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Abstract 

The lack of adequate water and wastewater infrastructure in the developing world and 

the aging of existing networks in the developed world are the greatest challenges facing 

water resource management. Higher expectations are being placed on existing 

wastewater infrastructure to deliver treated water with greater social, environmental and 

economic benefits. Waste stabilisation ponds (WSPs), the most widely used treatment 

technology, are designed taking into account loading, hydraulics, ecology and climate. 

However, poor performance of ponds is often caused by poor hydraulic control, sludge 

accumulation, and microbial community dynamics. Traditional sludge measurement 

techniques are low-resolution and labour intensive, while microbial ecology is assessed 

using culture-dependent techniques that only capture a small fraction of the microbial 

community. With increasing demand on WSP treatment infrastructure, our ability to 

diagnose problems in systems rapidly with high-resolution is vital to ensure optimal 

treatment performance and system operational sustainability.  

In this body of work, the impact of sludge accumulation and distribution on WSP 

hydraulics was assessed through hydrodynamic modelling with high-resolution pond 

bathymetry data. The development of a remote control boat with sonar, designed for use 

on WSPs, allowed for the rapid collection of high-resolution pond bathymetry data. The 

collected high-resolution data supported a more detailed hydraulic assessment of a 

range of systems using hydrodynamic modelling, which showed that both sludge 

accumulation and distribution influence pond performance. The hydrodynamic model 

with high-resolution bathymetry data, along with hydraulic indices, was then applied to 

determine the most optimal baffle design to hydraulically reconfigure a pond to improve 

performance. The best configuration was implemented at the full-scale in a WSP, then 

assessed using field tracer testing and further modelling. Overall, the addition of baffles 

in the optimal configuration resulted in residence time increasing by at least 20%. These 

results show the value in our ability to collect high-resolution data of ponds for the 

assessment of performance, planning and design of system upgrades, and future design. 

Flow cytometry (FCM) is used widely as a rapid, culture-independent method for 

characterising algae and bacteria in freshwater environments, but its application to the 

study of WSPs has been lacking. In this study, through the use of cultures and 

wastewater samples, a method for the characterisation of the microbial communities in 

WSPs was developed. The challenge of distinguishing algal and bacterial groups 
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concurrently was overcome through the use of SYTO 16 dye over more commonly used 

dyes, and results clearly show that both spatial and temporal shifts in the microbial 

communities can be detected using FCM. The ability to rapidly detect shifts in pond 

populations is important not only for the improvement of pond operation and 

monitoring, but also for the planning and management to ensure optimal performance 

into the future.  

Overall, through the development and application of two rapid, high-resolution 

measurement techniques, this study shows that a more integrated approach for the 

assessment of pond performance is valuable for operation, maintenance, planning and 

design of WSP systems. 

  



|  V  

Preface 

This thesis is unconventional in the sense that it has taken me a bit longer than your 

typical Australian PhD student to complete, but hey, I’ve never pretended to be 

conventional. When I started my undergraduate engineering degree in 2006, I never 

would have thought that one day that I would end up starting (and completing) a PhD, 

nor would I have ever thought that it would be to do with working with wastewater. I 

suppose this is one of the great things about life – you never know where you’ll end up! 

It has been a thoroughly enjoyable almost 5 years of my life completing this thesis, 

taking me on a journey that I could never have imagined 10 years ago. I have been 

lucky to be involved in some great research, with great people in both research and 

industry, all of whom have enriched my life in some kind of way.  

The journey to this PhD started while completing my honours project from my 

engineering degree back in 2011. During that research I started with the development of 

a remote control boat for measuring sludge in waste stabilisation ponds. It would have 

been easy to just leave the boat at that – I had achieved what I had set out to do, and it 

was a successful prototype that could be applied in industry. However, my time as the 

“boat girl” and playing on wastewater ponds managed to ignite my research brain a little, 

and had me wanting to find out more about how to improve the treatment in these 

natural and rather simple systems. When I started out this PhD project, I definitely had 

other ideas of where I would take this research, but, as I have learned throughout this 

journey, the direction of things can change frequently. With the development of the boat, 

and its obvious advantages in occupational health and safety, it started being 

implemented by our industry partner, the Water Corporation, within a year of the 

completion of my honours. I naively thought that would be the end of the development 

of the boat, it worked for what we intended it for; there wasn’t any need to take it any 

further right? The industry partner had what they needed, and I had a piece of 

equipment that I could use for my PhD research.  

Clearly I was wrong about that. The journey with the boat has been so much more 

involved than this, including the design of a software package to quickly analyse pond 

sludge bathymetry into an easy to read report format. This has helped the successful 

implementation of this in Western Australia, by the water utility, and on site for mining 

companies. Then the Tasmanian water utility found out about the boat, and also wanted 

to implement the technology. To date the remote control boat (which has evolved quite 
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a bit from the prototype days) has been successfully implemented by two Australian 

water utilities, and has been used to survey in excess of 400 WSPs. In addition, more 

recently, TasWater has been using the technology on drinking water reservoirs. In 

collaboration with Monash University, the boat has been used on stormwater retention 

wetlands, and with the Rottnest Island Authority has been used to conduct the first ever 

extensive bathymetric survey of the significant salt lakes on Rottnest Island. It is also 

currently being used to assess the sediment accumulation in river pools along the 

Canning River in Perth. 

As a result of all this flurry of interest in the boat, a large part of my PhD has been in 

organising and managing the implementation of the boat in these areas. At the 

beginning, I thought that this was distracting from the questions I was trying to answer 

with my research, but I have come to realise that a lot of purpose built pieces of 

equipment for research barely ever make it out of the field of research. This happening 

within the timeframe of a research degree is almost unheard of! In this sense, I have 

achieved a lot with the successful implementation of the boat within the water sector, 

and in other areas other than the wastewater ponds I started out on. Even as I finish this 

PhD, we are still seeing more interest in the boat from other water utilities in Australia; 

maybe one day soon, it’ll be worldwide! 

During this research I was the recipient of a prestigious Prescott Postgraduate 

Scholarship from The University of Western Australia, and the TasWater Wastewater 

Engineering Scholarship. This research was funded by grants from the Australian 

Research Council Linkage Grant (LP130100856) with the Water Corporation of 

Western Australia, and from a grant from the Tasmanian Water Corporation (TasWater). 

Here I’d like to thank a few people, who I couldn’t have completed this research 

without… 

Firstly, it’s safe to say that I would not have started (or even thought about doing) a 

PhD without having met Anas Ghadouani. Anas was the first instructor I ever had in an 

environmental engineering unit; I first crossed paths with him, and his somewhat 

unconventional but very engaging (and entertaining) way of teaching, in my second 

semester in my first year of uni. I didn’t tell him this until after I’d finished by 

undergrad degree, but I had seriously considered changing out of engineering after my 

first semester, and sitting in Anas’ unit was the only reason why I stuck with 

engineering. By the time I got to start my honours project in 2011, I had no hesitation in 
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choosing Anas to be one of my supervisors. When I started that journey, I hadn’t really 

thought about what I would like to do upon finishing my degree (I’ve never been one to 

plan that far in advance), but somewhere along the line during that year, Anas made a 5-

year plan for my life, and convinced me to apply to do a PhD. Anas is the coolest 

supervisor I could ever have asked for, and I don’t think I could ever find someone else 

with the same enthusiasm for research, randomness, food and life that he has. He has 

helped me grow and improve as a person is so many ways, and saying thanks seems so 

insufficient for what he has done for me. Here’s to many more years of friendship, 

random conversations, food adventures, and deflating your ego when necessary AG. 

The much more reserved Marco Ghisalberti has also had an instrumental part in my 

decision to embark on a PhD. Marco has a unique ability to explain difficult concepts in 

such an intuitive and easy to understand way, making him such an excellent teacher to 

have; although sometimes I wish I could retain his amazing explanations in my brain for 

more than 15 minutes! Again, it wasn’t a hard decision to choose Marco to be one of 

my supervisors. It’s possible that without the influence of Marco that my thesis 

meetings would have permanently been on a tangent, and we would never have 

discussed any of my work – although, discussion of my work in a thesis meeting was a 

novelty anyway. As my other supervisor is rather timeless, I have to sincerely thank 

Marco for pushing me to finish things, as well as for his patience, as I have not been 

particularly successful at keeping to the agreed timelines – I suspect at some point he 

gave up on hoping that I would reach some deadlines, and really just used these to 

motivate me. Again, thank you is an insufficient way to express my appreciation for 

Marco’s influence on this journey and my life.  

Collectively, I could not have hoped to find two better supervisors, and I don’t think 

that I would have had such an enlightening experience without both of them. About the 

only thing I could have wished for was that their surnames were easier to spell!  

I’ve had a lot of chats with Elke Reichwaldt over the years. I couldn’t have hoped for a 

better sounding board than Elke. Whenever I’ve needed to discuss an idea, Elke has 

always been my go to person, and has provided me with some great advice over this 

time. Elke, thank you for all the chats, both planned and random, your help in the field, 

the lab, and in organisation – I won’t take it too personally that you’ve rejected my 

banana bread so many times because you’ve been off sugar. 
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I couldn’t have completed all my field work sampling and laboratory without the help 

of Hanna ‘Happy Pants’ Sutton. I have to thank Hanna for putting up with me way too 

early in the morning, entertaining conversations (including the guess the birthday game), 

and her precision and efficiency in the laboratory.  

For those times that Hanna wasn’t available, I’d like to thank Lianpeng Zheng and 

Timothy Halton for their assistance in the field and lab. Thanks for being willing to help 

me out at short notice! 

I’d like to thank the amazing Irma Larma at the Centre for Microscopy, Characterisation 

and Analysis (CMCA) at UWA, for accommodating me in her very busy schedule, and 

putting up with me on days when my brain wasn’t really connected. I could not have 

learnt and achieved nearly as much as I did in flow cytometry in such a short time 

without Irma, even with the loss of her ability to multitask with her pregnancy brain!  

To the final year (honours) students who have contributed to some of the knowledge 

generation for this work: Christopher Murphy, Jesse Sounness, Amy Hinchliffe, 

Aninditha Dharma, Lianpeng Zheng, and Dipak Raghvani, thank you for all your hard 

work! 

My time collecting field and lab data would have been a lot less fun without my two 

favourite Americans, John Langan and James Hehre. Firstly John, for being my go to 

person for the boat repairs, modifications, and ideas for improvement, for his 

willingness to punch anyone that annoyed me in throat (this never happened), and for all 

the banter. Go Giants! James has been an excellent provider of entertainment with his 

whining (it’s definitely one of his endearing qualities), a willing recipient of chocolate, 

either to convince him to do something or to improve his mood, and has also provided 

some much needed encouragement to finish my thesis.  

Thanks to Adam Stubbs for taking over the role of designated boat repairer after John 

departed to do more fun things on the other side of the world. Pretty sure that repairing 

boats has significantly improved your knowledge of electronics (you can thank me 

later)! 

A significant part of my journey was with the assistance of people from industry. I 

would like to sincerely thank Andrew Chua from the Water Corporation, for his 

enthusiasm and encouragement with the development of the boat. I don’t think that that 

could have been achieved without Andrew being there to crack the whip! His continued 
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support helped shape where the project has ended up. It was great collaborating with 

you Andrew, especially on the assessment of the quality of icecream and food while out 

on field work. 

From the Water Corporation I’d also like to thank Brett Kerenyi, Scott McPhee, Ken 

Eade, Dean Italiano, Binod Agawalla, Thea Rintoul, and all the pond operators that I 

have had contact with over the years. The boat project could not have been implemented 

without their enthusiasm, willingness to help, and their input with boat designs over the 

years.  

Rather late onto the scene, but with no less impact, I’d like to thank Bill Wood from 

TasWater for his incredible enthusiasm for all things boat. He has been the driving force 

in getting the boat implemented across Tasmania, which is more than I could have 

imagined when I first started my project on ponds here in Western Australia. I have 

particularly enjoyed all the conversations on the way to site with Bill, a very well 

learned man, who has lived such as interesting life!  

I have to thank Emily Lee, for providing not only some assistance in the lab, but also 

being an excellent office buddy and provider of cake. I’m not sure what I’d have done 

without all of the regular offerings of pandan cake, Malaysian sweets, or curry puffs! 

Thanks for all the chats and rants Emily, and good luck on finishing your PhD in a 

timely manner (unlike myself, I’m the worst role model for other PhD students). 

On the subject of cake, I could not have finished this thesis without the enabling of cake 

eating by Charlie “Charles” Askew. We bonded over her love of my banana bread – 

honestly I don’t think that I’ll ever find someone that loves my nana bread as much as 

Charlie does! Thanks for the cakes, coffee runs, chocolate and lunch dates – well food 

dates in general – Charles!  

To my bestie, Joy Cheong for being there for me through the ups and downs of life even 
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1 Introduction 

Water is necessary to ensure the survival and growth of the human population. Most of 

the water extracted from the environment is used for agriculture and industry, household 

use, and recreation (Oelkers et al., 2011). Water and the hydrological cycle provide 

many essential ecosystem services for humans and other organisms, including water 

supply, habitats, and a medium for nutrient cycling (Baron et al., 2002, Millenium 

Ecosystem Assessment, 2005). Clean water is an essential resource for life on our planet, 

and adequate management of our water sources is of utmost importance to maintain the 

essential services provided to the environment and all populations. 

By 2025, it is anticipated that up to two-thirds of the world population could be living 

under water-stressed conditions, as demand for safe water will exceed availability in 

many regions (UNDP, 2006, UN-Water and FAO, 2007). One of the biggest challenges 

facing water resource management is the lack of adequate water and wastewater 

infrastructure in the developing world, and the aging of existing networks in the 

developed world (Rodriguez et al., 2012). While water services are essential for 

socioeconomic development and increased societal productivity, they remain severely 

underfunded on a global scale, with a large portion of the gap in the investment 

attributed to delays in infrastructure and inadequate maintenance (Rodriguez et al., 

2012). 

There are three types of wastewater: domestic, industrial, and stormwater. Domestic 

wastewater is generated from water used in showers, baths, sinks, washing machines 

and toilets. Industrial wastewater is, as the name suggests, the waste created from 

manufacturing and industrial applications, while stormwater is comprised of the run off 

from surfaces after rain, such as gardens, roofs and roads. While domestic and industrial 

wastewaters are sent to plants for treatment, stormwater flows directly into waterways 

untreated. The term wastewater is a misnomer, as > 99.9% of wastewater is water by 

mass, while the other < 0.1% are contaminants (Water Corporation, 2017). In Australia, 

wastewater services account for 50% of the cost of the urban water industry (WSAA 

and IPA, 2015). 

In both developed and developing countries, societies are becoming more aware of the 

need to preserve aquatic ecosystems and restore biodiversity, while satisfying the water 

needs of the population (Grant et al., 2012). As a result, higher expectations are being 

placed on existing wastewater infrastructure to deliver higher level treated water with 
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greater societal and ecological benefits for the urban water cycle (Elimelech and Phillip, 

2011, Hering et al., 2013). Indeed, the removal of water and wastewater constituents of 

concern have now extended beyond the common biological and physical parameters, to 

include a wide range of emerging contaminants, including hydrocarbons, pesticides and 

pharmaceuticals (e.g., Zhang et al., 2014, Martin et al., 2015). Furthermore, there is ever 

increasing interest in the recovery of resources, particularly nutrients and energy, during 

the wastewater treatment process (Brands, 2014). Overall, increased societal awareness 

has resulted in much more strict and higher expectations on treated wastewater 

discharge quality, both to the environment and to reuse schemes. Therefore, the 

challenge for the future is to provide the socio-environmental and economic benefits of 

wastewater treatment in both the developed and developing world. The short-term 

challenge is to meet these higher expectations for water treatment with infrastructure 

that has been designed, built and used in the past century, while the long-term challenge 

is to provide wastewater treatment across the world by engineering or re-engineering 

sustainable, appropriate and affordable infrastructure (Shannon et al., 2008, Grant et al., 

2012, Hering et al., 2013). 

Waste stabilisation ponds (WSPs) are the most widely used technology for the treatment 

of wastewater worldwide. These wastewater treatment systems are generally used to 

service small populations in rural and remote areas, however where land area is 

available there are plants successfully servicing up to 2.5 million people (Western 

Treatment Plant, Melbourne, Australia) (Mara, 2004). Pond systems work through a 

multivariate process (Figure 1-1), where WSPs are designed to take into account 

elements of loading, hydraulics, sludge, ecology and climate. Efficient WSP systems 

rely on wastewater being present in ponds for the designed minimum hydraulic 

retention time to treat the incoming load. However WSPs are notoriously hydraulically 

inefficient, and this contributes to poor performance in constructed ponds (Persson and 

Wittgren, 2003), especially after years of operation. Long-term hydraulic performance 

of ponds is further compromised by the accumulation of sludge, which reduces effective 

volume and changes the bottom bathymetry (e.g., Peña et al., 2000). In turn, the build-

up of sludge in these systems contributes to the complexity of pond hydrodynamics.  

Despite the interactions between pond hydraulics and sludge accumulation, and their 

combined effects on hydraulic and treatment performance, the build-up of sludge over 

time and its management is rarely considered in pond design (Nelson et al., 2004). 

Furthermore, traditional techniques for the vital measurement of sludge are of low 
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spatial resolution and labour intensive. With increasing interest in the modelling of 

WSP hydrodynamics, the low-resolution sludge bathymetry data collected using 

traditional techniques has been a limiting factor for the accuracy and reliability of 

hydrodynamic models of WSPs (Passos et al., 2016). Studies and reviews have 

suggested that higher resolution data will significantly improve the accuracy of 

hydrodynamic models of WSPs (Daigger, 2011, Alvarado et al., 2012a, Passos et al., 

2016), however there has so far been no solution proposed to address this very common 

issue. Therefore, to improve the outcomes of WSP hydrodynamic modelling, the 

development of a new high-resolution sludge bathymetry measurement technique is 

required. By improving the accuracy of WSP models, researchers and pond managers 

will be better placed to assess current hydraulic performance, design new ponds, and 

design retrofits of current assets. 

 

Figure 1-1: Conceptual model of processes, drivers, and criteria for current and proposed future design of 

WSPs. This also shows that the relationships between the main drivers are complex, as sludge has an 

effect on hydraulics, and hydraulics interacts with pond ecology.  

 

Waste stabilisation pond ecology, encompassing the microbial communities, plays a 

major role in treatment, as algae and bacteria are fundamental in both the empirical 

design and operation of these systems (Pearson, 2003, Mara, 2004, Daims et al., 2006). 

Optimising ecology in ponds is often difficult, and there is a growing movement away 

from traditional empirical biological design (Curtis and Sloan, 2006, Harris et al., 2012), 

towards integrating more microbial biology into engineering systems with more 
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diversity for more efficient and effective treatment (Curtis and Sloan, 2006, McMahon 

et al., 2007). The movement towards integrating more microbial ecology and ecological 

theory into engineering wastewater treatment systems is reliant on rapid, culture-

independent tools (McMahon et al., 2007). Rapid culture-independent tools, such as 

flow cytometry, have become increasingly common for study of aquatic microbial 

communities in drinking water systems (e.g., Berney et al., 2008, Prest et al., 2016b, 

Van Nevel et al., 2017), however their transfer to the study of WSP wastewater has been 

lacking. Flow cytometry has tremendous potential to significantly improve our 

understanding of WSP microbiology composition and evolution, and as such needs to 

be assessed for its efficacy in the characterisation of WSP communities. The 

development of this technique for the assessment of ponds would not only improve our 

knowledge of WSP microbiology, but could also be developed into a more rapid and 

reliable diagnostic tool to provide vital information to pond managers. 

In light of the growing pressures on wastewater infrastructure, it is vital to apply a more 

integrated approach to understand the drivers in WSP performance in order to meet 

future demand. Improving the resolution of sludge measurement is vital to not only 

expensive sludge management operations, but also key to the development of more 

reliable and accurate models of the evolution of pond hydraulics. Furthermore, our 

ability to diagnose problems in WSP systems rapidly is becoming increasingly 

important, as more pressure is placed upon systems to meet increasing demand. Overall, 

a more integrated approach is required to not only understand how our systems 

currently perform, but also to inform new design criteria (Figure 1-1), for both new 

pond systems and the upgrade of existing assets. To this end, the development of rapid, 

high-resolution tools for studying WSPs is critical to solve current deficiencies, as well 

as to highlight processes and interactions that are often overlooked due to their 

complexity or the inherent difficulty in quantifying them.  

This dissertation describes the development and application of two new high-resolution 

tools for the study of WSPs, with the overall objective being to address the issues 

currently experienced by WSP researchers and managers, while also gaining better 

insight into the complex relationships that occur within pond. Broadly, the aims of this 

research were to: 1) develop a platform for the collection of high-resolution bathymetry 

data of WSPs, 2) investigate the effect of sludge accumulation and distribution on pond 

hydraulics through modelling using high-resolution bathymetry, 3) design, build and 
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assess baffles for the full-scale reconfiguration of an operational WSP, and 4) evaluate 

the use of flow cytometry for the characterisation of WSP microbial ecology.  

There are six chapters in this dissertation, where the main body of work is presented in 

Chapters 2 to 5, which correspond to four journal papers; so that each paper can stand-

alone, there is some overlap in the material presented. Presented in the following 

chapter (Chapter 2) is the development of a new tool for high-resolution measurement 

of sludge in WSPs. Chapter 3 is a presentation of the application of this high-resolution 

bathymetry data in hydrodynamic modelling to determine the effect that both sludge 

accumulation and distribution have on pond hydraulics. In Chapter 4, an approach for 

the design of pond hydraulic reconfiguration is developed using hydrodynamic 

modelling with high-resolution data, which is then assessed after full-scale installation. 

Chapter 5 evaluates the potential of flow cytometry for the rapid characterisation of 

WSP microbial communities. Finally, the concluding chapter (Chapter 6) consolidates 

the conclusions from each chapter, and provides recommendations and avenues for 

future work. 

.  
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2 High-resolution bathymetry mapping of water bodies: 

development and implementation
1
 

 

2.1 Abstract 

Waste stabilisation ponds (WSPs) are utilised worldwide for wastewater treatment, and throughout their 

operation require periodic sludge surveys. Sludge accumulation in WSPs can impact performance by 

reducing the effective volume of the pond, and altering the pond hydraulics and wastewater treatment 

efficiency. Traditionally, sludge heights, and thus sludge volume, have been measured using techniques 

such as the ‘sludge judge’ and the ‘white towel’ test. Both of these methods have low spatial resolution, 

are subjective in terms of precision and accuracy, are labour intensive, and require a high level of safety 

precautions. A sonar device fitted to a remotely operated vehicle (ROV) can improve the resolution and 

accuracy of sludge height measurements, as well as reduce labour and safety requirements. This 

technology is readily available; however, despite its applicability, it has not been previously assessed for 

use on WSPs. This study aimed to design, build, and assess the performance of an ROV to measure 

sludge height in WSPs. Profiling of several WSPs has shown that the ROV with autonomous sonar device 

is capable of providing bathymetry with greatly increased spatial resolution in a greatly reduced profiling 

time. To date, the ROV has been applied on in excess of 400 WSPs across Australia, several large lakes, 

stormwater retention ponds, and drinking water reservoirs. ROVs, such as the one built in this study, will 

be useful for not only determining sludge profiles but also in calculating sludge accumulation rates and in 

evaluating pond hydraulic efficiency. Furthermore, this technology will help in the development of 

frameworks for wastewater sludge management, including the development of more reliable computer 

models, and has wider application in the monitoring of other small to medium water bodies.  

 

2.2 Introduction 

Waste stabilisation ponds (WSPs) are simple, highly efficient, low-cost, low-

maintenance and robust systems for treating wastewater (Mara, 2004, Nelson et al., 

2004, Picot et al., 2005). In WSPs, wastewater constituents are removed by 

sedimentation or transformed by biological and chemical processes, and a sludge layer 

forms due to the sedimentation of influent suspended solids, algae, and bacteria (Nelson 

et al., 2004). Sludge accumulation can affect pond performance by reducing pond 

effective volume and changing the bottom bathymetry, thus altering pond hydraulics 

(Persson et al., 1999, Peña et al., 2000, Persson, 2000, Persson and Wittgren, 2003, 

                                                 
1

 Coggins, L. X. & Ghadouani, A. 2017. “High-resolution bathymetry mapping of water bodies: 

development and implementation” to be submitted to Environmental Science and Technology. 



8  |  

Nelson et al., 2004, Olukanni and Ducoste, 2011, Sah et al., 2012). Effective, safe and 

sustainable operation of WSPs therefore requires detailed information about sludge 

accumulation, distribution, and its effect on hydraulic characteristics. This knowledge is 

essential for planning pond maintenance, in particular sludge removal and disposal, 

which can be highly expensive and complex (Nelson et al., 2004, Picot et al., 2005, 

Alvarado et al., 2012a).  

Traditional methods of measuring sludge height, and thus total sludge volume, in WSPs 

include the use of a ‘sludge judge’ (a clear plastic pipe) (Westerman et al., 2008), or the 

‘white towel’ test (Mara, 2004). Sludge surveys using these techniques are typically 

conducted on a rectangular grid, with height measurements taken by an operator 

deploying the measuring apparatus from a boat (Figure 2-1).  

 

Figure 2-1: (Left) A sludge judge, showing the valve at the top of the plastic cylinder; (right) survey being 

carried out on a WSP from a boat (Photos: Water Corporation). 

 

The number of point measurements taken in each pond is dependent on both the size of 

the pond and the grid spacing chosen by the operator. Such surveys are time consuming 

and have low spatial resolution; however, data from these surveys is vital for sludge 

management (Peña et al., 2000, Nelson et al., 2004, Picot et al., 2005). 

Legislation surround occupational health and safety in the workplace has made the 

traditional techniques for sludge profiling a more complex task. In Australia, pond 

operators, despite going out onto relatively small and shallow water bodies, are often 

required to have a licence to operate a boat (even if they are rowing or using a small 
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electric outboard motor), and the task usually requires more than one person to be on 

site. Due to the increasing precautions surrounding safety, there is a need to move away 

from on-pond measurement techniques of sludge accumulation. The ability to profile 

the bathymetry of a pond from the relative safety of dry land (pond banks) greatly 

reduces the safety requirements and risk associated with data collection, and reduces the 

labour and time requirements (e.g., boat launching, personnel requirements). 

Small sonar devices equipped with global positioning system (GPS) technology (also 

known as fishfinders) have previously been used to determine the depth of water and 

sludge height in small agricultural lagoons (Singh et al., 2008). Through the use of GPS 

technology in conjunction with sonar, the location and vertical distance to the top of the 

sludge layer (or sludge blanket) can be simultaneously recorded to a memory card; this 

data can then be used to develop contour maps of sludge and in the determination of 

total sludge volume in the pond (Singh et al., 2008). 

Remotely operated vehicles (ROVs) are becoming increasingly popular for research 

applications, with ROVs being developed for water sampling (Kaizu et al., 2011), and 

current profiling (Kriechbaumer et al., 2015). The coupling of sonar technology with an 

ROV platform has several advantages over traditional sludge measurement techniques, 

as they:  

1. Require less manual labour,  

2. Reduce safety risks and occupational health and safety requirements, as it does 

not require launching a boat onto the WSP,  

3. Reduce the subjectivity of measurements taken with traditional techniques (i.e., 

removes human error in reading and the differences in having different people 

conduct the surveys), and  

4. Collect many more data points in a shorter period of time (i.e., increase 

measuring efficiency) with greater spatial resolution (i.e., smaller grid spacing).  

Additionally, the combination of an ROV fitted with sonar will be a significant 

advantage for bathymetric surveys of many water bodies other than WSPs. ROVs may 

also be applied to small to medium sized water bodies, such as lakes and stormwater 

retention wetlands, drinking water reservoirs, rivers, pools, channels, and recreational 

and commercial ports. 

Wastewater treatment and management are key areas of concern (NHMRC 2011, 

Productivity Commission, 2011); however, there has been little work to develop a 
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framework that considers the biological and hydraulic processes in WSP and how they 

impact treatment efficiency (Ghadouani and Coggins, 2011). The development of such a 

framework requires a much better understanding of and how these processes vary with 

the accumulation of sludge. For example, the accuracy of hydrodynamic models of 

WSPs has suffered due to the low-resolution data input as pond bathymetry (Daigger, 

2011, Alvarado et al., 2012a). The improvement in spatial resolution of pond 

bathymetry data alone will greatly improve models used to understand pond hydraulics 

and how sludge accumulation and geometry affect performance (Passos et al., 2016); 

these could in turn be used to develop new WSP coupled models of hydraulics and 

biology. By focusing on process understanding, we may be able to reduce our reliance 

on chemical treatment or other expensive treatment options, including frequent sludge 

removal (Barrington and Ghadouani, 2008, Barrington et al., 2011, Ghadouani and 

Coggins, 2011). Thus, the main objective of this study was to assess the performance of 

a ROV with GPS-equipped sonar to measure sludge height in WSP, with the aim to 

develop it to a point where it could be implemented for research and within industry. 

 

2.3 Materials and methods 

2.3.1 GPS equipped sonar unit 

A sonar unit with GPS (model HDS-5, Lowrance Electronics, Tulsa, Oklahoma) with an 

83/200 kHz transducer was selected and tested, as the built-in GPS allows for the 

simultaneous acquisition of water depth and map coordinate data. The unit also allows 

for continuous data logging, and saves files to an SD memory card. This particular unit 

was chosen after field trials on WSPs during 2010 (see: Morgan, 2010). At specific 

locations, point measurements of sludge height were taken by both the sludge judge and 

the sonar. As the sonar unit measures and records local water depth, sludge heights were 

calculated by subtracting depth measurements from the average pond depth (from asset 

data). There was a very strong correlation (R
2
 = 0.98) between the two measurement 

techniques (Figure 2-2), with a tendency for the sonar reading to be slightly higher than 

the corresponding sludge judge reading.  
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Figure 2-2: Sonar vs. sludge judge measurement (n = 24). The dashed line indicates the 1:1 relationship, 

with the relationship between sonar and sludge judge (solid line) being very close to ideal (data from: 

Morgan, 2010). 

 

2.3.2 Remotely operated vehicle design  

A prototype boat was built using an off-the-shelf plastic hull (length: 1150 mm; max 

width 385 mm), and powered by 12 V lead acid batteries. The boat had a frame fitted to 

the top, with the sonar unit being mounted on the front (as ballast). The transducer was 

fixed inside the hull to the front of the boat (away from the motors). Due to different 

voltage requirements for the motor and sonar unit, separate power sources were used for 

the boat and sonar. Stabilisers/pontoons were fitted to the boat to improve both stability 

when manoeuvring in the water and buoyancy.  
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Figure 2-3: Prototype remote control boat with sonar mounted on the front of a frame; 

stabilisers/pontoons fitted on both sides (Photo: A. Chua). 

 

2.3.3 Assessment of prototype ROV operation 

In the initial stages of the development, the remote control boat with sonar was tested 

on several ponds to ensure that it 1) was suitable for use on WSP, 2) was accurate in its 

measurement, and 3) had high reproducibility of results. 

The ROV was tested at wastewater treatment plants (WWTPs) close to the Perth 

metropolitan area, Western Australia. Two ponds were chosen for testing: Pond A, a 

secondary maturation pond in Brunswick Junction (165 km south of Perth), and Pond B, 

a primary facultative pond in Waroona (110 km south of Perth). Dimensions of the 

selected ponds were 59 m × 62 m and 84 m × 84 m, respectively. Pond managers 

profiled both ponds using a sludge judge during June 2011. 

The selected ponds were profiled several times during the period of June-August 2011, 

with data collected using the logging function on the sonar. Data was collected along 

transects approximately 2 m apart in both the lateral and longitudinal directions. The 

boat was maintained at a constant low speed (approximately 2-4 km h
-1

) while profiling, 

and kept in constant motion for as long as possible. In addition, some profiles also 

included a ‘run’ around the pond perimeter to obtain measurements as close to the edge 

of the pond as possible. The sonar and transducer were calibrated for shallow water use, 

using the in-built sonar settings. Additionally, ping speed was set to the maximum 

resolution of 3200 bytes per ping.  
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2.3.4 Data processing and analysis  

Data was downloaded from the sonar SD memory card into Sonar Log Viewer (version 

2.1.2, Lowrance Electronics, Tulsa, Oklahoma), and then converted to Microsoft Excel 

Comma Separated Value (csv) format (Figure 2-4). During processing, false depth data 

was removed, i.e., depth readings greater than the pond depth from pond operator asset 

data (1-2 % of total data). Depth measurements were converted to metres, then depths 

converted to sludge heights (i.e. the average depth of the pond minus the local water 

depth). GPS coordinates were converted to Universal Transverse Mercator (UTM) using 

MATLAB
®
 (for more details on GPS conversion, see Singh et al., 2008). It was 

assumed that the pond bottom surface was uniform. Coordinates of each measurement 

point were then defined relative to the lowest easting and northing values. Output 

measurement locations and sludge heights (m) were input into 3D surface mapping 

software Surfer (version 9.0, Golden Software Inc.), to create a graph coordinate file 

(i.e., xyz file). This file was then run through the gridding toolbox to filter the data; 

where points were retained according to median z values (sludge height) for any given 

(x,y). Using Kriging interpolation, grids were generated at a spacing of 1 m in both x 

and y, then used to create a 3D surface plot of the sludge. 

 

Figure 2-4: Summary of the data processing required after profiles were taken with the ROV. 
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2.4 Results and discussion 

2.4.1 Initial assessment of ROV operation 

Profiles of Ponds A and B were measured on four occasions between June and August 

2011. Pond A was the first pond upon which the ROV was tested and more profiles 

were conducted here to ensure the reliability and reproducibility of profiling data. Each 

profile completed with the ROV took approximately 20 mins and 30 mins for Ponds A 

and B, respectively.  

The profile of Pond A (Figure 2-5) shows a reasonably uniform sludge distribution, 

consistent with it having been partially desludged by the pond managers in early 2011.  

The walls of the pond are the high points visible surrounding the edge of this plot. 

 

Figure 2-5: Sludge profile of Pond A, where the inlet is located at (52,48), and outlet at (1,44). The colour 

scale indicates the height of the sludge-water interface (in metres) above the bottom of the pond. This 

pond has a reasonably uniform sludge distribution.  

 

In comparison, the profile of Pond B (Figure 2-6) shows more variability in sludge 

height. With the high-resolution data collected by the sonar, it is possible to spot the 

channel feature that has formed between the inlet and outlet; the average sludge height 

in this region is 0.3 m (colour: dark blue). Sludge accumulation on the side of the pond 
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adjacent to the inlet is also visible, with the change in sludge height from the channel to 

this region being abrupt (0.2 m higher than the channel itself). It is also evident that 

there is a very large accumulation of sludge in the southwest corner of the pond. Finally, 

highlighting the advantages of the increased spatial resolution of provided by the sonar, 

the profile shows pockets that have formed throughout the sludge blanket. 

 

 

Figure 2-6: Sludge profile of Pond B, with inlet located at (77,1) and outlet at (6,80); colour scale 

indicates sludge height (in metres) from the bottom of the pond. This pond has a highly uneven sludge 

distribution, with a noticeable channel feature. 

 

Reproducibility of sludge profile data collected was assessed by comparing data 

collected on different profiling days at Pond A. Three profiles taken with the sonar were 

compared to the sludge judge measurements along the transect y = 35 m (for sludge 

surface shown in Figure 2-5). This comparison shows the reproducibility of the sonar 

profiling, with measurements on different days being within 5 % range of each other 

over the overall depth (i.e., within 5 cm) (Figure 2-7).  
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Figure 2-7: Comparison of Pond A along transect y = 35 m, on three different profiling days using both 

the ROV and sludge judge techniques. The high reproducibility of the sonar profiling technique is 

evident here. Note: SJ = sludge judge. 

 

The inconsistencies between values from the two different methods may be attributed to 

the ‘human factor’ of sludge judge surveys. Sludge judge survey accuracy relies on a 

number of factors, including the experience of the operator, the subjectivity and 

accuracy of their readings (and their readings compared to other operators), whether or 

not the sludge blanket surface is more consolidated or ‘fluffy’, and their sample position 

relative to the marks on the side of the pond (e.g., drift of the boat could impact the 

accuracy of the reading along the transect used in Figure 2-7). The sludge blanket of 

Pond A, used for this comparison, is known to the operators as having a fluffier surface, 

making it more difficult for them to determine the actual sludge height.  

In addition, there are variations in values taken near the edges (or pond walls) of the 

sonar-profiled data, particularly on 24 June 2011. This is most likely due to positioning 

error of the GPS, as it was cloudy and raining on this day of profiling; online user 

forums for the Lowrance HDS-5 have reported unit GPS accuracy between 1-6 m. 

However, despite this error near the edge, the profile is otherwise very similar to the 

subsequent sonar profiles. 
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2.4.2 Advantages of autonomous profiling 

Compared to a sludge judge survey the ROV not only reduced sludge profiling time, but 

also greatly increased the spatial resolution of the data collected. The ROV surveys of 

these ponds were completed in 20 to 30 mins, while sludge judge surveys for Ponds A 

and B took between 1 to 1.5 hours. Furthermore, the sludge judge surveys for these 

ponds yielded 25 and 42 data points, respectively, whereas the sonar surveys yielded 

27192 and 30500 data points. Of the collected sonar measurements, 1513 data points for 

Pond A and 1886 for Pond B were mapped to generate the grids used to create the 3D 

surface plots; data points were filtered for gridding using the median z value (i.e., depth) 

recorded at each GPS coordinate (i.e., the data points retained are unique, while 

duplicates are discarded). Using sludge judge, sludge volume estimates were calculated 

by using the average profiled sludge height, based on the number of data points taken. 

In comparison, estimates with sonar data were calculated with Simpson’s 3/8 rule for 

numerical integration, and used all of the mapped data points rather than just the 

average. 

Overall, a sludge judge can only capture pond-scale features of the sludge distribution 

(Figure 2-8), while a sonar survey determines the sludge bathymetry (Figure 2-6), 

showing much higher detail and resolution of the sludge blanket, including highlighting 

the presence of channels and pockets. The high-resolution data can then be used for 

other purposes, such as quantifying the relationship between sludge accumulation and 

hydraulics, and is suitable for input into computer models. Therefore, the testing of the 

boat satisfied the requirements of higher resolution sludge height data collection, and 

removed the safety risks of going out onto WSPs with a boat. 
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Figure 2-8: Sludge height distribution for Pond B (scale in metres), obtained using sludge judge (27 June 

2011), with a grid spacing of 10.5 m by 12 m (Source: Water Corporation). Note: Point of reference 

for this plot is mirrored, inlet is located at R1. 

 

2.4.3 Prototype ROV design 

Previous sonar profiling studies have used unmanned airboats (Singh et al., 2008, Kaizu 

et al., 2011). Here, however, it was found that profiling WSPs would be more simply 

achieved by driving the boat in a straight line – something that could not be delivered 

by the use of an airboat without a submerged rudder (such as: Kaizu et al., 2011). 

Furthermore, WSPs in Western Australia are generally located in cleared areas, and thus 

do not have any shelter from the wind. For example, weather data for August 2011 from 

a station near Pond A recorded wind gusts of up to 85 km h
-1

 (data from Australian 

Bureau of Meteorology), with an average 9 am wind speed of 13 km h
-1

, and when 

profiling was conducted, ripples were clearly visible on the pond surface. In light of the 

medium to strong prevailing wind conditions at WSP sites all over Western Australia, it 

was decided that a boat with submerged rudder and propeller could be better controlled 

for complete and rapid sludge profiling. 

While the results taken with the sonar on the boat were successful, two disadvantages 

were identified with the tested prototype. The prototype was an electric boat, and would 

drain one battery in the process of taking a 20-30 min profile. This meant that several 
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1 kg batteries had to be transported on site. The other disadvantage arose from the 

design of a boat with a submerged rudder and propellers, as floating debris (e.g., rags) 

could become stuck on the propellers, requiring immediate removal. This was a 

particular problem on ponds that did not have screening before inflow. 

2.5  ROV implementation by Australian water authorities 

Over the past 5 years, several boat hull designs have been tested, however all have been 

battery powered, and had a radio range of up to 200 m. Boat size has ranged between 

900-1150 mm in length, and up to 500 mm in width, making them easily packed away 

into carrying cases, and easily transportable to and from site. Earlier versions had a 

frame fitted to the top of the boat to secure the sonar and pontoons; in later versions, the 

sonar unit has been located within the boat hull. Depending on the load of the batteries 

in the boat, ballast (weights) may also be required to achieve the optimum level 

configuration in the water. 

2.5.1 Redesign of the boat 

The possibility of implementation in industry was always at the forefront of the 

development of the boat, however, after proof of concept testing, as discussed in 

Sections 2.3 and 2.4, it was obvious that some improvements would be required to make 

the ROV more robust for implementation. The prototype boat was of a shallow V-

shaped hull design – one normally used for the design of boats built for speed. As 

mentioned previously, the optimum speed for profiling is 2-4 km h
-1

, while the 

prototype boat, an off-the-shelf model designed for leisure, was built for speeds in 

excess of 30 km h
-1

. The next logical progression from this was to move to a hull with a 

deeper V-shape or U-shape, as used for the design of slower moving vessels like 

tugboats and barges. In addition to a different hull shape, the new boat hull also needed 

to be made from a more robust material than the light plastic of the prototype, which 

showed bad signs of wear after 12 months of use. The stabilisers, made of foam cut-outs 

on the prototype, also needed to be more robust and easier to clean and disinfect after 

use.  

Apart from the changes required to strengthen the exterior of the boat, efforts were 

invested in ensuring the electrics of the boat were also more robust. Off-the-shelf toy 

boats are generally expected to have a limited lifetime, and within that lifetime not see 

heavy use. In order to make the ROV suitable for industry, the boat needed to have a 

longer battery life (prototype battery life was 15-20 mins), electrical components that 
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were waterproof or water-resistant (in case of water ingress), and needed to be simple 

for operators to be able to service and replace mechanical and electrical components as 

required. 

2.5.2 Mark II design 

The initial redesign of the boat used a tugboat (deep V-shaped) hull made of more 

robust plastic, had a more robust frame on top to mount both the sonar unit, and 

improved stabilisers/pontoons (Figure 2-9). In addition to the improved hull shape, this 

boat moved to using only one propeller, unlike the twin propeller arrangement on the 

prototype, and incorporated a skeg on the centreline of the hull. The skeg was installed 

to protect the propeller when launching and retrieving the boat, as well as to reduce the 

occurrence of the boat becoming stuck on large floating material. The propeller was 

made of brass (instead of plastic), and was driven by a brushless motor (more energy 

efficient). Battery life of the boat was increased to 4 hours run time by using Nickel 

Metal Hydride (NiMH) batteries instead of lead acid batteries; these batteries were also 

much easier to transport to site, easier and faster to charge, and more readily available 

for purchase.  

 

Figure 2-9: Mark II design ROV, with a deep V-shaped hull. 
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The extended battery life of the boat expanded the size of ponds that the boat could be 

used on, and removed the need to change batteries midway through profiling a pond. 

The improved design of the hull made the boat more stable in the water, and was much 

better suited to the low speeds required for profiling. However, a disadvantage found 

with this boat was due to the deep V-shaped hull, as it required a stand to hold the boat 

upright for set-up, cleaning, and packing up. Therefore, it was decided to improve the 

design of the boat further. 

2.5.3 Mark III: current design 

In order to address the requirement of having a stand for Mark II, it was decided to 

make a boat with a U-shaped hull, or a barge shape boat (Figure 2-10). This hull shape 

was advantageous in two respects: 1) it did not require a stand as the bottom is flat, and 

2) due to the slight increase in boat width, there was enough room inside the hull to 

mount the sonar, removing the need for a full frame on the exterior. The first unit of this 

shape had a plastic hull. Our industry partner, the Water Corporation, tested this boat 

extensively on WSPs across Western Australia, and it was decided that the U-shaped 

hull was an optimum design, as having the sonar mounted inside the boat protected it 

from the elements, and made cleaning easier. 

 

Figure 2-10: Mark III and current design of the ROV for profiling. 

 

Due to the success of this design, having longer battery life, sonar mounted inside, and 

hull shape, it was then decided to make the boat hulls from fiberglass, a more robust and 
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lighter material than plastic. Over the past 3 years, these boats have proved to be: 1) 

durable, having been frequently shipped on planes and in cars, 2) consistent in their 

operation, and 3) low maintenance.  

In addition to the operational reliability of the ROV, the boat also addressed the safety 

issues associated with sludge judge, and other on-pond profiling techniques. In 

particular, the development of the boat fits in with the ‘zero harm’ safety policies of 

many Australian water utilities, and has been shown as an exemplar for safety practice 

within the Western Australia and nationally. The innovation of this boat for sludge 

profiling has been recognised in-house by the Water Corporation of Western Australia, 

with the ROV being awarded the Water Corporation Chairman’s Innovation Award, and 

Zero Harm Safety Award in 2013. Additionally, it was a finalist in the national 

Australian Water Association National Safety Award 2011.  

2.5.4 Development of SludgePro processing software 

In addition to the improvements in boat design over the three years, it was also 

necessary to streamline the data analysis process to make it more user-friendly for 

operators. As outlined in Section 2.3.4, there are several steps required to process the 

data collected by the sonar unit, with processing taking between 30-60 mins to complete. 

This proved to be a time consuming process when there were several profiles to process, 

and could not be easily done on site, just in case another profile needed to be taken (e.g., 

if there was an error with the sonar). The process was not very user friendly or time 

efficient, requiring competency in four different computer programs, therefore it was 

decided to develop a simple piece of software to make the process much more user-

friendly, and significantly quicker. 

The SludgePro software was designed to use three powerful, open-source software 

packages under the GNU Generic Public Licence: Generic Mapping Tools (GMT), 

GNU Awk (GAWK) and Ghostscript (GS). These were used to create a script to 

perform all calculations and plotting. Filtering, analysis and mapping of geophysical 

data, including survey data, used the GMT collection of tools. GNU Awk is used for file 

processing, and GS, an image conversion tool, used to produce the A3-size PDF reports. 

The software includes a Graphical User Interface (GUI) to allow the user to easily input 

and manipulate the files and pond data (Figure 2-11). The SludgePro frontend guides 

the user into providing the necessary information to run a batch script, which calls upon 

the tools from GMT, GAWK and GS to process and plot the survey data. There is the 
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ability to modify the script at any time without affecting the function of the frontend, 

however the script is complex, and modification is not advised. Most importantly, all 

the files and data can be processed, read, and modified by the user without the need for 

any programming knowledge.  

 

Figure 2-11: Opening screen of the SludgePro GUI. 

 

The input file used by SludgePro is the csv file obtained by exporting sonar log files, 

using the Sonar Log Viewer software (see: Section 2.3.4). This file is input into the 

frontend, along with the date that the profiling was completed. Within the SludgePro 

script, pond boundaries, obtained by using Google Earth, are used to remove all 

measurements in the data that are outside the known boundaries; these include sonar 

measurements taken on the bank when the boat is out of the water. Erroneous 

measurements, such as depths higher than the known pond depth (determined using 

asset data), are also removed. The water depths are converted to sludge height by 

subtracting the measured water depth from the known pond depth, and it is assumed that 

the pond bottom surface is uniform. The resulting dataset is then used to create a grid, 

which is then used for plotting and the statistical analysis. 

The main advantage of this software is that it can produce a report for a pond in less 

than 30 seconds, which is an exponential improvement from the 30-60 mins when 
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processing manually. The fast run time of the software means that it can be used out on 

site to see what the profiling results for ponds are, and allows the operator to assess if 

extra profiling of the pond may be needed (e.g., if an area of the pond appears to have 

been missed – easily determined by looking at the survey track). The SludgePro 

software package is very small in size (< 150MB), and can be installed on all kinds of 

laptops/computers operating Microsoft Windows.  

Through consultation with pond managers in 2012, a template was designed for the 

reporting of sludge bathymetry. This template showed the map location of the pond, 2D 

contour, 3D profile, essential statistics about the pond (e.g., pond length and width, 

depth estimate, total pond volume, sludge volume), and a comment section. Using this 

template as a starting point, it was decided to include the following graphics/data in 

SludgePro reports (see example in Figure 2-12): 

1. 2D contour; 

2. Survey track, showing the path of the boat within the pond; 

3. 3D view; 

4. Sludge height cross-sections in both the x and y direction (and user determined); 

5. Statistics, including pond depth estimate, total pond volume, volume of sludge, 

maximum sludge height, and sludge infill percentage. 

 

Furthermore, once a pond location has been added into the software, it is then stored in 

the package, along with previous profiles (date stamped by the software); this allows the 

operator to easily compare the changes in the profile over time (e.g., percentage sludge 

infill increase over time). The reports, in PDF format, are small enough for digital 

transfer (via email), and can be printed if required. 
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Figure 2-12: An example of an output from SludgePro. 

 

2.5.5 Sludge Profiling Boat Operation Manual 

Part of any successfully used piece of equipment is a comprehensive, well-explained 

and easy to follow manual for use – the sludge profiling boat and the SludgePro 

software being no exception. Due to the safety requirements parties interested in the 
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profiling boat, such as water utilities, government agencies, mining companies, it was 

necessary to invest time in writing an informative guide for safe usage. This would not 

only make it easier for others to use the boat, but also help to formulate the necessary 

risk assessments for permits to conduct ROV profiling of assets.  

The operation manual
1
 has been assessed and revised based on comments received from 

industry partners over the past 3 years. The manual includes sections on: 

1. Quick Start on Site – a quick guide to getting the boat going on site; 

2. Information about the remote control boat components, and how to correctly 

operate it; 

3. Operation and Maintenance, including launching, driving, and retrieving the 

boat, maintenance of batteries, cleaning; 

4. A guide for use of the functions of the sonar unit; 

5. Troubleshooting; 

6. Data processing, i.e., download of sonar log files 

7. Manual for the use of SludgePro. 

 

Additional to that provided in the manual, step-by-step guides for adding and processing 

ponds have also been made for users of SludgePro. These have been designed assuming 

that the user has no prior knowledge of programming. These guides, along with the 

Quick Start on Site, have been very successful in aiding knowledge transfer to users. 

2.5.6 Knowledge transfer workshops 

With the delivery of boats to research and industry partners, every effort was made to 

ensure that the necessary people were adequately trained in the use of the boat, sonar, 

and SludgePro software. During the first phase of training, we are onsite at ponds to get 

the operators familiar with using the boat, and teaching them what to be aware of on-site 

while conducting a survey (Figure 2-13). As the boat was designed to be simple to use, 

operators tend to pick up set up and profiling with the boat very quickly, and with much 

enthusiasm. 

Workshops on data processing are conducted separately to fieldwork, but use the data 

collected by the operators in the field as a learning aid; this encourages interest and 

                                                 
1
 Sludge Profiling Boat: Operation Manual. 2015. 

Available from: https://cloudstor.aarnet.edu.au/plus/index.php/s/sd6t1zGQUXO70O9 
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engagement from operators, as they could see what their efforts out in the field yielded. 

It is through these workshops that we have also been able to make subtle improvements 

to the software package to make it easier for operators to use.  

 

Figure 2-13: Knowledge transfer of boat technology to a group of TasWater operators and engineers out 

on site, conducted in late February 2016. 

 

2.5.7 Implementation of sludge profiling by water authorities 

Two sludge profiling boat units were delivered to the Water Corporation in October 

2013. The boat has been used extensively across Western Australia since then, and has 

become the preferred method for conducting sludge surveys. Due to the boat being easy 

to service, there have been no major issues with the boat in this time, showing that the 

boat is of a robust design. To date, these boats have surveyed in excess of 150 ponds in 

Western Australia. 

With the success of the sludge profiling boat in Western Australia, the Tasmanian Water 

Corporation (TasWater) expressed interest in the boat in mid-2014, and a trial was 

conducted in ponds around Launceston in November 2014. Due to the success of these 

trails, two sludge profiling boat units were delivered to TasWater in July 2015, along 

with a knowledge transfer workshop to a small group of people. A third unit was 

delivered in February 2016, along with knowledge transfer workshops in Launceston 
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and Hobart, to a much larger group. Since July 2015, the boat has been used on 120 

WSPs in Tasmania, as well as on drinking water reservoirs 

2.5.8 Bathymetric surveys 

Stormwater wetlands 

In addition to being used extensively on WSPs, the boat has been used on a series of 

stormwater retention wetlands in Melbourne, in collaboration with researchers at 

Monash University. Rather than using the data collected to infer sludge height in ponds, 

the boat was used for bathymetry surveys of three basins along Troups Creek. For 

bathymetric surveys, SludgePro is not used to analyse data, however, the same 

methodology that is used in SludgePro was used (as outlined in Section 2.5.4). Filtered 

data (using a Python script) was input into ArcGIS to create a Triangular Irregular 

Network (TIN) for visualisation. The high-resolution bathymetry data (Figure 2-14) was 

also then able to input into a flow model of the creek network, to assist with the other 

research being carried out. 

 

Figure 2-14: Bathymetric survey of the main wetland of Troups Creek, 3D and plan view showing water 

depth and boat survey track. 
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Lakes 

Rottnest Island, approximately 20 km off the coast of Western Australia, has a series of 

environmentally significant salt lakes, and despite a long history of people inhabiting 

the island, and it being a popular tourist destination, a comprehensive bathymetric 

survey of the lakes had never been conducted. The Rottnest Island Authority deployed 

the remote control boat on this series of lakes over a one-month period in 

November/December 2015. The collection of this data was vital for the island authority 

in order to protect the unique environment of these lakes from the impacts of tourism 

and development on the island. The profiling of these lakes was a significant test for the 

boat (Figure 2-15), as the lakes are significantly larger than any of the WSPs previously 

profiled. The largest lake, Government House Lake, is approximately 1900 m in length, 

and 650 m in width. Eight lakes on the island were surveyed, and the data processed and 

analysed using the statistical tools available in the ArcGIS package. 
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Figure 2-15: Bathymetry of the Rottnest Island salt lakes. No previous bathymetry data had been 

measured for these systems in the past. Please note the large size of these lakes. 
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River pools 

The Canning River is a major tributary of the Swan River, in the southwest of Western 

Australia. In the upper reaches of the river, there are many small to medium sized 

natural pools. Anecdotal evidence from regular users of the river, and the River 

Guardians (Department of Parks and Wildlife, Western Australia), is that these pools are 

ecologically significant; however the effect of natural sediment build-up in these pools 

is unknown. Due to its size and portability, the ROV with sonar is well suited for 

conducting surveys of these pools, with 10 pools have being been profiled since mid-

2015 (e.g., Figure 2-16).  

 

Figure 2-16: Bathymetry of a pool along the Canning River. Colour scale in metres, indicating water 

depth, red arrows indicate direction of flow. 

 

These three examples show that the boat is not limited to use on WSPs, having proven 

itself to be very effective for surveying bathymetry in a variety of different locations.  



3 2  |  

2.6 Capability and future applications 

2.6.1 Sludge management 

The management of sludge is rarely considered in the pond design process, despite the 

inevitability of sludge accumulation in WSPs (Nelson et al., 2004). Reasons for 

overlooking sludge management in design include the lack of information about sludge 

distribution within ponds, sludge characteristics, and accumulation rates (Nelson et al., 

2004). Sludge distribution within ponds is of particular interest and importance, as this 

can have a significant impact on pond hydraulics and treatment efficiency. More 

information and understanding about how sludge distribution affects pond 

characteristics will lead to better informed maintenance decisions by ponds managers, 

and could lead to design improvements.  

The high-resolution data collected by the sonar is a significant improvement on 

traditional sludge profiling techniques, with output images clearly showing the 

formation of channels and areas of high sludge (e.g., Figure 2-6). In early 2012, 

managers of a pond in southwest Western Australia requested profiling on a pond that 

had been displaying abnormal hydraulic characteristics since desludging a few months 

prior.  

 

Figure 2-17: Sludge bathymetry in a pond that was reported to be displaying abnormal hydraulic 

behaviour. The most significant feature in this profile is the U-shaped channel that has formed around 

the eastern edge of the pond. The inlet is located at approximately (142,70). Colour scale shows 

sludge height in metres. 
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From Figure 2-17, it is obvious where the sludge has been removed. With the large 

decants of incoming water that this pond receives several times a day creating a scour 

effect around the inlet end, a 10 m wide U-shaped channel has formed, explaining the 

abnormal hydrodynamic behaviour being observed by pond managers. 

This example makes it clear that the high-resolution bathymetric data collected using 

sonar profiling is an extremely useful tool for the determination of sludge distribution in 

ponds. Using traditional profiling techniques, which can only capture pond-scale 

features, this discovery could have easily been missed, as channel features could be at 

smaller scales than the discreet sample spacing. Moreover, it shows that the sonar can 

be used high-resolution diagnostic tool to understand the hydraulics in ponds. Most 

importantly, this critical high-resolution data can be collected without the need to go out 

onto WSPs in a boat, addressing several safety considerations. The portability and 

convenience of this technology could be applied on ponds on a more frequent basis (e.g., 

monthly vs. yearly), to collect valuable data on sludge accumulation rates.   

2.6.2 High-resolution data for computer modelling 

Previously bathymetric data from traditional sludge surveys in WSPs have been used to 

create computational fluid dynamics (CFD) models with varying levels of success 

(Olukanni and Ducoste, 2011, Alvarado et al., 2012a, Sah et al., 2012, Alvarado et al., 

2013, Passos et al., 2014). Due to low-resolution of data input as bathymetry, these 

models have been harder to validate against actual conditions. Several studies have 

found that higher resolution data would significantly improve the accuracy to CFD 

models of WSPs (Daigger, 2011, Alvarado et al., 2012a); with the increased spatial 

resolution provided by profiling with sonar being an ideal solution to this. The increase 

in bathymetric resolution, coupled with tracer test data, will allow for better calibration 

and validation of models (Sah et al., 2011, Alvarado et al., 2012b), and will increase the 

reliability of model outputs. In turn these improvements to models will increase our 

understanding of WSP systems, and allow for more accurate modelling of the effects of 

pond installations, such as baffles, as well as aid in the management of ponds, including 

desludging. 

Applying this to sludge management, a CFD model could be used to determine the 

differences between different sludge infill scenarios, for example, the current operating 

sludge distribution in a pond versus the same pond with no sludge. Modelling with 

high-resolution bathymetric data is very promising, and with the addition wind forcing 
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(such as in: Shilton and Harrison, 2003), will work toward becoming a useful diagnostic 

tool for existing systems, as well as a useful predictive tool for new systems, or the 

installation of flow features such as baffles. Therefore the addition of high-resolution 

bathymetry data is a step in the right direction for more spatial accuracy in the CFD 

modelling of WSP systems.  

 

2.7 Conclusions 

From this study we can conclude that the remote control boat (or ROV) successfully 

measures sludge distribution with high-resolution. This then allows the construction of 

detailed 2D and 3D plots of the sludge blanket, showing the formation of features such 

as channels and pockets. Most importantly, this method allows the collection of high-

resolution bathymetric data without going onto WSPs in a boat, addressing several 

important safety considerations. The ROV is a reliable tool that has been successfully 

deployed on over 400 Australian WSP of various geometries and sludge distributions, 

stormwater retention wetlands, lakes, and river pools. Our ability to obtain sludge 

distribution and accumulation data rapidly will prove invaluable in the future. This 

technology will help in the development of frameworks for wastewater sludge 

management, and could potentially have a wider application in the monitoring of other 

small to medium water bodies, including reservoirs, channels, recreational water bodies 

and commercial ports.  
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3 Sludge accumulation and distribution impact the hydraulic 

performance in waste stabilisation ponds
1
 

 

3.1 Abstract 

Waste stabilisation ponds (WSPs) are used worldwide for wastewater treatment, and throughout their 

operation require periodic sludge surveys. Sludge accumulation in WSP can impact performance by 

reducing the effective volume of the pond, and altering the pond hydraulics and wastewater treatment 

efficiency. Traditionally, sludge heights, and thus sludge volume, have been measured using low-

resolution and labour intensive methods such as ‘sludge judge’ and the ‘white towel’ test. A sonar device, 

a readily available technology, fitted to a remotely operated vehicle (ROV) was shown to improve the 

spatial resolution and accuracy of sludge height measurements, as well as reduce labour and safety 

requirements. Coupled with a dedicated software package, the profiling of several WSPs has shown that 

the ROV with autonomous sonar device is capable of providing sludge bathymetry with greatly increased 

spatial resolution in a greatly reduced profiling time, leading to a better understanding of the role played 

by sludge accumulation in hydraulic performance of WSPs. The high-resolution bathymetry collected was 

used to support a much more detailed hydrodynamic assessment of systems with low, medium and high 

accumulations of sludge. The results of the modelling show that hydraulic performance is not only 

influenced by the sludge accumulation, but also that the spatial distribution of sludge plays a critical role 

in reducing the treatment capacity of these systems. In a range of ponds modelled, the reduction in 

residence time ranged from 33% in a pond with a uniform sludge distribution to a reduction of up to 60% 

in a pond with highly channelized flow. The combination of high-resolution measurement of sludge 

accumulation and hydrodynamic modelling will help in the development of frameworks for wastewater 

sludge management, including the development of more reliable computer models, and could potentially 

have wider application in the monitoring of other small to medium water bodies, such as channels, 

recreational water bodies, and commercial ports.  

 

3.2 Introduction 

The growing problem of water scarcity (Daigger, 2009, Nair et al., 2014) has also come 

with increased expectations to provide higher level treated wastewater with greater 

societal and ecological benefits for the urban water cycle (Elimelech and Phillip, 2011, 

Grant et al., 2012, Hering et al., 2013), while still utilising technologies and 

infrastructure that has been designed, built, and used in the past century. Wastewater 

treatment has now also extended to the removal of new constituents of concern such as 

                                                 
1
 Coggins, L. X., Ghisalberti, M. & Ghadouani. A, 2017. ‘Sludge accumulation and distribution impact 

the hydraulic performance in waste stabilisation ponds’, Water Research, 110, 354-365.  
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metals, hydrocarbons, pesticides, and pharmaceuticals, among others (Qu et al., 2013, 

Brands, 2014, Zhang et al., 2014, Laurent et al., 2015, Martin et al., 2015). As 

regulators place stricter guidelines on discharge quality, the challenge for the future is to 

provide the socio-environmental and economic benefits of wastewater treatment in both 

the developed and developing world, by engineering or reengineering sustainable, 

affordable and appropriate infrastructure (Shannon et al., 2008, Grant et al., 2012, 

Hering et al., 2013, van Loosdrecht and Brdjanovic, 2014).  

Waste stabilisation ponds (WSPs) are simple, highly efficient, low-cost, low-

maintenance and robust systems for non-potable wastewater treatment and reuse (Mara, 

2004, Nelson et al., 2004, Picot et al., 2005), widely used in the developed and 

developing world (Peña Varón and Mara, 2004). In WSPs, wastewater constituents are 

removed by sedimentation or transformed by biological and chemical processes, 

resulting in the formation of a sludge layer due to the sedimentation of influent 

suspended solids, algae and bacteria (Nelson et al., 2004). 

Evolution of pond hydraulics over time is particularly important as removal efficiencies 

are strongly dependent on local concentrations, and thus dependant on hydraulics 

(Laurent et al., 2015). However, WSPs are notoriously hydraulically inefficient, with 

unsatisfactory hydraulic control being one of the contributing factors of poor 

performance in constructed ponds (Persson and Wittgren, 2003). In the long term, 

hydraulic efficiency of ponds is further compromised by sludge accumulation, which 

affects pond performance by reducing effective volume and changing the bottom 

bathymetry (Persson et al., 1999, Peña et al., 2000, Persson, 2000, Persson and Wittgren, 

2003, Nelson et al., 2004, Olukanni and Ducoste, 2011, Sah et al., 2012). Sludge build-

up in these systems is of particular importance, as it does not accumulate evenly (i.e., 

bathymetric heterogeneity), and contributes to the complexity of the hydrodynamics, 

making the pond less predictable and optimal than the “idealised” initial design. 

Traditional methods of surveying sludge height, such as a ‘sludge judge’ (Westerman et 

al., 2008) or the ‘white towel test’ (Mara, 2004), require deployment from a boat, have 

low spatial resolution (dependent on the grid spacing chosen by the operator and size of 

pond), are subjective (depends on operator interpretation), and are time consuming. 

Despite being labour intensive and low in resolution, data from these bathymetric 

surveys is vital for planning pond maintenance, in particular sludge removal and 

disposal, which can be highly expensive and complex (Peña et al., 2000, Nelson et al., 

2004, Picot et al., 2005, Alvarado et al., 2012a). 
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With the availability of more advanced and reliable computational fluid dynamics (CFD) 

models in recent years, there has been an increasing interest and success in modelling 

hydrodynamics of WSPs, along with other parameters such as nutrient and pathogen 

removal (Sah et al., 2012). Previously, bathymetric data from sludge surveys in WSPs 

have been used to create CFD models, with varying levels of success (Olukanni and 

Ducoste, 2011, Alvarado et al., 2012a, Sah et al., 2012, Alvarado et al., 2013, Passos et 

al., 2014). However, due to the low-resolution of bathymetry as data input, it has proven 

difficult to develop a hydrodynamic model of these systems that can be validated 

against field measurements; several studies have found that higher resolution data 

would significantly improve the accuracy of CFD models in WSPs (Daigger, 2011, 

Alvarado et al., 2012a). Increasing the resolution of bathymetry, along with tracer 

testing in the field, will allow for better calibration and validation of such models (Sah 

et al., 2011, Alvarado et al., 2012b), and will increase the reliability of model outputs. 

Improving the reliability of model outputs will help to increase our process 

understanding of WSPs, and help to assess how factors such as sludge accumulation and 

distribution affect pond performance. In the future, this could also lead to improved 

designs of WSPs and constructed wetlands for wastewater and/or stormwater treatment, 

as well as the design of retention ponds.  

The overall objective of this study is to determine the effect of sludge distribution and 

accumulation on the hydrodynamics of waste stabilisation ponds. Specifically, the aims 

of this study are to: 1) design and build a remotely operated vehicle (ROV) with a 

dedicated software package to collect, process and analyse high-resolution data of the 

sludge accumulation and distribution, 2) develop, calibrate and validate a 2D 

computational fluid dynamics model for WSPs, and 3) model the hydrodynamics, and 

the impact of sludge accumulation on pond hydraulics in a series of ponds with varying 

sludge distributions and volumes, ranging from low uniform to highly channelized 

systems.  

 

3.3 Materials and methods 

3.3.1 Study sites 

Three sites were selected for this study based on sludge volume and spatial distribution. 

All sites are located in the southwest of Western Australia, experience a Mediterranean 

climate with yearly average temperatures ranging between 5-31°C, and average rainfall 
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between 690-1000 mm (BOM, 2016); all sites service regional towns. The sites were 

selected on the basis of sludge accumulation and distribution to provide the suitable 

range for our study. The surface area of these systems varied from 2900 m
2
 to 7200 m

2
, 

with a design depth between 1.1-1.32 m; the total treatment capacity/volume of these 

systems without any sludge accumulation was between 3190 m
3
 and 9504 m

3
 (Table 

3-1). The average inflow of these ponds ranged from 200 kL day
-1

 to 372 kL day
-1

, and 

the nominal residence time (tn) varied between 16 and 29 days. Site 1 is a maturation 

pond, while Sites 2 and 3 are primary facultative ponds. Additionally, Site 2A, a 

primary facultative pond in parallel with Site 2, with the same dimensions, inlet/outlet 

configuration and inflow, was used for tracer data collection. 

Table 3-1: Site information for the ponds chosen for this study. Site 1 is a maturation pond, while Sites 2 

and 3 are primary facultative ponds. 

 x (m) y (m) 
Depth 

(m) 

Surface 

area (m
2
) 

Volume 

(m
3
) 

Inflow 

kL day
-1

 

tn 

(days) 

Site 1 58 50 1.10 2900 3190 200 15.9 

Site 2 120 60 1.32 7200 9504 388 24.5 

Site 3 84 84 1.10 7056 7762 267 29.1 

 

3.3.2  Remote control boat 

A remotely operated vehicle (ROV) was purposely designed to enable the collection of 

high-resolution bathymetry, which is necessary to compute sludge accumulation and 

distribution characteristics. A sonar unit was installed in the bottom of the hull of a 

remote control boat. The ROV is 1100mm in length with stabilisers fitted to the sides to 

improve the buoyancy of the boat, as well as to improve stability when manoeuvring it 

in the water under various environmental conditions, including strong winds (Figure 

3-1a). A number of prototypes were developed and tested extensively in a large number 

of WSPs, leading to a final design which allowed long battery run time (3-4 hours) and 

accurate, high-resolution bathymetry data over the entire pond. Data was collected 

along transects 2-3 m apart in each pond (Figure 3-1b). The boat was maintained at a 

constant low speed, approximately 2-4 km h
-1

, while profiling, and kept in constant 

motion for as long as possible. This resulted in the collection of thousands of data points 

per transect and provided the necessary resolution for the study. 

The sonar unit (Lowrance HDS-5, Lowrance Electronics, Tulsa, Oklahoma, USA) was 

selected as the built-in GPS allows for the simultaneous acquisition of water depth and 

map coordinate data; the unit also allows for continuous data logging, and saves files to 

a memory card. At specific locations, point measurements of sludge height were taken 
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using manual measurement with a sludge judge (Figure 3-1e) and the sonar to ensure a 

comparison between this technology and one of the most common manual techniques; 

for the sonar (which measures the local depth), sludge heights were calculated by 

subtracting depth measurements from the average pond depth (from asset data).  

 

Figure 3-1: a) Remote control boat with GPS-equipped sonar unit fitted in operation on a WSP. The boat 

hull is a deep V-shape, 1100 mm in length and 400 mm wide. The sonar unit is mounted on the top of 

the boat, while the transducer is installed inside the hull at the front of the boat. Stabilisers are fitted 

on each side to aid stability of the boat when manoeuvring. During data collection, the boat is kept at a 

constant low speed of 2-4 km h
-1

; b) a survey track over a pond using the ROV; c) opening screen of 

SludgePro© package; d) contour plot of a sludge distribution of a surveyed pond; and e) sludge judge 

being used for measurement. 

 

3.3.3 ROV for sludge profiling 

The remote control boat has been tested extensively on in excess of 100 WSPs across 

Australia, as well as in some lakes and stormwater wetlands. Profiling of ponds can be 

completed in anywhere between 20 mins to 2 hours, depending on pond size. For Sites 1 

and 3, boat profiling of these ponds was completed in 20-30 mins, while a sludge judge 

survey took 1-1.5 hrs. Furthermore, sludge judge surveys for these ponds yielded 25 and 



4 2  |  

42 data points, respectively, while remote control boat surveys yielded 27192 and 

30500 data points. Of the sonar measurements, 1513 points for the uniform pond and 

1886 points for the uneven were used to generate grids for plotting and analysis.  

3.3.4 Sludge profiling data processing and analysis - SludgePro©  

To streamline the data processing and analysis, and for reporting purposes, the data 

processing and analysis as described above was written into a program package, that we 

have called SludgePro©. The SludgePro© software was designed, for the purpose of 

this study, to use three powerful, open-source software packages, using the GNU 

Generic Public Licence: Generic Mapping Tools (GMT), GAWK, and Ghostscript (GS) 

(Figure 3-1c). By inputting the data imported from the sonar, the SludgePro© script 

performs all of the filtering, analysis, and plotting of the data, and produces a report 

suitable for use by pond managers. As a result of this program, the above analysis and 

plotting can be achieved in less than 30 seconds. This dedicated package was developed 

to process the data and produce the necessary outputs (Figure 3-1d). The data 

processing involved a number of steps which included the conversion to geographical 

coordinates, the definition of pond boundaries, the removal of outliers or duplicate data, 

the conversion from water depth to sludge height, and finally the data visualisation. 

Occasionally the sonar would produce a small number of data points (typically 1 in 

1000) which are significantly out of the possible range of depth; SludgePro© was 

programmed to identify and remove such outliers from the dataset before processing for 

the visualisation. Due to the high sampling rate of the sonar, many duplicate data points 

for each recorded location are collected, resulting in a superfluous amount of data per 

node for GMT to process for grid creation. Therefore, as prescribed by GMT, data sets 

are pre-processed using the blockmedian function, resulting in the median sludge height 

for each location being retained for gridding (Smith and Wessel, 1990). Water depths 

were converted to sludge height by subtracting the measured water depth from the 

known pond depth, and assuming that the pond bottom surface was uniform. 

SludgePro© does not currently account for sloped pond walls, however, where the 

application requires absolute measurement of sludge volume (e.g., for sludge removal 

processes), pond wall slopes are accounted for and subtracted from the calculated total 

sludge volume, as an extra step. We have previously estimated the contribution of pond 

walls to the calculated total, and these only account for small percentage (< 10%).  
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3.3.5 Hydrodynamic model construction 

A two dimensional (2D) model was chosen for this study, as it is capable of 

demonstrating the impact of variable sludge accumulation on flow pattern, as shown 

previously by Murphy (2012). In addition, we wanted the model to be accessible for use 

by pond managers/water utilities, thus the “simpler”, less computationally expensive 2D 

option was chosen over 3D. Two dimensional hydrodynamic modelling of ponds was 

performed using commercially available MIKE21 software (DHI Group). The model 

created for this study uses the hydrodynamics (HD) and advection-dispersion (AD) 

modules of the MIKE software.  

The post-processed water depth data set from SludgePro© was imported into MIKE to 

create model bathymetry files. Bathymetry files for ponds were then created using 

bilinear interpolation (with a 20 cell search radius), resulting in a rectangular grid area 

with 1m × 1m cells; this resulted in bathymetry files ranging in size from 2900 cells for 

Site 1, to 7200 cells for Site 2. No sludge scenarios for comparison were created by 

setting all water depths to the reported empty pond depth, and interpolated as above. 

Due to the grid spacing, and through the interpolation, the water depth/level of sludge in 

each 1 m × 1 m cell is constant. The boundaries of the pond were given a value of 10 m 

above the surface of the pond (0 m), thus defining the pond walls as having no 

perpendicular flux. Inlets and outlets were defined as sources and sinks, respectively, 

with constant inflow/outflow rates based on the known averages.  

In the HD module, the initial surface elevation was set at 0 m, with a flooding depth of 

0.1 m and a drying depth of 0.05 m. The bottom friction/bed resistance was specified 

using Manning’s number, and this value was used to calibrate the model. In the AD 

module, the tracer released into the model was defined as conservative, initial 

concentration set to zero and dispersion was chosen to be proportional to the current; 

the dispersion coefficient range was used for model calibration.  

Each model was set to run for 91.5 days with a time step of 1 second, with a 5-day 

warm up period for the model to reach steady state, and 86.5 days of tracer simulation. 

This period was chosen to allow for adequate time for > 95% tracer to exit the system. 

Flow rates input into the model were the real average inflows obtained from pond 

managers, corresponding to the time field tracer tests were conducted.  
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3.3.6 Tracer testing  

Tracer testing was conducted using Rhodamine WT (Keyacid Rhodamine WT, 

Keystone Aniline Corporation, Chicago, USA), containing 20% true dye. The testing 

was conducted at Sites 2A and 3 during Autumn-Winter 2013 for a period of 7 weeks 

(equivalent to approximately 3 nominal residence times in these ponds); the Rhodamine 

WT signal was monitored at the outlet at 15 minute intervals. This monitoring period is 

typically sufficient to characterise the residence time distribution (RTD) (Levenspiel, 

1999). 

3.3.7 Modelling scenarios 

At each site, pond hydrodynamics were modelled for the bathymetries collected with 

the ROV and a no sludge scenario. The availability of an additional bathymetry for Sites 

2 and 3 allowed for the assessment of the evolution of residence time distribution over 

time. For each site, the input flow rate, velocity, and tracer mass input were kept 

constant between scenarios to allow direct comparison of the effect of sludge volume 

and distribution on pond residence time distribution. The mean residence time (tmean) for 

each pond was calculated from the model output, according to:  

tmean=
∫ tC(t)dt

∞

0

∫ C(t)dt
∞

0

  (3-1) 

where tmean is the mean residence time derived from the tracer curve, t is time, and C(t) 

is the tracer concentration at time t. 

 

3.4 Results 

3.4.1 High-resolution sludge measurement  

The comparison of point measurements of sludge height using the technology 

developed here and sludge judge show that there is a very clear and strong correlation 

(R
2
 = 0.98) between the two measurement techniques. There is a tendency for the sonar 

reading to be slightly higher than the corresponding sludge judge reading (Figure 3-2), 

which may be due to the subjectivity involved in employing sludge judge. This 

comparison demonstrates that profiling using sludge judge and sonar are highly 

comparable techniques. 
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Figure 3-2: Sonar vs. sludge judge measurements of sludge height (n = 24). The dashed line indicates the 

1:1 relationship, with the relationship between sonar and sludge judge (solid line) being very close to 

ideal. This shows that sonar and sludge judge measurements are comparable techniques for the 

estimation of sludge height. 
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The study sites were all profiled using the ROV, with Site 1 showing a uniform sludge 

blanket, with a little accumulation on the ponds walls; at the time of profiling (2011) the 

sludge infill was calculated to be 34% (Figure 3-3). At Site 2, the sludge accumulation 

is mainly around the edges, with more accumulation near the inlet, with a relatively 

uniform pond bottom (Figure 3-4). Site 2 was profiled in both September 2014 and 

August 2015, with sludge infill calculated to be 37% and 45%, respectively; over this 

period of time it is evident that more sludge has built-up along the edges at the inlet and 

outlet ends, including two small benches forming near the inlets. The sludge distribution 

at Site 3 is highly non-uniform, with the formation of a channel between the inlet and 

outlet, and high accumulation of sludge elsewhere (Figure 3-5). This pond was profiled 

in June 2013 and April 2015, having a sludge infill of 45% and 58%, respectively; over 

time the distribution of sludge within this pond becomes increasingly channelized, 

along with high sludge accumulation near the outlet. 

 

Figure 3-3: Sludge profile of Site 1, a maturation pond, where the inlet is located at (52,48), and outlet at 

(1,44).  Pond depth is 1.1 m and the colour scale indicates sludge height from the bottom of the pond 

in metres. At the time of profiling, the sludge infill was calculated to be 34 %; the sludge blanket of 

this pond has a mostly uniform distribution. The nominal residence time of this pond is 16 days. 
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Figure 3-4: Profiles and cross sections of Site 2, a primary facultative pond, in A) September 2014, and B) 

August 2015, with 37 % and 45 % sludge infill respectively. The pond has two inlets located at 

(118,15) and (118,46), with the outlet located at (1,10). The pond is 1.32 m in depth, with the colour 

scale indicating sludge height from the bottom of the pond in metres. The sludge distribution in this 

pond is mostly around the edges, particularly at the inlet end, with a relatively uniform pond bottom. 

Over time, more sludge has built-up along the edges at the inlet and outlet ends; this is evident in the 

cross-sections as an increasing average sludge height (dotted line) is evident within the pond. 

 

Sludge accumulation rates were calculated for Sites 2 and 3. For Site 2, the rate was 

estimated to be 0.12 m
3
 person.year

-1
, with respect to the last desludge in 2007. For Site 

3, no previous desludging information was available, and the rate was calculated for the 

time period between the sludge profiles collected; the rate of accumulation at Site 3 was 

0.23 m
3
 person.year

-1
. As Site 2 operates in parallel with Site 2A, the overall sludge 

accumulation rate for the location is estimated to be 0.24 m
3
 person.year

-1
, making the 
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accumulation rates comparable between the sites. No data was available for when Site 1 

was last desludged, and no additional profiles have been taken at this site. 

 

 

Figure 3-5: Sludge profiles and cross-sections of Site 3, a primary facultative pond, in A) June 2013 and 

B) April 2015, with 45 % and 58 % sludge infill, respectively. The inlet is located at (77,1) and outlet 

at (6,80), which explains the uneven/channelized distribution of sludge within this pond. Overtime, 

the accumulation of sludge within the pond is obvious, with the cross-sections showing an average 

increase in sludge height of 0.2 m (dotted line), as well as infill of the high area and the bottom of the 

channel/basin feature. The pond has a depth of 1.1 m, and colour scale indicates sludge height from 

the bottom of the pond. 
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3.4.2 Model calibration and validation 

Modelling outputs for Site 2A (May 2013, 22% sludge infill) and Site 3 (July 2013, 45% 

infill) were compared to the tracer tests conducted during this period. For Site 2A, the 

field and model tracer was only added into the system at the northern inlet, located at 

(118,46) (Figure 3-4). The model was calibrated using values for dispersion and 

Manning’s roughness. For this study, dispersion coefficients were defined according to 

the following formulation: 

D = K × ∆x × u (3-2) 

where D is the dispersion coefficient, K is a constant value, Δx is the constant grid 

spacing (1 m), and u is the local current velocity component (DHI, 2012a, DHI, 2012b). 

The value of K is dependent on the formulation chosen in MIKE21, and is not 

prescribed a value directly; rather, it is part of model algorithm, and is defined by 

setting upper and lower boundaries for dispersion. The closest simulation of the WSP 

field data was achieved with dispersion values in the range 3.5×10
-5

 and 1.0×10
-4

 m
2
 s

-1
, 

consistent with values reported previously by Murphy (2012). The non-dimensional 

proportionality factor in both the x and y directions was set to 0.6, to avoid simulation 

instabilities, as recommended by Min and Wise (2009). The bottom friction/bed 

resistance (i.e., friction at the top of the sludge layer) was defined using a value of 

Manning’s roughness. For this study a Manning’s roughness value of 0.01 s m
-1/3

 was 

determined to be the best fit for WSPs. This relatively low value of Manning’s 

roughness is commonly associated with relatively smooth constructed channels (Chow, 

1959), which is a reasonable assumption for a WSP with consolidated sludge layer. For 

this study, the effect of wind and temperature gradients were assumed to be minimal. 

The agreement between the tracer data and the modelled outputs is shown in Figure 3-6, 

where it can be seen that the field tracer and modelled curves for Sites 2A and 3 match 

well. For Site 2A (Figure 3-6A), it can be seen that the model predicts the timing and 

magnitude of the field tracer peak well, and that the tails of both match very well. For 

Site 3 (Figure 3-6B), the model predicts the timing of the tracer peak well, however it 

over-predicts the magnitude; the tails have a reasonable agreement. The relationship 

between 12-h averaged data is highly correlated for the two sites with R
2
 = 0.93, 

P < 0.0001 (Figure 3-6C), and from this comparison we can also see that the model 

appears to slightly under-predict low values, and slightly over-predict higher values, 

however the overall agreement between model and tracer data is extremely good. 
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Furthermore, the Courant number, a condition of model convergence, was calculated for 

all model runs and ranged between 0.03-0.04; the Courant number should always be ≤ 1 

in 2D applications. Due to the significant agreement between field and modelled data 

for two sites, the model was considered valid, and suitable for determination of the 

effect of sludge accumulation and distribution on pond hydraulics. 

 

Figure 3-6: Agreement of field tracer data (grey) compared to calibrated model tracer output (black) for: 

A) Site 2A and B) Site 3; tracer data and bathymetries were collected in 2013. For Site 2A (A), the 

model matches the field tracer peak quite well in for both time and value, while the shape of the tail 

fits very well. For Site 3 (B), the model matches the time of the field tracer peak well, but over-

predicts the peak value. In C) 12-h averages of field tracer and model data are compared, where the 

red dashed line indicates 95% prediction band, while blue dashed line is the 95% confidence interval. 

Regression line is shown is solid black, with R
2
 = 0.93, P < 0.0001. Due to the high agreement 

between the calibrated model results and the field tracer data, the model was deemed valid for further 

use. 

 

3.4.3 Effect of spatial distribution of sludge on hydraulics 

A summary of the modelling results is provided in Table 3-2. The modelling of no 

sludge scenarios (i.e., empty ponds), showed the mean residence time (tmean) for Site 1 

to be very close to its nominal residence time, while tmean for Sites 2 and 3 were up to 

20 % lower. The tail values for tmean for Sites 2 and 3 no sludge scenarios were 

extrapolated to > 99.5% model tracer recovery, to be consistent with the recovery rates 

from all other modelled scenarios. This extrapolation resulted in the tmean for Site 2 

increasing from 20.5 days to 21.0 days, and for Site 3, increasing from 23.4 days to 26.2 

days; these values were then used for the rest of the comparisons. The results of the 

modelling for the different scenarios at Site 1 are shown in Figure 3-7A, where the no 

sludge scenario has a mean residence time of 15.4 days, compared to 10.3 days when 
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the pond is 34% filled with sludge; this represents a reduction in residence time of up to 

33 %. For Site 2, shown in Figure 3-7B, the no sludge scenario has a mean residence 

time of 21.0 days, while 37 % sludge infill is 13.8 days, and 45 % sludge infill is shorter 

again at 12.3 days. This represents a decrease in residence time from the no sludge 

scenario of up to 34 and 41 %, respectively. For Site 3, seen in Figure 3-7C, the no 

sludge scenario has a residence time of 26.2 days, 45 % sludge infill having a reduced 

residence time of 14.0 days, and 58 % sludge infill reducing residence time to 10.5 days. 

The reduction in residence time for these sludge distributions is up to 46 % and 60 %, 

respectively.  

Table 3-2: Summary of results for the scenarios modelled at each site. In general, reduction in residence 

time appears to be roughly proportional to the sludge infill %; tmean at Sites 2 and 3 also appear to be 

affected by the distribution of sludge within the pond; % reduction was calculated with respect to tmean 

for the no sludge scenario. * tmean values for the no sludge scenarios of Sites 2 and 3 were extrapolated 

to > 99.5% tracer recovery to be consistent with other scenarios, as the 86.5 day run time of the model 

was not sufficient to remove > 99.5% of the tracer. 

 Date Sludge distribution 
Sludge 

infill % 

tn 

(days) 

tmean 

(days) 

% 

reduction 

Site 1 - No sludge 0 15.9 15.4 - 

 2011 Uniform 34 10.5 10.3 33 

Site 2 - No sludge 0 24.5 21.0* - 

 2014 Edges/uniform 37 15.4 13.8 34 

 2015 Edges+/uniform 45 13.5 12.3 41 

Site 3 - No sludge 0 29.1 26.2* - 

 2013 Uneven/channel 45 16.0 14.0 46 

 2015 Channel/high 58 12.2 10.5 60 

 

By comparing the flow patterns in the ponds between scenarios, we can see the 

evolution of the flow as a result of sludge accumulation and distribution patterns. At 

Site 2, the no sludge scenario shows that a preferential flow path has formed between 

the inlets and outlet (Figure 3-8A), where the majority of the flow is on the southern 

edge of the pond. Moving to the 45 % infill scenario (Figure 3-8B), we can see that the 

benches of sludge that have formed near the inlets help to divert and slow flow (more so 

at the northern inlet). For Site 3, it is clear that a preferential flow path has formed 

between the inlet and outlet (Figure 3-9A), and as the pond fills to 58 % infill (Figure 

3-9B), the deposition of sludge in that area diverts the flow into the channel that has 

formed over time. 
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Figure 3-7: Modelled tracer residence time distribution (RTD) outputs for different sludge scenarios at: A) 

Site 1. Compared to the no sludge scenario with a tmean of 15.4 days, the build-up of sludge results a 33% 

reduction in tmean, and a higher tracer peak, evidence of short-circuiting; B) Site 2. Over time the 

build-up of sludge to 37 % infill has decreased the residence time by 33% from the no sludge tmean of 

21.0 days, while 45 % infill results in a 41 % reduction. The tails of the RTDs for the sludge infill 

scenarios (orange, purple) taper off more quickly than the no sludge scenario and their overall shape is 

similar. (Note: tracer was only input into the northern inlet, located at (118,46); refer to Figure 3-4); 

and C) Site 3. The tmean of this pond was calculated to be 26.2 days. Due to the sludge build-up to 45 % 

infill, tmean is reduced by 46 %, and with 58 % infill, tmean reduced by 60 % from the no sludge scenario. 

From the RTDs, it is clear that the high sludge infill (and increased channelization of this pond; see 

Figure 3-5B) greatly influences both the peak and tail of the tracer response. In addition, the shape of 

the RTD from no sludge to 58 % infill scenario is more significantly different than from no sludge to 

45 % sludge, suggesting a stronger shift in hydraulic behaviour (i.e., significantly increased short-

circuiting). 
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Figure 3-8: CFD output plots for Site 2: A) No sludge scenario, where we see that a preferential flow path 

has formed between the inlets (right) and the outlet (left); B) 45 % sludge infill, where the bench near 

the northern inlet diverts and slows down flow, while the effect of the southern bench is not as 

pronounced. Grid spacing shown is 10 m in the x direction, and 5 m in the y. 
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Figure 3-9: CFD plots for Site 3: A) No sludge scenario, where a preferential flow path is clear between 

inlet (southeast), and outlet (northwest); B) 58 % sludge infill, where a clear preferential flow path has 

formed due to the presence of the channel. Grid spacing shown is 10 m in the x direction, and 5 m in 

the y. 

 

A comparison of the sludge spatial distribution between the sites is shown in Figure 

3-10. Using a boxplot representation in Figure 3-10A, it can be seen that at Site 1, the 

sludge heights are in a tight distribution, skewed towards lower sludge height values, as 

expected with a uniform distribution. By comparison, Sites 2 and 3 show a much wider 

distribution of sludge heights, and clearly show a departure away from the expectation 

of a uniform distribution (Site 1). With Sites 2 and 3, it is clear that both the mean and 

median sludge height is increasing over time. For Site 3 (2015), the distribution is less 
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spread out as the pond becomes increasingly channelized and filled with more sludge, 

with the distribution being skewed towards greater sludge heights. The relationship 

between sludge spatial distribution and sludge accumulation is further illustrated in 

Figure 3-10B where the higher sludge scenarios for each site have been normalised by 

sludge height (values from Figure 3-9A), using the standard score for normalisation. 

Here it is clear that Site 1 (34 % infill) has a tight distribution skewed towards the left, 

with a low standard deviation and the peak value lower than the mean, as expected in a 

pond with uniform bottom and accumulation on the walls. Site 2 (45 % infill) has a 

much wider distribution about the mean (i.e., higher standard deviation), with two 

smaller peaks, one lower than the mean (the uniform bottom), and one higher than the 

mean (accumulation around the edges and benches). For Site 3 (58 % infill), the skew of 

the distribution to the right is clearly evident, with the peak higher than the mean, 

indicative of the high sludge accumulation, while the lower end of this curve indicates 

the pronounced channel that is present in this pond. As Site 1 is a maturation pond, 

while Sites 2 and 3 are primary facultative ponds, the large difference in distribution 

shown here is expected, as primary ponds receive a much greater load of particles from 

raw wastewater. This analysis shows a clear gradient of pond types based on sludge 

distribution for medium to high sludge accumulation scenarios.  

 

Figure 3-10: A) Boxplot representation of sludge height (m) showing a comparison between the sludge 

accumulation distributions at the three study sites. Net difference in sludge distribution between years 

is shown for Sites 2 and 3. Boxplots are showing the quartiles, the median (line same colour as plot) 

and the mean (black line). B) Frequency distribution of sludge heights at Sites 1, 2 and 3 at higher 

sludge infill percentages normalised by sludge height. Here the differences between the sludge 

accumulation scenarios are more evident as shown the shift in skewness. Note: The sample size is: 

Site 1 (n = 2793), Site 2, 2014 (n = 7020), Site 2, 2015 (n = 6962), Site 3, 2013 (n = 6241), and Site 3, 

2015 (n = 6318); all samples were sorted into the same sized bins. 
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3.5 Discussion 

3.5.1 Advantages of autonomous profiling 

The coupling of sonar technology with a remote control boat has several advantages 

over traditional sludge measurement techniques, as it collects many more data points in 

a shorter period of time (i.e., increased measuring efficiency) with higher spatial 

resolution (i.e., smaller grid spacing) while requiring less manual labour, and 

significantly reducing profiling time. The sonar technique is comparable in results to 

current sludge measuring methods (i.e., Figure 3-1), and reduces/removes the 

subjectivity of the measurements taken, particularly removing the human error 

introduced by having several different people conduct surveys. Additionally, and 

perhaps most importantly, this technique greatly reduces the safety risks, and meets 

occupation health and safety requirements (Chua et al., 2013). 

In general, a sludge judge survey can only capture pond-scale features of sludge 

distribution (due to low spatial resolution), while a survey with sonar determines the 

sludge bathymetry, showing the sludge blanket (including channels and pockets) in 

sufficient detail for bathymetry-induced changes to the flow to be accurately predicted. 

Extensive testing of the boat has satisfied the requirements of the development of a 

reliable tool for the collection of high-resolution data of bathymetry, and thus sludge 

distribution in ponds. The high-resolution data collected is also very suitable to create 

bathymetry files for input into a CFD model. 

3.5.2 Effect of sludge volume and distribution on WSP residence time 

For all the modelled sludge scenarios, it can be seen that the reduction in residence time 

is roughly proportional to the accumulation of sludge within the pond (Table 3-2). For 

Sites 1 and 3 (Figure 3-7A, C), the residence time distributions behave as expected 

(Persson et al., 1999, Persson, 2000, Persson and Wittgren, 2003), with reduced volume 

and/or channelization causing a larger earlier tracer peak due to short-circuiting. 

However, the results for Site 2 (Figure 3-7B) contradict this, with the no sludge scenario 

having a much higher peak earlier. This result is most likely due to formation of a two 

benches of sludge at the inlet end of the pond (Figure 3-4.), which is inducing a mild 

baffling effect in this pond (Figure 3-8B), and thus improving the hydrodynamic 

performance (i.e., reducing short-circuiting) (Persson, 2000, Farjood et al., 2015a). 
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While the reduction in residence time at Site 1 is as expected with the nominal and 

mean residence time almost identical for 34% infill (Persson, 2000, Persson and 

Wittgren, 2003, Nelson et al., 2004) , the results for Sites 2 and 3 suggest that sludge 

distribution has an additional effect on the flow. In the case of Site 2, where the 

reduction in residence time is 3-4 % lower than the expected proportionality, this can 

again be attributed to the bench near the inlet acting as baffle and improving the 

hydraulics (Figure 3-8B). For Site 3, the residence time is 1-2 % lower than expected, 

and can be attributed to the high degree of channelization in this pond, and the high 

sludge accumulation. In addition, the accumulation of sludge at Site 3 is clearly affected 

by the inlet/outlet configuration of the pond, where the sludge build-up occurs in dead 

zones that have formed due to the preferential flow path between the inlet and outlet 

(Figure 3-9A). As the sludge has built-up over time (Figure 3-5), this channel has 

become more and more prominent, becoming a stronger influence on the hydraulics in 

this pond (Figure 3-9B), as well as dictating the areas where sludge will settle. The area 

of high sludge build-up in the bottom left corner of the pond has filled up significantly, 

with the sludge height in this area increasing by 0.2 m over 22 months (note: the 

increase of 0.2 m in sludge height is consistent across the pond), and has resulted in the 

increased prominence of the channel feature, further isolating the flow between the inlet 

and outlet. Considering the highly pronounced channel which has formed in this pond, 

the effect of short-circuiting, and subsequent residence time reduction was expected to 

be worse; however, as seen in Figure 3-5, the high blanket of sludge extends to the area 

around the outlet, which again could be attenuating the flow by acting as a baffle of 

sorts. 

Overall, the results show that accumulation of sludge has the most significant influence 

on the hydraulics in WSPs, with residence times expected to decrease almost 

proportionally to the infill of sludge. This finding was expected, as a reduction in pond 

effective volume due to sludge accumulation will inevitably reduce the retention time. 

However, the distribution of sludge within ponds appears to have an additional effect on 

the pond hydrodynamics; in this study, the formation of a bench of sludge near the inlet 

had a slight positive effect, while the formation of a channel had a slight negative effect. 

The significant reduction in residence time due to short-circuiting, will detrimentally 

impact both treatment efficacy and efficiency of these ponds, which will then cascade to 

the following ponds in the treatment train. In particular, this will affect the quality of 

treated water, including, but not limited to, higher biological oxygen demand (BOD), 

total suspended solids (TSS), nitrogen and phosphorus (N and P), and less pathogen 
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removal; effective reduction of all of these parameters is key in meeting water discharge 

regulations (Mara, 2004, Peña Varón and Mara, 2004). 

In general, past CFD studies on WSP hydrodynamics have focussed on pond design 

parameters, such as length-to-width ratio, inlet and outlet configurations, effects of wind, 

and thermal stratification (e.g., Persson, 2000, Sweeney et al., 2003, Aldana et al., 2005, 

Sweeney et al., 2005, Abbas et al., 2006). While it is well known from theory and from 

empirical studies that the accumulation of sludge in WSPs will have a detrimental effect 

on the retention time (e.g., Nelson et al., 2004), only four previous CFD studies of WSP 

have investigated the effect of sludge accumulation on the hydrodynamic performance 

of ponds (i.e., Vega et al., 2003, Alvarado et al., 2012a, Murphy, 2012, Ouedraogo et al., 

2016); and, only Murphy (2012) and Ouedraogo et al. (2016) investigated the impact of 

sludge distribution on pond hydraulic efficiency. The results of this study are generally 

consistent with those of Ouedraogo et al. (2016), however their study was limited to one 

WSP that is smaller in size and volume (both capacity and sludge volume), has 

considerably lower daily inflow, and only one sludge spatial distribution type, a bench 

near the inlet. Therefore, the results of this study are, for the first time, providing a 

valuable insight into the effect that sludge accumulation and distribution has on the 

hydrodynamics in a range of different ponds, as well as how other factors, such as 

inlet/outlet configuration, affect where sludge accumulates and is distributed within the 

pond.  

3.5.3 Practical uses and future directions 

Our ability to obtain sludge distribution and accumulation data cost-effectively and 

rapidly using sonar will prove invaluable into the future. This technology will help in 

the development of frameworks for wastewater sludge management, and the technology 

could potentially have a wider application in the monitoring of other small to medium 

sized water bodies, including reservoirs, channels, recreational water bodies, and 

commercial ports. 

Most importantly, high-resolution bathymetry can be obtained without the need to go 

out onto WSPs in a boat, thus addressing several important safety considerations. 

Additionally, the portability and convenience of this technology could be applied for 

use on a monthly basis, over two to three years to collect valuable data on sludge 

accumulation rates. In addition to the ponds illustrated in this study, the ROV has been 

successfully deployed on over 100 other Australian WSP of various geometries and 
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sludge distributions, demonstrating great benefit to increasing safety and operations 

related to sludge management, a clear benefit to managers of WSP systems.  

As mentioned previously, high-resolution bathymetry, such as that collected with the 

boat, could improve the agreement between field and modelled scenarios (Alvarado et 

al., 2012a), and combined with field tracer data will improve calibration and validation 

of models (Sah et al., 2011, Alvarado et al., 2012b, Sah et al., 2012). This is 

demonstrated here with a 2D model driven only by the inflow, as the validated model 

(Figure 3-6), shows good agreement between measured and modelled data. Moving 

from a 2D to 3D model will allow for more detailed examination of the effect of sludge 

distribution patterns at varying depth, better visualisation of elements such as spatial 

variations in turbulence and the effect of eddies, and will allow for coupling with 

biological models of nutrient and pathogen removal. With the addition of wind forcing 

(such as in: Shilton and Harrison, 2003), these models will be working towards 

becoming a more useful diagnostic tool for existing systems, as well as a useful 

predictive tool for new systems, or designing system upgrades such as baffles. 

Therefore, the addition of high-resolution bathymetry data is a step in the right direction 

for increasing spatial accuracy in the CFD modelling of WSP systems and increasing 

our process understanding.  

 

3.6 Conclusions 

From this study we have demonstrated that the developed remote control boat (or ROV) 

with sonar successfully measures sludge distribution with high-resolution, allowing the 

construction of detailed plots of the sludge blanket, showing the formation of features 

such as channels and pockets. In addition, we have demonstrated that this higher 

resolution data can be input as bathymetry into a 2D hydrodynamic model. Applying 

the model to study the flow of three sites, we have shown that pond hydraulics is mainly 

influenced by the accumulation of sludge, with residence time decreasing almost in 

proportion to the percentage of sludge infill. However, we have also shown that 

distribution of sludge (i.e., bench, channel) has an additional effect on hydraulics, which 

needs to be researched further, in addition to how this interacts with other factors such 

as pond inlet/outlet configurations, flow rates, wind, and pond geometry. 
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4 Full-scale hydrodynamic reconfiguration improves 

treatment performance in waste stabilisation ponds
1
 

 

4.1 Abstract 

Wastewater infrastructure is expensive to build and maintain, and there is a need to focus on improving 

and modernising existing infrastructure before large capital investments are made to service future 

population needs. Waste stabilisation ponds (WSPs) are used worldwide for the treatment of wastewater, 

but their performance is significantly affected by poor hydraulic control. Hydraulic reconfiguration of 

ponds is a possible solution to this problem, whereby the flow is controlled and short-circuiting is reduced. 

There is evidence to suggest that this approach has the potential to increase treatment performance, 

however in the absence of full-scale validation it is difficult to generalise this to a wide range of sites. For 

example, there is no consensus on the best baffle configuration to optimise hydraulic performance. In this 

study, a full-scale baffle installation was conducted in a WSP. The approach combined high-resolution 

pond bathymetry and 2D hydrodynamic modelling, assessed with hydraulic indices, to determine the 

optimal baffle configuration for the site; it was shown that three baffles perpendicular to the inflow 

provided the greatest increase (up to 24%) in mean residence time. This configuration was then 

implemented in a working WSP. The effects of the baffles on the pond were then assessed using a 

combination of field tracer testing, revealing an increase in mean residence time of at least 20%, and 

further hydrodynamic modelling. Through the addition of wind data into the hydrodynamic model, it is 

shown that baffles not only improve the flow, but also attenuate the effect of wind on pond hydraulics. 

While the results of this study are site-specific, the implementation of site-specific solutions is important 

for progress towards optimal pond design. The approach developed here is easily transferrable for use on 

other sites, and will enhance our ability to plan, design and operate WSP systems in the future. 

 

4.2 Introduction 

As the world’s population increases, water resources are being placed under ever 

increasing stress (Shannon et al., 2008, Daigger, 2009). It is anticipated that by 2025, up 

to two-thirds of the world population could be living under water-stressed conditions as 

demand for safe water will exceed availability in many regions (UNDP 2006, UN-

Water and FAO, 2007). In addition to supply, the biggest challenges in water resource 

management are the lack of adequate infrastructure in some parts of the world, and the 

aging of existing networks (Rodriguez et al., 2012). While water services are essential 

                                                 
1
 Coggins, L. X., Sounness, J., Zheng, L., Ghisalberti, M. and Ghadouani, A. ‘Full-scale hydrodynamic 

reconfiguration improves treatment performance in waste stabilisation ponds’, to be submitted to Water 

Research. 
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for socioeconomic development and increased societal productivity, they remain 

severely underfunded on a global scale, with a large portion of the gap in the investment 

attributed to delays in infrastructure and inadequate maintenance (Rodriguez et al., 

2012). In Australia, water assets in metropolitan areas are well maintained, however in 

regional areas there has been a large underspend on asset maintenance (GHD, 2015), 

and in the future this regional underspend will cost water utilities. In addition, it has 

been predicted that future liability in the water sector in Australia will occur due to 

population growth, urban sprawl, aging infrastructure, and climate change and 

variability (Hering et al., 2013, GHD, 2015).  

More than 50% of the investment in the urban water industry in Australia is dedicated to 

wastewater services (WSAA and IPA, 2015), and as stress on our freshwater resources 

increases, so will the stress on our existing wastewater infrastructure, not only in terms 

of volume of treatment, but also in terms of providing a higher level of treatment to 

increase re-use opportunities. The short-term challenge is to meet these higher 

expectations for wastewater treatment with infrastructure that has been designed, built 

and used in the past century, while the long-term challenge is to provide wastewater 

treatment across the world by engineering or re-engineering sustainable, appropriate and 

affordable infrastructure (Shannon et al., 2008, Grant et al., 2012, Hering et al., 2013). 

By 2025 it is anticipated that close to a trillion dollars will be spent on water in OECD 

countries, Russia, China, India and Brazil; more than triple of the amounts required for 

investment in the key sectors of electricity and transport (OECD, 2006, Rodriguez et al., 

2012). Considering the significant investment required to make water infrastructure 

meet future demand worldwide, there will be increased focus on improving and/or 

modernising existing infrastructure and operations before any new major capital 

investments are made. 

Waste stabilisation ponds (WSPs), the biggest wastewater treatment asset globally, are 

low-cost, robust systems widely used for decentralised wastewater treatment (Mara, 

2004, Nelson et al., 2004, Peña Varón and Mara, 2004, Picot et al., 2005). Waste 

removal efficiencies in these systems are highly dependent on hydraulic performance 

(Laurent et al., 2015), and unsatisfactory hydraulic control is one of the main factors 

contributing to poor pond performance, especially after years of operation (Persson and 

Wittgren, 2003). WSPs are notoriously hydraulically inefficient, and pond hydraulics 

are further compromised by sludge accumulation and distribution over time (Coggins et 

al., 2017).  
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One of the possible solutions proposed is the hydraulic reconfiguration of these systems, 

through the installation of structures such as baffles: semi-solid/solid partitions installed 

in the pond to confine or direct flow. There are numerous studies that have investigated 

the link between baffled ponds and treatment efficiency, mainly through the use of 

hydrodynamic and/or laboratory physical models (e.g., Muttamara and Puetpaiboon, 

1996, Muttamara and Puetpaiboon, 1997, Olukanni and Ducoste, 2011, Farjood et al., 

2015a). In general, previous hydrodynamic modelling has suggested that baffles will 

significantly improve pond hydraulics, and some of these models have been validated 

with lab-scale models or prototypes (Persson, 2000, Salter et al., 2000, Shilton and 

Harrison, 2003, Vega et al., 2003, Aldana et al., 2005, Shilton and Mara, 2005, Abbas et 

al., 2006). However, despite the value provided through model validation using small-

scale controlled environments, there has been a lack of studies that demonstrate and 

validate the effectiveness of baffles at the operational pond-scale.  

Furthermore, while modelling has shown that baffles improve pond hydraulics, there is 

a lack of consensus in recommending the best configuration for flow improvement (e.g., 

Persson, 2000, Shilton and Harrison, 2003, Vega et al., 2003, Olukanni and Ducoste, 

2011). Here we define flow optimisation as maximising pond residence time through a 

decrease in short-circuiting. For example, two baffles perpendicular to the inflow gave 

the optimum treatment performance (e.g., residence time, coliform removal, BOD 

removal) in some cases (Shilton and Harrison, 2003, Vega et al., 2003), while another 

suggested two or four baffles perpendicular to the inlet (Olukanni and Ducoste, 2011). 

Another study found a single subsurface baffle or island baffle placed in front of the 

inlet was the best design option (Persson, 2000). The lack of consensus on the 

assessment method of designs for the most effective performance/hydraulic control 

makes it difficult to generalise the results of these studies, and make consistent 

recommendations for optimal site-specific solutions. 

Our ability to assess and determine the most optimal baffle configurations for WSPs 

will not only provide invaluable information for cost-effective hydraulic reconfiguration, 

but also allow for design to site-specific performance goals; these could vary between 

sites, regions, and climates, as well as due to operational considerations. Using this 

information in an integrated way will help to delay expensive upgrades, and could result 

in significant savings in capital investment, while improving overall treatment goals.  

The overall objective of this study is to develop a framework for the assessment, 

planning and design of hydraulic reconfiguration in WSPs. Detailed hydrodynamic 
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modelling, combined with tracer studies and a full-scale validation trial, will be used to 

demonstrate this framework. Specifically the aims of this study are to: 1) determine the 

optimal baffle configuration for a particular WSP using a 2D hydrodynamic model that 

incorporates detailed bathymetry, 2) install baffles (in the optimal configuration) in that 

pond as part of a long-term full-scale trial, and 3) through a tracer study, determine the 

change in hydraulic efficiency generated by the baffles. 

 

4.3 Materials and Methods 

4.3.1 Study site 

The study site is located in a town 86 km south of Perth, Western Australia, and 

experiences a Mediterranean climate with yearly average temperatures ranging between 

10-30°, and an average rainfall of 690 mm (BOM, 2016). The site was selected 

specifically to have two parallel primary facultative ponds, referred to as Pond 1 (used 

as the reference system; Figure 4-1A) and Pond 2 (the trial system; Figure 4-1C). These 

ponds evenly share a total inflow of up to 770 kL day
-1

. Each pond has dimensions 

120 m × 60 m × 1.3 m, with two inlets, and one outlet (Figure 4-1). The total treatment 

capacity/volume of each pond without any sludge accumulation is 9360 m
3
, and under 

average flow conditions the nominal residence time (tn) in each pond is 28 days.  

 

Figure 4-1: Aerial view of the study site, and the sludge profiles in each pond in 2015. A) Pond 1 and B) 

its sludge profile (45% infill), and C) Pond 2 with D) its sludge profile (29% infill). Sludge 

accumulation in these ponds is mostly around the edges, along with a bench in front of the inlets; the 

inlets and outlets indicated by red arrows (A, C). For tracer testing, the dye was added at into the 

northern inlet only. 
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4.3.2 Bathymetry mapping 

Coggins et al. (2017) developed a system dedicated to the acquisition of high-resolution 

bathymetric data in ponds with a remotely operated vehicle (ROV); this high-resolution 

data is critical for the accurate modelling of the hydrodynamics of these pond systems. 

Bathymetric data was collected using a remote control boat fitted with sonar. The sonar 

unit has in-built GPS, and logs water depth information and GPS location 

simultaneously onto a memory card. While collecting data, the ROV is maintained at a 

constant 2-4 km h
-1

, allowing for the collection of thousands of data points per transect. 

The data collected using the ROV has significantly higher spatial resolution than that 

collected with traditional pond profiling techniques; for more detail about ROV sludge 

profiling refer to Coggins et al. (2017). Collected data was processed by removing 

outliers, converting from water depth to sludge height, and gridded; this processing was 

completed though a software package, SludgePro©, developed by Coggins et al. (2017). 

The high-resolution data (1 m resolution) collected using the ROV is suitable for input 

into hydrodynamic models, and is vital for model accuracy and reliability. The 

bathymetry of these ponds was first measured in July 2013, and profiling of the study 

site ponds was carried out regularly throughout the study period 2013-2015. The sludge 

profiles for Ponds 1 and 2 in 2015 are shown in Figure 4-1B and Figure 4-1D, 

respectively. 

4.3.3 Hydrodynamic modelling 

Two-dimensional (2D) modelling of ponds was the preferred option over 3D, for its 

simplicity, computational economy, and accessibility. 2D modelling was conducted 

with MIKE21 (DHI Group), using the hydrodynamics (HD) and advection-dispersion 

(AD) modules of the software. The model used in this study was set-up, calibrated, and 

validated for our previous investigation on sludge accumulation and distribution in 

WSPs (Coggins et al., 2017); the following briefly describes the process of model set-up, 

calibration and validation. 

The post processed data water depth data set from SludgePro© was used to create the 

bathymetry files for the WSPs; bathymetry files were created using bilinear 

interpolation, resulting in a rectangular grid area with 1 m × 1 m cells. The water 

depth/sludge height in each cell is constant, and pond walls were defined as having no 

perpendicular flux. Inlets and outlet were defined as sources and sink (Figure 4-1), 

respectively, with constant inflow/outflow rates. The model was calibrated using values 
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for Manning’s roughness and dispersion, and then validated by comparing the calibrated 

model results to the results of two field tracer tests. A Manning’s roughness value of 

0.01 s m
-1/3

 was determined to be the best fit for WSPs, and is a reasonable assumption 

for a consolidated sludge layer. Dispersion coefficients were defined according to the 

following: 

D = K × ∆x × u (4-1) 

where D is the dispersion coefficient, K is a constant value, Δx is the constant grid 

spacing (1 m), and u is the local current velocity component (DHI, 2012a, DHI, 2012b). 

The value of K is not prescribed directly, rather it is part of the MIKE21 model 

algorithm, and is defined by setting upper and lower boundaries for dispersion; values 

in the range 3.5×10
-5

 and 1.0×10
-4

 m
2
 s

-1
 achieved the best results. Finally, the Courant 

number was everywhere << 1, as required in hydrodynamic models. 

The agreement between signals of concentration at the pond outlet from the calibrated 

model and field tracer testing is strong across two sites (Figure 4-2). All models were 

set-up to run for 91.5 days with a 1 second time step, including a 5 day warm-up period 

to reach steady state and 86.5 days of tracer simulation. 

 

Figure 4-2: Validation of the model through the agreement of the calibrated model output (black) and 

field tracer data (grey) for two sites. 
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4.3.4 Tracer testing 

Tracer testing was carried out at the study site on two occasions: Pond 2 only in June-

July 2013 and both ponds in July-August 2015. Testing was conducted with Rhodamine 

WT (Keystone Aniline Corporation, Chicago, USA) containing 20% true dye, and the 

fluorescence signal was monitored at the outlet at 15-minute intervals over a period of 6 

weeks. This period is equivalent to 1.5-2 nominal residence times in these ponds at the 

average flow rate. For all testing, the dye was only released into the northern inlet of 

each pond (see Figure 4-1); in 2013, 370 g true dye was released into Pond 2, while 360 

g true dye was released into each pond in 2015.  

4.3.5 Modelling scenarios and analysis 

Three baffle configurations were modelled (Figure 4-3): parallel baffles (PA), 

perpendicular baffles (PE), and an island baffle configuration followed by perpendicular 

baffles (IPE). For each configuration, the number of baffles was adjusted, with a no 

baffle scenario run as a control. For PA scenarios, the baffle length was set at two-thirds 

of the length of the pond, while for PE it was two-thirds of the width of the pond. IPE 

configurations had an island baffle two-thirds the width of the pond, followed by two 

one-third pond width baffles, and then two two-third width perpendicular baffles. The 

modelling of these scenarios was completed for three different flow rates experienced 

on-site: low (279 kL day
-1

), average (332 kL day
-1

) and high (385 kL day
-1

). The model 

tracer mass input was kept constant to allow direct comparison of the effect of baffle 

configuration on the residence time distribution. All modelling of baffle configurations 

were run under the scenario of 21.5% sludge infill in Pond 2, as measured in 2013. 

Subsequent modelling was carried out with the sludge profiling data collected in 2015. 
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Figure 4-3: Selected examples from 15 baffle configurations modelled for the study site (Table 1). Note: 

PA = parallel, PE = perpendicular, and IPE = island perpendicular. PA3 shows three baffles parallel to 

the inlet flow, PE3 shows three baffles placed perpendicular to the flow, while IPE3 shows an island 

baffle configuration followed by three perpendicular baffles. The ponds at the study site both have 

twin inlets and one outlet, as shown by red arrows. 

 

To compare the results of each modelling scenario, the mean residence time, moment 

index, and short-circuiting index were employed. The mean residence time (tmean) for 

each scenario was calculated from the model output according to: 

tmean=
∫ tC(t)dt

∞

0

∫ C(t)dt
∞

0

  (4-2) 

where C(t) is the tracer concentration at time t. The mean residence time is defined as 

the centroid of the residence time distribution (RTD), and is the average time a tracer 

particle spends in a system (Persson, 2000). In reality, not all of the added tracer exits 

the pond during the duration of the experiment, such that calculated values of tmean are 

likely to represent minimum estimates.  

Hydraulic indices reliant on mean residence time or variance are heavily influenced by 

the long tails of measured RTDs, which can lead to the over prediction of residence time 

(Wahl et al., 2010). The moment index, developed by Wahl et al. (2010), overcomes 
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this problem as it is derived from the prenominal portion (i.e., data collected prior to tn) 

of the RTD only. The moment index (MI) as defined by Wahl et al. (2010) is as follows: 

Moment index=1- ∫ (1-ϕ)C
'(ϕ)dϕ

1

0
  (4-3) 

where C’(ϕ) is a dimensionless function defined by the following: 

C'(ϕ)=
C(ϕ)V(ϕ)

M
  (4-4) 

where C(ϕ) is the outflow concentration and V(ϕ) the volume, and M is the total mass, at 

a given flow-weighted time, and where the dimensionless flow-weighted variable (ϕ) is 

defined as: 

ϕ= ∫
Q(t')

V(t')
dt'

t

t0
  (4-5) 

where t’ is a dummy variable of integration, Q(t’) the variable outflow rate, and V(t’) 

represents volume changes due to unsteady flow. This hydraulic index assumes that 

perfect pond efficiency (i.e., MI =1) is indicated by the actual residence time (tmean) 

being equal to the nominal residence time (tn).  

The short-circuiting index (S) is a measure of the skewness of the residence time 

distribution, and as defined by Persson (2000) is: 

S = 
t16

tn
  (4-6) 

where t16 is the time taken for 16% of the injected tracer to reach the outlet. The value 

of S is inversely proportional to the strength of short-circuiting, and a positive change 

indicates a decrease in the strength of short-circuiting and thus an increase in hydraulic 

performance, i.e., S = 1 represents no short-circuiting/ideal plug flow.  

These three indices were chosen to assess hydraulic efficiency in ponds, as each 

describes different features of the hydraulics, and no one of these parameters alone can 

be used to fully describe the flow or treatment performance. 

4.3.6 Baffle design 

Rather than traditional non-porous media, a geotextile material was selected for the 

baffles as it has the ability to act as a barrier to train flow, as well as promote the growth 

of biofilm or attached growth. Geotextile sample strips were tested in-pond for 2 

months to determine the material that would result in the highest amount of growth. The 
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chosen non-woven polypropylene geotextile (TerraTex D1 PP, Polyfabrics Australia) 

was then used to construct baffle curtains, which could be deployed in the pond in the 

optimal configuration as determined by modelling.  

4.3.7 Wind measurement 

Prior to the 2015 tracer experiments, a weather station was installed between Pond 1 

and Pond 2 to collect wind data. Wind speed was collected using an Onset HOBO U30 

unit with wind speed sensor (Onset Computer Corporation, Massachusetts, USA). 3-

hourly wind direction data for the testing period was sourced from the nearest Bureau of 

Meteorology (BOM) site. The collected wind speed data was combined with the 

direction data sourced from BOM, and used as a forcing for the model to determine the 

effect of wind on pond hydrodynamics. 

 

4.4 Results 

4.4.1 Baffle configuration modelling 

A summary of the modelling results and analysis is provided in Table 4-1, and Figure 

4-4 illustrates the net change in S for all 15 scenarios. Under all flow rates, the mean 

residence times calculated for all non-baffled scenarios are is 5-10% lower than the 

nominal residence time (allowing for the volume occupied by the sludge). The values 

for MI and S for the non-baffled scenarios indicate superior hydraulic efficiency at the 

low flow rate. As the flow rate increases, MI and S both indicate decreasing hydraulic 

efficiency and more short-circuiting within the system.  

Across all flow rates, parallel baffles (PA1, PA2, PA3) exert minimal influence on the 

flow, with very little change in tmean and MI for all scenarios; S for each of these 

scenarios improved slightly, however the improvement was not consistent across all 

flow conditions (Figure 4-4). 

In general, the addition of odd numbers of perpendicular baffles (i.e., PE1, PE3, PE5, 

PE9) generate superior hydraulic efficiency, as the MI values for these scenarios are 

higher than those for even-numbered scenarios. Generally, odd-numbered scenarios 

(particularly PE3, under all flow conditions) also show increases in S, indicative of a 

decrease in short-circuiting intensity. The scenarios that showed the greatest 

improvement in MI also showed the greatest improvement in S (Figure 4-4). Compared 
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to the parallel baffles, perpendicular baffle configurations more consistently improve 

the hydraulics under different flow conditions, and overall, the best improvement across 

all three flow scenarios was achieved with the PE3 configuration.  

Table 4-1: Values for mean residence time (tmean, days), moment index (MI) and short-circuiting index (S) 

for all modelled baffle configurations under low (279 kL day
-1

), average (332 kL day
-1

), and high-flow 

conditions (385 kL day
-1

). The nominal residence time (tn, days) was calculated for each flow 

condition with 21.5 % sludge infill (as modelled), and these were then used to calculate MI and S. 

Note: PA = parallel, PE = perpendicular, and IPE = island perpendicular. 

Configuration 
Low; tn  = 26.3 days Average; tn  = 22.1 days High; tn  = 19.1 days 

tmean MI S tmean MI S tmean MI S 

No baffles 23.6 0.86 0.27 20.2 0.81 0.23 18.1 0.79 0.24 

PA1 24.5 0.86 0.30 20.2 0.82 0.27 17.7 0.79 0.26 

PA2 23.0 0.85 0.28 20.2 0.82 0.28 18.1 0.80 0.27 

PA3 23.4 0.85 0.28 20.3 0.82 0.26 16.9 0.78 0.23 

PE1 22.4 0.86 0.29 21.2 0.84 0.31 19.2 0.82 0.32 

PE2 23.9 0.87 0.33 19.4 0.81 0.24 18.7 0.82 0.33 

PE3 27.6 0.91 0.48 23.8 0.89 0.48 20.0 0.87 0.50 

PE4 22.5 0.84 0.21 20.9 0.83 0.27 17.4 0.78 0.22 

PE5 26.9 0.90 0.42 21.6 0.84 0.36 18.9 0.81 0.31 

PE6 24.2 0.86 0.30 20.6 0.83 0.29 17.4 0.80 0.27 

PE7 23.8 0.87 0.33 19.7 0.84 0.36 17.4 0.82 0.35 

PE8 27.8 0.90 0.44 23.6 0.88 0.43 18.7 0.84 0.41 

PE9 27.7 0.90 0.44 24.2 0.89 0.47 20.3 0.85 0.40 

IPE1 23.2 0.88 0.41 21.0 0.86 0.39 18.5 0.84 0.41 

IPE3 27.0 0.92 0.55 23.0 0.90 0.56 22.4 0.89 0.55 

IPE5 26.3 0.88 0.38 22.6 0.86 0.38 20.3 0.86 0.45 

 

The island baffle configurations (IPE1, IPE3, IPE5) generally provided the best 

improvement in hydraulic efficiency, all having the highest net change in MI and S from 

the baseline no-baffle scenario. The IPE3 configuration provides the best overall 

improvement to flow efficiency, with the highest net change (relative to no baffles) in 

both MI and S across all 15 modelled scenarios (Figure 4-4). Here is it clear that 

perpendicular baffle configurations significantly improve pond hydraulic efficiency, 

while parallel baffles provide little to no improvement.  

Overall, by comparing changes in MI and S for all flow and baffle scenarios, the best 

performing configurations for this pond are IPE3 and PE3. To illustrate the 

improvement to the flow provided by these configurations, the RTDs of no baffles, PA3, 

PE3 and IPE3 under average flow conditions are shown in Figure 4-5. This clearly 

demonstrates that parallel baffles exert little influence on the shape of the RTD (and 

thus flow), while perpendicular and island configurations move the time of peak outlet 

concentration closer to the nominal residence time (i.e., increasing the MI and S indices). 

While the values of MI for PE3 and IPE3 are not vastly different at 0.89 and 0.90, 

respectively, PE3 creates a greater reduction in peak concentration, while IPE3 is more 
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effective at delaying the time of peak concentration. The delay of the IPE3 peak 

explains the greater change in S for this scenario (relative to PE3). 

 

Figure 4-4: The net change in the short-circuiting index for each baffle configuration modelled under: A) 

low, B) average, and C) high flow conditions. The dotted line (0) represents the baseline no-baffle 

scenario. For all flow scenarios, except PE4, the net change is positive, indicating that the addition of 

baffles decreases short-circuiting in this pond. IPE3 and PE3 configurations consistently provide the 

greatest improvement, while all parallel configurations provide little improvement. 
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Figure 4-5: Modelled residence time distribution (RTD) of the non-baffled scenario compared to PA3, 

PE3, and IPE3 under average flow conditions, all with a sludge volume of 21.5%. The black dotted 

line represents tn for this scenario. The RTD with parallel baffles (PA3; purple) is not vastly different 

from the non-baffled scenario (grey), both with high concentration peaks early on. The addition of 

perpendicular baffles (PE3; orange) not only delays the initial peak but also reduces the peak 

concentration, while the island baffle configuration (IPE3; green) also delays the initial peak and 

moves the RTD closer to that expected in plug flow. The RTDs for the PE3 and IPE3 configurations 

both show that short-circuiting in the pond has been reduced. 

 

4.4.2 Baffle installation 

The modelling determined that IPE3 and PE3 best optimised the flow in the pond, and 

both were considered for installation for the full-scale field trial. Due to the complexity 

of installing the IPE3 baffle configuration (see Figure 4-3), it was deemed inappropriate 

for this trial. Thus, PE3 was deemed the most appropriate choice for reasons of flow 

improvement, practicality of construction and cost effectiveness.  

The baffles were installed in Pond 2, the same one used in the hydrodynamic model, in 

October 2014. An aerial photo of the baffles a few days after installation is shown in 

Figure 4-6a, and a view of the baffles in pond is shown in Figure 4-6b. Along with the 

baffles, a weather station for monitoring wind speed was also installed (Figure 4-6c).  
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Figure 4-6: A) Aerial view of the study site taken shortly after baffles were installed in Pond 2 (P2) 

(Image: NearMap). Inlets and outlets for Pond 1 (P1) and P2 are shown by red arrows. B) A ground 

level view of the installed baffles, which had a flotation device at the top and were anchored at the 

bottom of the pond with heavy chain, and C) the weather station used for on-site monitoring of local 

conditions. 

 

4.4.3 Effect of baffles on pond hydrodynamics 

In 2015, during the 42-day tracer testing period, Pond 1 had 45% sludge infill with a 

calculated tn of 14.0 days, while Pond 2 had 29% sludge infill and a tn of 18.1 days 

(Table 4-2). The average flow rate over the testing period was 372 kL day
-1

. The effects 

of the baffles on residence time distribution are presented in Figure 4-7. With Pond 1 

acting as a control, we can see that the non-baffled pond experiences a much higher 

concentration peak than Pond 2 (Figure 4-7A), and that this peak also occurs earlier; 

this is evidence of a higher level of short-circuiting in this pond. In addition, the data 

shows that the fluctuations in concentration in Pond 1 are much more pronounced than 

in Pond 2. Overall, the presence of baffles in Pond 2 appears to attenuate the 

fluctuations in concentration, indicative of increased small-scale mixing and a more 

uniform concentration within this pond. Over the testing period, tmean in Pond 1 was 

11.9 days, while in Pond 2 it was 17.0 days, showing that the baffled pond had smaller 

discrepancies between tmean and tn (6% in Pond 2, 15% in Pond 1; Table 4-2). Overall, 

the residence time in Pond 2 is 43% higher than in Pond 1. 

Table 4-2: Summary of results of field tracer testing in each pond. In general, the reduction in residence 

time is higher the non-baffled ponds, Pond 1 and Pond 2 (2013), while the baffled pond, Pond 2 (2015) 

shows a 20% increase in residence time despite increase sludge infill. The % change was calculated 

with respect to tn for each scenario. 

 Date 
Sludge 

infill % 

tn 

(days) 

tmean 

(days) 
% change 

Mass 

recovery % 

Pond 1 2015 45 14.0 11.9 -15 76 

Pond 2 2013 21.5 19.1 14.0 -27 84 

 2015 29 18.1 17.0 -6 94 
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The tracer mass recovery for each pond calculated using weekly-averaged flow rates 

over the monitoring period is shown in Figure 4-7B. Of the Rhodamine WT released 

into each pond, 76% and 94% was recovered from Ponds 1 and 2, respectively. In Pond 

1, it is clear that more tracer exits the system over the first 26 days compared to Pond 2, 

a sign of short-circuiting within the system, but this tapers off as dye becomes trapped 

in dead zones or re-circulates waiting to be flushed out. In Pond 2, the recovery of tracer 

is steadily linear, indicative of a decrease in short-circuiting and fewer dead zones, i.e., 

the baffles have the desired effect of training the flow and optimising pond hydraulics.  

 

Figure 4-7: Residence time distributions (RTD) and mass recovery of the field tracer tests on Ponds 1 and 

2 in 2013 and 2015, each over a 42-day period. A) RTDs in 2015 tracer study. Pond 1 (no baffles; 

orange) experiences a much higher concentration peak earlier than in Pond 2 (purple), indicative of a 

higher level of short-circuiting. B) Field tracer mass recoveries of Pond 1 (orange) and Pond 2 (purple) 

in 2015, where 76% and 94% of the mass released had been recovered at end of the monitoring period, 

respectively. C) Tracer response in Pond 2, before (2013) and after (2015) baffle installation. 

Residence time has increased by at least 20% due to baffle installation. D) Mass recovery from Pond 2, 

pre- and post- baffle installation, where recovery has increased by 10%. Overall, the baffles appear to 

attenuate concentration fluctuations, decrease short-circuiting and the presence of dead zones, and 

increase residence time. 

 

In 2013, prior to baffle installation, Pond 2 had a sludge infill of 21.5% (as modelled) 

and, using the flow rate over the winter period (the “high” flow rate, 385 kL day
-1

) a 

nominal residence time (tn) of 19.1 days (Table 4-2). Over the 42-day tracer testing 

period, tmean was calculated to be 14.0 days, 27% lower than the nominal residence time. 

The mean residence time in Pond 2 increased by 20% with the addition of baffles 
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(Figure 4-7C), despite sludge infill over this time increasing by 7.5%. This is a very 

clear indication that baffles have improved the pond hydraulics through decreasing 

short-circuiting. Furthermore, mass recovery of tracer increased by 10% (Figure 4-7D; 

Table 4-2), indicating that there are fewer dead zones in the presence of baffles, and 

thus more of the effective volume of the pond is being used for treatment.  

 

Figure 4-8: Hydrodynamic model flow output plots for A) Pond 1 with 45 % sludge infill, and B) Pond 2 

with 29% sludge infill. Installing perpendicular baffles in Pond 2 changed the flow within the pond 

significantly, particularly near the inlets, and directed the flow through the entire pond volume. Grid 

spacing shown is 10 m in x and 5 m in y. 

 

To further illustrate the effect that baffles have on the flow in ponds, output of flow 

patterns from the hydrodynamic model using the actual bathymetry over the tracer 

testing period is shown in Figure 4-8. As the ponds both have the same inlet 
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configuration, the effect that the baffles in Pond 2 (Figure 4-8B) have on the flow 

compared to the Pond 1 is clear (Figure 4-8A). With the addition of baffles in Pond 2, 

flow patterns show that the first baffle slows down incoming flow significantly, and that 

the flow is directed around baffles, as expected. Without the presence of baffles in Pond 

1, the flow speeds across the pond are much higher, and more flow recirculation is 

apparent. Again, this demonstrates that baffles have the desired effect of training flow 

and improving pond hydraulics. 

It is important to note that the concentration peak in Pond 2 before and after the 

installation of baffles is similar (Figure 4-7C), while Pond 1 clearly shows different 

behaviour (Figure 4-7A). The differing behaviour measured with the field tracer in non-

baffled conditions may be attributed to unequal inflow splitting between not only the 

two ponds as a whole, but also between the twin inlets in each pond; for all analyses it is 

assumed that the inflow into each pond and through each inlet is equal. This indicates 

that Pond 1 cannot be considered a true control pond, and therefore it is only used a 

non-baffled reference.  

 

4.4.4 Modelled effect of wind on flow  

Sludge bathymetry of both ponds from the tracer testing period was input into the model 

with and without wind forcing, and the results for the 42-day period were compared to 

the tracer results. The influence of wind in (non-baffled) Pond 1 is shown in Figure 

4-9A. Without the influence of wind (Figure 4-9A; purple), the model captures the 

timing of the initial peak relatively well, however the length of this peak is over-

predicted. After the initial peak, the trend of the model fits that of the field tracer data 

quite well. With the addition of wind (Figure 4-9A; orange), the initial peak occurs 

earlier than previously, with a peak concentration higher and earlier than seen in the 

field. After the peak, the rest of the RTD agrees well. The values of tmean calculated for 

both model scenarios (11.2 days) are very similar to the field tracer, showing that the 

model is effective at capturing the hydrodynamics of this pond. These RTD results 

show that in Pond 1 the addition of wind into the model mostly affects the peak value 

and its timing, and less so the mean residence time. 

Wind influence on the baffled Pond 2 is shown in Figure 4-9B. In the no wind scenario 

(Figure 4-9B; purple) the model predicts the peak value of the tracer output relatively 

well, however it predicts a later peak. With the addition of wind into the Pond 2 model 
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(Figure 4-9B; orange) there is very little change from the no wind scenario, with no 

change in the overall shape of the distribution, peak, nor the timing of the peak. The 

tmean calculated for no wind and wind scenarios are 14.2 and 14.5 days respectively. For 

both scenarios, the model does not appear to capture the same gradual decrease in tracer 

concentration as shown in the field measurement. Overall, the results for Pond 2 show 

that baffles attenuate any major hydrodynamic influence of wind. 

 

Figure 4-9: The modelling results for A) non-baffled Pond 1 and B) baffled Pond 2 with and without the 

influence of wind, compared to field tracer testing over a 42-day period. In Pond 1 (A) with the 

addition of wind to the model (orange), the initial peak is higher and occurs earlier, compared to both 

the no wind scenario (purple) and field tracer (grey). Overall, the Pond 1 model RTD with wind is in 

better agreement with that of the tracer study; however, this has no influence on the residence time. 

Modelling suggests that wind does not appear to greatly influence the flow in Pond 2 (B). Overall, 

baffling in Pond 2 appears to attenuate the influence of wind on the RTD, compared to Pond 1 (A). 

 

4.5 Discussion 

4.5.1 Determination of optimal baffle configuration 

Our ability to capture high-resolution data of pond bathymetry, coupled with a validated 

2D hydrodynamics model of ponds, is very useful for pond managers to assess the 

performance of their assets. Furthermore, it can be used as a tool to determine the 
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optimal design of flow control structures in ponds, such as baffles. In this study, by 

determining key hydraulic indices from model flows in ponds with different baffle 

configurations, the most effective configurations for this particular site could be readily 

determined. While the short-circuiting index has been used to assess different pond 

layouts previously (e.g., Persson, 2000), the use of the moment index is new in its 

application to WSPs (Murphy, 2012, Ouedraogo et al., 2016), and provides an index 

that is not reliant on mixing or short-circuiting, or influenced by the long tails 

characteristic of most residence time distributions (Wahl et al., 2010). In this study, we 

for the first time used a suite of three hydraulic indices (tmean, MI and S), all describing 

different but complementary aspects of hydraulic efficiency, to better assess the overall 

behaviour of ponds. 

By modelling the pond under low, average and high flow conditions and assessment of 

the changes in MI and S (Table 4-1, Figure 4-5), it was determined that pond residence 

time could increase by up to 24% with the addition of baffles, and two possible 

configurations were identified as suitable to consistently improve the flow 

characteristics in this system. Through this modelling and analysis exercise, a well-

informed decision could then be made about which configuration to adopt. This is 

pertinent here as while the IPE3 configuration showed the greatest overall improvement, 

it was only slightly better than PE3, and PE3 was significantly easier and cheaper to 

construct.  

While inlet configuration can have a significant influence on flow (Shilton and Harrison, 

2003), this study did not consider the possible improvement that could be provided by 

altering the inlet/outlet geometry in these ponds. In this case, the location of the inlets 

could explain the hydrodynamic model under-predicting the influence of baffles on the 

flow (Figure 4-9B). For consistency, tracer was released into the northern inlet of each 

pond; doing so in Pond 2 with baffles (see Figure 4-3) reduced the distance between 

tracer release and pond outlet. Therefore, redesign of the inlet configuration with the 

addition of baffles could further improve the hydraulic efficiency of this pond. 

The results of this modelling exercise are site-specific but, as demonstrated here, all that 

is required to apply this methodology is high-resolution bathymetry data for model 

input: information which can easily be obtained for other sites with the right tool, such 

as the ROV used here. Thus, modelling and the use of informative hydraulic indices can 

successfully be used to inform re-design and retrofitting of pond infrastructure, but in 

the future it could also be used to determine the design of new ponds.  
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4.5.2 Flow and treatment improvement provided by baffles 

The results of the tracer testing show that baffles have a clear effect on the 

characteristics of the flow in the pond (Figure 4-7A, Figure 4-7C), with daily 

fluctuations in tracer concentration decreasing in intensity compared to the non-baffled 

system. While Pond 1 was not a true control pond, as it had a higher sludge infill than 

Pond 2 (45% vs. 29%), the distributions of sludge in Ponds 1 and 2 are similar (Figure 

4-1B, Figure 4-1D), with accumulation mainly occurring around the edges of the pond 

and slight benches of sludge near the inlets. Indeed, the overall flow patterns in the 

ponds are comparable. The change induced by the introduction of baffles is made clear 

in Figure 4-8B where the first baffle significantly slows down the incoming flow from 

the twin inlets. The presence of baffles in Pond 2 explains the attenuation of 

concentration fluctuations compared to Pond 1 (Figure 4-7A), where there is a 

significant amount of short-circuiting around the edges of the pond, particularly 

between the southern inlet and the outlet.  

Overall, through the full-scale implementation of baffles, we show that the increase in 

residence time in Pond 2 is at least 20%. This result validates the outputs of our 

modelling, where results suggested that residence time could increase by up to 24%. 

While treatment efficiency is only assessed in terms of pond hydraulics in this study, the 

removal efficiencies of constituents of concern are strongly dependent on hydraulics 

(Laurent et al., 2015). Through increasing residence time in WSPs, it is believed that 

baffles can improve the removal of E. coli (Shilton and Mara, 2005) and BOD (Abbas et 

al., 2006).  

In general, the assessment of baffles installed in a full-scale WSP has shown that they 

improve the flow as suggested by results of modelling with high-resolution bathymetry. 

The improvement provided by baffles in ponds is not only better hydraulic performance 

through reducing short-circuiting and increasing residence time, but also through the 

promotion of small-scale mixing and increasing the pond effective volume for treatment. 

4.5.3 The impact of wind on ponds 

The inclusion of wind in hydrodynamics modelling of WSPs is not a recent 

development, with several previous studies incorporating wind into WSP models (e.g., 

Sweeney et al., 2003, Banda et al., 2006, Badrot-Nico et al., 2010, Sah et al., 2011), 

however there is still a need to better understand the effect that environmental 

conditions have on the function of WSPs, including wind (Passos et al., 2016). 
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In this study, with the addition of wind data into the model, it is clear that wind has the 

most influence on the non-baffled Pond 1 (Figure 4-9A), with a much greater peak 

concentration. By comparison, wind has an insignificant influence on the hydraulics of 

Pond 2 (Figure 4-9B). Overall, the most significant insight provided by modelling the 

ponds with and without the influence of wind is that wind affects the overall shape of 

the RTD for Pond 1, but not the residence time (Figure 4-9A). In Pond 2 wind has a 

negligible effect on the hydraulic behaviour, with no change in the shape of the RTD, 

and only a slight change in tmean (Figure 4-9B). This result suggests that, in addition to 

improving pond hydrodynamics, baffles also attenuate the effects of wind on the flow. 

The prevailing wind directions throughout the day at the study site are always 45° 

against the inflow, which could explain this slight difference, as the wind could be 

acting to slow the flow down in this pond. Our modelling confirms the earlier 

observation that the influence of wind on pond hydraulics may have been overestimated 

(Shilton and Harrison, 2003). Overall, our results suggest that the influence of wind on 

the hydraulics in these ponds is not significant, and that a hydrodynamic model without 

the inclusion of wind is a sufficient approach to assess the hydrodynamic behaviour of 

ponds, as suggested in Shilton et al. (2008). Nonetheless, wind may still play a role in 

other systems under different climatic forcings.  

 

4.6 Conclusions 

From this study, we have demonstrated that 2D hydrodynamic modelling of WSPs 

combined with moment and short-circuiting indices can be used to determine the baffle 

configurations that optimise hydraulic efficiency. This approach determined two 

optimal configurations for the site, which were then assessed for practicality and cost-

effectiveness to install. A full-scale trial of three perpendicular baffles was conducted, 

with tracer testing on site after baffle installation confirming that baffles improve the 

hydrodynamics. The baffles both decreased short-circuiting and increased mean 

residence time by at least 20%, thus improving the hydraulic performance of the pond. 

The addition of wind data into the model did not have a major impact on calculated 

residence times, but showed that baffles can also attenuate the effect of wind on pond 

hydraulics. Overall, based on the results of the full-scale trial, the approach developed 

here to assess optimal baffle configuration is appropriate to make site-specific 

recommendations. 
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5 Flow cytometry for the spatiotemporal characterisation of 

microbial communities in waste stabilisation ponds
1
 

 

5.1 Abstract 

Microbial communities are present in all parts of the water cycle, extending beyond the natural 

environment into treatment facilities, drinking water and wastewater networks. The functions of algal and 

bacterial communities are fundamental in the design of waste stabilisation ponds (WSPs) and control the 

treatment performance and efficiency; however the study of these WSP microbial communities has been 

challenging using traditional techniques. Flow cytometry (FCM) has been used widely as a rapid, culture-

independent method of characterising algae and bacteria in a range of freshwater and marine 

environments, but its application to WSP wastewater samples has been relatively unexplored. In this 

study, a method for the characterisation of both algal and bacterial microbial populations in wastewater is 

presented, using cultures and field samples. This approach has shown that SYTO 16 dye is more effective 

than SYBR Green I for the concurrent detection of both algae and bacteria in samples. Through gating 

and phenotypic analysis, the FCM results show both spatial and temporal shifts in pond microbial 

communities. The ability to rapidly determine the spatiotemporal shifts in pond populations is not only 

important for the improvement of pond operation and monitoring strategies, but also for the planning and 

management to ensure that sustainable water systems can be achieved in the future. Flow cytometry could 

be developed into a diagnostic tool for ponds to assess treatment performance and determine the most 

optimal operating conditions.  

 

5.2 Introduction 

Water is essential for life, and access to clean water is fundamental to modern standards 

of living across demographics; in the developed world in particular, basic water 

treatment processes and infrastructure are now taken for granted (Pruden, 2014). 

Microbial communities are present in all parts of the water cycle, extending beyond the 

natural environment into treatment facilities, drinking water and wastewater networks. 

These communities are an integral part of both the ecology of environmental systems 

and various treatment processes; however, they often harbour harmful pathogens. In 

drinking water networks, dynamic and diverse microbial populations are found, which 

vary depending on parameters such as disinfection, hydraulics, location, and age of the 

                                                 
1
 Coggins, L. X., Larma, I., Dharma, A., Hinchliffe, A., Props, R. and Ghadouani, A. ‘Flow cytometry for 

the spatiotemporal characterisation of microbial communities in waste stabilisation ponds’, to be 

submitted to Plos One. 



8 4  |  

system (Baron et al., 2014, Proctor and Hammes, 2015). While these microbial 

communities occur widely, regulations have mainly focused on faecal-associated 

pathogens (Proctor and Hammes, 2015), which only represent a small fraction of what 

is present. More recently the interest of researchers and regulators has extended beyond 

faecal pathogens, to include non-faecal opportunistic pathogens, as well as microbes 

that contribute to functional ecology of drinking water networks (Douterelo et al., 2013, 

Baron et al., 2014, Proctor and Hammes, 2015). However, most of this research has 

solely focussed on drinking water networks, leaving wastewater microbial communities 

unexplored despite their critical role in wastewater treatment, especially in waste 

stabilisation ponds (WSPs). Microorganisms, such as algae and bacteria, control the 

treatment efficiency and quality in WSPs, and understanding the complex dynamics 

between algae and bacteria is fundamental in both the design and operation of these 

systems (Pearson, 2003, Mara, 2004, Daims et al., 2006). A mutualistic relationship 

exists between algae and bacteria in WSPs; oxygen produced through photosynthesis of 

algae is used by bacteria to oxidise wastewater biological oxygen demand (BOD), while 

the carbon dioxide needed for the algae to photosynthesise is provided by the 

metabolism of pond bacteria (Mara, 2004). Bacteria are also responsible for nitrification 

and denitrification processes in ponds (Mara, 2004). However, the fact that pond design 

criteria have not significantly evolved over the past half century (Thirumurthi, 1974, 

Mara, 2004) is an indication that there is still much to learn about WSP microbiology. 

Therefore, it is clear that there is a need for both the detailed characterisation of 

microbial communities in WSPs and an understanding of their role in treatment 

performance. Understanding the occurrence and variability of WSP microbial 

communities will ensure better informed management and operation of sustainable 

water systems; which is even more relevant considering the knowledge gap surrounding 

the role played by microbial communities in antibiotic resistance (e.g., Pruden, 2014). 

The study of microbial communities is complicated, due to their ability to evolve and 

respond to their environment over short time scales (Lautenschlager et al., 2010, 

Guenther et al., 2012, Besmer et al., 2014, Koch et al., 2014, Props et al., 2016); this 

makes understanding the microbiology within WSPs challenging. The culture-

dependent method of heterotrophic plate counts (HPCs) has been used over the past 

century to quantify microorganisms in drinking water and wastewater treatment 

(Hammes et al., 2008) however the HPC method can only detect a small fraction of 

bacteria found in aquatic environments (Staley and Konopka, 1985), and particularly in 

drinking water networks (Bartram et al., 2003, Allen et al., 2004, Hammes et al., 2008, 
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Hammes and Egli, 2010). Considering the known limitations of HPCs for analysis of 

drinking water networks, the characterisation of high microbial growth environments 

will add further complexity. As environments rich in both algal and bacterial diversity, 

WSPs, like drinking water networks, require a culture-independent technique to more 

fully and accurately characterise them.  

The rapid characterisation of microbial communities in marine and fresh water 

environments has improved in recent years through the use of flow cytometry (FCM) 

(Gasol and Del Giorgio, 2000, Veldhuis and Kraay, 2000, Hammes and Egli, 2010, 

Wang et al., 2010). Flow cytometry is a culture-independent analysis technique first 

developed in the 1960s, and since then has primarily been used in medical research 

(Wang et al., 2010). More recently, due to its ability to rapidly provide a broad range of 

information at the single-cell level, FCM has been successfully applied to the 

characterisation of microbial communities (Hammes and Egli, 2010, Wang et al., 2010, 

Van Nevel et al., 2013). In the past decade, FCM has been used widely in the 

assessment and monitoring of drinking water quality (e.g., Berney et al., 2008, Hammes 

et al., 2008, De Roy et al., 2012, Prest et al., 2016a), and is now a recognised guideline 

method for drinking water analysis in Switzerland (SLMB, 2012).  

Despite its use and acceptance in the field of drinking water microbiology, FCM is still 

underrepresented in the study of wastewater microbiology. So far the use of FCM for 

wastewater has been limited to the study of conventional wastewater treatment plants 

using the activated sludge process (e.g., Foladori et al., 2010, Lee et al., 2016), and thus 

limited to the detection of wastewater bacteria only. Flow cytometry can be performed 

on organisms that are auto-fluorescent, such as phytoplankton (algae), while non-

fluorescent species, such as bacteria, require staining to distinguish them from 

background noise. In previous studies, SYBR® Green I the most commonly used dye to 

distinguish bacterial communities in water, and has been applied to develop a 

reproducible bacterial staining method for water quality monitoring (Prest et al., 2013). 

As previous studies have focussed on the characterisation of bacterial communities only, 

there is a need to develop a FCM method for analysing water from more biologically 

diverse environments such as WSPs, which are rich in both algae and bacteria. The 

development of such a method will not only increase the accuracy and efficiency of 

characterisation of WSP microbiology, but also act as a diagnostic tool to aid in the 

management of WSP assets.  
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The overall objective of this study is to develop a method for characterising wastewater 

autotrophic and heterotrophic microbial communities using FCM. Specifically, the aims 

of this study are to: 1) assess the use of FCM for the quantitative characterisation of 

microbial cells from WSPs, 2) develop an optimal fluorescent staining protocol to 

distinguish both algae and bacterial groups in WSPs, and 3) determine the suitability of 

FCM for the assessment of variability of WSP microbiology on spatial and temporal 

scales. 

 

5.3 Materials and Methods 

5.3.1 Study sites 

Wastewater samples were collected from six treatment plants with varying pond layouts 

and loads, all located south of Perth, Western Australia. A summary of each site is 

included in Table 5-1.  

Table 5-1: Design, operational and water quality characteristics of the six waste stabilisation ponds used 

in this study. All ponds are located in south-west Western Australia, in a Mediterranean climate. 

Cyanobacterial blooms have been a problem at several of these sites. Note: ND = no data available, 

CB = cyanobacteria, TP = total phosphorus, TN = total nitrogen, SS = suspended solids, BOD = 

biological oxygen demand; values are the average of inlet and outlet measurements in each facultative 

pond. 

Site 

Total 

# of 

Ponds 

Effluent 

fate 

Facultative 

Ponds 

TP 

(mg 

L
-1

) 

TN  

(mg 

L
-1

) 

SS  

(mg 

L
-1

) 

BOD 

 (mg 

L
-1

) 

E. coli 

(org/100 

mL 

Previous 

CB 

problems 

Boddington 

(Bdt) 
6 

Chlorinated 

for reuse at 

local mine 

site 

P1 6.9 46.0 138 57.5 >14300 

Yes 
P3 5.6 31.5 48 42.5 >12650 

Cranbrook 

(Cran) 
2 

Discharged 

to the 

environment 

P1 12.0 82.5 145 137.5 >22000 Yes 

Mt Barker 

(MtB) 
5 

Used for 

irrigation of 

tree lot 

P1 5.3 47.7 103 82.5 30 
No 

P2 7.0 64.5 155 107.5 16000 

Pinjarra 

(Pin) 
3 

Sent to 

storage pond 

P1 5.2 37.8 80 218.4 ND 
No 

P2 5.4 42.6 77 101.8 ND 

Tambellup 

(Tam) 
3 

Discharged 

to the 

environment 

P1 11.5 75.0 325 150.0 24000 Yes 

Wagin 

(Wag) 
4 

Discharged 

to the 

environment 

P1 9.4 56.5 190 172.5 640 
Yes 

P2 9.3 56.5 195 172.5 1600 

 

Each site has a different pond layout, with various configurations of primary facultative 

and maturation ponds (Figure 5-1). At Pinjarra (Figure 5-1B, Figure 5-1D) in particular, 
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the dimensions of the two primary facultative ponds are identical, however Pond 2 also 

has three baffles installed perpendicular to the flow to control pond hydraulics, while 

Pond 1 does not. 

 

Figure 5-1: Pond layouts at A) Boddington and B) Pinjarra. Both sites have parallel primary facultative 

ponds; one of the primary facultative ponds at Pinjarra has baffles (B). Panoramic views of the 

parallel primary facultative ponds at C) Boddington and D) Pinjarra. E) An example of what the algal 

community looks like in a pond under ‘normal’ operating conditions, while F) shows a pond with an 

advanced cyanobacterial bloom event with scum formation on the pond banks. 
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5.3.2 Wastewater sampling 

Incoming raw wastewater was sampled from the flow splitter prior to entering the ponds 

at Pinjarra only, while in-pond samples were collected from approximately 20 cm below 

the surface near the inlet and outlet of each study pond. All samples were collected 

using a motorised pump, with careful attention to avoid stirring of the water and the 

collection of sludge. Samples were first collected into 1 L acid-washed Schott glass 

bottles, of which 10 mL was transferred into 15 mL sample tubes and immediately fixed 

on-site with 500 µL glutaraldehyde (Glutaraldehyde Grade I, 25% in H2O, Sigma 

Aldrich). Sample tubes were then immediately stored on ice for transportation back to 

the laboratory. Upon arrival at the lab, all samples were immediately stored in the 

freezer at -20°C until required for analysis.  

5.3.3 Spectrofluorometry 

A FluoroProbe (bbe Moldaenke, Germany) in bench-top mode, which uses light 

emitting diodes at five wavelengths to excite auto-fluorescing photosynthetic cells 

(Beutler et al., 2002, Barrington and Ghadouani, 2008), was used to measure 

chlorophyll-a (chl-a) in all samples. Through spectrofluorometry this instrument not 

only determines the total phytoplankton chl-a concentration, but can also distinguish 

between chl-a concentrations (µg L
-1

) of four different phytoplankton groups 

(chlorophyta/green algae, cyanobacteria/blue-green algae, diatoms, cryptophyta) based 

on unique fluorescence patterns. Due to the high concentrations of chlorophyll-a present 

in wastewater, samples were diluted with Milli-Q water to ensure concentrations within 

working range of the FluoroProbe.  

5.3.4 Auto-fluorescence protocol 

Initially, to assess the viability of flow cytometry for wastewater analysis, only auto-

fluorescent characteristics of wastewater were investigated. Samples were not diluted in 

this part of the study, but where samples exhibited some floc formation they were 

sonicated for 2 mins in an ultra-sonic bath at a frequency of 50 Hz. Samples were then 

filtered through 35 µm nylon mesh into sterile 5 mL round bottom tubes (BD Falcon™, 

Product: 352235). 

5.3.5 Cultures 

Three cultures were used for reference in this study to develop fluorescence fingerprints: 

bacteria, algae, and WSP wastewater. The bacteria used was Escherichia coli B strain 
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(M715, School of Pathology and Laboratory Medicine, The University of Western 

Australia) cultured in Tryptone Soya Broth (CM0129, Thermo Fisher Scientific, USA) 

at 35°C overnight. 10 mL aliquots of the culture were centrifuged and washed with 1× 

phosphate-buffered saline (PBS) solution twice, then resuspended in 10 mL GF/F 

(0.7 µm) filtered Milli-Q water and immediately fixed with 500 µL glutaraldehyde. The 

green alga Desmodesmus sp. (CS-899, CSIRO, Tasmania, Australia) was grown in 1 L 

aerated flasks in WC medium at 19±1°C, and 10 mL aliquots fixed with 500 µL 

glutaraldehyde. A culture of WSP wastewater was fed with settled raw wastewater and 

aerated with CO2 at 19±1°C; 10 mL aliquots of this culture were fixed with 500 µL 

glutaraldehyde. All fixed culture samples were immediately stored in the freezer 

at -20°C until required for analysis.  

5.3.6 Fluorescence staining protocols 

Due to the collected wastewater samples and cultures being highly concentrated, it was 

necessary to dilute all samples prior to staining; all samples were diluted with GF/F 

(0.7 µm) filtered Milli-Q water. Samples were first filtered through 35 µm nylon mesh 

into sterile 5 mL round bottom tubes and then diluted with the pre-filtered water. A 1:50 

dilution was used for the E. coli and Desmodesmus sp. cultures, while a 1:10 dilution 

was used for the wastewater culture and field samples. 

In this study, two dyes were used in order to compare their effectiveness with 

wastewater; these dyes were SYBR® Green I (10000X concentrate in DMSO, 

Molecular Probes) and the newer generation SYTO® 16 (1mM solution in DMSO, 

Molecular Probes). SYTO® 16 (S16) was chosen as the emission maxima for this dye 

(518nm) is very similar to that of SYBR® Green I (520nm). When using SYBR® 

Green I (SG) samples were stained using 1:100 stock diluted in DMSO with either 1× 

(10 µL mL
-1

) or 5× concentration (50 µL mL
-1

). As described in Prest et al. (2013), 

samples were preheated to 35°C for 5 mins and then SG stained before being incubated 

at 35°C in the dark for a further 10 mins before measurement. As there were no pre-

existing protocols for using S16 on water samples, titrations were performed to 

determine the optimal dye concentration. Samples stained with S16 were vortexed to 

mix, and then incubated in the dark for 30 mins before measurement. 

5.3.7 Flow cytometry 

Samples were analysed using a BD FACSCanto™ II flow cytometer (BD Biosciences, 

New Jersey, USA) equipped with three lasers; blue (488 nm, 20 mW solid state), red 
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(633nm, 17 mW HeNe) and violet (405nm, 30mW solid state). This flow cytometer has 

an octagon detector array equipped with various band pass and long pass filters. All data 

was processed using FlowJo® software (version 10, FlowJo LLC, Oregon, USA), and 

gating was used to separate data from background noise.  

5.3.8 Phenotypic analysis 

We performed an advanced computational analysis of the flow cytometry data in order 

to detect differences between the flow cytometry fingerprints of various sample 

locations and time points (PhenoFlow package v1.0, available from: 

https://github.com/rprops/Phenoflow_package; Props et al., 2016). This approach 

computes so-called “phenotypic fingerprints” of the microbial community by placing 

the measured cells into an equal spaced binning grid (128×128) and performing kernel 

density estimations on all bivariate parameter combinations of the selected fluorescence 

and scatter parameters (i.e., 488nm 530/30BP-A, 488nm 780/60BP-A, SSC-A, FSC-A). 

The phenotypic fingerprints were calculated with default settings and were compared 

through principal coordinates analysis (PCoA, Bray Curtis dissimilarity). The full 

analysis workflow can be found as an R Markdown file at: 

https://github.com/rprops/WW_phenoflow.  

 

5.4 Results 

5.4.1 Phytoplankton population 

The photosynthesising groups present in the WSPs studied (Figure 5-2) are dominated 

by the presence of green algae, co-occurring with diatoms, and less commonly with 

cryptophyta and cyanobacteria. Most notable is the variability of these spectral groups 

from site to site (Figure 5-2A), and within a site (Figure 5-2B). The total phytoplankton 

community concentrations, expressed in chl-a equivalent, have a wide range of 

variability across the study sites. The lowest concentration was measured at Mount 

Barker (Figure 5-2A), which was four times less than that at the site with the highest 

concentration, Pinjarra (Figure 5-2B). This result shows that these communities are 

highly variable between sites and within the same site, as shown by the significant 

difference between splitter water (raw wastewater) and pond water (Figure 5-2B).  
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Figure 5-2: Mean chlorophyll-a concentrations for all sites, including standard error. In A) the 

phytoplankton composition is shown for the sites used for auto-fluorescent flow cytometry, where the 

most dominant population present is green algae (chlorophyta). Cran-P1-S1 is the only site to display 

a more varied phytoplankton population. The population of the Pinjarra ponds for the period June-

October 2015 is shown in B), where green algae are the most dominant species. In Pond 1 (P1) the 

green algae population decreases between the inlet and outlet, while in Pond 2 (P2) the phytoplankton 

population increases. The splitter water has a negligible phytoplankton population, as expected in raw 

wastewater.   

 

5.4.2 Auto-fluorescent flow cytometric analysis 

Auto-fluorescent populations were identified at different sites (Figure 5-3), and are 

displayed through filtering via red (633nm 660/20BP) and green (488nm 530/30BP) 

band pass filters. Through gating, one clear algal population was identified at 

Tambellup at the inlet (Figure 5-3A) and outlet of Pond 2 (Figure 5-3B); this is reflected 

in the spectrofluorometric analysis for the site (Figure 5-2A). The sample for 

Boddington shows two distinct populations (Figure 5-3C), along with Cranbrook 
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(Figure 5-3D), however the Boddington populations are more excited by both the blue 

(488nm) and red (633nm) lasers, and emit more light in the red and green channels than 

Cranbrook. There appears to be one population present at Mount Barker (Figure 5-3E), 

which is bright in both channels, and has similar characteristics to one of the 

populations in Boddington (Figure 5-3C). The highest number of distinct populations is 

at Wagin (Figure 5-3F), where four distinct populations appear. Without the use of 

staining, the results of this analysis show the ability of FCM to distinguish possible 

groups, and sub-groups, of auto-fluorescent microbial communities in wastewater. 
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Figure 5-3: Flow cytometric analysis of auto-fluorescent communities present in WSP wastewater from 

five sites, shown through red (633nm 660/20BP; y-axis) and green (488nm 530/30BP; x-axis) filters; 

all samples shown were sonicated. Note: Populations gated and labelled Pop 1, 2, 3, or 4 for each 

panel/site are only used as identifiers. A) and B) show the presence of a single population at the inlet 

(S1) and outlet (S2) of Tambellup, while two distinct populations are each found at the inlets of 

Boddington (C) and Cranbrook (D). Mount Barker (E) inlet has one distinct population similar to 

Population 1 at Boddington (C). Four distinct populations can be seen at Wagin (F). Tambellup and 

Wagin sites are maturation ponds, while all other sites are facultative ponds. 
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5.4.3 Best staining protocol for wastewater samples 

Further distinction in wastewater microbial communities can be achieved with the 

application of stains. A comparison of the efficacy of SG and S16 dyes is shown in 

Figure 5-4. The emissions for the two different stains at various concentrations were 

compared for use with the E. coli and Desmodesmus sp. cultures. Both dyes perform 

similarly in staining E. coli (Figure 5-4A), with all concentrations peaking at the same 

point. However, when applied to the Desmodesmus algae culture (Figure 5-4B), it is 

clear that S16 at 1µM and 2µM concentrations outperform 5×SG, shifting the emission 

signal further away from the unstained control. Based on this analysis it was determined 

that 1µM S16 provided the best staining of both bacteria (E. coli) and algae 

(Desmodesmus sp.), and was most suitable to apply for distinguishing bacterial and 

algal groups in wastewater samples. 

 

Figure 5-4: Modal spectrum to show the efficacy of SYTO 16 (S16) and SYBR Green I (SG) in the 

staining of A) E. coli and B) algae cultures. With E. coli (A), both dyes perform similarly; while with 

algae (Desmodesmus sp.) it is clear that concentrations of 1µM and 2µM S16 outperform SG, shifting 

the signal further away from the unstained sample (grey). S16 1µM concentration was chosen to be 

the most effective concentration, and thus used for analysis. 

 

5.4.4 Algal and bacterial populations in wastewater 

The results of the quantification of algal and bacterial groups at Pinjarra in October 

2015, shown in Figure 5-5, Figure 5-6, and Figure 5-7, are displayed through filtering 

via green (488nm 530/30BP) and far red (488nm 780/60BP) band pass filters (for algae), 
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as well as forward scatter (for bacteria), showing both stained (red) and unstained (blue) 

samples. For Pond 1 (Figure 5-5), the inlet shows the presence of three distinct algal 

groups (Figure 5-5A), and four distinct bacterial groups (Figure 5-5B). By the time the 

water has moved towards the outlet, the number of distinct algal groups has decreased 

to two (Figure 5-5C), while the bacterial populations remained the same (Figure 5-5D). 

In Pond 2 (Figure 5-6), the inlet has two distinct algal populations (Figure 5-6A), and 

three distinct bacterial groups (Figure 5-6B). Like Pond 1, the algal community 

diversity has decreased at the outlet of Pond 2, where there is only one distinct algal 

group (Figure 5-6C), while there are still three bacterial communities present (Figure 

5-6D). Overall, the signatures of Ponds 1 and 2 are fairly similar. Moving to the raw 

wastewater in the splitter (Figure 5-7), there are two distinct bacterial groups which can 

be seen with the red filter (Figure 5-7A), and forward scatter channels (Figure 5-7B). 

There is a small algal population present in the splitter water, however overall the 

signature of the splitter water is vastly different to that in pond. Most importantly, for all 

samples, the shift of the populations with staining from unstained samples (blue) to S16 

stained (red) is very clear. 
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Figure 5-5: Results of FCM analysis on samples from Pinjarra Pond 1 inlet (A, B) and outlet (C, D) in 

October 2015, with both unstained (blue) and SYTO 16 stained (red) samples. Staining samples 

clearly shifts the populations away from the axes and gating analysis shows three algal populations at 

the inlet, and a large group of bacteria (A). By analysing this bacteria group in the forward scatter 

channel, four bacterial populations have been identified (B). At the outlet, there are only two algal 

populations present (C), while there are still four bacterial groups (D). 

 

Comparing this spatial difference further, the splitter signal was compared to the Pond 1 

inlet signal (Figure 5-8A) through green and yellow/orange band pass filters. The 

distinct splitter population is gated and shows that the shift in the in pond population at 

the inlet (blue) compared to the splitter (red). Through gating of the distinct splitter 

population, a temporal change in the WSP communities at the Pond 2 outlet between 

June and August is apparent (Figure 5-8B).The signals of splitter population (grey) and 

the population at the outlet in June (blue) are very similar, while the October population 
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(orange) has shifted (similar to Figure 5-7A). This result clearly shows the temporal 

variability in the population. 

 

Figure 5-6: Results of FCM analysis on samples from Pinjarra Pond 2 inlet (A, B) and outlet (C, D) in 

October 2015, with both unstained (blue) and SYTO 16 stained (red) samples. Through gating 

analysis, at the inlet there are two algal groups present (A) and three different bacterial populations 

(B). At the outlet, there is only one algal population (C), while there are still three bacterial 

populations (D). 
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Figure 5-7: Results of FCM analysis on samples from the splitter (raw wastewater) in Pinjarra in October 

2015; unstained (blue) and SYTO 16 stained (red). There appears to be a small population of algae (A) 

and two distinct bacterial populations (A, B). The FCM fingerprint of splitter water is distinctly 

different from those seen for Pond 1 (Figure 5-5) and Pond 2 (Figure 5-6). 
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Figure 5-8: Spatiotemporal variability in FCM fingerprints at Pinjarra, where A) shows the spatial 

difference in populations between the splitter population (gated; red) and Pond 1 inlet water (blue); it 

is clear that upon entering the pond, the populations present change. In B) the temporal variability is 

illustrated by comparing the signals for the Pond 2 outlet and splitter. In June, the signal at the Pond 2 

outlet (blue) is the same as the splitter signal (gated; grey); in October the population is clearly 

different (orange). The lack of change in populations in Pond 2 in June may be an indication of flow 

short-circuiting, or population absence. 

 

The spatiotemporal variability in populations between and within sites is further 

confirmed through principal coordinates analysis (PCoA) (Figure 5-9, Figure 5-10). 

Across the five study sites (Figure 5-9) assessed using auto-fluorescence only, there is a 

higher degree of similarity between Wagin and Boddington populations, while 

Tambellup is dissimilar from the other sites, and in particular shows low diversity in 

population throughout the treatment train. At each of the sites, the populations show a 

high degree of variability along the treatment train, ranging from the primary facultative 

ponds, through to maturation ponds. For this analysis, sonication explained 13.7% of 
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the variance (p = 0.001), while the site (sample location) explained 37.0% of the 

variance (p = 0.001). However, it is important to note that the five sites have different 

design configurations and operation characteristics (Table 5-1), which will become 

important in the interpretation of these results. Within the same study site (Figure 5-10), 

the variability of the populations at the inlet and outlet were analysed for June, August 

and October 2015. The differences between the populations at the inlet and outlet 

increase over time, where location explained 30.5% of the variance (p = 0.01), and the 

time point explained 23.4% of the variance (p = 0.023).  

 

Figure 5-9: Principal coordinates analysis (PCoA) of the phenotypic fingerprints for five sites, showing 

sonicated and unsonicated wastewater samples throughout the treatment train. This analysis shows the 

similarities in the communities of Wagin (blue) and Boddington (green), while the community at 

Tambellup (yellow) shows a high level of dissimilarity with the other sites. Sonication explained 13.7% 

of the variance (p = 0.001) while the sample location (site) explained 37.0% (p = 0.001). 

 

In June (T1, Figure 5-10) the Pinjarra communities are similar, but become more 

different in August (T2) and October (T3). Temporally, shifts in populations are 

noticeable in the splitter as well as the ponds. The Pond 2 community is very similar to 

the splitter community in June 2015; this is shown also shown in Figure 5-8B. Over 

time, the diversity seen in Pond 1 decreased to be comparable to that seen in Pond 2. 

Overall, the communities present in the splitter remain stable over time. 
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Figure 5-10: Principal coordinates analysis (PCoA) of the phenotypic fingerprints of in the Pinjarra ponds 

between June-October 2015, showing the variability with regard to sample position (left), and sample 

time point (right). Here, the differences between the inlet (I) and outlet (O) samples increase over time. 

The communities are all quite similar at T1 (June 2015), but become more different at T2 (August 

2015) and T3 (October 2015). Temporal shifts are noticeable in the splitter (SP) as well as the ponds, 

where Pond 2 (P2) is very similar to the splitter community at T1 (as shown in Figure 5-8B), which 

then becomes more similar to the community present in Pond 1 (P1) over time. Overall, the splitter 

community remains relatively stable throughout. Location explained 30.5% of the variance (p = 0.01) 

and the timepoint explained 23.4% of the variance (p = 0.023). 

 

5.5 Discussion 

5.5.1 Suitability of FCM for analysis of wastewater samples 

Flow cytometry has tremendous potential in the field of wastewater microbiology, as 

demonstrated by its application in the analysis of water treated using activated sludge 

processes (Ziglio et al., 2002, Foladori et al., 2010, Muela et al., 2011, Ma et al., 2013, 

Lee et al., 2016). However, the highly aggregated structure of activated sludge flocs, 

and environmental matrices in general, has made the use of FCM with wastewater a 

more difficult task (Foladori et al., 2007, Foladori et al., 2010). The necessity to break 

up these flocs without disturbing other cells in the matrix has led to the successful use 

of ultrasonication to detach bacterial cells (e.g., Foladori et al., 2007, Ma et al., 2013, 

Frossard et al., 2016) but, despite this development, FCM is still underutilised in the 

assessment of wastewater from conventional treatment plants.  

Wastewater from WSPs having high algal populations in addition to bacteria adds 

another layer of complexity to FCM analysis. The majority of past aquatic 

microbiological studies with FCM have focussed on algal and bacterial populations in 

isolation: drinking water studies have focussed on the detection of bacteria only (e.g., 
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Hammes et al., 2008, Prest et al., 2016a); while other marine and freshwater based 

studies have focussed on the detection of phytoplankton populations (e.g., Gasol and 

Del Giorgio, 2000, Crosbie et al., 2003, Dennis et al., 2011) or viruses (e.g., Marie et al., 

1999, Brussaard, 2004). Compared to these freshwater and marine environments, the 

concentrations of algae and bacteria are orders of magnitude higher in WSPs, and even 

higher than those found in hypereutrophic lakes. Under normal operating conditions 

ponds can have different visual characteristics, and some of that diversity can be found 

in Western Australian WSPs (Figure 5-1). Facultative ponds have a darker green/grey 

colour (Figure 5-1E), while a pond with a cyanobacterial bloom can be bright green, 

with water having a thicker consistency, and scum formation around the pond banks 

(Figure 5-1F). Furthermore, WSPs may also contain non-biological, inorganic and 

organic particles onto which bacteria and algae have the ability to attach and/or to form 

biofilms (Proctor and Hammes, 2015, Sgier et al., 2016). This could interfere with FCM 

detection, along with potentially fluorescent substances, such as dissolved organic 

carbon (DOC) (Hammes et al., 2007, Vital et al., 2012). While inorganic particles 

themselves should not be stained by dyes such as SG and S16, staining could capture 

viral particles and extracellular DNA and result in false positives (Frossard et al., 2016); 

however, this could be overcome by using fixed gating (Prest et al., 2013), and proper 

experimental controls  

This study shows that FCM can be used for the concurrent detection and analysis of 

WSP wastewater samples that are rich in both algae and bacteria, through the use of S16 

dye. SG has become the standard dye used in the analysis of water from various aquatic 

environments (e.g., Prest et al., 2013), and it often used in tandem with propidium 

iodide (PI) to assess the presence of dead cells. However, the results of this study show 

that while SG is very proficient in the staining of bacterial cells, it is less effective at 

staining algal cells when compared to the newer generation S16 dye (Figure 5-4). The 

properties of these two cyanine dyes are similar, each having higher fluorescence when 

bound to DNA compared to RNA, while the cell-permeant S16 may also stain 

mitochondria (Molecular Probes, 2010). With the highly concentrated samples run in 

this study, the S16 dye provided a much better contrast between bacteria and algae, 

allowing the clear distinction between the groups on the same axes (Figure 5-5, Figure 

5-6, Figure 5-7); moreover, this was achieved with only sample dilution, and without 

sonication, unlike the auto-fluorescent algae only based experiment (Figure 5-3). 

However, future studies should investigate the reasons for the better efficacy of S16 in 

these samples, as well as the effect of sonication on samples that are stained. Overall, 
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our ability to detect both algal and bacterial populations simultaneously in highly 

concentrated samples is a step forward for the use of FCM in the characterisation of a 

wide range of wastewaters, and the findings may also be applied to the study of highly 

eutrophic environmental systems.  

5.5.2 Spatiotemporal variability in WSPs 

The ability to detect spatiotemporal variability in pond populations (Figure 5-8, Figure 

5-9, Figure 5-10) has important implications for pond operation and management. In 

addition to the obvious benefits it would provide in regular monitoring regimes, the 

further development of FCM for use in WSPs could lead to its use as a diagnostic tool 

to assess system health, such as cell viability testing. The ability of FCM to rapidly 

detect the changes in ponds is particularly important with operational challenges such as 

the occurrence of cyanobacterial blooms (Figure 5-1F). Combined with cell-sorting and 

electron microscopy, and the assistance of environmental microbiologists and 

phycologists, FCM could aid in the identification of algal populations present in ponds, 

which could aid in the optimisation of systems for better treatment performance. This is 

particularly important as microbial communities are a fundamental part of the treatment 

process in WSPs and providing sustainable water systems (Pruden, 2014), and a better 

understanding of these communities and their structure is important for performance 

analysis to ensure the expectations of treatment are met. In light of the rising concerns 

about antibiotic resistance (Pruden, 2014, Proctor and Hammes, 2015, Lee et al., 2016), 

FCM could also help in the detection of pathogens of concern or other organisms that 

may be related to antibiotic resistance in treated wastewater.  

Overall, FCM provides a platform for the more detailed characterisation of microbial 

communities in WSPs and specifically, how they evolve both spatially and temporally. 

In the immediate future, the further development of this technique in wastewater 

systems in general will assist in the operation and maintenance of these systems, and 

will improve responses to operational challenges, such as cyanobacterial blooms. 

Beyond this, the additional information provided by FCM analysis will inform better 

planning and management frameworks to help work towards more sustainable water 

systems into the future.  
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5.6 Conclusions 

In this study we have, for the first time, demonstrated that flow cytometry (FCM) can be 

used for the characterisation of microbial cells, both algal and bacterial, in WSP 

wastewater. The method developed in this study has shown that SYTO 16 dye is more 

effective than the commonly used SYBR Green I in distinguishing the microbial 

communities, particularly algae, in WSP wastewater. The reason for the better 

performance of SYTO 16 needs to be investigated further, along with the effect of 

sonication on samples. Through gating and phenotypic analyses, we have shown that 

spatiotemporal variability in ponds can be detected using FCM. The further 

development of FCM in wastewater systems and WSPs in particular, will assist in 

improving our understanding of the microbial communities that are fundamental to 

treatment, and help to improve operation, maintenance, planning and management 

frameworks. 
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6 Discussion and Conclusions 

Waste stabilisation ponds are the most widely used wastewater treatment infrastructure 

worldwide, and it is paramount that we advance our knowledge of these systems in 

order to improve treatment performance, delay costly upgrades, and to transition them 

to more sustainable water systems. This is an ideal opportunity for applying a 

combination of science and engineering innovation for the benefit of achieving a 

sustainable water system. In light of the increasing pressure on our water networks due 

to population growth, it is essential to invest in new infrastructure to meet future 

demand, but of foremost importance is to ensure that current infrastructure is 

performing at its full potential. In the case of WSPs, it is important that the main 

controls of these systems – including hydraulics, microbial ecology and sludge 

accumulation – are fully integrated with design and planning frameworks to ensure 

optimal performance in constantly evolving operating conditions.  

The core thesis of this dissertation was that a better understanding of the interplay 

between hydraulics, ecology and sludge dynamics in WSPs would not only enhance our 

knowledge of how these systems work, but could also inform efforts to modify or 

reengineer systems to meet specific requirements. As an engineer, it is very important to 

me that scientific development informs a sustainable solution, and in this project I have 

developed technologies to achieve this (Chapter 2, Chapter 5), and have generated 

knowledge that is immediately applicable to the improvement of treatment and 

management of WSPs (Chapter 3, Chapter 4). 

Traditional methods for sludge measurement in WSPs are low-resolution, labour-

intensive, and involve the safety risks associated with going out onto ponds. In Chapter 

2, the development of a remote control boat with sonar is presented as an alternative 

method for the collection of data on sludge in ponds. In comparison to ‘sludge judge’ 

this method can collect high spatial resolution information rapidly, without the need to 

go out onto ponds and, along with the development of a dedicated software package 

SludgePro, collected data can be processed and visualised quickly. The development of 

SludgePro has been vital in the successful implementation of this sludge profiling 

technique by Australian water utilities, but it has also provided a platform for more in-

depth scientific study of WSP system hydraulics. In particular, our ability to collect 

high-resolution data is an important advancement, as integrating detailed bathymetry 
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into modelling addresses the previous problems with pond hydrodynamic model spatial 

accuracy (e.g., Alvarado et al., 2012b, Alvarado et al., 2013, Passos et al., 2016).  

In Chapter 3, the role of sludge accumulation and distribution in a range of WSPs was 

investigated through the use of high-resolution sludge bathymetry data and 

hydrodynamic modelling. For a range of systems with varying levels of sludge, it is 

shown that hydraulic performance of WSPs is not only influenced by sludge 

accumulation, but that the spatial distribution also plays a critical role in reducing the 

treatment performance. This information is of vital importance to inform sludge 

management operations, as this knowledge will allow pond managers to prioritise ponds 

based on their hydraulic behaviour, as well as sludge infill. To date, the investigation of 

the effect of sludge accumulation on hydrodynamic performance in WSPs using 

hydrodynamic modelling has been very limited, and the study of sludge distribution 

even more so (Murphy, 2012, Ouedraogo et al., 2016), making the study presented in 

Chapter 3 a valuable contribution to the body of knowledge. This knowledge generation 

could not have been achieved without the development of a tool to collect high-

resolution bathymetry data of a range of ponds as described in Chapter 2. 

The knowledge generated about the effect of sludge accumulation and distribution on 

pond hydraulic performance (Chapter 3) provided the motivation to find a solution to 

improve hydraulic control in WSPs. Previous laboratory and hydrodynamic modelling 

exercises have shown that baffles could be used to improve pond hydraulics (e.g., 

Abbas et al., 2006, Farjood et al., 2015b); however there have been no published studies 

to demonstrate and validate these findings at the fully operational pond-scale. In 

Chapter 4, the full-scale hydrodynamic reconfiguration of a pond is presented, using an 

approach that combined high-resolution pond bathymetry and 2D hydrodynamic 

modelling. Through this approach the optimal site-specific solution was determined and 

constructed; this was then assessed with field tracer testing to validate the findings. The 

full-scale reconfiguration of the pond resulted in a measured increase in pond mean 

residence time of at least 20%. The full-scale trial not only validated the hydrodynamic 

modelling, but also, for the first time, demonstrated the success of hydraulic 

reconfiguration to improve pond hydraulics at the full-scale. The integration of the 

technology and knowledge generated in Chapters 2 and 3 has made it possible to 

modify a system to improve treatment outcomes and demonstrates that a better 

understanding of hydraulics and sludge in WSPs can be immediately applicable in 

improving performance and management.  
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The understanding of the complex microbial ecology in WSPs has been difficult with 

the traditional, culture-dependent techniques currently used to assess pond treatment 

performance. In recent years, the application of the culture-independent method of flow 

cytometry has improved our ability to rapidly characterise microbial communities in 

marine and freshwater environments (e.g., Wang et al., 2010), and is now a recognised 

guideline method for drinking water analysis in Switzerland (SLMB, 2012). However, 

its transfer to the field of wastewater analysis has so far been very limited and restricted 

to conventional wastewater treatment plants (e.g., Lee et al., 2016) and the detection of 

bacterial populations only. In Chapter 5, flow cytometry is successfully applied to the 

characterisation of algal and bacterial communities in WSP wastewater. By using 

SYTO 16 dye, algal and bacterial populations were detected concurrently and rapidly 

and, with further analysis, spatial and temporal shifts in these populations were detected 

in ponds. The ability to rapidly determine spatiotemporal shifts in pond microbial 

populations is important for pond monitoring and management, response to operational 

challenges, such as cyanobacterial blooms, and for planning future sustainable water 

systems. This is the first time that this technique has been applied in WSPs and, with 

further development, will significantly improve our knowledge of microbial community 

dynamics in ponds, which can then be integrated with the knowledge generated about 

hydraulics to improve WSP management and design frameworks.  

Overall, the work contained in this dissertation demonstrates that generating sound data 

through scientifically proven methods can be translated to engineering solutions in a 

short period of time. Our ability to capture high-resolution bathymetry data has 

improved our understanding of pond hydraulics, especially the effect that sludge 

accumulation and distribution have on hydrodynamic performance. This knowledge was 

then used to inform an engineering solution through the design and installation of 

baffles in a full-scale pond, which was then successful in achieving better hydraulic 

control and performance in a WSP. This research also highlights the importance of 

research and development (R&D) with industry, in particular with the uptake of 

relatively simple tools, like the remote control boat, that can help improve occupational 

health and safety, as well as improve the quality and extent of the data collected on 

pond assets. The successful application of flow cytometry for the characterisation of 

WSPs is a major step forward into gaining a better understanding of the complex 

dynamics of the microbial communities that control treatment in these systems. This 

rapid and high-resolution technique has been successfully applied for the 

characterisation of drinking water networks, and with some further development, could 
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also become industry standard for WSP characterisation, much like the boat. 

Considering the increasing pressure on wastewater treatment infrastructure, is it more 

important than ever for the transfer of knowledge generated about WSP wastewater 

treatment to be communicated to and applied by water utilities directly without delay. 

Looking to the future, there is still potential to further develop the boat platform, such as 

using sonar to determine the water content (or ‘density’) of sludge, to better inform 

sludge removal operations, including the assessment of whether or not desludging is the 

best management option to maintain good water quality characteristics. Using high-

resolution bathymetry, we may be able to construct better coupled models of WSPs 

(both hydrodynamics and biology), which may then be used to assess the impact of 

sludge accumulation and hydraulics on the overall treatment performance in ponds. 

With regard to hydraulic reconfiguration, the use of baffles that support attached growth 

(such as those used in this study) need to be assessed in order to determine the effect 

that they have on the microbial communities in pond and treatment performance. While 

the first application of flow cytometry to WSPs is presented in this study, this method 

needs to be developed further to ensure reproducibility. With method optimisation, there 

is the potential to use cell sorting and electron microscopy to identify specific 

populations, and to use this technique as a diagnostic tool. The development of flow 

cytometry in wastewater also has the potential to influence regulators to rethink the way 

that they assess the quality of treated wastewater, which can only be achieved through 

academic/industry partnerships. Considering WSPs are the most widely used 

technology worldwide, there is still plenty of incentive to find ways to improve 

treatment outcomes to achieve the goal of sustainable water systems that are able to 

meet current and future demand, and systems which have higher potential for high-level 

water reuse and resource recovery. 
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