J.P. Ferguson, 2002. Comparison of carbon production and 

decomposition, benthic nutrient fluxes and denitrification in seagrass, 

phytoplankton, benthic microalgae- and macroalgae-dominated warm-temperate 

Australian lagoons. Marine Ecology Progress Series 229: 43-59. 

Fenchel, T., G.M. King & T.H. Blackburn, 1998. Bacterial Biogeochemistry: The 

Ecophysiology of Mineral Cycling. (2nd ed.). Academic Press. San Diego, CA, 

USA. 

Fisher, T.R., P.R. Carlson & R.T. Barber, 1982. Sediment nutrient regeneration in three 

North Carolina estuaries. Estuarine, Coastal and Shelf Science 14: 101-116. 

Fisher, T.R., L.W. Harding Jr., D.W. Stanley & L.G. Ward, 1988. Phytoplankton, 

nutrients and turbidity in the Chesapeake, Delaware and Hudson Estuaries. 

Estuarine, Coastal and Shelf Science 27: 61-93. 

Fisher, T.R., E.R. Peele, J.W. Ammerman & L.W. Harding Jr., 1992. Nutrient limitation 

of phytoplankton in Chesapeake Bay. Marine Ecology Progress Series 82: 51-

63. 

Freedman, B., 1995. Environmental Ecology. (2nd ed.). Academic Press. San Diego, 

California, USA. 

 104 



Segal, PhD 2005                                                                                           University of Western Australia 

Garcia-Pichel, F., M. Kühl, U. Nübel & G. Muyzer, 1999. Salinity-dependent limitation 

of photosynthesis and oxygen exchange in microbial mats. Journal of Phycology 

35: 227-238. 

Gardner, W.S., S.P. Seitzinger & J.M. Malczyk, 1991. The effects of sea salts on the 

form of nitrogen released from estuarine and freshwater sediments: Does ion 

pairing affect ammonium flux? Estuaries 14: 157-166. 

Grasshoff, K., 1983. Determination of oxygen. In Grasshoff, K., M. Ehrhardt & K. 

Kremling (eds.). Methods of Seawater Analysis. (2nd ed.). Verlag Chemie. 

Weinheim, Germany. 

Harris, G.P., 1999. Comparison of the biogeochemistry of lakes and estuaries: 

ecosystem processes, functional groups, hysteresis effects and interactions 

between macro- and microbiology. Marine and Freshwater Research 50: 791-

811. 

Healy, F.P., 1982. Phosphate. In Carr, N.G. & B.A. Whitton (eds.). The Biology of 

Cyanobacteria. Botanical Monographs Vol19. Blackwell Scientific Publications. 

Oxford, UK. 

Hecky, R.E., P. Campbell & L.L. Hendzel, 1993. The stoichiometry of carbon, nitrogen 

and phosphorus in particulate matter of lakes and oceans. Limnology and 

Oceanography 38: 709-724. 

Hecky, R.E. & P. Kilham, 1988. Nutrient limitation of phytoplankton in freshwater and 

marine environments: a review of recent evidence on the effects of enrichment. 

Limnology and Oceanography 33: 796-822. 

Herbst, D.B., 2001. Gradients of salinity stress, environmental stability and water 

chemistry as a template for defining habitat types and physiological strategies in 

inland salt waters. Hydrobiologia 466: 209-219. 

 105



                                                                                    Productivity and nutrient dynamics in solar salt ponds 

Howarth, R.W., 1988. Nutrient limitation of net primary production in marine 

ecosystems. Annual Review of Ecology 19: 89-110. 

Javor, B.J., 1983a. Nutrients and ecology of the Western Salt and Exportadora de Sal 

salterns brines. In Schreiber, B.C. & H.L. Harner (eds.). Sixth International 

Symposium on Salt Volume 1. The Salt Institute. Alexandria, Virginia, USA. pp 

195-205. 

Javor, B.J., 1983b. Planktonic standing crop and nutrients in a saltern ecosystem. 

Limnology and Oceanography 28: 153-159. 

Javor, B., 1989. Hypersaline Environments: microbiology and biogeochemistry. 

Springer-Verlag. Berlin, Germany. 

Joint, I., P. Henriksen, K. Garde & B. Riemann, 2002. Primary productivity, nutrient 

assimilation and microzooplankton grazing along a hypersaline gradient. FEMS 

Microbiology Ecology 39: 245-257. 

Jones, A.G., C.M. Ewing & M.V. Melvin, 1981. Biotechnology of solar saltfields. 

Hydrobiologia 82: 391-406. 

Jørgensen, N.O.G., L.J. Tranvik & G.M. Berg, 1999. Occurrence and bacterial cycling 

of dissolved nitrogen in the Gulf of Riga, the Baltic Sea. Marine Ecology 

Progress Series 191: 1-18. 

Karl, D.M. & K. Yanagi, 1997. Partial characterization of the dissolved organic 

phosphorus pool in the oligotrophic North Pacific Ocean. Limnology and 

Oceanography 42: 1398-1405. 

Kramer, K.J.M., U.H. Brockman & R.M. Warwick, 1994. Tidal Estuaries: manual of 

sampling and analytical procedures. AA Balkema. Rotterdam, The Netherlands. 

Lavery, P.S., C.E. Oldham & M. Ghisalberti, 2001. The use of Fick’s First Law for 

predicting porewater nutrient fluxes under diffusive conditions. Hydrological 

Processes 15: 2435-2451. 

 106 



Segal, PhD 2005                                                                                           University of Western Australia 

Leong, L.S. & P.A. Tanner, 1999. Comparison of methods for determination of organic 

carbon in marine sediments. Marine Pollution Bulletin 38: 875-879. 

McComb, A. & S. Qui, 1998. The effects of drying and reflooding on nutrient release 

from wetland sediments. In Williams, W.D. (ed.). Wetlands in a Dry Land: 

Understanding for Management. Environment Australia and Department of the 

Environment. Canberra, ACT, Australia. pp 147-159. 

Melack, J., 1988. Primary producer dynamics associated with evaporative concentration 

in a shallow, equatorial soda lake (Lake Elmenteita, Kenya). Hydrobiologia 158: 

1-14. 

Nadler, A. & M. Margaritz, 1980. Studies of marine solution basins – isotopic and 

compositional changes during evaporation. In Nissenbaum, A. (ed.). Hypersaline 

Brines and Evaporitic Environments. Developments in Sedimentology 28. 

Elsevier Scientific Publishing Company. Amsterdam, The Netherlands. pp 115-

129. 

Nowicki, B.L. and S.W. Nixon, 1985. Benthic nutrient remineralisation in a coastal 

lagoon ecosystem. Estuaries 8: 182-190. 

Oldham, C.E. & P.S. Lavery, 1999. Porewater nutrient fluxes in a shallow fetch-limited 

estuary. Marine Ecology Progress Series 183: 39-47. 

Oren, A., 1999. Bioenergetic aspects of halophilism. Micrbiology and Molecular 

Biology Reviews 63: 334-348. 

Oren, A., M. Kühl & U. Karsten, 1995. An endoevaporitic microbial mat within a 

gypsum crust: zonation of phototrophs, photopigments and light penetration. 

Marine Ecology Progress Series 128: 151-159. 

Pedrós-Alió, C., J.I. Calderón-Paz, M.H. MacLean, G. Medina, C. Marrasé, J.M. Gasol 

& N. Guixa-Boixereu, 2000. The microbial food web along salinity gradients. 

FEMS Microbiology Ecology 32: 143-155. 

 107



                                                                                    Productivity and nutrient dynamics in solar salt ponds 

Pinckney, J. & R.G. Zingmark, 1993. Biomass and production of benthic microalgal 

communities in estuarine habitats. Estuaries 16: 887-897. 

Pinckney, J. & H.W. Paerl, 1997. Anoxygenic photosynthesis and nitrogen fixation by a 

microbial mat community in a Bahamian hypersaline lagoon. Applied and 

Environmental Microbiology 63: 420-426. 

Pitkänen, H. & T. Tamminen, 1995. Nitrogen and phosphorus as production limiting 

factors in the estuarine waters of the eastern Gulf of Finland. Marine Ecology 

Progress Series 129: 283-294. 

Post, F.J. & J.C. Stube, 1988. A microcosm study of nitrogen utilization in the Great 

Salt Lake, Utah. Hydrobiologia 158: 89-100.  

Reay, W.G., D.L. Gallagher & G.M. Simmons Jr., 1995. Sediment-water column 

oxygen and nutrient fluxes in nearshore environments of the lower Delmarva 

Peninsula, USA. Marine Ecology Progress Series 118: 215-227. 

Reuter, J.E., C.L. Rhodes, M.E. Lebo, M. Kotzman & C.R. Goldman, 1993. The 

importance of nitrogen in Pyramid Lake (Nevada, USA), a saline, desert lake. 

Hydrobiologia 267: 179-189. 

Rizzo, W.M., 1990. Nutrient exchange between the water column and a subtidal 

microalgal community. Estuaries 13: 219-226. 

Rodriguez-Valera, F., 1988. Characteristics of microbial ecology of hypersaline 

environments. In Rodriguez-Valera, F. (ed.). Halophilic Bacteria Volume 1. 

CRC Press. Boca Raton, Florida, USA. 

Roux, J., 1991. Microbial mats in hypersaline environments at Dampier Salt, Dampier, 

Western Australia. MSc Thesis. Botany Department, University of Western 

Australia. Perth, Western Australia. 

 108 



Segal, PhD 2005                                                                                           University of Western Australia 

Roux, J., 1996. Production of polysaccharide slime by microbial mats in hypersaline 

environments of a Western Australian solar saltfield. International Journal of 

Salt Lake Research 5: 103-130. 

Sammy, N., 1983. Biological systems in north-western Australian solar salt fields. In 

Schreiber, B.C. & H.L. Harner (eds.). Sixth International Symposium on Salt 

Volume 1. The Salt Institute. Alexandria, Virginia, USA. 

Scheffer, M., 1998. Ecology of Shallow Lakes. Chapman and Hall. London, UK. 

Scheffer, M., S. Carpenter, J.A. Foley, C. Folke & B. Walker, 2001. Catastrophic shifts 

in ecosystems. Nature 413: 591-596 

Segal, R.D., A.M. Waite & D.P. Hamilton, (2006). Transition from planktonic to 

benthic algal dominance along a salinity gradient. Hydrobiologia 556: 119-135. 

DOI: 10.1007/s10750-005-0916-8 

Seitzinger, S.P. & R.W. Sanders, 1997. Contribution of dissolved organic nitrogen from 

rivers to estuarine eutrophication. Marine Ecology Progress Series 159: 1-12. 

Seitzinger, S.P., R.W. Sanders & R. Styles, 2002. Bioavailability of DON from natural 

and anthropogenic sources to estuarine plankton. Limnology and Oceanography 

47: 353-366. 

Selig, U., T. Hübener & M. Michalik, 2002. Dissolved and particulate phosphorus 

forms in a eutrophic shallow lake. Aquatic Sciences 64: 97-105. 

Smith, S.V., 1984. Phosphorus versus nitrogen limitation in the marine environment. 

Limnology and Oceanography 29: 1149-1160. 

Smith, S.V. & M.J. Atkinson, 1983. Mass balance of carbon and phosphorus in Shark 

Bay, Western Australia. Limnology and Oceanography 28: 625-639. 

Smith, S.V. & M.J. Atkinson, 1984. Phosphorus limitation of net production in a 

confined aquatic ecosystem. Nature 307: 626-627. 

 109



                                                                                    Productivity and nutrient dynamics in solar salt ponds 

Stenbeck, D.R., D.A. Horn & J. Imberger, 1999. Optimisation of salt production in the 

Shark Bay Salt fields: Feasibility report. Centre for Water Research, University 

of Western Australia. Perth, Western Australia. 

Sundbäck, K. & W. Ganéli, 1988. Influence of microphytobenthos on the nutrient flux 

between sediment and water: a laboratory study. Marine Ecology Progress 

Series 43: 63-69. 

Sundbäck, K., V. Enoksson, W. Granéli and K. Pettersson, 1991. Influence of sublittoral 

microphytobenthos on the oxygen and nutrient flux between sediment and water: 

a laboratory continuous-flow study. Marine Ecology Progress Series 74: 263-

279. 

Technicon, 1977a. Technicon AutoAnalyzer II Industrial Method No 329-74 W/B 

(1977). Individual/simultaneous determination of nitrogen and/or phosphorus in 

BD digests. Technicon Industrial Systems. Tarrytown, New York, USA. 

Technicon, 1977b. Technicon AutoAnalyzer II Industrial Method No 376-75 (1977). 

Digestion and sample preparation for the analysis of total Kjeldahl and/or total 

phosphorus in water samples using the Technicon BD-40 block digestor. 

Technicon Industrial Systems. Tarrytown, New York, USA. 

Thompson, P.A. & W. Hosja, 1996. Nutrient limitation of phytoplankton in the upper 

Swan River Estuary, Western Australia. Marine and Freshwater Research 47: 

659-667. 

Timms, R.M. & B. Moss, 1984. Prevention of growth of potentially dense 

phytoplankton populations by zooplankton grazing, in the presence of 

zooplanktivorous fish, in a shallow wetland ecosystem. Limnology and 

Oceanography 29: 472-486. 

 110 



Segal, PhD 2005                                                                                           University of Western Australia 

Twomey, L.J., M.F. Piehler, & H.W. Paerl, 2005. Phytoplankton uptake of ammonium, 

nitrate and urea in the Neuse River Estuary, NC, USA. Hydrobiologia 533: 123-

134. 

Underwood, G.J.C. & J. Kromkamp, 1999. Primary production by phytoplankton and 

microphytobenthos in estuaries. Advances in Ecological Research 29: 93-153. 

Vadeboncoeur, Y., E. Jeppensen, M.J. Vander Zanden, H-H. Scheirup, K. 

Christoffersen & D.M. Lodge, 2003. From Greenland to green lakes: Cultural 

eutrophication and the loss of benthic pathways in lakes. Limnology and 

Oceanography 48: 1408-1418. 

van den Ende, F.P. & H. van Gemerden, 1994. Relationships between functional groups 

of organisms in microbial mats. In Stal, L.J. & P. Caumette (eds.). Microbial 

Mats: Structure, Development and Environmental Significance. Springer-

Verlag. Berlin, Germany. 

Wetzel, R.G. & G.E. Likens, 1979. Limnological Analyses. (2nd ed.). Springer-Verlag. 

New York, USA. 

Williams, W.D., 1998a. Guidelines of Lake Management Volume 6: Management of 

Inland Saline Lakes, International Lake Environment Committee Foundation 

and the United Nations Environment Programme. Kusatsu, Japan.  

Williams, W.D., 1998b. Salinity as a determinant of the structure of biological 

communities in salt lakes. Hydrobiologia 381: 191-201. 

Williams, W.D. and J.E. Sherwood, 1994. Definition and measurement of salinity in salt 

lakes. International Journal of Salt Lake Research 3: 53-63 

Yin, K., P-Y. Qian, M.C.S. Wu, J.C. Chen, L. Huang, X. Song & W. Jian, 2001. Shift 

from P to N limitation across the Pearl River estuarine plume during summer. 

Marine Ecology Progress Series 221: 17-28. 

 

 111




