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Abstract 

Urban stormwater runoff is a primary degrader of stream ecosystems. Excess stormwater runoff 

causes altered flow regimes, reduced in-stream water quality, and modified channel form. 

Recognition of such impacts has renewed interest in the protection or restoration of the 

hydrologic cycle in urban stormwater management. One of the greatest unknowns, however, is 

how the urban stormwater impacts on the flow regime translates to hydraulic conditions in the 

channel.  

This understanding is critical to identifying how the hydraulic environment supports complex 

and dynamic ecosystem functioning. My thesis investigates how the flow regime and channel 

form, and their interactions, deliver in-stream hydraulic outcomes for urban streams. I use 

hydrodynamic modelling (TUFLOW) to predict hydraulic outcomes, with the models 

developed using hydrographic and topographic data from two streams in the Melbourne region.  

I firstly predicted a range of ecologically relevant in-stream hydraulic metrics for a natural 

reach and compared the metrics to those predicted for a downstream urban reach of the same 

stream. I found that compared to the natural reach, the urban reach experienced much greater 

channel bed disturbance (~4 times higher), refuge habitat loss (~2 times smaller) and limited 

floodplain connectivity. This work thus supports with evidence casual physical mechanisms 

which likely drive urban stream degradation and habitat quality.  

I disentangled the relative role that the flow regime and channel form play in influencing in-

stream hydraulic conditions. I did this through modelling different combinations of flow regime 

and channel form, - e.g. altered flow regime in a natural channel versus natural flow regime in 

a modified channel. I found that both flow regime and channel form play key roles in setting 

the hydraulic conditions. The work revealed that the hydraulic regime is sensitive to the channel 
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morphology which controlled key aspects of the hydraulic regime (e.g. magnitude, frequency 

and duration). 

After establishing that both flow regime and channel form play important roles in regulating 

in-stream hydraulics, I investigated potential management actions which could be applied in 

both developed- and developing landscapes. I tested the benefit of alternative channel 

rehabilitation design configurations applied to a (synthetic) degraded urban stream. This work 

showed that channels designed to increase morphological complexity yield ecohydraulic 

benefits, but not to levels which approach those predicted under natural flow- and channel 

conditions. With altered flow regime limiting the effectiveness of such channel designs, I tested 

if this stressor could be mitigated in developing landscapes using alternative approaches 

towards urban stormwater management. It demonstrates that widespread application of 

Stormwater Control Measures (SCMs) could influence the flow regime in ways which translate 

to ecohydraulic conditions remaining at natural levels. This work suggests that for urbanized 

catchments, management of in-stream hydraulics requires attention to both the flow regime 

(using SCMs) and channel form (e.g. through sediment regime management to allow 

appropriate levels of sediment supply and transport). For developing catchments, SCMs should 

be implemented as part of the construction phase in order to minimize downstream hydrologic 

impact and thus geomorphic degradation.  

My thesis provides an improved mechanistic understanding of why streams draining urban 

landscapes are commonly physically and ecologically degraded. Consideration of ecohydraulic 

indicators in urban stream management could provide targets, and help inform efforts towards 

stream protection or restoration, particularly when ecological objectives are central.   
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Preface 

My PhD thesis is comprised of six chapters—introduction and literature review, four data 

chapters, and a general discussion and conclusion chapter. The four data chapters comprise 

three published journal articles (Chapter 2, 3, and 5), along with an article currently in review. 

(Chapter 4). 

Chapter 1 introduces the study and includes a review of relevant literature. From the literature 

review, four research questions were identified and investigated. 

1. What is the effect of urbanization on stream hydraulics? (Chapter 2) 

2. What is the relative role of channel form and flow in altering the stream hydraulics? 

(Chapter 3) 

3. Can reach-scale modification of stream morphology maintain and/or restore stream 

hydraulics towards the natural condition? (Chapter 4) 

4. Can catchment-scale urban stormwater management measures benefit the stream 

hydraulic environment? (Chapter 5) 

Chapter 2 is a reproduction of a journal article published in the River Research and 

Applications journal on May 2018 and aimed to answer the first research question. This chapter 

set up the basis for the thesis answering the underlying question: what is the effect of 

urbanization on stream hydraulics? It provides some detailed analysis of the literature, building 

on the general overview of literature in Chapter 1 that describes the background and the 

rationale for this thesis. The chapter had the objective to quantify the urban-induced flow 

regimes changes impacts by comparing the stream hydraulic conditions of the downstream 

urban and upstream natural reaches of a stream and quantify the urban-induced flow regimes 

changes impacts. The work assessed three instream hydraulic metrics of ecological relevance. 
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The urban stream showed substantially increased bed mobilization potential, decreased 

physical habitat availability, and limited floodplain connectivity. The chapter discusses the 

likely contribution of the findings on further stream ecosystem degradation. 

Chapter 3 is a reproduction of a journal article published in the Ecohydrology journal on 

October 2018 and aimed to answer the second research question. This work investigated the 

relative contribution of urban-induced flow and channel form changes in altering stream 

hydraulics. The study examined four test scenarios including the combinations of urban and 

natural flow regimes as well as urban and natural channel form. The analysis included three 

ecologically relevant hydraulic metrics. The chapter discussed the relative efficacy of 

managing flow and channel changes towards achieving hydraulic conditions that likely sustain 

natural ecosystem functions. Given the findings of Chapter 3, Chapters 4 and 5 explored 

alternative management actions that can be applied in both developed and developing 

catchment to address the urban-induced stream ecosystem degradation. 

Chapter 4 is a reproduction of a journal article submitted to the Journal of Environmental 

Management on February 2019. This work investigated research question three with the 

objective to evaluate alternative reach-scale channel reconfigurations and how they benefit 

instream hydraulics. The hydraulic conditions of channel reconfiguration designed to emulate 

the range of increasing channel topographical complexity are compared against reference 

‘natural’ conditions using ecologically-relevant hydraulic metrics. It evaluates whether 

channel-based restoration is likely to mitigate the effects of flow regime change.  

Chapter 5 is a reproduction of a journal article published in the Journal of Environmental 

Management on Dec-2018 and aimed to answer the research question four. This work aimed 

to investigate the impact of alternative catchment-scale stormwater management approaches 

on returning a range of ecohydraulic metrics towards the natural condition. The chapter 
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discusses whether it is possible to have urban development with a receiving water that 

maintains natural in-stream hydraulic conditions, with application of Stormwater Control 

Measures (SCMs; various technologies such as rainwater tanks, green roofs, etc.). Similar to 

Chapter 4, this work constitutes a first quantitative attempt to examine the impact of catchment-

scale stormwater management with a scope to investigate the in-stream hydraulic outcomes.  

Chapter 6 provides a synthesis of the PhD study that summarizes the findings of the research 

presented with theoretical and practical implications, and also recommendations for future 

research.  
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Chapter 1. Introduction and review of the literature 

1.1 Introduction 

The global urban population is increasing rapidly relative to total population (Alkema et al., 

2015). Nearly all population growth is projected to occur via expansion of existing urban 

areas (Cobbinah et al., 2015), with an estimated 66% of humans living in urban areas by 2050 

(Nations, 2015). By 2030, it is estimated that urban land cover will increase by 1.2 million 

km2 if current trends in population density continue (Seto et al., 2012). 

The most obvious manifestation of urban expansion is alteration of the landscape, particularly 

the sealing of native soils with impervious surfaces such as roads, roofs, and pavement 

(Schueler, 1994). This causes drastic changes to the hydrological cycle, with a much greater 

proportion of rainfall becoming surface runoff, matched by less evapotranspiration and 

infiltration (Niehoff et al., 2002). With more surface runoff, the risk of urban flooding 

escalates, and thus urban communities consider urban stormwater as ‘unwanted water’ that 

needs to be managed to minimize their impacts (Brown et al., 2009). To manage this urban 

flooding risk and protect public infrastructure and hygiene, engineers build drainage networks 

characterised by concrete gutters, kerbs, drainage pipes, and stormwater pits, designed to 

efficiently drain excess stormwater runoff when it rains (Chocat et al., 2007). Most of the 

impervious surfaces are connected to drainage systems to convey urban stormwater to 

downstream receiving streams (Walsh et al. 2012). Most runoff generated is routed quickly 

from the urban area to the downstream receiving waters (Jacobson, 2011). This approach of 

managing urban stormwater degrades urban waterways. 

There is increasing evidence that urban stormwater runoff is a primary degrader of streams 

draining urban areas (Booth & Reinelt, 1993; Brown et al., 2005; Paul & Meyer, 2008; Walsh 

et al., 2012). Well documented impacts include hydrological disturbance (characterised by 
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increased frequency, magnitude and duration of peak flows) (Konrad & Booth, 2005; 

Jacobson, 2011), water quality disturbance (Brabec et al., 2002; Mallin et al., 2009), as well 

as channel morphology degradation (Bledsoe & Watson, 2001; Vietz et al., 2014). This has 

resulted in a realization of the need to protect streams draining urban catchments from these 

anthropogenic disturbances as urban growth progresses and intensifies.  

To better manage these changes requires greater understanding of the relationship between 

catchment urbanization and the stream ecosystem structure and function responses. Current 

attempts for stream protection and restoration are limited by a generally poor understanding 

of the mechanism of degradation (Walsh et al., 2005b; Wohl et al., 2015). In particular, the 

role of research to identify specific stressors of concern that could inform management 

strategies for protection (or restoration) of urban stream ecosystems is stressed (Booth et al., 

2004; Wenger et al., 2009). 

In light of this and in the broader context of the need for further research to understand the 

link between urbanization and stream ecosystems, my thesis aims to further our 

understanding on the mechanisms that drive stream degradation and to better inform effective 

urban stream management strategies. More specifically, this thesis aims to investigates the 

hydrogeomorphic effects of urbanization and particularly stormwater management as an 

agent of hydrologic alteration impact on hydraulic conditions of streams and how this 

influence the stream ecosystem functioning. A clearer understanding of the urban-induced 

impacts on streams, with a particular focus on the hydraulic regimes would improve stream 

management strategies especially for ecological health protection and restoration. 
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1.2 Stream ecosystems responses to urban impacts 

Here, the review of urban stream ecosystem responses associated with stream degradation is 

limited to stressors directly related to the scope of this thesis. This includes changes to the 

stream hydrology, geomorphology and hydraulics. There are of course other important 

stressors on stream ecosystems—such as reduced water quality, increased temperature and 

light which contribute to degradation of stream ecosystems (Wenger et al., 2009). 

1.2.1 Hydrological responses  

The traditional approach to stormwater management is to route excess surface runoff from 

impervious surfaces directly to receiving waters via stormwater pipes (Booth & Jackson, 

1997). Most urban streams thus frequently get disturbed by stormwater. For example, in 

Melbourne, Australia, streams draining urban catchments are frequently disturbed up to about 

100 times/year (Wong et al., 2000). 

A major consequence of this regular delivery of stormflow is severe alterations to the flow 

regime, e.g. increased frequency, magnitude and volume of stormflow (Leopold, 1968; 

Konrad & Booth, 2002), along with reduced baseflows (Price, 2011). As a result, the flow 

regimes of urban streams are known to predominantly consist of storm event flow (Jacobson, 

2011). Consistent observation of such urban-induced flow regimes is characterised by a 

flashier hydrograph, more high flows and lower baseflows (Burns et al., 2012) (Figure 1-1). 

The magnitude of winter and summer baseflow is particularly impacted (Klein, 1979; Konrad 

& Booth, 2002) as a result of reduced infiltration and a lack of groundwater recharge 

(Bonneau et al., 2018). In addition, changes (increases and reductions) to dry-season 

baseflow has been reported (Konrad & Booth 2005). Urban flow regimes also display rapid 

flow recession (Poff et al., 2006). On the contrary, the flow regime of streams in undeveloped 
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catchments is often characterised by gradual rise and recession of streamflow during and after 

storms respectively. 

 

 

Figure 1-1. Typical flow regime behaviour in a developed (dotted line) and undeveloped 

(solid line) catchment (Schueler, 1992).  

1.2.2 Geomorphic responses 

Morphological alterations of urban streams are ubiquitous and are linked to stream ecosystem 

degradation (Booth & Bledsoe, 2009; Vietz et al., 2016b). Studies have documented different 

levels of morphological responses in urban streams subjected to extensive impacts from land 

use changes (Chin, 2006; Vietz et al., 2014). Direct interventions are common including 

channelization and stream burial (Roy et al., 2009a), and fragmentation through roadway 

crossings (Chin & Gregory, 2001). 

The morphology of a stream channel is a function of sediment input and discharge 

(Montgomery & Buffington, 1997). Considering urban development, the role of both flow 
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regime and sediment changes as a driver of channel morphology degradation have been 

widely recognized (Wolman, 1967; Booth, 1991; Gregory et al., 1992; Chin & Gregory, 

2005; Vietz et al., 2016b). It is reported that sediment supply declines to low yields years 

after urbanization when the catchment is dominated by impervious cover (Chin, 2006). 

Changes in sediment supply and flow in response to urban development exacerbate channel 

morphology change (Bledsoe & Watson, 2001). The increases in the flows above disturbance 

thresholds have been reported to be most damaging to the morphological features (Booth & 

Jackson, 1997; Hawley & Vietz, 2016). Widely observed changes include urban streams 

experiencing enlargement, deepening and simplification of channel morphology (Gregory, 

1987; Chin, 2006). For example, around 66% of such studies have noted increases in changes 

in channel capacity, channel width (50%) and channel depth (34%) (Chin, 2006). In addition 

to channel enlargement, changes in reach and channel planform and features such as channel 

pattern, slope, sinuosity, large wood debris, bed material and roughness are commonly 

reported (Gregory et al., 1992; Reinfelds et al., 2004; Vietz et al., 2014). For example, urban 

streams have been observed to be less sinuous than non-urban ones (Mosley, 1975; Pizzuto et 

al., 2000). Similar to altered flow regimes, the degree of geomorphological alteration has 

been reported to increase with higher connectivity of the impervious surfaces to the receiving 

streams (Vietz et al., 2014). These channel form changes not only have implications on the 

environmental and social values that urban streams provide (Vietz, 2013; Elmqvist et al., 

2015), but lead to impaired ecological conditions (Walsh et al., 2005b).   

1.2.3 Ecological responses 

Streams in urban catchments are often characterized as having degraded ecological structure 

and function, with declines in the structure, composition, and diversity of urban stream biotic 

communities (Walsh et al., 2005b; Paul & Meyer, 2008; Roy et al., 2009b; Wenger et al., 

2009). A common response for example is reduced abundance and diversity of sensitive 
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species, matched by an increase in the prevalence of pollution-tolerant taxa (Paul & Meyer, 

2001; Wenger et al., 2009).  

To understand the ecological impact of urbanization, different stream fauna and flora 

including macroinvertebrates, riparian vegetation, fishes, amphibians have been used as 

indicators (Wenger et al., 2009; Poff & Zimmerman, 2010). Macroinvertebrate and fish 

communities are the most widely studied and research has repeatedly shown population or 

community change with catchment urbanization (Walsh et al., 2005b). Most studies have 

shown similar responses, with loss of sensitive species and reduced diversity in assemblage 

(Weaver & Garman, 1994; Roy et al., 2003; Roy et al., 2005; Poff & Zimmerman, 2010). 

Scott (2006) demonstrated this pattern in a study of 36 streams along a gradient of urban 

development where unique endemic fish species were decreased in streams high developed 

catchment. Similarly, Roy et al. (2003) found that benthic macroinvertebrate communities 

were highly homogeneous and made up of only tolerant taxa in urban streams. These 

ecological responses are linked to stormwater related stressors including altered flow 

regimes, simplified channel morphology, and reduced water quality (Konrad & Booth, 2005; 

Ladson et al., 2006; Booth & Bledsoe, 2009).  

1.3 Mechanisms driving the urban stream ecosystem degradation 

Understanding the mechanisms by which urbanization drives the ecosystem structure and 

function degradation of urban streams remains a challenge (Wenger et al., 2009; Stanley et 

al., 2010; Johnston et al., 2017). Recent evidence has highlighted that the directly connected 

nature of the impervious surfaces to streams is a dominant driver of degradation (Walsh & 

Kunapo, 2009; Fletcher et al., 2014; Vietz et al., 2014; Kim et al., 2016).  

Rather than the total imperviousness (TI) (the proportion of the catchment covered by 

impervious surfaces), it has long been recognized that the key index of urbanization to assess 
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the urban impact on the stream ecosystem is the effective imperviousness (EI) (Leopold, 

1968). EI is the proportion of the impervious surfaces directly connected to the stream via 

stormwater drainage systems. Studies have observed much variation in stream ecosystem 

response at low to medium levels of urbanization (Booth & Jackson, 1997; Brabec et al., 

2002). It is reported that urban-induced changes to stream that use TI as indicator of 

catchment urbanization do not adequately represent degrading mechanisms (Taylor et al., 

2004; Walsh, 2004). Over the past decades, studies have demonstrated that it is the connected 

nature of the impervious, or the EI, that is a better predictor of stream responses (Newall & 

Walsh, 2005; Ladson et al., 2006; Catford et al., 2007; Walsh & Kunapo, 2009; Fletcher et 

al., 2014; Vietz et al., 2014). Even a very small proportion of EI in a catchment leads to 

stream degradation (Brabec et al., 2002; Walsh, 2004; Walsh et al., 2005a; King et al., 2011; 

Vietz et al., 2014). This has led to urban stream degradation being considered a 

predominantly hydrological problem in its broadest sense (Roy et al., 2005; Walsh et al., 

2012; McGrane, 2016), as a results of frequent stormwater input from connected impervious 

surfaces. 

Research relating the catchment imperviousness to stream ecosystem response has 

hypothesized that it is this frequent hydrological disturbance that subject urban stream to 

physical and ecological degradation (Wong et al., 1997; Booth, 2005; Walsh et al., 2005a; 

Vericat et al., 2008; Paul et al., 2009; Wenger et al., 2009; Vietz et al., 2014). This has been 

identified as a dominant stressor influencing urban stream ecosystem degradation (Walsh et 

al., 2012). This understanding has provided an important step in addressing urban stream 

degradation. It suggests that when stormwater runoff from impervious surface are managed, 

streams might be protected from urban impacts. 
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1.4 Management trajectories to urban impacts 

The management approaches to address urbanization impacts have evolved in recent decades 

from a primary focused on flood mitigation to a more complex, integrated and multi-purpose 

approach (Mitchell et al., 2007; Fletcher et al., 2014; Burns et al., 2015).  

Traditionally, stormwater runoff was seen as a nuisance and managed to reduce the risk of 

flooding and protect properties. Such approach uses drainage systems to efficiently route 

runoff to receiving waters (Vietz et al., 2012; Burns et al., 2013). By the 1990s, there was an 

increasing focus on reducing mass loading of pollutants to the receiving streams, in addition 

to the historical goals of peak discharge management and flood control (Goonetilleke et al., 

2005). While these attempts provided an important step to reduce the flood risk and an 

opportunity to protect receiving waterways from being contaminated, the changes to the 

broader hydrologic process driven by stormwater runoff were not captured (Konrad & Booth, 

2002; Burns et al., 2012).  

In addition, management shifted from urban stream channels traditionally managed to be 

flow efficient and stable, preferring channels designed to integrate more natural geomorphic 

features (Miller & Kochel, 2010; Vietz et al., 2016b). However, there are concerns that 

reconfigured channels often require ongoing maintenance (Vietz et al., 2016a) and they 

commonly fail to deliver expected ecological improvements (Booth et al., 2004; Violin et al., 

2011; Vietz et al., 2016a). Studies have argued that they do not address the underlying 

mechanisms of degradation (Booth et al., 2004; Bernhardt & Palmer, 2007, 2011), and often 

do not match the scale of the degrading process (Walsh et al., 2005a). These concerns have 

led to the consideration of management alternatives that addresses the sources of degradation 

at a broader catchment scale (Fletcher et al., 2014). 
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There is a growing interest in stormwater management approaches which address flow 

regimes (Burns et al., 2012; Walsh et al., 2012). The principle underpinning this paradigm is 

that catchment-scale stressors driving stream degradation need to be addressed if we are to 

have any chance of protecting and/or restoring urban stream health (Burns et al., 2014; Walsh 

et al., 2016). It emphasizes the protection or restoration of the natural hydrological process at 

small scales within the catchment, with the aim of restoring natural flow regime and water 

quality at larger scales downstream (Poff et al., 1997; Burns et al., 2012). This is achieved 

largely using specifically designed stormwater control measures (SCMs) that may include 

retention, detention, infiltration and harvesting (e.g. Li et al., 2017). Although there is a 

general consensus on the merits of protecting and restoring the pre-development flow regimes 

in an urban catchment, management need guidance on to how to achieve such goal. In 

particular, the required management strategies to employ to manage stormwater and return 

altered flow regimes to natural levels. This however will benefit from further research to 

expand our understanding on explicit links between the urban-induced flow regime changes 

and the stream ecosystem responses.  

1.5 The link between catchment urbanization and stream ecosystem processes 

Figure 1-2 depicts the conceptual framework of how individual stressors interact to contribute 

to urban impacts on streams. Focusing on hydrology alone neglects the role of channel 

morphology in translating flow into hydraulic characteristics, such as depth and velocity 

(Figure 1-3). 

While hydrology is important, the direct impact on ecological structure and function comes 

from the expression of the hydrological change in the form of changes in the stream hydraulic 

conditions (Statzner & Higler, 1986; Clarke et al., 2003; Knight & Cuffney, 2012). 

Ultimately, to restore stream health, it is important to set management objectives that are 

directly linked to the needs of the target stream, considering both hydrogeomorphic and 
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ecological processes (Clarke et al., 2003; Yarnell et al., 2015). This will require management 

strategies to address altered flow regimes and channel morphology in a way to sustain 

ecologically relevant hydraulic conditions to support healthy ecosystem.  

 

Figure 1-2. A conceptual model of mechanisms of the major urban impacts on stream 

ecosystems. There are many stressors and the interactions are complex, but most changes are 

driven by stormwater runoff from impervious surfaces conveyed to streams via pipes 

(reproduced from Walsh et al., 2005b). 
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Figure 1-3. Modified current conceptual model of urban impacts on stream ecosystem to 

capture the altered stream hydraulics as a mediator between exogenous drivers (herein 

changes to flow and channel form) and ecosystem functioning.  

1.6 The rationale for an ecohydraulic approach to manage urban stream 

The term ecohydraulic describes the understanding of the roles of physical processes (herein 

the interactions between flow regimes and the channel morphology) and their influence on 

aquatic ecology (Casas-Mulet et al., 2016). Fluvial systems are characterised by complex and 

dynamic ecosystem functions primarily governed by the hydraulic regime (Statzner et al., 

1988; Kemp et al., 2000; Escobar‐Arias & Pasternack, 2010). The dynamics of these 

hydraulic characteristics, as a result of the interactions of the flow (i.e. magnitude, frequency, 

duration, rate of change and timing) and the channel form (i.e. the topographic complexities 

of the morphology) control suitability for ecosystem functions. Thus, river scientists and 

ecologists generally recognize the hydraulic conditions as a key coordinating template for its 

ecosystem processes (Townsend et al., 1997; Wallis et al., 2012), particularly ecological 
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functioning (Emery et al., 2003; Yarnell et al., 2015). The stream ecological integrity relies 

on their natural dynamic patterns (Brooks et al., 2005; Wallis et al., 2012). This inevitably 

requires management approaches to critically consider the anticipated effects on the hydraulic 

conditions.  

Despite broad recognition of the role of stream hydraulics in controlling stream ecosystem 

processes, a paucity of research exists with regard to quantifying how changes to urban 

hydrology translate to stream hydraulics conditions.  

1.7 Perspective and research needs 

Considering the relatively well-known links between urbanization and stream response, and 

the lesser-known role of the hydraulic environment, research needs in this field include: 

 Quantifying the impacts of urban-induced flow regimes changes on stream hydraulics 

conditions. Recent studies have argued that environmental flows investigations should 

go beyond just hydrologic assessment and include hydrogeomorphic interaction 

evaluations that are directly linked to the needs of the aquatic ecosystems (Wohl et al., 

2015). 

 Investigating how the channel morphology translates hydrology into stream 

hydraulics. While great attention is on restoring ‘natural’ flow regimes, sustaining a 

natural stream ecosystem is also influenced by the channel morphology. Can 

understanding the hydraulic environment template that results from the interplay 

between channel form and flow regime provide useful information towards addressing 

each of these two main levers towards restoration?  
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 Investigating proposed urban stormwater management practices potential to restore 

and/or protect the stream hydraulic conditions that preserve stream stability and its 

ecological function in urban streams. 

1.8 Research questions and hypothesis 

I argue that stream hydraulic conditions form a key coordinating template for aquatic 

ecosystem processes and the patterns of the hydraulic conditions in urban streams could be 

explored to explain the mechanisms influencing ecosystem functioning. This led to my first 

research question:  

(1) What is the effect of urbanization on stream hydraulics?  

My hypothesis is that rainfall events which cause very little change in the hydraulics in a 

natural stream will cause substantial change in urban streams. 

Answering this research question provided the foundation for this thesis which together with 

the literature review identifies other research questions as follows:  

(2) What is the relative role of the channel morphology and flow regimes in altering the 

stream hydraulics? 

My hypothesis is that the impacts of urban-induced changes to flow regimes on hydraulic 

conditions are greater than changes to channel morphology.  

(3) Can reach-scale modification of stream channel morphology restore stream 

hydraulics?  

My hypothesis is that a morphological diverse stream channel contributes to restore hydraulic 

conditions for ecosystem functioning. 

(4) Can catchment-scale urban stormwater management measures benefit the stream 

hydraulic environment?   
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My hypothesis is that restoring pre-development hydraulic pulses can deliver hydraulic 

conditions close to ‘natural’ to maintain stream stability and its ecological functions. 

The next chapters, which is a series of four journal articles (3 published, 1 submitted) 

addressed each of these research questions. 
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Chapter 2: Effect of urbanization on stream hydraulics  

Foreword 

This chapter quantified the stream hydraulic conditions of two reaches of the same stream 

draining both urban and non-urban catchment. It assessed the impact of urbanization by 

comparing the spatial and temporal hydraulic conditions for the two reaches using ecologically 

relevant hydraulic metrics. The chapter demonstrated that urbanization substantially impact the 

hydraulic conditions in an urban stream, which is likely a key limiting factor driving stream 

ecosystem degradation. 

The chapter is a reproduction of a journal article published in the River Research and 

Applications journal. There was also supplementary material for the paper which is presented 

after this chapter. Headings, figures and tables have been re-numbered to fit with thesis format. 

 

Anim, D.O., Fletcher, T.D., Vietz, G., Pasternack, G., & Burns, M.J. (2018). Effect of 

urbanization on stream hydraulics. River Research and Applications, 34(7), 661-674.
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Abstract 

Urbanization results in major changes to stream morphology and hydrology with the latter often 

cited as a primary stressor of urban stream ecosystems. These modifications unequivocally alter 

stream hydraulics, but little is known about such impacts. Hydraulic changes due to urbanization 

were demonstrated using two-dimensional hydrodynamic model simulations, comparing urban 

and non-urban stream reaches. We investigated three ecologically relevant hydraulic 

characteristics; bed mobilization, retentive habitat and floodplain inundation, using hydraulic 

metrics bed shear stress, Shallow Slow-Water Habitat (SSWH) area, and floodplain inundation 

area. We hypothesized that urbanization would substantially increase bed mobilization, decrease 

retentive habitat and due to increased channel size would decrease floodplain inundation. 

Relative percent area of bed disturbance was four times higher, compared with that of the non-

urban stream at bankfull discharge (Qbkf). SSWH availability rapidly diminished in the urban 

stream as discharge increased, with SSWH area and patch size two times smaller than the non-

urban stream for a frequently occurring flow 0.7 times Qbkf. Floodplain inundation decreased in 

frequency and duration. These results demonstrate changes in hydraulics due to urbanization that 

may impact on physical habitat in streams. New “water sensitive” approaches to stormwater 

management could be enhanced by specification of hydraulic conditions capable of supporting 

healthy stream habitats. We propose that a complete management approach should include the 

goals of restoration and protection of natural hydraulic processes, particularly those that support 

ecological and geomorphic functioning of streams.  
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2.1 Introduction 

Most streams draining urban catchments exhibit signs of ecological degradation (Morley & Karr, 

2002; Wenger et al., 2009; King et al., 2011). Recent studies point to urban stormwater runoff as 

a primary degrader of stream ecosystems (Ladson et al., 2006; Burns et al., 2012; Walsh et al., 

2012; Vietz et al., 2014). When urban stormwater runoff (runoff from impervious areas) is 

conveyed directly to streams via conventional stormwater drainage, many impacts occur 

including increased frequency of hydrologic and water quality disturbance, as well as channel 

geomorphology alteration (Brabec et al., 2002; Walsh et al., 2012; Vietz et al., 2015). Combined, 

these impacts result in poor in-stream ecological condition, often referred to as the ‘urban stream 

syndrome’ (Walsh et al., 2005c). Whilst evaluating multiple stressors is an area of research  

(Meyer et al., 2005; Wenger et al., 2009), the frequent disturbance through regular delivery of 

polluted stormwater runoff is considered a ‘master variable’ influencing stream health (Walsh et 

al., 2012).  

The altered flow regimes and consistent changes to stream ecosystems following urbanization 

particularly stormwater management as an agent is now well recognised (Paul & Meyer, 2008; 

Walsh et al., 2012). It is characterised by: 1) frequent flashy (with increased magnitude, volume, 

steep rising and falling limbs) hydrograph as a result of impervious surfaces directly connected to 

the streams; 2) increased frequency of flows below the long-term mean daily flow rate; and 3) 

decreased summer and winter baseflow magnitude because of reduced infiltration (Walsh et al., 

2005b; Burns et al., 2012). Consequently, with the increased frequency, magnitude and duration 

of altered flows, urban stormwater runoff is considered highly effective geomorphic agent. 

Together with changes in sediment supply, urban streams in response to altered hydrology 

experience widespread adjustments in the stream channel including enlargement, deepening and 

simplification of channel morphology (Bledsoe & Watson, 2001; Reinfelds et al., 2004; Hawley 

et al., 2012; Vietz et al., 2014).  Major changes are reported to occur as the level of connected 
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imperviousness increased (Hawley & Bledsoe, 2011). For example, Vietz et al. (2014) found a 

correlation between connected imperviousness, and geomorphic change in urban streams. They 

reported that urban streams even with less than ~3% connected impervious area showed 

degraded channel with less variability, unless the channels are subject to constraints such as bank 

or bedrock protection. Others have also correlated hydrological changes driven by increases in 

impervious surfaces to changes channel form and stability (see Chin, 2006; Vietz et al., 2016). 

This has resulted in urban stream degradation (hydrological, geomorphic and ecological 

alterations) being considered a predominantly hydrological problem (Walsh, 2004; Roy et al., 

2005; Burns et al., 2012), albeit other direct in-stream physical intervention works such as 

channelization, channel straightening is also recognized to cause channel degradation (Chin, 

2006). This has resulted in driving research to understand the mechanisms influencing 

degradation, and to inform protection and restoration approaches (Wenger et al., 2009). Thus, 

substantial effort has been given to using hydrological-based approaches for assessing instream 

flow regimes and understanding stream responses to guide informed management decisions 

(Wenger et al., 2009; Burns et al., 2012). It has been hypothesized that frequent flow disturbance 

is strongly linked to stream ecosystem degradation, including morphological and ecological 

impairment (Walsh et al., 2005a; Vietz et al., 2014). This suggests the need to address frequent 

flow input from particularly impervious areas in the urban catchment.   

While hydrology is a primary stressor, consideration of hydrology alone fails to recognise the 

role of channel morphology in translating flow into hydraulic characteristics, such as depth and 

velocity. The ecological relevance of hydraulic conditions produced by the interaction of 

streamflow and in-channel physical features is widely recognised (Kemp et al., 2000; Turner & 

Stewardson, 2014).  Stream hydraulic conditions are known to drive ecosystem structure and 

function (Statzner & Higler, 1986; Jowett, 2003; Brooks et al., 2005). The relationships between 

reach-scale hydraulics metrics have been used as basis to inform environmental flow 
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management (Acreman & Dunbar, 2004; Turner & Stewardson, 2014) and also to quantify 

ecologically important stream functioning (Steuer et al., 2009). For example, the duration and 

area of habitat availability and refuge for biota provided within the wetted channel have 

primarily been investigated which is mostly essential determinant of species population dynamics 

(Gibbins et al., 2007; Lobera et al., 2017). Particularly, Shallow Slow-Water habitats (SSWH) 

are vulnerable to hydrological alteration and have been shown to reduce fish abundance, 

macroinvertebrates that depend on SSWH as refugia and organic matter retention (Vietz et al., 

2013). Another example is the bed shear stress usually examined to address refuge concept for 

benthic biota where duration of reach-average shear stress above specific threshold are used to 

assess possible disturbance of biota from bed exposure (Jorde & Bratrich, 1998; Mérigoux & 

Dolédec, 2004). In addition, the frequency, duration and extent of floodplains flows have been 

linked with flow-mediated exchange of energy, organic matter and biota (Cienciala & 

Pasternack, 2017). Floodplains flows dynamics produce important habitat supporting biota such 

as fish utilizing it as spawning and rearing habitat (Gorski et al., 2011). In most aquatic 

ecosystem flow investigation, the spatial and temporal variabilities of these hydraulic conditions 

have been closely linked to the ecological condition (Humphries et al., 2006; Vietz et al., 2013) 

as well as geomorphic processes (Strom et al., 2016). Thus, directly linking hydrologic indicators 

to stream ecosystem impairment without considering hydraulics, fails to account for the direct 

causal physical mechanisms driving stream degradation and habitat quality (Escobar‐Arias & 

Pasternack, 2010). 

Recent studies have argued that environmental flow evaluations must go beyond just hydrologic 

assessment and include hydrogeomorphic processes that are directly linked to the needs of the 

aquatic ecosystem (e.g., Wohl et al., 2015; Yarnell et al., 2015). In the attempts to understand the 

mechanistic pathways of urban-induced changes leading to stream degradation to inform 

management, studies have rarely considered the hydraulic responses beyond a general 
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understanding of an increase in stream power. It is often the hydraulic conditions that influence 

biota and ecosystem functioning. That the relationship between hydraulics and instream form and 

function are often used to speculate the mechanisms influencing ecological structure and 

functions points to the importance of exploring these relationships. However, there is limited 

understanding of how the hydraulic conditions, particularly those relevant to ecosystem health, 

are influenced by the compounded urban-induced hydrological alterations alongside morphology 

change. The understanding of the altered hydraulic environment in urban streams currently 

provides a poor foundation for protection or restoration, i.e. the relative role of addressing 

hydrology or channel morphology. Since the hydraulic conditions are poorly quantified they are 

rarely a focus for management, leading to suggestions that this may be a reason for the lack of 

desired ecological improvements (Clark et al., 2008; Violin et al., 2011).    

In this study, we aimed to evaluate hydraulic changes in an urban stream as a result of altered 

catchment hydrology and channel morphology. To investigate this, two-dimensional (2D) 

hydrodynamic modelling was used to characterize and compare hydraulics in urban and non-

urban reaches of the same stream. We characterized the degree of hydraulic change using three 

ecologically relevant metrics that describe (i) the extent of the channel bed disturbance, (ii) the 

hydraulic habitat availability (using SSWH); and (iii) floodplain inundation (which drives 

hydrologic connectivity between stream channels and floodplains). These hydraulic metrics are 

important indicators for aquatic ecosystem and biotic functioning (McCabe & Gotelli, 2000; 

Paterson & Whitfield, 2000; King et al., 2003; Brooks et al., 2005). Our study aims to underpin a 

better mechanistic understanding of the relationships between urban-induced stormwater runoff 

and degradation of stream ecosystems and thus help improve the outcomes of stream restoration 

and protection activities.  
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2.2 Methods 

Field data collection was performed to characterize the fluvial terrain and hydrology of two 

stream reaches to enable mechanistic, 2D modelling over a range of discharges. Hydraulic 

calibration and validation data were also collected. Two-dimensional hydraulic models were 

produced using TUFLOW 2D. Outputs of bed shear stress, velocity and depth were obtained 

from steady flow simulations. Results were analyzed to assess bed disturbance pattern, hydraulic 

habitat availability, and floodplain inundation extent. Further details of the study sites and field 

data collection are provided in Supplementary Material. 

2.2.1 Study sites 

The study was carried out on Cardinia Creek, which flows 34km south to Western Port Bay in 

south-eastern Melbourne, Australia (Figure 2-1 and 2-2). Two study reaches were selected to 

physically represent and compare non-urban and urban settings, referred to herein as the ‘non-

urban site’ and ‘urban site’ respectively. The study catchments followed a gradient of 

urbanization intensity from natural/forested conditions to suburban conditions. Various GIS 

datasets (unpublished) and NearMap orthophoto imagery (assessed in 2016-www.nearmap.com) 

enabled the compilation of land cover, urban drainage, topography data for the catchment (Table 

2-1). To avoid the potential effect of other land uses other than urbanization, the catchments were 

selected to limit the variability of natural landscape characteristics (physiographical and 

geological) that might confound an understanding of the hydraulic response to different levels of 

stormwater input. This was done to limit the potential generalize-ability of the results based on 

these study sites. 

 The non-urban site, located 6 km upstream of the urban site is a comparatively intact and 

complex naturally meandering channel with a sand-gravel bed, well-defined riffle-pool, benches 

and point bar morphological features. The urban site has a relatively simplified low-gradient, 
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sand-gravel bed channel morphology, and exhibits less complexity both in planform and cross-

profile. It is important to note that the It is important to note that the urban stream study site is 

frequently impacted by the stormwater runoff input from connected stormwater drainage 

networks. 

Estimated average bankfull width dimensions from LiDAR along the Cardinia creek segments 

draining non-urban portions of the Cardinia Shire catchment to the segments draining the 

increasingly urbanized downstream portions indicated a progressive change in channel 

dimensions and planform as the stream move towards the urban areas (see figure in 

Supplementary material as Figure S2-1). This is typical of urbanized streams which tends to have 

wider channels (through incision and bank erosion from increased runoff) (Walsh, 2004; Hawley 

& Bledsoe, 2011). While the urban site channel was selected to represent a channel 

predominantly impacted by urban-induced hydrological changes, a section of the reach flows 

under a bridge which potentially could have somehow influenced the current channel 

morphology. This site represents a channel typical of those draining urban catchments in this 

region. 
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Figure 2-1. Cardinia Shire catchment, the Cardinia Creek, and the locations of the non‐urban and 

urban sites. 
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Figure 2-2. Image and schematic typical channel cross-section (not drawn to scale) of study sties.  

 

 

 

 

 

 

 

 

 



38 

 

Table 2-1. Characteristics of the two study sites. 

 Urban site Non-urban site 

Catchment area (km2) 67.3 43.5 

Latitude, Longitude 38°03´02.34 ̋ S, 

145°21´53.42 ̋ E 

38°0´38.35 ̋ S, 

145°23´1.32 ̋ E 

Total imperviousness 

surfaces (%) 

7.1 4.3 

Connected imperviousness 

surfaces (%)a 

3.1 0.1 

Mean catchment rainfall 

(mm/year) b 

970 970 

Reach gradient (%)c 0.003 0.001 

Sinuosity c 1.1 1.3 

Entrenchment ratio c 1.2 1.9 

Mean bankfull depth (m)c 1.6 0.84 

Mean bankfull width (m)c 7.02 4.10 

Reach bankfull discharge 

(m3/s) 

1.72 0.73 

Reach median discharge 

(m3/s) 

0.39 0.21 

Reach baseflow discharge 

(m3/s) 

0.03 0.04 

Sediment size (D50) (mm) 6 3 

a The percentage of total imperviousness surface directly connected to the stream 
b Melbourne Water gauge – 586199 (356116.69E, 5791708.09N) 
c Estimates from topographic survey data 
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2.2.2 Data collection 

Detailed topographic surveys and hydrology data were collected on each study reach to enable 

2D modelling. Surveying covered channel and floodplain areas. It was used to derive a DEM to 

elevate the computational mesh for each reach. Hydrologic data provided streamflow statistics 

and enabled the selection of the range of flows to be modelled. Hydraulic data were also sampled 

for model calibration and validation. 

2.2.2.1 Channel topography 

At each site, a 100-m study reach was selected corresponding to about 20 times bankfull channel 

width. Topographic and bathymetric data were gathered using a Sokkia Set 5X total station and 

Leica Viva GS15 GNSS receiver. Survey data described the channel bed and banks, water 

surface elevation (WSE), wet/dry edge boundaries. The channel bed was surveyed with a lateral 

and longitudinal frequency of approximately 0.5 m for both sites. The particle size distribution of 

bed materials was determined by pebble counts (Wolman, 1954) wherein the b-axis of a 

minimum of 100 particles was measured. A representative median size (d50) was extracted from 

the particle size distribution for each site. 

2.2.2.2 Hydrology 

Water levels were monitored at the two study sites for one year using capacitive water level 

sensors (ODYSSEY® MP System). The water level data were converted to discharge by means 

of stage-discharge rating curves specifically estimated for the two study reaches based on direct 

gauging (Figure 2-3). The sampling period provides a good representation of a typical 

hydrologically average year in the catchment. For each discharge gauging, WSE longitudinal 

profiling was done at 20 m intervals along both banks for each site.  

The urban site had a higher mean discharge and a lower minimum discharge than the non-urban 

reach. In the non-urban site, mean discharge was 0.23 m3/s during the study period with a 
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minimum of 0.04 m3/s in February 2017 and a maximum of 2.66 m3/s in October 2016. In the 

urban site, mean discharge was 0.41 m3/s during the study period with a minimum of 0.03 m3/s in 

March 2017 and a maximum of 2.66 m3/s in July 2016. High flows in the urban site were flashy 

(with increased magnitude, steep rising and falling limbs, and a duration of hours), while similar 

storm events in the non-urban site were smaller magnitude and persisted longer, usually with a 

duration of days. These differences point to the contribution of flow from stormwater runoff and 

the efficiency of the drainage network in delivering runoff from the impervious surfaces.   
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Figure 2-3. (a) Stream flow hydrographs and (b) flow duration curve for the urban and non‐urban 

study sites during study period. 
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2.2.3 Hydraulic modelling 

Hydraulic simulations were undertaken with the TUFLOW 2D model that solves the full two-

dimensional, depth-averaged momentum and continuity equations for free surface flow (Syme, 

2001). A computational mesh was built with the bathymetric survey data for each site with ~0.3 

m grid size. The computational domain was extended about 20 m in both upstream and 

downstream directions to reduce the impact of flow and boundary assumptions on model results 

in the priority region of interest. Model input and boundary conditions for simulation runs were 

inflow discharge and corresponding measured downstream WSE. The model was run in a steady-

state mode based on representative flows observed for each site during the study period for 

discharges ranging from 0.04 to 3.35 m3/s, corresponding to 2-99 % of time discharge (Q) 

exceedance. This range of simulated discharges represents 0.05-4 times and 0.02-2 times 

bankfull discharge (Qbkf) for the non-urban and urban site respectively.   

2.2.4 Model calibration and validation 

Model calibration was achieved by manipulation of the Manning’s n values to match observed 

WSE profiles. Model simulations were validated for flows ranging from 0.1-0.5 and 0.1-0.3 

times Qbkf for non-urban and urban sites, respectively, using measured fixed-point depth and 

velocity sampled by wading. This was achieved by quantitatively comparing observed versus 

modelled values in the direction of flow. Calibration and validation approach and metrics as well 

as their threshold values are detailed in the Supplementary Material. 

2.2.5 Habitat mapping and bed shear analysis 

Bed shear stress outputs from the 2D model simulations were analyzed to compare the two sites 

for their relative potential for bed particle entrainment at given flows. The non-dimensionalized 

Shields Stress (τ*) was used as a quantitative metric of the stability of the channel bed 

(Pasternack, 2011), estimated from TUFLOW’s bed shear stress results in each grid cell as: 
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 τ ∗ =
𝜏𝑜

𝐷(𝛾𝑠−𝛾𝑤)
 (2.1) 

where 𝜏𝑜 is the bed shear stress computed by TUFLOW, 𝐷 is the representative particle size of 

the channel bed (taken as D50 in this study), 𝛾𝑠 is the unit weight of bed particle and 𝛾𝑤 is the unit 

weight of water. Shields stress values were then classified based on bed particle mobility 

thresholds defined by Lisle et al. (2000), where τ* < 0.03 indicates stable bed or no mobility and 

τ* between 0.03 and 0.06 indicates intermittent entrainment, and τ* > 0.06 indicate likely bed 

particle entrainment (e.g., Buffington & Montgomery, 1997; Escobar‐Arias & Pasternack, 2010).  

Critical bed shear stress (𝜏𝑜
∗) and τ* was estimated using a single grain size (D50= 6mm for the 

urban site) for both sites.  

For SSWH mapping and assessment, ArcGIS (Esri ArcGIS desktop 10.2) was used to process 

and examine the depth and depth-average velocity outputs generated by the model simulations. 

The outputs for the modeled 100-m domain at each simulated discharge were analyzed and 

composite grid maps of velocity-depth outputs generated. The SSWH areas were mapped by 

categorizing the grid cells that fell within a depth class of 0-0.3 m and velocity class of 0-0.2 ms-

1. While different combinations of depth and velocity classes have been shown to be important to 

instream hydraulic habitat requirement for some species or some life stages, the SSWH depth and 

velocity class considered here is reported to be preferred, particularly by benthic 

macroinvertebrates in small streams (Shearer et al., 2015) and fish (Milhous & Nestler, 2016). 

The SSWH sub-metrics included the total SSWH patch area, mean SSWH patch size, and SSWH 

patch density (number of SSWH patches divided by the channel length) (McGarigal & Marks, 

1995).  

The area of delineation for the floodplain inundation analysis was limited to a buffer of 10 m of 

the floodplain surface on each side of the stream channel. This is necessitated by the focus on 

channel changes due to hydrologic change (i.e. larger capacity urban channel) rather than 
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imposed management changes (i.e. earthworks to restrict the floodplain). The approach used here 

was to analyzed inundation extent and frequency in relation to discharge associated with the 

0.3%, 2%, 5%, 10% and 15% of time discharge exceeded. Although the 2D simulations and 

hydraulic assessment were undertaken for different Q, for brevity in reporting the results, the 

maps for the metrics (SSWH, Shields Stress) for the two sites were evaluated for baseflow, 

median, Qbkf and 2Qbkf discharges. 

2.2.6 Data analysis 

The impacts of urbanization were assessed by looking at the increase or decrease of metrics as a 

function of discharge relative to non-urban conditions. The magnitude of these changes for each 

flow’s wetted area was examined corresponding to a threshold value. For instance, the degree of 

bed disturbance was examined in relation to thresholds for bed material entrainment such as 0.03 

or 0.06 for Shields stress. 2D maps of Shields stress, SSWH and floodplain inundation were 

generated to assess patch behaviour and evaluate the extent of any longitudinal changes. Changes 

as a function of discharge can be expansion, contraction, shifting and emergence from non-

existence (Brown et al., 2016).  
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2.3 Results 

2.3.1 Model performance  

Comparing observed fixed-point velocity and depth data versus model predicted conditions 

demonstrate satisfactory 2D model performance, with the points generally falling along a 1:1 line 

(Figure 2-4). Values of R2, NSE, PBIAS and RSR for depth data were 0.79, 0.64, 21.3% and 0.59 

respectively for the urban reach and 0.78, 0.51, 20.2% and 0.69 respectively for the non-urban 

reach. Similarly, the R2, NSE, PBIAS and RSR values for velocity data were 0.61, 0.56, -10.7% 

and 0.65 respectively for the urban reach and 0.58, 0.56, -9.9 % and 0.65 respectively for the 

non-urban reach. All of these validation metrics were within accepted ranges published in peer-

reviewed hydraulic and hydrological model journal articles (Moriasi et al., 2007; Pasternack, 

2011).    
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Figure 2-4. Predicted model versus measured values for the urban and non-urban site with fitted 

1:1 line for: (A) depths; (B) velocities. 

2.3.2 Benthic disturbance 

2.3.2.1 Bed shear stress patterns  

The two study sites displayed different τo patterns, owing to their reach-scale morphological 

differences. Both sites exhibit increased values of reach-averaged and maximum τo as Q 

increased. At very low Q the rates appear similar, but then differ substantially at the urban site 
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getting closure to Qbkf, where for non-urban stream values stay relatively flat or increase 

marginally (Figure 2-5).   

The non-urban site showed the most stable bed with a reach-average τ* of 0.02 at Qbkf, below the 

critical range of entrainment (~0.04) compared to 0.09 for the urban site. There was a sharp 

increase in the portion of the wetted benthic area that is likely to have particles in full motion at 

the urban site as Q increases, approximately 0.3-0.7x Qbkf, representing flows exceeded between 

5-25% of the time (Figure 2-6). In contrast, the relative percent of the wetted bed area potentially 

moving in the non-urban site remained small with increasing Q (6% at Qbkf) and begins to 

increase steadily for Q around 1.5x Qbkf. This means that a greater portion of the non-urban site 

channel bed retained low bed shear stress even as Q increased. 

The frequency and magnitude of bed disturbance over the study period were predicted to be 

substantially greater in the urban site than non-urban site (Figure 2-7). The period that the daily 

maximum τo was equal to or exceeded the estimated 𝜏𝑜
∗ (4 N/m2) was 120 days/year in the urban 

site compared to 35 days/year in the non-urban site.  For these periods, the maximum τo at the 

urban site increases by a factor of 2-4. The estimated mean annual maximum τo was 2.79 N/m2 

and 5.67 N/m2 and the annual mean τo was 0.78 N/m2 and 1.75 N/m2 for the non-urban and urban 

site respectively. 
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Figure 2-5. Plot of (a) maximum (95th percentile) bed shear stress and (b) average bed shear 

stress across selected discharges modelled for the urban and non‐urban site. Dashed horizontal 

line and the arrows represent the estimated critical bed shear stress and bankfull discharge, 

respectively. 
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Figure 2-6. Plots of proportion of channel wetted bed area under different Shields stress in non-

urban and urban site as it relates to discharge. Black line represents portion of wetted areas of 

bed likely to be entrained with τ*>0.06 (Full) whereas deep grey line and light grey line are areas 

with τ* between 0.03 and 0.06 (Intermittent) and τ*<0.03 (None) than representing intermittent 

and no entrainment bed areas respectively. 
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Figure 2-7. Time series of the daily maximum (95th percentile) bed shear stress for the urban and 

non-urban site for the period under investigation. Solid horizontal line represents the estimated 

critical bed shear stress. 

2.3.2.2 The spatial distribution of bed disturbance 

Figure 2-8 shows planform maps of τ* patch pattern for each site and across four discharges 

representing baseflow, median discharge, Qbkf and 2Qbkf respectively. Each site had spatially 

discrete regions of high bed disturbance and different patterns in how τ* changes with Q. 

Coherent areas of both decreases and increases in τ* were observed as flow increases. Patches of 

τ* showed spatial patterns of shift, expansion, and contraction with increasing discharge. These 

changing patterns were variable in both lateral and longitudinal dimensions, showing diverse 

patch sizes and shapes. The τ* was substantially higher in the urban channel compared to the 

non-urban channel at high Q. 

In the non-urban channel, greater variations in channel width and bed geometry mediated where 

areas of high τ* were observed to shift as Q increased. At Q < Qbkf, areas of high τ* in the 

channel were mostly found at meander bends and topographic highs in the main channel. Low 
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terrain relief of the adjacent banks at the bends alleviated a fast expansion in the area of high τ* 

as discharge increased. High τ* locations showed large lateral expansions as Q increases within 

the bankfull channel.  Areas high τ* exhibited longitudinal extension, but magnitude in these 

areas were mediated because of divergent flow and lateral expansion. While these topographic 

features constricted the flow at Q < Qbkf, they allowed rapid extension of the effective flow area, 

dissipating the high τ* that would have been expected as Q increases. The shifts from lateral flow 

convergence to divergence change the core of high velocities from the channel centre as flow 

increases thereby dissipating the energy and decreasing hydraulic forces of the flow acting in the 

channel.   

The lack of variation in channel width and bed geometry in the urban channel resulted in reduced 

variation in the spatial location of high τ* as flow increased, with areas simply extending 

longitudinally and laterally. The relatively incised channel (compared to the non-urban site) with 

steep bank constricted the flow in the channel as Q increased maintaining high τ*.  
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Figure 2-8. 2D hydrodynamic modelling results of Shields stress pattern for selected flows, 

showing the mapped distribution of potential bed entrainment for both (A) non-urban and (B) 

urban reach. These are representative of the respective Baseflow, Median Q, Qbkf and 2x Qbkf 

of the flow regime at both sites. 

2.3.3 SSWH availability  

2.3.3.1 SSWH changes with discharges 

The total SSWH patch areas were different for the two study sites, given their morphological 

differences, but the changes with Q showed a similar trend. In general, SSWH patch area was 

high at low Q (Figure 2-9a) at ~0.1-0.2x Qbkf at both sites. At the urban site, as the predominantly 

plane bed was inundated to greater depths at higher Q, velocity increased and a general decline in 
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the SSWH area was observed. However, following a brief decline in SSWH below Qbkf the 

SSWH area in the non-urban site steadily increased as Q approaches Qbkf and rapidly increased 

as the floodplain was inundated for Q > Qbkf. This is supported by the gradually changing 

topographic relief extending from the thalweg to the floodplain. Planform complexity allows the 

inundation of new areas of lateral bars and benches, thus creating more SSWH. At low Q, the 

maximum SSWH patch area varied from 55 to 84 m2/100 m and 96 to 104 m2/100 m of the 

wetted area for the non-urban site and the urban site respectively.    

The mean SSWH patch size follows a similar pattern as the total area of SSWH (Figure 2-9b). 

The SSWH patch size decreased (~2 times) rapidly at the urban site with increasing Q, 

particularly as Q approached Qbkf compared to the non-urban site. Patch density consistently 

increased with Q in the non-urban channel compared to the urban channel, where it decreased as 

Q approached Qbkf (Figure 2-9c).  

Within-year availability of the total SSWH patch area during the study period (Figure 2-10) 

revealed a considerable decline of SSWH availability in the urban site at high Q during the 

winter period (June to September). In this period, the mean total area of SSWH patch was ~35% 

greater in the non-urban site than the urban site. In contrast, the summer low flow periods 

(December to March) showed a higher SSWH patch area in the urban site. During the periods of 

Q > Qbkf, the percentage of the floodplain area acting as SSWH in the non-urban site was 2-4 

times higher than the urban site.  

 



54 

 

 

Figure 2-9. Relations between discharge and selected spatial metrics per 100 m of study reach for 

Shallow Slow-Water habitat (SSWH): (A) Total SSWH patch area, (B) Mean SSWH patch size, 

(C) SSWH patch density for urban and non-urban site at selected discharges.  
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Figure 2-10. Time series of the daily total SSWH patch area available for the urban and non-

urban site for the period under investigation. Horizontal dashes represent the total SSWH patch 

area for both non-urban (SSWH ≥ 120m2 / 100m) (top) and urban (SSWH ≤ 45m2 / 100m) 

(bottom) respectively formed at the channel floodplain level. 

2.3.3.2 The spatial distribution of SSWH 

The SSWH occurred predominantly along the channel margins, expanding into the main channel 

in both study sites at low flows (Figure 2-11). The patches shifted further to the channel margins 

with increasing Q but remained in large cohesive-linear patches in the non-urban channel 

compared to the contracted and fragmented patches in the urban. SSWH patches in the urban 

channel became more fragmented at higher Q compared to those at the non-urban site. 

The broad, low topographic relief of the adjacent banks at the non-urban site facilitated a greater 

spatial increase in SSWH patch area. This channel geometry allows more surface to be inundated 

with shallow depths by lateral overflow with increase in Q. With Q > Qbkf, there is an increase in 
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the spatial extent at which the floodplain is inundated at the non-urban site compared to the urban 

site thus increasing the availability of the SSWH areas. The locations of SSWH patches in the 

urban channel generally persisted, but patch area decreased with increasing Q. On the contrary, 

SSWH locations in the non-urban channel migrated and expanded or contracted with Q, 

reflecting the topographic dynamism of the stream channel at this site.   
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Figure 2-11. 2D mapped spatial distribution of the SSWH (red shading) for selected discharges in 

the non-urban (left maps) and urban (right maps) sites. These are representative of the respective 

Baseflow, Median Q, Qbkf and 2x Qbkf of the flow regime at both sites. 
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2.3.4 Floodplain inundation  

For the same flow exceedances, much less of the urban floodplain is inundated at the urban site 

(Figure 2-12 and 2-13). At Qbkf, only 1% of the urban site floodplain area was inundated 

compared to the 6% at the non-urban site. At Q > Qbkf, much of the non-urban site floodplain was 

inundated compared to the urban-site. At these Q, the area extent of floodplain inundation was ~5 

times larger than at the urban site. 

Portions of the non-urban channel banks were overtopped for flows corresponding to 10 -15 % of 

time Q exceeded (Q < Qbkf). This appeared to be at low relief lateral portions of the non-urban 

channel. The estimated frequency (days/year) of urban floodplain inundation over the study 

period was estimated to be ~45% lower than the non-urban site. Furthermore, predicted 

inundation duration was ~3 times higher at the non-urban site due to the longer cumulative 

duration of peak events (Q > Qbkf) compared to the flashiness at the urban site. 
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Figure 2-2. Relation between percentage of floodplain inundation area and selected stream flow 

duration. 
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Figure 2-3. 2D mapped extent of the floodplain inundation area (blue) for selected streamflow 

durations in the (A) non-urban and (B) urban sites. 
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2.4 Discussion 

2.4.1 Urbanization impacts on stream hydraulic conditions. 

Despite the geographic proximity of both sites investigated in this study, the influence of urban 

stormwater inputs between the sites fundamentally alters hydraulic conditions. In this section we 

discuss the three main findings from this study and highlight the opportunities for better 

understanding hydraulic alteration to improve the management of streams impacted by excess 

urban stormwater runoff.     

2.4.1.1 Influence on benthic disturbance 

Local variations in bed shear stress acting on benthos influence sediment entrainment and 

transport, which in turn drive the evolution of channel morphology. Changes in local flow 

dynamics govern bed mobility from zones of higher to lower bed mobility (Lisle et al., 2000; 

MacWilliams et al., 2006). The results indicate that the non-urban site would likely experience 

substantially lower bed shear stress. In contrast, areas of the streambed retaining low bed shear 

stress are limited in the urban site across the range of simulated discharges, consistent with the 

view that benthic area available as refugia is rapidly diminished in urban or modified aquatic 

systems whenever a flow event or spate occurs (Negishi et al., 2002; Finstad et al., 2007). The 

comparatively confined, straight and relatively uniform gradient and cross-sectional profile at the 

urban site account for the resultant rise in areas of potential bed entrainment as Q increases, and 

thus loss of flow refugia. 

It is widely recognised that the impact of altered flow on urban stream channel form eliminates 

important morphological features (such as meanders, bars and benches, riffle-pool sequences) 

(Chin, 2006; Vietz et al., 2014), thus decreasing channel variability. As shown in the non-urban 

site (Figure 2-6), at the stream-reach scale, channel morphological heterogeneity steers flow in 

such a way that the different topographic features turn on and off to create diverse patterns of 
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hydraulic conditions as Q increases (Strom et al., 2016). This suggests that morphological 

heterogeneity will decrease areas of streambed that are subjected to high hydraulic stress with 

rising flows. Consequently, benthic species assemblages in natural hydraulically complex stream 

reaches are more persistent than in simple, modified ones (Negishi et al., 2002; Vericat et al., 

2008).  

The area of channel experiencing likely bed entrainment rises rapidly for Q between 0.3 – 0.9x 

Qbkf (Figure 2-4). These flows will likely drive major morphological changes (herein channel bed 

mobilization). For management purposes, investigating the hydraulics to estimates such flows 

will inform management strategies to target them for control by flow-regime restoration 

practices.  

In this study, the frequency and duration of likely bed particle entrainment at the urban site was 

substantially higher than for the non-urban site. The estimated daily peak shear stress equalled or 

exceeded the critical shear stress for 120 days/year for the urban site, compared to 35 days/year 

in the non-urban site. This coincides with the hydrological observation of Wong et al. (2000), 

who report that urban streams in Melbourne are typically disturbed by impervious runoff more 

than 100 times/year. Local patch-scale benthic disturbance occurs even for relatively small 

changes to Q. Vericat et al. (2008) reported that patches of sand-gravel bed may attain partial or 

full entrainment even during smaller but more frequent flow events.  

The geomorphic and thus ecological consequence of the modeled bed shear stress regime is 

expected to be large, given that it will cause frequent entrainment of surface sediments and 

eventually, mobilize subsurface particles. This activity can regularly adjust the physical habitat 

(Francoeur & Biggs, 2006). A longer period of high bed shear stress combined with a lack of 

peripheral SSWH will reduce the chance of benthic invertebrates finding refugia (Lancaster et 

al., 2006; Oldmeadow et al., 2010). Removal of bed sediments is also the precursor to channel 
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incision (Hawley et al., 2012). This is consistent with studies hypothesising that streams in urban 

catchments having a percentage connected impervious surface above 1% experience bed 

movement, major incision and loss of sensitive biota resulting in decreased ecological quality 

(Walsh et al., 2005a; Vietz et al., 2014). However, the magnitude of this phenomenon could also 

depend on the sediment supply (Chin, 2006). 

The findings here also indicate that considerable hydraulic alterations could be expected even at 

the low level of connected imperviousness (3% at the urban site), suggesting the dominant role of 

excess urban stormwater runoff in influencing hydraulic alteration. Vietz et al. (2014) similarly 

reported large geomorphic changes in urban streams at very low levels of connected 

imperviousness (< 2-3%).  

2.4.1.2 Impacts on shallow slow-water habitat 

The channel geometry in the non-urban site ensures a gentler increase in depth laterally and 

longitudinally, as Q increases. The channel wetted area increases without significant increases in 

flow depth and velocity particularly towards channel margins. Thus, as Q increase, more surface 

area is inundated with shallow depth and low velocity, increasing the SSWH area. Conversely, 

the predominantly straight, uniform, plane-bed, U-shaped channel at the urban site means there is 

less variability in flow depth and a steeper increase in depth and velocity with increasing Q. 

Thus, as Q increases, the SSWH area decreases.  

The SSWH and Q relationship observed for the urban and non-urban site can be compared to the 

conceptual model defined by Vietz et al. (2013). For complex channels (with higher bars and 

extensive shoals), as observed at the non-urban site in this study, the SSWH areas increase as the 

high-level bars and extended shoals are inundated. Nevertheless, the rate of increase may fall 

depending on the flow velocities over these features with increased flow depth (Knighton, 1974; 
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Stewardson, 2005). For modified or simple channels (with near-vertical banks), as observed at 

the urban site, rapid declines of SSWH area is expected, even at comparatively low Q. 

For the urban site, rapid declines in patch size (~2 times of SSWH patch size) were observed for 

relatively small increases in Q compared to the non-urban site. This is expected to impact species 

assemblages as the smaller the individual SSWH patches, the less chance species have to survive 

progressive downstream drift (Vietz et al., 2013). In addition, the SSWH patches in the urban site 

become more fragmented as Q increases. Reducing contiguousness of SSWH patches lessens 

their ecological value (Dodd, 1990; Collinge, 1996), thus impacting ecological diversity 

(Collinge, 1996; Ewers & Didham, 2006).  

SSWH patches locations in the urban site were comparatively static, occurring at discrete zones 

even as Q increased. In contrast, morphological heterogeneity at the non-urban channel allowed 

large SSWH patches to be separated and distributed into many small units. Such diminishing 

spatial heterogeneity in the urban site could contribute to species segregation and declines in 

abundance and diversity (Collinge, 1996).  

Habitat availability in the urban site clearly suggest that the modified channel together with 

altered flow regime driven by urban impacts may provide limited SSWH habitat. In urban 

catchments where streams experience increased frequency of peak flows (Burns et al., 2012; 

Walsh et al., 2012), the decreased availability of SSWH can persist for long periods, reducing 

rearing and breeding habitat and refuge. This could be a key contributing factor for local 

extinction and declined diversity and abundance of biota (Diamond & Serveiss, 2001; Poznańska 

et al., 2009; Wenger et al., 2009; Koperski, 2010). Aquatic systems with an abundance of 

available SSWH are usually able to more effectively support diverse aquatic life populations 

(West & Jones, 2001; Poznańska et al., 2009).  
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2.4.1.3 Impacts on floodplain inundation 

The assessment of the inundation extent suggests a substantial impact of urbanization on the 

floodplain inundation. The results on the estimated relative differences in the floodplain 

inundation area at both sites reveals two general points. First, compared to the non-urban site, our 

analysis shows that the frequency of floodplain inundation in the urban site is likely to decrease. 

While altered catchment hydrology increases the magnitude and frequency of higher discharge 

events (Figure 2-2), the increased channel capacity at the urban site would require a very high, 

non-frequently occurring discharge to overtop the banks. This means the reach will experience 

low rates of increase in inundation per unit flow, and consequently, a high reduction in the 

inundated floodplain area. In addition, the duration of inundation is expected to be reduced 

compared to non-urban analogues given the flashiness of high flows (Walsh et al., 2012). 

Likewise, typically, confined incised stream reaches have limited floodplain space often 

restricted by valley walls (e.g., Grant & Swanson, 1995; Vietz et al., 2015) as the case of the 

urban site. While this geomorphic control limits the extent to which inundation can occur, it also 

reduces the duration of the inundation (Cienciala & Pasternack, 2017).  

We hypothesize that for urban streams with major changes to the flow regime and channel form, 

the expected changes to the pattern (frequency and duration) of inundation will mean altered 

lateral hydrologic connections between the stream and its floodplain. This could alter seasonal 

timing and variability in the inundation pulse, potentially affecting the ability of floodplain biota 

to cope with and gain from inundation (Kingsford, 2000; Hamilton et al., 2002).  
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2.4.2 Implications of hydraulics for ecosystem processes and restoration strategies in urban 

streams 

The protection or restoration of urban streams requires understanding of the relationship between 

catchment urbanization (particularly stormwater impacts) and a stream’s physical and biological 

process responses (Wenger et al., 2009). Figure 2-12 depicts a conceptual framework of how 

individual stressors interact to impact the stream ecosystem. Hydraulic conditions are the 

mediator between exogenous drivers (such as hydrology and morphology) and ecological 

responses.  

Until recently, altered channel morphology (Chin & Gregory, 2009; Vietz et al., 2016) and 

hydrology (Wenger et al., 2009; Walsh et al., 2012) have been considered as the major 

determinants of observed changes in stream physical and biological structure and function. 

Management strategies to protect or restore urban streams typically involve either enhancing the 

channel morphology, creating specific habitat characteristics to achieve perceived “better” 

habitat conditions (Bernhardt & Palmer, 2011), or catchment-scale practices that aim to restore 

flow regimes towards their pre-development levels. However, achieving ecologically successful 

restoration still remains a struggle, in particular because morphological adjustments usually do 

not address the underlying mechanisms of disturbance (Bernhardt & Palmer, 2011; Violin et al., 

2011).  While flow-regime restoration efforts are more likely to do so, returning to near natural 

levels can be very difficult (Duncan et al., 2014; Fletcher et al., 2014).  
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Figure 2-4. Conceptual framework of urban impacts on a stream (adapted from Walsh et al., 

2005b). All stream ecosystem variables are grouped in one entity (right) and the catchment 

variables (left). The arrows connecting the different entities shows hypothesized causal 

relationships and major pathways. While the sources of impact are numerous, the major pathway 

of changes is stormwater runoff from connected impervious surfaces introduced into the stream 

by pipes and drains. It also shows that hydraulics is a mediator between exogenous drivers and 

ecological responses. The direction of the expected effects are by + and – which indicates 

increasing and decreasing impact respectively. 

As demonstrated in this study, urban-induced altered hydrology and morphology have substantial 

impacts on the stream hydraulic conditions. This potentially becomes a key agent of declined 

ecological health usually observed in urban streams including declined diversity and abundance 

of biota (Wenger et al., 2009). This means management effort towards protection and restoration 

of urban streams should incorporate objectives of achieving ecologically relevant hydraulic 

conditions that would sustain the stream ecosystem health. Indeed, it is well established that 

stream communities and many ecosystem functions depend on hydraulic behaviour (Statzner et 

al., 1988; Gibbins et al., 2007; Clark et al., 2008; Knight & Cuffney, 2012). Our findings suggest 

that stream hydraulic condition metrics can be assessed by stream managers in their efforts to 
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understand the mechanisms driving urban stream degradation. They may be used to simulate and 

evaluate geomorphically and ecologically important flow patterns within urban streams, to guide 

targeted restoration efforts both at the catchment scale and within the channel (Pasternack & 

Brown, 2013; Brown et al., 2016).  

Ultimately, it is necessary to set objectives that are directly linked to the needs of the receiving 

stream. Given the need that managed flows and channel morphology should result in sustainable 

geomorphic functioning (i.e. appropriate levels of erosion and deposition), and suitable hydraulic 

habitat conditions for biotic functioning, building management standards based on the hydraulic 

outcomes is a prerequisite to protecting the channel and restoring stream ecosystems (Pasternack, 

2008). 

2.5 Conclusions  

Altered stream hydrology driven by urban stormwater runoff is a key stressor to urban stream 

ecosystems. In this study, we investigated and demonstrated the hydraulic response to flow in an 

urban and non-urban stream, using 2D model simulations and three metrics that addressed bed 

disturbance, SSWH, and floodplain inundation. The urban stream was found to have a 

substantially altered hydraulic regime. Bed disturbance was nearly always greater in the urban 

channel and approximately four times higher as flow increased, while SSWH availability in the 

urban stream was greatly diminished. The areal extent of floodplain inundation in the urban 

stream was limited to flood flows (i.e. rare events), indicating likely extended periods of lateral 

disconnections between the stream and its floodplain. 

The results highlight the important interplay between hydrology, geomorphology, and hydraulics 

in dynamically evolving the discharge-hydraulic conditions in stream channels. In urban streams 

considering either just hydrology, or just channel morphology, in isolation, may not adequately 

achieve ecologically successful restoration. Restoration efforts should include technical 
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objectives to restore a natural hydraulic regime as part of a multi-scalar approach that considers 

local, segment, and catchment scale concerns. Implementing such hydraulic-based approaches 

will be helpful in prioritizing and integrating management efforts between mitigation of 

hydrology and channel morphology interventions to achieve restoration targets.   
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Supplementary Material – Chapter 2 

The supplementary material is organized with sections that parallel those in the main chapter. 

2.2.1 Study sites 

The non-urban site is located 6 km upstream of the urban site and drains a predominately 

forested catchment with very low levels of imperviousness (Table 2-1). It has 50% forest/tree 

cover and 43% pasture/grassland cover. While about 4% of the non-urban site catchment is 

covered by impervious surfaces, only 0.1% of these surfaces drain directly to the stream, 

meaning that the hydrological disturbance is likely to be minor (Walsh, 2004). The remaining 

impervious surfaces in the catchment informally drain to pervious surfaces, substantially 

reducing their hydrologic impact to the stream. The urban site drains an urbanized catchment that 

retains about 40% forest/tree cover, with the remainder of the surface area cleared for urban 

development. About half of the urban site catchment’s impervious surfaces are connected to the 

stream via stormwater drainage systems (Table 2-1). This suggests that this site will be 

significantly influenced by the catchment land use and upstream drainage area (Burns et al., 

2012). The measured mean daily streamflow (Figure 2-2) confirms that the stormwater runoff 

released from the stormwater drainage infrastructure (pipes and open drains) discharging to the 

stream at the urban site results in regular rapid increases in discharge. Mean annual rainfall 

across the study region is ~800 mm/year and most streams have a perennial flow regime.   
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Figure S2-1.  Changes in channel dimensions from the non-urban portions of the Cardinia Shire 

Catchment to the downstream urban portions. It indicates the extent of morphological changes 

primarily driven by urbanisation.  Red circle indicates the location of the non-urban (upstream) 

and urban site (downstream) respectively. The channel becomes wider as it moves downstream 

towards the urbanized part of the catchment, typical of streams draining urban catchments. 
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2.2.4 Model calibration and validation 

Roughness and turbulence parameters were specified based on published values for shallow 

streams. A constant Manning’s n was assigned to the entire domain and then model calibration 

was performed using Manning’s n values ranging from 0.03 to 0.045. A final Manning’s n value 

of 0.035, which yielded the most satisfactory predictions was used for the simulations. In 

general, the measured WSE agreed with the modelled WSE to within ±3 cm, which was 

considered successful calibration. In addition, a TUFLOW Smagorinsky viscosity coefficient of 

0.005 achieved acceptable turbulence closure and was used for all model runs. Sensitivity 

analyses of the turbulence closure parameter showed that modeled flow velocities in the main 

channel were insensitive to the viscosity coefficient used within the limit of TUFLOW defined 

values of 0 - 0.01. Friction characteristics such as eddies at abrupt channel changes and 

obstructions were examined to see if model results realistically reproduced qualitatively observed 

flow patterns.  

Validation metrics used in this study to assess the performance of the model include; (i) 

coefficient of determination (R2) and (ii) three hydrological metrics including Nash-Sutcliffe 

efficiency (NSE), percent bias (PBIAS) and the root mean square error-observations standard 

deviation ratio (RSR) (Legates & McCabe, 1999; Moriasi et al., 2007; Pasternack, 2011). These 

checks provide an effective validation suite for a 2D model (Moriasi et al., 2007). For similar 

model and measured velocities comparisons, studies have reported R2 values ranging from 0.25-

0.92 (Lane et al., 1999; Pasternack et al., 2006; Harrison & Keller, 2007; Gard, 2010; Pasternack 

& Senter, 2011). Gard (2010) suggested an R2 = 0.36 establishes a validated 2D model. In 

addition, models were also considered adequate if they achieved a low net outflow during run 

times sufficient for model to converge to steady state, i.e. < 1% of the inflow water volume was 

unaccounted for.  
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Chapter 3: The relative role of form and flow in altering the stream hydraulics 

Foreword 

This chapter builds on the findings of Chapter 2 to assess the relative contribution of urban-

induced flow and channel form changes in altering the stream hydraulics. It compared 

different test scenarios that included combinations of urban and natural flow regimes as well 

as urban and natural channel form. The analysis of the test scenarios included comparing 

their hydraulic outcomes using ecologically relevant hydraulic metrics. The chapter showed 

that both altered flow and channel form alteration contribute to the changes in hydraulic 

conditions in urban streams. 

The chapter is a reproduction of a journal article published in the Ecohydrology journal. 

There was supplementary material for the paper which is presented after this chapter. 

Headings, figures and tables have been re-numbered to fit with thesis format. 

 

Anim, D.O., Fletcher, T.D., Vietz, G., Pasternack, G., & Burns, M.J. (2018). Restoring in -

stream habitat in urban catchments: modify flow or the channel? Ecohydrology, 12(1), e2050 
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Abstract 

Urban streams have almost universally altered physical habitat conditions due to excess 

stormwater runoff. This includes changes to in-channel hydraulics and channel morphology. 

Restoration of in-channel habitat has two main levers: address the hydrology or channel 

morphology. Both variables impact in-stream habitat but understanding the relative role of 

hydrologic and morphologic change remains a challenge. This study uses two-dimensional 

hydraulic modelling to examine the relative roles of flow and channel morphology in setting 

hydraulic conditions. We investigated four test scenarios involving the combinations of urban 

versus natural hydrology and urban versus natural channel morphology. The analysis 

investigated three ecologically relevant hydraulics characteristics including bed mobilization, 

retentive habitat and floodplain inundation. Shields stress, Shallow Slow-Water Habitat 

(SSWH) area and floodplain inundation area hydraulic metrics were used respectively. The 

results indicate substantial differences in hydraulic conditions between the two reaches. The 

urban site showed increased bed mobility potential and SSWH availability plummeted as 

flow increased, whereas the natural channel showed a relatively stable bed with substantially 

more SSWH at most flows. Floodplain inundation frequency was low in the urban channel 

with decreased duration. The results suggest hydraulic conditions are highly sensitive to 

channel morphology relative to flow regime. This suggests that once channel form has been 

degraded, mitigating urbanization impacts on flow regime cannot maintain ‘natural’ channel 

hydraulics. Management approaches therefore must protect channel morphology from 

change. Where the channel has already been fundamentally altered, opportunities for channel 

morphology rehabilitation needs to be considered. 



88 

 

3.1 Introduction 

Urbanization impacts hydrological processes, sediment supply and nutrients flux, leading to 

major changes in stream ecosystems such as flow regime and channel morphology alteration, 

and water quality impairment (Wenger et al., 2009; Vander Laan et al., 2013). These impacts 

lead to poor ecological condition (Walsh et al., 2005b). Stream management and restoration 

efforts involving direct interventions have focused on local channel stability, including 

channelization (Bernhardt et al., 2005; Vietz et al., 2015) and improving in-stream habitat 

(Violin et al., 2011; Brown & Pasternack, 2017). The latter is characterised by creating 

specific habitat characteristics to meet perceived “better” habitat conditions or standards 

(Paul & Meyer, 2001; Chin & Gregory, 2009). Ideally, designs seek to re-institute key 

process-morphology mechanisms (Wheaton et al., 2004). Unfortunately, such actions require 

major effort and expense to implement (Bernhardt et al., 2005). This is particularly the case 

for stream draining substantially urbanized catchments (Bernhardt & Palmer, 2007; Walsh et 

al., 2012). In addition, most engineered efforts of instream morphological adjustment are 

done with little or no ecological criteria consideration (Miller & Kochel, 2010; Bernhardt & 

Palmer, 2011. In other words, mimicking reference natural in-stream habitat are done with 

lack of sufficient goals for both morphological self-sustainability and ecological functions 

which limit the chances of any ecological gains (Gurnell et al., 2007; Violin et al., 2011). 

There have been recent calls for more holistic strategies that move towards process-based 

restoration (Beechie et al., 2010). At the core of the process-based restoration approach is the 

aim to address the root causes of ecosystem degradation rather than the symptoms (Beechie et 

al., 2010; Fletcher et al., 2014). This approach aims to re-establish linked hydrogeomorphic 

and biological processes that create and sustain the natural ecosystem (Beechie & Bolton, 

1999; Pasternack, 2008). The process-based approach expresses a broader effort that include 
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specific hydrological, geomorphological and ecological objectives. These are the underlying 

key drivers of ecosystem degradation along a recovery trajectory. Notably, process-based 

restoration must address multiple spatial scales (e.g. catchment, sub-catchment reach, 

segment, reach and sub-reach) (Beechie et al., 2010; Palmer et al., 2014; Walsh et al., 2016).  

There is wide recognition that sustainable urban stream restoration requires the catchment-

scale flow regime to be addressed. In the urban setting particularly, the goal is to minimize 

and attenuate excess stormwater runoff (Ladson et al., 2006; Wenger et al., 2009; Bell et al., 

2016), such that the altered flow regime can be restored towards pre-development levels as a 

means to re-establish linked hydrogeomorphic and biological processes that create and 

sustain the natural ecosystem functioning (Vander Laan et al., 2013; Walsh et al., 2015; 

Burns et al., 2016). This is based on the synthesis of recent literature that argues based on 

empirical and theoretical evidence that altered flow regimes driven by urban stormwater 

runoff input is a key degrader of stream ecosystems (Wenger et al., 2009; Walsh et al., 2012; 

Burns et al., 2013; Vietz et al., 2014; Hawley & Vietz, 2016). In this regard, urban stream 

degradation has been considered largely as a hydrological problem (Ladson et al., 2006; 

Walsh et al., 2012). This has led to calls for a catchment-scale mitigation of hydrologic 

disturbance to address urban stream impairment (Burns et al., 2013; Loperfido et al., 2014; 

Askarizadeh et al., 2015). It is argued that, this management approach is necessary to restore 

the water quality and hydrological regimes needed to support healthy streams (Fletcher et al., 

2014; Walsh et al., 2016; Scarlett et al., 2018). 

Ultimately, to improve stream health, it is necessary to set restoration objectives that are 

directly linked to the needs of the receiving stream ecosystem, considering both 

hydrogeomorphic linkages and biological processes. Restoration strategies could have a 

better chance of leading to ecological benefits when the approach is based on the mechanistic 

relationships between flow and channel form (Clark et al., 2008; Yarnell et al., 2015). While 
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flow is key, the intermediate mechanisms by which a total amount of water (i.e. the flow) 

interacts with the stream’s boundary to be translated into different hydraulic components, 

such as depths and velocities, is critical to the success of any flow manipulation. These 

components, not the flow alone, drive the stream ecosystem functions (Emery et al., 2003; 

Wallis et al., 2012). Ecologists and river scientists generally recognize that physical hydraulic 

conditions form one of the key coordinating template for aquatic ecosystem processes 

(Statzner et al., 1988; Townsend et al., 1997a; Järvelä & Helmiö, 2004). It is these hydraulic 

conditions that sediments (Gibbins et al., 2007) and biota (Statzner & Higler, 1986; Jowett, 

2003) experience and relate to. They have been documented to largely drive their distribution 

via ecological disturbance (Kemp et al., 2000; Brooks et al., 2005; Gibbins et al., 2007; Anim 

et al., 2018a).  

Therefore, it is important that restoration approaches result in suitable hydraulic conditions as 

an intermediate ‘indicator’ between source catchment hydrology and ultimate ecological 

functions. In attempts to manage flow regimes and rehabilitate channel form for ecological 

benefits, there is the need to understand how these two separate (but interacting) actions alter 

the hydraulic regime. That the patterns of the hydraulic template are often used to speculate 

the mechanisms influencing ecosystem functioning points to the importance of exploring it as 

a mechanistic platform for examining how addressing these two main levers towards 

restoration could impact ecological gains. 

This study explores two questions. First, could restored catchment hydrology imposed on a 

fundamentally degraded channel morphology result in ecologically suitable hydraulic 

conditions? Alternatively, could restoring degraded channel morphology be enough to 

mitigate the degrading effect of altered flow regimes on the hydraulic conditions in a 

substantially urbanized catchment? Our study aims to provide a better understanding of the 

likely consequences of changes to channel morphology and flow regimes as independent 
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actions aiming to restore a degraded urban stream. It provides information on the relative 

merits of channel and hydrologic restoration, given that in many cases constraints may limit 

the feasibility of one or the other approach. 

3.2 Methods 

3.2.1 Experimental design 

To answer the above questions, the experimental design involved two-dimensional (2D) 

hydraulic modelling of two sites to compare and contrast the relative effects of channel 

morphology and flow in setting hydraulic conditions. Specifically, the study compared the 

hydraulics in urban and natural reaches of the same stream by investigating different 

hydrogeomorphic scenarios. Each scenario aims to represent the current condition in the 

urban and natural state as well as conceptually test the management approach of either 

restoring flow or morphology. We characterized the hydraulic change using three 

ecologically relevant hydraulic metrics (details presented in a later section). These metrics 

describe the dynamics of channel bed disturbance (bed particle entrainment), physical habitat 

availability and hydrologic connectivity between stream channels and floodplains and are of 

known link to relevant which are important for aquatic ecosystem functions (McCabe & 

Gotelli, 2000; Paterson & Whitfield, 2000; King et al., 2003; Brooks et al., 2005).  

Data were collected from the sites to characterize site topography, hydrology and hydraulics 

to perform 2D modelling, including model calibration and validation.  

3.2.2 Study sites 

The study sites were those investigated in a previous study by Anim et al. (2018) (in chapter 

2) (Figure 3-1). Site selection aimed to physically represent and compare urban and natural 

settings, referred herein as ‘urban’ and ‘natural’ reaches respectively. The urban reach, 
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located 6km downstream of the natural reach has a simplified low-gradient, sand-gravel bed 

(d50= 6 mm) channel morphology and exhibits less complexity both in cross-profile and 

planform (Table 3-1).  The natural reach has a relatively intact and complex naturally 

meandering channel with a sand-gravel bed (d50= 3 mm), pool-riffle morphology, 

depositional sediment benches and point bars. Both sites have similar rainfall pattern, with an 

annual catchment rainfall averaging ~950 mm/year. Rain is fairly evenly distributed over the 

year with a spring-winter bias. Most streams in this catchment flow perennially. Further sites 

details are given in Supplementary Material.  

Table 3-1. Characteristics of the selected catchment and study reach  

 Urban site Natural site 

Catchment area (km2) 67 44 

Latitude, Longitude 38°03´02.34 ̋ S, 

145°21´53.42 ̋ E 

38°0´38.35 ̋ S,  

145°23´1.32 ̋ E 

Total imperviousness cover (%) 7.1 4.3 

Connected imperviousness cover 

(%)a 

3.1 0.1 

Reach gradient (%)b 0.003 0.001 

Sinuosityb 1.1 1.3 

Entrenchment ratiob 1.2 1.9 

Mean bankfull depth (m)b 1.6 0.84 

Mean bankfull width (m)b 7.02 4.10 

Reach bankfull discharge (m3/s) 1.72 0.73  

a The proportion of total imperviousness cover connected to the stream via conventional 

stormwater drainage systems 
b Estimates from field survey data 
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Figure 3-1. The study sites located on the Cardinia Creek draining the Cardinia Shire 

catchment in Victoria, Australia flowing south into the Western Port Bay. 
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3.2.3 Data Collection 

3.2.3.1 Channel topography 

Detailed site topographic surveys followed steps reported by Anim et al. (2018) (in chapter 

2). The particle size distribution of bed materials was determined using Wolman pebble 

counts performed randomly in riffles and runs at low flows (Kondolf & Li, 1992). A 

representative median size (d50) was extracted showing a sand‐gravel bed channel 

morphology for each reach (see in Supplementary Material). 

3.2.3.2 Hydrology 

For each site, water levels were recorded continuously at 6-min interval using ODYSSEY 

capacitive level sensor from January 2015- December 2016. The level data were converted to 

streamflow using stage-flow rating curves specifically determined for the two study reaches 

based on direct gauging. For each discharge gauging, water surface elevation (WSE) 

longitudinal profiling was performed at 20 m intervals along both banks for each reach. In 

addition to observed flows, this study made use of estimated flows (January 2008 – 

December 2014) using the continuous 6-mins streamflow record from a nearby Melbourne 

Water stream gauging station 228382A on the Cardinia Creek, ~6km downstream of the 

urban reach (Figure 3-1). McMahon et al. (2002) approach of estimating streamflow for an 

ungauged site was used by establishing a relationship between measured streamflow (2015-

2016) and the Melbourne Water gauge data for the same period (see Supplementary material 

for relationships between sites and the gauge). Methods used to establish this relationship are 

detailed in McMahon et al. (2002). This study thus uses the January 2008 to December 2016 

water years’ data (Figure 3-2) providing a good representation of typical dry, normal and wet 

year conditions. Further hydrologic detail is provided in Supplementary Material.  
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Figure 3-2. Daily streamflow hydrograph for the urban and natural reach during the study 

period. The inset shows the mean of the daily streamflow data for each year. 

3.2.4 Hydraulic modelling  

TUFLOW hydraulic model that solves the full 2D (depth-averaged) momentum and 

continuity equations for free surface flow (Syme, 2001) was used for the simulations. A 0.3-

m square grid computational mesh was elevated with the topo-bathymetric survey data for 

each reach. The domain extended 20 m beyond the region of interest, both upstream and 

downstream, to minimize the impact of flow and boundary assumptions on model outputs 

within the region of interest. Model simulation input and boundary conditions included 

inflow streamflow time series and corresponding downstream WSE. Unsteady models were 

run spanning the representative flow ranges for the hydrological data corresponding to 0.5-99 

% of time discharge (Q) exceedance. This represents 0.05-6 and 0.02-3 times bankfull 
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discharge (Qbkf) for the natural and urban site, respectively. Model outputs include WSE, 

water depth, bed shear stress (𝜏𝑜), and depth-averaged velocity in the direction of flow. 

3.2.5 Modelling scenarios 

Four different hydrogeomorphic scenarios were explored using channel morphology and flow 

regime as shown in Figure 3-3. Scenario CnatQnat and CurbQurb represents the current 

condition in the natural and urban reach where natural hydrology (Qnat) was modeled in the 

natural channel (Cnat) and urban hydrology (Qurb) was modeled in the urban channel (Curb), 

respectively. Scenario CurbQnat tested whether restored hydrology within a fundamentally 

degraded channel morphology could result in ecologically important hydraulic conditions. 

Scenario CnatQurb tested whether just restoring degraded channel morphology could results 

in maintaining hydraulic conditions at levels likely to sustain ecosystem functioning 

particularly where managing flows are constrained. In other words, scenario CurbQnat and 

CnatQurb conceptually represent management approach of either restoring flow or 

morphology, individually.  
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Figure 3-3. Schematic of the hydrogeomorphic scenarios investigated. Curb and Cnat 

represent the urban and natural channel respectively. Qurb and Qnat represent the urban and 

natural hydrology respectively See text for scenarios acronyms definitions.  

3.2.6 Model calibration and validation 

For calibration purposes, initial steady-state model runs were conducted for observed flows 

ranging from 0.04-1.57 and 0.04-0.97 for the urban and natural reaches respectively. The 

models were calibrated for both reaches by adjusting Manning’s n values to match observed 

WSE. Then, model validation was performed using measured, independent fixed-point depth 

and velocity sampled by wading at the same flows. This was done by comparing 

quantitatively the predicted verses observed values. For this study, further observational 
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(depth and velocity) data was collected to improved model calibration and validation. 

Calibration and validation approach and metrics as well as their threshold values are detailed 

in the Supplementary Material.  

3.2.7 Hydraulic test variables 

Bed shear stress, velocity and water depth model outputs were used to evaluate each studied 

scenario in keeping with previous studies that have investigated their relevance to stream 

ecosystem functioning (Brooks et al., 2005; Gibbins et al., 2007; Sawyer et al., 2010; Vietz et 

al., 2013; Shearer et al., 2015).  In this study, the ecologically relevant hydraulic metrics used 

to characterize the hydraulic change include: Shields stress, Shallow Slow-Water Habitat 

(SSWH) area and floodplain inundation area. In most aquatic ecosystem flow investigation, 

the spatial and temporal variabilities of these hydraulic conditions have been closely linked to 

the ecological condition (Humphries et al., 2006; Vietz et al., 2013) as well as geomorphic 

processes (Strom et al., 2016). The bed shear stress is usually examined to investigate refuge 

concept for benthic space available as refugia where magnitude and duration of shields stress 

above a specific threshold are used to assess possible disturbance of benthic biota from bed 

movement (Jorde & Bratrich, 1998; Mérigoux & Dolédec, 2004). SSWH availability within 

the wetted channel has primarily been investigated which is mostly essential determinant of 

species population dynamics (Gibbins et al., 2007; Lobera et al., 2017). Extinction of this 

habitat has been shown to reduce fish abundance, macroinvertebrates that depend on them as 

refugia and organic matter retention (Vietz et al., 2013). In addition, the duration and 

frequency of floodplains inundation have been linked with a flow-mediated exchange of 

energy, organic matter and biota (Cienciala & Pasternack, 2017). Floodplains flow dynamics 

provide key habitat supporting biota such as fish utilizing it as spawning and rearing habitat 

(Gorski et al., 2011). 
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Non-dimensionalized Shields Stress (τ*) was estimated from TUFLOW’s bed shear stress 

output in each grid cell as: 

 τ ∗ =
𝜏𝑜

d50(𝛾𝑠−𝛾𝑤)
 (3.1) 

where 𝛾𝑠 and 𝛾𝑤 are the unit weight of bed material and water respectively. This was analysed 

to compare the two reaches for their relative potential for bed particle entrainment 

(Pasternack, 2011) using a critical entrainment threshold (τ𝑐 
∗ ) of 0.045 (Lisle et al., 2000; 

Sawyer et al., 2010). The SSWH area evaluates the relative retentive habitat availability. This 

was estimated using a decision tree in ArcGIS (Esri ArcGIS desktop 10.2) that searched 

depth and depth-average velocity outputs to locate areas with a depth class of 0-0.3 m and 

velocity class of 0-0.2 ms-1. This depth and velocity combination is particularly preferred by 

benthic macroinvertebrates (Shearer et al., 2015) and fish (Smith, 1973; Milhous & Nestler, 

2016) in small streams. Floodplain inundation area analysis involved simulations that 

exceeded Qbkf. This was estimated as the difference between the total inundated area in the 

model output and the wetted area of the bankfull flow simulation for each reach. 

3.2.8 Data analysis 

The initial step in data analysis involved developing a functional relationship between flow 

and each hydraulic metrics explored. Model simulations for the full range of flows in the 

urban and natural reach hydrological records provided the data to do this. The annual time 

series for the study period was then parsed into the investigated scenarios for evaluation. The 

Continuous Above Threshold (CAT) time series analysis approach was used to analyse test 

variables for continuous events above many incrementally higher or lower thresholds 

(Castelli et al., 2011). This approach was employed together with simple descriptive statistics 

in relation to stream ecosystem functioning where the continuous nature of certain hydraulic 
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conditions is critically relevant. The CAT procedure was applied here to the Shields stress 

and floodplain inundation area.  

The relative influence of the channel morphology and altered flow regimes were evaluated by 

quantitatively characterizing and comparing the relative change in the hydraulic regime. This 

was assessed by the increase or decrease of the test variables as a function of discharge 

relative to the investigated scenarios. The statistical analysis of the time series of each 

variable aimed to examine the various aspects of the hydraulic patterns: magnitude, duration 

and frequency between the two reaches for each scenario. The degree of change was tested 

corresponding to a threshold value. For example, the level of bed disturbance was assessed 

relative to the bed material entrainment threshold for Shields stress (i.e., 0.045). SSWH and 

floodplain inundation was assessed by the relative percent total area of availability and area 

of inundation respectively per 100-m reach length. 

3.3 Results 

3.3.1 Model performance 

Model validation tests performed on mass conversation, WSE, depth and velocity magnitude 

were deemed acceptable to common standards reported (e.g. Moriasi et al., 2007; Pasternack, 

2011). Compared predicted and observed depth and velocity values showed satisfactory 

model performance (Figure 3-4). Overall, the validation metrics indicated the model achieved 

2D model performance which were within common standards reported (Moriasi et al., 2007; 

Pasternack, 2011). Predicted versus observed depths data yielded values of r2, PBIAS and 

NSE to be 0.9, 6.2% and 0.91 for the urban reach and 0.88, -10.1% and 0.83 for the natural 

reach respectively. Similarly, the predicted versus observed velocity data yielded r2, PBIAS 

and NSE values of 0.72, -6.3% and 0.72 as well as 0.87, 0.3% and 0.86 for the urban and 

natural reach respectively. Typical to fixed point validation, the data showed some bias where 
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high values underpredicted and low values were overpredicted (e.g.,  Barker et al., 2018; 

Moir & Pasternack, 2008). 

 

Figure 3-4: Predicted model versus measured values for the urban and natural site with fitted 

1:1 line for: (a) velocities; (b) depths. 

3.3.2 Shields stress patterns 

The τ* time series pattern for each modelled scenario (Figure 3-5) shows the bed disturbance 

regime between the reaches. At very low flows particularly during summer periods, the τ* 

patterns appear similar for all scenarios but then differ substantially as flow increases. In all, 

monotonic increases of τ* as flow increased were observed but at a higher rate in the urban 

channel, whereas relatively marginal increases were observed in the natural channel.  
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The natural channel (CnatQurb and CnatQnat) showed comparatively stable beds with a low 

potential of bed entrainment. These scenarios had an average τ* of 0.015 and 0.039 during 

baseflow and recession periods respectively. In the urban channel, τ* was greatest for 

CurbQurb, with persistent spikes particularly during runoff periods in the winter, resulting in 

the most unstable bed with a high likelihood of frequent bed entrainment. The average τ* at 

storm flows was 0.062 as flow peaks, which then averages at 0.02 and 0.042 throughout 

baseflows and recession periods, respectively. For natural hydrology in urban channel, τ* 

averages at 0.052 as flow peaks for storm flows and 0.018 and 0.04 during baseflows and 

recession periods respectively. Shield stress averages 0.048 and 0.04 in the natural channel 

for urban and natural hydrology, respectively, at the peak of storm flows. High τ* (> 0.05) in 

the urban channel were usually associated with flows between 0-35 % and 0-10 % 

exceedance for urban and natural hydrology respectively. For the natural channel, almost all 

high τ* were associated with flows between 0-15% and 0-4 % exceedance urban and natural 

hydrology respectively.  

The frequency of bed disturbance over the study period was found to be substantially greater 

in the urban reach particularly under urban hydrology. The period that daily τ* ≥ τ𝑐 
∗  was 890 

days during total study period with an average of 98 days/year for urban hydrology and 335 

days for natural hydrology, averaging 37 days/year. The natural hydrology in the urban 

channel resulted in 15% decrease in the total number of days τ* ≥ τ𝑐 
∗ . Also, above τ𝑐 

∗  days in 

the natural channel was 250 days for the urban hydrology and 67days for natural hydrology 

corresponding to about 7.5 % and 2% of the total study duration, respectively.   
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Figure 3-5. Time series of the daily maximum (95th percentile) Shield stress for the two 

study reaches for each scenario. (a) urban (CurbQurb) and natural (CurbQnat) flow regimes 

in the urban channel and (b) urban (CnatQurb) and natural (CnatQnat) flow regimes in the 

natural channel. Solid horizontal black line shows the critical Shields stress. 
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The CAT analysis allowed the comparison of the modelled scenarios that considers 

continuous duration above τ𝑐 
∗  (Figure 3-6) over the study period. The influence of a larger 

proportion of frequent storm flows as well as the channel topography is reflected in the 

continuous above τ𝑐 
∗  duration. For example, comparing the urban and natural hydrology in 

the urban channel, the frequency (number of days) of CAT duration particularly above 10 

days for the urban hydrology (CurbQurb) was ~12x that of the natural hydrology (CurbQnat). 

This represents ~21% of the total number of CAT period compared to 2.2% for the urban and 

natural hydrology respectively, reflecting the increased frequency-high magnitude storm 

flows in the urban hydrology. In addition, the frequency of CAT duration above 10 days for 

urban hydrology in the urban channel (CurbQurb) was ~24x that of urban hydrology in the 

natural channel (CnatQurb). This was observed to be in excess of 12 occurrences within the 

duration class of 15-30 continuous days mostly during winter period. Here, the relative 

difference between above τ𝑐 
∗  days for in the urban channel were larger for long duration-high 

magnitude events. Similarly, the natural hydrology in the urban channel resulted in reduced 

frequency of CAT duration particularly above 10 days (Figure 5). The highest CAT duration 

in the natural channel being 5 days. In other words, the relative differences reflect the 

influence of the channel morphology on the bed disturbance regime.  
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Figure 3-6. Continuous duration (in days) above Shields stress threshold differences of the modelled scenarios over the study period.
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3.3.3 Habitat retention patterns 

Changes to SSWH area with flows showed similar trends for both reaches (Figure 3-7). 

Generally, SSWH area was high at low flows (~0.06-0.15x Qbkf) for both reaches. The 

inundation of higher-level lateral bars and benches resulted in a rapid increase in SSWH as 

flow approached Qbkf in the natural channel morphology, regardless of hydrology. The 

presence of a gradually changing channel topography in the natural reach ensured abundant 

SSWH area. In contrast, in the urban channel, as flow and velocity increased, the plane 

channel bed is more uniformly inundated to greater depths, so SSWH area showed a general 

decline. Here, rapid declines in SSWH occurred at moderately high flows associated with the 

rising and falling limbs where the flow was deeper and faster with considerably reduced 

SSWH within the channel.  

At very low flows particularly in the summer, corresponding to flows between 80-95% 

exceedance, SSWH area averages 80 m2/100 m of the wetted area in the urban channel 

(CurbQurb and CurbQnat) compared to about 50 m2/100 m in the natural channel. The 

maximum SSWH area varied from 170 to more than 300 m2/100 m in the natural channel and 

from 200 to over 500 m2/100 m in the urban channel. The natural hydrology in the urban 

channel (CurbQnat) increased the average SSWH area to ~10%, where mean annual total 

SSWH area increased by ~13%. Similarly, about 15 and 20% increases in the average SSWH 

area and mean annual total SSWH area respectively, were observed for the urban hydrology 

in the natural channel compared to the natural hydrology in natural channel.  

Comparing the frequency distribution of SSWH availability per unit 100 m over the study 

duration showed a reduction in the frequency of larger areas of SSWH (>200m2/100m) in the 

urban channel (CurbQurb and CurbQnat) (Figure 3-8). The daily values showed diversity in 

SSWH area is prominent in the natural channel (CurbQnat and CnatQurb) with frequent large 
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areas of SSWH patch. Smaller SSWH areas (<100 m2/100m) were predominantly common in 

the urban channel particularly under low flow conditions. Overall, considerable reductions in 

SSWH availability was observed in the urban channel relative to the natural channel. The 

SSWH availability was high in the natural channel compared to the urban channel over the 

entire study duration. 
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Figure 3-7.  Time series of the daily total SSWH area available per 100m of reach for the two 

study reaches for each scenario. (a) urban (CurbQurb) and natural (CurbQnat) flow regimes 

in the urban channel and (b) urban (CnatQurb) and natural (CnatQnat) flow regimes in the 

natural channel. 
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Figure 3-8. Distribution of SSWH area daily values for the study period data for each 

modelled scenario. 

3.3.4 Floodplain inundation patterns 

Floodplain inundation patterns reflected the relative difference between reaches with distinct 

topographic controls. A general trend of progressive increase in inundated area per unit flow 

was observed in the natural channel compared to the urban channel (Figure 3-9).  

The results demonstrated that the average relative percent area of inundated floodplain in the 

urban channel for urban hydrology (CurbQurb) was about 25% of that for the natural channel 

with the same hydrology (CnatQurb). Similarly, the inundated floodplain area in the urban 

channel for natural hydrology (CurbQnat) was about 5% of that for natural channel 

(CnatQnat). For flows, just above the Qbkf, the inundated area in the natural channel was 

about 2x that in the urban channel and as much as about 4x for peak flows (>1.5x Qbkf). The 

morphological differences were reflected such that on average, for a given flow, inundated 

area in the natural reach was about 3x that of the urban area. This effect is controlled by the 
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increased channel capacity in the urban reach that would require extremely high flow to 

inundate the floodplain. As such, the floodplain is not accessed at most flows. The large 

extended floodplain space in the natural reach allowed substantial portion of larger area of 

shallow floodplain flow compared to a restricted floodplain space in the urban reach which 

confined the overflow to a limited inundation width.  

In addition, the estimated continuous days of inundation analysis (Figure 3-10a) enabled the 

comparison of the reaches in terms of the duration of inundation for each scenario. The 

results showed an increased continuous duration of inundation in the natural channel 

compared to urban channel, revealing the influence of increased frequency and magnitude of 

peak flows in urban hydrology as well as morphological differences between the urban and 

natural channel. For example, urban hydrology in the natural channel increased the 

continuous duration of inundation particularly above 7 days. The duration of inundation is 

greater (> 3days) in the natural channel particularly for long duration-high magnitude events, 

compared to the urban channel where most inundation events lasted for just one day. Also, 

the between reach differences revealed that natural hydrology in the urban channel reduced 

the frequency of inundated floodplain by about 65%, whereas urban hydrology in natural 

channel (CnatQurb) increased the frequency of inundation by ~75% (Figure 3-10b). Urban 

hydrology in natural channel showed almost identical frequency of inundation to natural 

hydrology in natural channel. However, ~5% increase in frequency of inundation at the 

natural channel was observed under urban hydrology particularly under a wet year condition 

(2010 -2012). In general, while the duration and magnitude of inundation vary annually in the 

natural reach, some degree of floodplain inundation is observed to occur with close to annual 

regularity.  
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Figure 3-9. Floodplain inundation time series for the two study reaches for each scenario. (a) 

urban (CurbQurb) and natural (CurbQnat) flow regimes in the urban channel and (b) urban 

(CnatQurb) and natural (CnatQnat) flow regimes in the natural channel. 
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Figure 3-10. (a) Continuous duration of floodplain inundation events and (b) frequency 

(number of days) of floodplain inundation occurrence for each scenario for the study period. 
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3.4 Discussion 

3.4.1 Impact on bed disturbance regimes 

The introduction of urban hydrology into the natural channel (CnatQurb) led to a significant 

decrease of up to ~60% in the frequency of likely bed entrainment compared to the current 

urban condition (CurbQurb). Contrary to our expectations, having natural hydrology in the 

urban channel yielded only a small reduction in bed disturbance regimes rates with frequency 

and duration somewhat reduced compared to urban hydrology in the urban channel.  

These findings provide important insight into the relative contribution of the flow regime and 

channel form in an urban setting. Once already degraded, channel form acts as a dominant 

control of the potential bed disturbance regime, essentially limiting the expected benefits of 

decreased bed disturbance when flow-regime is restored. 

Conversely, natural topographic variability could provide the opportunity to reduce the 

streambed area subjected to high τ* with increasing flows, which in turn ensures a more 

natural rate of bed entrainment.  Strom et al. (2016) reported that channel form heterogeneity 

directs flow such that varying topographic surfaces turn on and off in their control of 

hydraulics to allow diverse patterns of hydraulic conditions as flow increases (Brown & 

Pasternack, 2014; Brown et al., 2016). This is also consistent with studies recognizing that 

dynamic channels provide a greater opportunity for more natural rates of bed particle 

transport, erosion and deposition (Clarke et al., 2003; Vaughan et al., 2009; Vietz et al., 2016, 

Anim et al., 2018b). 

Modelled results showed that the urban reach would likely experience substantially higher 

bed particle entrainment, which could potentially make the channel bed unstable. At storm 
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flows (<0.4Qbkf), τ* generally averages 0.062 in the urban reach, where an overturn of the 

bed is expected, a phenomenon Sawyer et al. (2010) referred to as “full transport” (i.e., 

persistent movement of a sheet of bed particles). Given that urban hydrology is particularly 

characterized by increased frequency, magnitude and volume of storm flows, we anticipate an 

acceleration in the channel bed particle entrainment. This expected increase in bed 

entrainment potential will successively increase movement efficiency of the channel and 

regularly adjust the physical habitat or cause habitat loss (Francoeur & Biggs, 2006; Djekovic 

et al., 2016). In contrast, the natural reach predominantly retained low τ*, making the channel 

relatively stable with low potential of full bed particle transport even in storm flows. This 

evidence is consistent with past studies reporting that benthic space available as refugia in 

urban or modified aquatic systems becomes vanishingly small, particularly when spate occurs 

(Negishi et al., 2002; Finstad et al., 2007). It is generally known that channel beds 

dynamically adjust to varying sediment loads (Montgomery et al., 1999; Chang, 2008). 

However, the peak τ* values experienced by the urban channel during storm flows will 

accelerate bed mobility in the channel even with high sediment supply of similar median size 

thus leading to continuous channel enlargement.  

Stream bed dynamics have been identified as a key geomorphic process in lotic habitats 

(Vericat et al., 2008). The variation in the force of friction acting on the benthos as water 

moves influence the particle entrainment patterns, which in turn drive the channel form 

evolution. Whilst this is expected, increased sediment loads of greater particle size (coarser 

than median particle size) could reduce entrainment potential and thus channel degradation. 

Bed dynamics have a key role in the distribution of benthic animals and plants through 

ecological disturbance (Townsend et al., 1997b; Bond, 2004). 
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3.4.2. Influence on SSWH availability 

The combination of simplified channel form and flow regime results in limited SSWH 

availability. While SSWH area was maximized under low flow conditions, its availability 

diminished rapidly per-unit flow increase, even for relatively small increases in flow for in 

the urban channel. The confined U-shaped channel form with relatively flat bed presents less 

variability in flow depth, which means a steeper increase in depth and velocity as flow 

increases. Jacobson et al. (2009) emphasized that channel simplification significantly reduced 

SSWH relative to that present in complex channels. On the other hand, the natural channel 

morphology maintained consistent patterns of SSWH availability regardless of flow regime, 

with a similar sequence of availability occurring for different hydroperiods. Here, channel 

variability allowed high rates of increase in SSWH area as flow increased. The dynamism in 

the channel depth, with higher extensive lateral bars allowed more surfaces to be inundated 

with shallow-low velocity waters as flow increased thereby resulting in larger areas of 

SSWH. Thus, topographic variability enables hydrologic variability to provide urban habitat 

benefits by presenting suitable landforms over a range of flows, compared to simplified plane 

channel that provide habitat at a single base flow. 

The relatively large availability of SSWH occurring in the natural reach, even given urban 

hydrology with frequent storm flows, has important habitat implications for the life stages of 

many biota (Mellin et al., 2007; Vietz et al., 2013). In urban catchments where streams 

experience frequent elevated flows (Walsh et al., 2012), the decreased availability of SSWH 

can persist for extended periods, eliminating rearing and breeding habitat and refuge. This 

can impact the production and survival of large numbers of biota such as fish, zooplankton 

and microinvertebrate populations (Ward & Stanford, 1995; Freeman et al., 2001; Nielsen et 

al., 2010) as well as organic matter retention processes (Vietz et al., 2013).  SSWH habitats 

are a primary habitat within natural aquatic systems (Cooper et al., 1997). 
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Along with total duration, the frequency of larger SSWH area was substantially greater in the 

natural channel with greater variation in values. While this is closely linked to the increased 

frequency of peak flows in the urban hydrology, the results of the urban hydrology in natural 

channel indicate that channel morphology plays a dominant role in the flow-habitat 

relationship. In other words, morphologically intact channels, even under altered high-flow 

regime may provide considerable SSWH habitat. Bowen et al. (2003) observed that modified 

reaches of the Upper Yellowstone River experienced smaller areas of suitable habitat relative 

to the unmodified reaches.  

3.4.3 Influence on floodplain inundation 

The findings from the inundation regimes suggest a substantial decreased in the frequency of 

inundation in the urban reach. While annual urban hydrology generally showed frequent 

high-magnitude storm flows, the increased channel capacity would require extremely high, 

non-frequent occurring flows for considerable floodplain inundation. Even for flood flows 

that were enough to overtop the banks, floodplain inundation was not extensive. Less 

floodplain surface was inundated by relatively high magnitude-frequent flows compared to 

the natural reach. This was also in part due to the limited floodplain space, typical of confined 

incised stream reaches (Grant & Swanson, 1995; Vietz et al., 2015). In addition, under a 

natural flow regime, modified channels will experience a very low frequency of floodplain 

inundation. This altered timing of inundation pulse could potentially impact biota (Hamilton 

et al., 2002). Water flux and associated materials (e.g. nutrients, sediment) between a channel 

and its floodplain are known to be key driver for a range of ecological and geomorphic 

processes (Kingsford, 2000; King et al., 2003).  

The natural reach also showed high sensitivity to altered flow regime, such that a large 

reduction of inundation extent is experienced per unit reduction in flow. Similar results were 



117 

 

observed by Cienciala and Pasternack (2017) on the lower Yuba River, California; the 

authors suggested that reaches with increased rates in inundation per unit flow will likely 

show high sensitivity to alterations of flow regime. 

Our scenarios indicated that the duration of floodplain inundation is reduced in the urban 

reach compared to the natural reach. This could be influenced by the flashiness of high flows 

in the urban hydrology, as floodplain inundation regime is a function of streamflow regime 

(Dutterer et al., 2013), resulting in short-lived innundation extent. In addition, the 

geomorphic controls associated with limited floodplain space and confined valley walls 

magnify the decreased duration (Cienciala & Pasternack, 2017). This was however not the 

case in the natural reach, even with urban hydrology that increased inundation extent for a 

larger proportion of time. This could have also been influenced by the diverse topographic 

nature of the floodplain corridor with near level elevation that allow the water to remain on 

the floodplain for longer period (Cook & Merwade, 2009). This revealed the importance of 

not only flow regime alterations but also morphological alteration, for floodplain 

connectivity.  

3.4.4 Implications for stream ecosystems and management of urban streams 

Recent studies (e.g., Wohl et al., 2015; Yarnell et al., 2015; Stone et al., 2017) have argued 

that environmental flow investigations need to go beyond hydrologic assessment and 

incorporate hydrogeomorphic processes relevant for aquatic ecosystem health. Our study 

provides an important step in support of this argument in that it demonstrates how stream 

hydraulic dynamics can be influenced by the compounding contribution of stream channel 

topography and hydrological regimes. We showed how certain aspects of stream hydraulics 

which are important for stream ecosystem’s health and biodiversity are impacted by these 

two drivers.  
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The findings in this study showed that both hydrological regime and channel form 

modification play a key role in altering the hydraulic regime. Regular physical habitat 

adjustment is expected with frequent movement of surface sediments, which mobilizes the 

subsurface particles and the biota that lives in them (Bond, 2004) as well as serve as 

precursor to channel incision (Hawley et al., 2012). Persistent benthic disturbance, combined 

with lack of peripheral habitat will reduce the chance of biota finding refugia (Oldmeadow et 

al., 2010) and eventually lead to loss of sensitive biota (Walsh et al., 2005a). This potentially 

becomes a key driver of local extinction and declined diversity and abundance of biota. In 

addition, the changes to the inundation pattern leads to altered seasonal variability and timing 

of lateral hydrologic connectivity, affecting recruitment and survival of instream biota (Fisher 

et al., 2007).  

Combined, the results of the examined scenarios suggest that hydraulic conditions are highly 

sensitive to channel morphology. With regards to the role of channel morphology, we have 

highlighted here that changes to some key aspects (i.e. frequency, duration, magnitude) of 

hydraulic conditions alterations were magnified by an urban channel form. Bed movement 

potential in the modified reach was high even for natural flow regime. Habitat retention in a 

modified channel and lateral hydrological connectivity dynamics were mostly driven by the 

channel topography. However, our inference that hydraulic conditions are largely sensitive to 

the channel morphology should not be considered as a conclusion diminishing the value of 

achieving a natural flow regime through mitigation of stormwater impacts.  

Indeed, any self-regeneration by the stream is only plausible if we first address the hydrology 

(Walsh et al., 2012).  It is argued that adjusting individual instream components (e.g. channel 

modification) is unlikely to be self-sustaining unless catchment scale processes (e.g. 

hydrological and sediment management) are managed (Booth, 2005; Vietz et al., 2016). 
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We suggest that channel morphology must be protected to the greatest extent possible from 

urbanization-induced changes. If this is not done, future efforts to restore the hydrologic 

regime may fail to address the negative influence on the hydraulic environment wrought by 

the altered channel form. In other words, without a natural-like morphology, the natural 

hydrologic regime pulses will not lead to natural hydraulic processes, particularly those that 

support ecological functioning of streams. This then limits the efficacy of just restoring the 

flow regime. In addition, ecosystem conditions are controlled by multi-scalar (e.g. catchment, 

reach, segment) processes influencing natural ecosystem functions such as flow and sediment 

regimes, floodplain and habitat dynamics and biota (Beechie et al., 2010). This creates a 

hysteresis effect, whereby addressing the catchment-scale drivers (specifically flow) will not 

necessarily solve the site-scale problem without accompanying channel restoration. 

The most important management priority in areas that are yet to be urbanised is to protect 

them, at all costs, from channel degradation. Failure to do so will require very expensive later 

interventions to simultaneously address the morphological and hydrological impacts of 

urbanisation.  One exception to this will be channels, such as those made of basaltic bedrock, 

which are likely to resist significant channel change as the flow regime changes. 

Restoration efforts, once both the flow and channel are changed, will require an integrated 

approach. For instance, there may be opportunities to accompany catchment-scale flow 

mitigation works with promotion of self-regeneration of stream morphology including 

sediment seeding and the stream self-organising sediments (Wilcock, 2012; MacVicar et al., 

2015) to minimize erosion and mobility. In other cases, direct intervention to modify the 

channel morphology may need to accompany the flow mitigation effort. 
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3.5 Conclusions 

The hydraulic condition template of an aquatic ecosystem is determined by the interaction of 

the channel morphology and flow regime. This study used 2D hydraulic model simulations to 

explore and demonstrate the relative contribution of channel morphology and flow regimes 

interaction. We evaluated the interaction between these two factors using three ecologically 

relevant hydraulic metrics that addressed channel bed disturbance, habitat retention and 

floodplain inundation regime.  

The results indicated a substantial altered hydraulic regime in the urban conditions compared 

to the natural. Modelled scenarios showed the limiting effect of the channel morphology in 

determining the hydraulic conditions. Natural channel morphology reduced the bed 

disturbance potential of urban flows and showed substantial habitat (SSWH) availability and 

likely extended periods of lateral connections between the stream and its floodplain 

regardless of flow regime. This suggests that restoration efforts that aim to achieve a near-

natural hydraulic regime by only targeting a natural hydrologic regime without returning 

near-natural channel morphology will have limited ecological benefits. We therefore propose 

that to maintain hydraulic conditions levels likely to sustain healthy ecosystem, a complete 

management approach should include actions that aims to restore critical processes occurring 

at different scales. Most importantly, the form of natural channels which are likely susceptive 

to flow-induced degradation should be protected at all costs, because future management 

options will be limited by the “legacy effect” of a changed channel. 
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Supplementary Materials – Chapter 3 

The supplementary material is organized with sections that parallel those in the main chapter. 

3.2.2 Study sites 

The urban stream reach is in an urbanized catchment that have ~40% tree cover, with the rest 

of the land area cleared for urban development. Approximately half of the catchment’s 

impervious surfaces are connected to the stream through conventional stormwater drainage 

systems. This suggests that this reach will be significantly influenced by the catchment land 

use and upstream drainage area (Burns et al., 2012). The sampled mean daily streamflow 

(Figure 3-2) affirms that the stormwater runoff released from the stormwater drainage system 

(pipes and open drains) discharging to the stream at the urban reach results in regular rapid 

increases in streamflow. The natural reach drains a largely natural/forested catchment with 

very low portion of imperviousness (Table 1). It retains 50% forest/tree cover and 43% 

pasture/grassland cover. While about 4% of the natural site catchment is covered by 

impervious surfaces, only 0.1% of these surfaces drain directly to the stream, meaning that 

the hydrological disturbance is likely to be very small (Walsh, 2004). The remaining 

impervious surfaces in the catchment informally drain to pervious surfaces, substantially 

reducing their hydrologic impact to the stream.  It should be noted that a potable water supply 

reservoir occupies the north-eastern part of the Cardinia Shire catchment (~27 km2). The 

reservoir is an offline storage which is used to supply potable water to the surrounding area. 

As such, the reservoir does not spill, unlike a typical online storage. There is however, a 

nominal environmental flow release from the storage of around 0.03-0.05 m3/s. This water 

does find its way to the natural reach via a drainage channel. The flow release can be equated 

to the dry-weather flow the drainage area of the reservoir might have contributed to the 

natural site under pre-urban conditions. 
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3.2.3.2 Hydrology 

Annual hydrographs generally showed broadly similar pattern. In normal year conditions, the 

mean daily flow was about half of that of a typical wet year, and the mean daily flow of dry 

conditions was half of the normal years’ values (Figure 3-2). The urban reach had a higher 

mean discharge and a lower minimum discharge compared to the natural reach. The 

differences in flow regimes were reflected in flashy (including higher peak magnitude, 

frequency and short-lived) flows in the urban reach whereas similar storm event in the natural 

reach results in small peak magnitude and longer duration of flows. These differences 

reflected the efficiency of the drainage system connected to the impervious surfaces in 

contributing flows from stormwater runoff in the urban reach. 

 

Figure S3-1. Relationship between concurrent discharge measurement at the Melbourne 

Water gage station (228382A) and the (a) natural and (b) urban study sites between January 

2015 to December 2016. Equations allowed historical flow records January 2008 – December 

2014) to be estimated for the study sites from discharge at the nearby gauged station.
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3.2.6 Model calibration and validation 

Manning’s n values were assigned as roughness characteristics based reported values for 

shallow streams as well as turbulence parameters. A constant Manning’s n was assigned to 

the total domain and then calibration was done using Manning’s n values ranging from 0.03 

to 0.045. Manning’s n value of 0.035 resulted in the most satisfactory predictions where, the 

observed WSE corresponded to the predicted WSE to within ±3 cm, which was considered 

successful calibration. Also, using TUFLOW Smagorinsky viscosity coefficient of 0.005 

achieved acceptable turbulence closure and was used for all model runs. Model sensitivity 

evaluation of the turbulence closure parameter showed that predicted flow velocities were 

insensitive to the viscosity coefficient used within the limit of TUFLOW’s defined values of 

0 - 0.01. Friction characteristics such as eddies at marked channel changes and obstructions 

were checked to see if model results realistically showed qualitatively observed flow patterns.  

Validation metrics including; (i) coefficient of determination (r2) and (ii) three hydrological 

metrics including Nash-Sutcliffe efficiency (NSE) and the percent bias (PBIAS) (Legates & 

McCabe, 1999; Moriasi et al., 2007; Pasternack, 2011) were used to assess model 

performance. These checks have been reported to give an effective validation suite for a 2D 

model (Moriasi et al., 2007). R2 values ranging from 0.25-0.92 have been reported in similar 

modelled and observed velocity magnitude studies (Lane et al., 1999; Pasternack et al., 2006; 

Harrison & Keller, 2007; Gard, 2010; Pasternack & Senter, 2011). Gard (2010) suggested an 

R2=0.36 establishes a validated 2D model. In addition, models were also deemed to perform 

well if they reached a low net outflow during simulation times sufficient for model to 

converge to steady state, i.e. < 1% of the inflow water volume was unaccounted for. 
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3.3.1 Model performance  

Overall, the validation metrics indicated the model achieved 2D model performance which 

were within common standards reported (Moriasi et al., 2007; Pasternack, 2011). Predicted 

versus observed depths data yielded values of r2, PBIAS and NSE to be 0.9, 6.2% and 0.91 

for the urban reach and 0.88, -10.1% and 0.83 for the natural reach respectively. Similarly, 

the predicted versus observed velocity data yielded r2, PBIAS and NSE values of 0.72, -6.3% 

and 0.72 as well as 0.87, 0.3% and 0.86 for the urban and natural reach respectively. Typical 

to fixed point validation, the data showed some bias where high values underpredicted and 

low values were overpredicted (eg. Moir & Pasternack, 2008; Barker et al., 2018). 
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Chapter 4: Stream hydraulics outcomes of alternative urban stream channel 

rehabilitation designs 

Foreword 

This chapter quantified the ecohydraulic conditions benefit to alternative urban channel 

rehabilitation designs. It assessed if modifying the degraded urban channel to mimic natural 

channel morphology can deliver a hydraulic regime close to reference ‘natural’ condition, even 

with altered hydrology. The analysis provided evidence that rehabilitating a degraded urban 

channel to mimic natural channel morphology could reduce the influence of altered 

hydrological regime on the hydraulic conditions. However, the hydraulic patterns of the 

explored modified channel designs under altered hydrology were still not returned to a fully 

‘natural’ condition when compared to the reference case scenario. 

The chapter is a reproduction of a journal article submitted to the Journal of Environmental 

Management on 23/02/2019. It is in review at the time of thesis submission. There was 

supplementary material for the paper which is presented after this chapter. Headings, figures 

and tables have been re-numbered to fit with thesis format. 

 

Anim, D.O., Fletcher, T.D., Vietz, G., Burns, M. J., & Pasternack, G. (2019).  How alternative 

urban stream channel designs influence ecohydraulic conditions. Journal of Environmental 

Management.
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Abstract 

Streams draining urban catchments ubiquitously undergo negative physical and ecosystem 

changes, recognized to be primarily driven by frequent stormwater runoff input. The common 

management intervention is rehabilitation of channel morphology. Despite engineering design 

intentions, ecohydraulic benefits of urban channel rehabilitation are largely unknown and likely 

limited. This investigation uses an ecohydraulic modelling approach to investigate the 

performance of alternative channel design configurations intended to restore key ecosystem 

functioning in urban streams. Channel reconfiguration design scenarios - specified to emulate 

the range of channel topographic complexity often used in rehabilitation - are compared against 

a reference ‘natural’ scenario using ecologically relevant hydraulic metrics. The results showed 

that the ecohydraulic conditions were incremental improved with the addition of an increasing 

number of individual topographic variables in a degraded urban channel. Results showed that 

reconfiguration reduced excessive frequency of bed mobility, loss of habitat and hydraulic 

diversity, particularly as more topographic variables were added. However, the results also 

showed that none of the design scenarios returned the ecohydraulics to their reference 

conditions. This indicates that channel-based restoration can offer some potential changes to 

hydraulic habitat conditions, but is may not completely mitigate the effects of hydrologic 

change. We suggest that while reach-scale channel modification may be beneficial to restore 

urban stream, addressing altered hydrology is critical to fully recover natural ecosystem 

processes.
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4.1 Introduction 

Urban landuse changes and especially stormwater management are widely recognized as a 

driver of major changes in stream ecosystems (Ladson et al., 2006; Fletcher et al., 2014). Well-

documented changes includes substantial hydrological disturbance (characterised by increased 

frequency, magnitude and duration of peak flows) (Konrad & Booth, 2005), water quality 

degradation (Brabec et al., 2002), as well as channel morphology degradation (Vietz et al., 

2014), primarily driven by urban stormwater runoff (Walsh et al., 2012). These changes lead 

to ecological degradation (Walsh et al., 2005; Paul & Meyer, 2008). As a result, urban streams 

are targeted worldwide for restoration efforts. These measures aim primarily to restore stream 

biodiversity and ecological function (Wohl et al., 2005; Bernhardt & Palmer, 2007). 

Restoration of urban streams generally has two main levers: addressing the altered hydrology 

(Burns et al., 2013; Bell et al., 2016) or the degraded channel morphology (Roni et al., 2008; 

Chin & Gregory, 2009). Regardless of restoration strategy, addressing channel morphology 

degradation remains one of the most common motivations for undertaking stream ecosystem 

restoration (Findlay & Taylor, 2006; Jähnig et al., 2009; Palmer et al., 2014). This is 

particularly due to the negative impacts of physical degradation on the environmental and 

social values that urban streams provides (Elmqvist et al., 2015). As a result, a majority of 

management strategies target in-stream morphological reconfigurations despite their high cost 

(Montgomery, 2006; Bernhardt & Palmer, 2011; Hering et al., 2015).  

Approaches to addressing urban stream channel changes have evolved from traditionally 

focusing on increasing channel stability and simplification in support of flood control and bank 

erosion protection, to now adopting morphological reconfiguration and hydraulic diversity to 

support of improved biodiversity and ecosystem services (Bernhardt et al., 2005; Muhar et al., 

2016). For example, morphological naturalization, involving the introduction of specific 
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instream landforms to have a more natural appearance is widely performed (Sear et al., 2000; 

Bernhardt & Palmer, 2011). This usually involves some form of modification of the 

longitudinal and cross-section of channel at reach-scale to improve topographic variability 

(Sear & Newson, 2004; Wheaton et al., 2004; Pasternack, 2008). These are often done to create 

morphological complexity assumed to have the potential to promote ecological improvement 

and biodiversity (Chin & Gregory, 2009; Palmer et al., 2010). This assumption is hinged on 

research showing that biota richness and diversity and channel topographic heterogeneity are 

positively correlated (Brown, 2003; Violin et al., 2011). 

However, in recent times, concerns over the performance of channel reconfiguration actions to 

achieve restoration goals have been raised (Miller & Kochel, 2010; Wohl et al., 2015). Notably, 

studies evaluating post-restoration projects have reported they usually yield little or no 

ecological benefits (Baldigo et al., 2010; Bernhardt & Palmer, 2011), especially for streams 

draining substantially urbanized catchments (Walsh et al., 2012). What is missing from the 

literature is a clear link between driving topographic and hydrologic factors and resulting 

ecological outcomes. The missing link is the domain of ecohydraulics, which explores the 

mechanisms (herein the interactions between flow regimes and the channel morphology) and 

describes hierarchically-nested aquatic and riparian biotic phenomena (Casas-Mulet et al., 

2016).  

To understand the ecohydraulics involved in the urban stream syndrome, Anim et al. (2018a) 

quantified the hydraulic conditions in urban streams (with altered hydrology) and demonstrated 

that they are substantially altered compared to a reference ‘natural’ stream. The urban stream 

subjected to altered hydrology experienced significant increased bed disturbance (bed particle 

mobilization), decreased refuge habitat and decreased hydrological connectivity (Anim et al., 

2018a). Whilst most studies evaluating the performance of the urban stream channel 

reconfiguration outcomes do not report the mechanism leading to failure, the findings of Anim 
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et al. (2018a) suggest that the real issue behind the syndrome itself and restoration failure could 

be the altered ecohydraulic conditions. This could be a limiting factor for the lack of desired 

ecological improvement. Indeed, it is argued that restoration strategies should consider 

hydrogeomorphic process that are directly linked to the ecosystem functioning needs of the 

target stream (Wohl et al., 2015). It is important that the channel rehabilitation efforts achieve 

the hydraulic habitat conditions that will promote ecological benefits. Hydraulic conditions 

influence biota and ecosystem functioning and are often used to speculate the mechanism that 

influence ecological health of streams (Jowett, 2003; Mérigoux & Dolédec, 2004; Clark et al., 

2008; Turner & Stewardson, 2014). 

In light of the failures of current stream engineering practices, research has called for a move 

away from channel-based restoration approach towards addressing the root causes that 

fundamentally alters the hydrology and sediment supply (Walsh et al., 2012; Vietz et al., 2016). 

However, while addressing the root causes of urban stream syndrome is certainly important, 

Anim et al. (2018b) found that once the channel morphology has been substantially degraded, 

mitigating altered hydrology alone cannot return ‘natural’ channel ecohydraulics. They 

suggested that in such cases, opportunities for channel morphologies rehabilitation may need 

to be considered hand-in-hand with addressing catchment drivers (Anim et al., 2018b).  

In this study, we build on these recent findings to explore the research question: ‘How do 

alternative channel rehabilitation designs using an increasing number of oscillating topographic 

variables impact instream hydraulic conditions?’ We explored the effectiveness of different 

channel reconfigurations common to emerging stream channel rehabilitation design concepts 

(Brown et al., 2016) on modifying ecologically relevant hydraulic conditions. For each 

reconfiguration we used two-dimensional (2D) hydraulic modelling to quantify changes in bed 

mobility, hydraulic diversity and habitat availability. We demonstrate that rehabilitation could 

support ecosystems through reinstating appropriate hydraulic conditions by means of channel 
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modification with linked oscillating topographic variables, in addition to modifying flow. By 

focusing on how channel morphology relates to hydraulic conditions at an ecological relevant 

scale, stream channel rehabilitation efforts could have a better chance to deliver ecological 

benefits. 

4.2 Methods 

4.2.1 Experimental design 

The modelling approach was fourfold (Figure 4-1).  First, we adopted pre-existing case-study 

stream reaches selected to physically represent and compare an urban and natural (reference) 

setting (with representative hydrology and channel form). Second, a set of synthetic stream 

corridor Digital Terrain Models (DTMs) was generated by applying the synthetic river valley 

procedure of Brown et al. (2014) using channel parameters data from both real reaches. From 

an initial simple synthetic urban channel reach, four different DTMs were created representing 

channel reconfiguration designs with incrementally more variables (i.e., depth, width, and 

centreline), given natural undulations. These incrementally reconfigured topographic surfaces 

of the degraded urban channel characterised different degrees of reach-scale morphological 

complexity to mimic the natural ‘reference’ condition at the reach-scale. Note that for this 

study, the channel design focused on reach-scale design excluding local hydraulic structures. 

There are too many possible structures one might add to the test scenarios as well as infinite 

options for placement position, size, and orientation. That would require a comprehensive study 

of its own, which was beyond the scope of this study. Third, a 2D hydraulic model was used 

to simulate ecohydraulic impacts of each channel scenario. Finally, the temporally varying 

hydraulic performance of each reconfigured channel was quantitatively evaluated using metrics 

of known ecological relevance that evaluates the bed disturbance, habitat value and ability to 

produce hydraulic diversity. We tested how closely each hydraulic metric deviated from the 
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urban case after channel reconfiguration. These steps are described in more detail in the 

following sections. This study also did not consider other key critical aspects of stream 

ecosystems such as water chemistry, temperature, substrate composition.    

 

Figure 4-1. Modelling approach steps used to quantify the hydraulic impacts of each 

investigated channel configurations.  

4.2.2 Study-site settings 

The study site settings used in here were segments of the Cardinia Creek length in the Cardinia 

Shire catchment, south-eastern Melbourne, Australia investigated in previous study by  Anim 

et al. (2018b). The two reaches have distinguished hydrology and morphology, physically 

representing an urban and natural settings. The urban reach drains an urbanized section of the 

catchment that retains about 40% forest/tree cover, with the remainder of the surface area 

cleared for urban development. Some 7% of the total catchment area is impervious with half 
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of the impervious surfaces connected to the stream through stormwater drainage systems. This 

suggests that this reach will be significantly influenced by the catchment land use and upstream 

drainage area (Burns et al., 2012). The natural reach drains 50% forest/tree cover and 43% 

pasture/grassland cover. 4% of the catchment is covered by impervious surfaces, with only 

0.1% draining directly to the stream suggesting minor hydrological disturbance (Walsh, 2004). 

Both sites have similar rainfall pattern, averaging ~950 mm/year annually, well distributed over 

the catchment, with higher rainfall in winter-spring.  

4.2.2.1 Study reach topography  

The natural reach has an intact and complex naturally meandering, pool-riffle channel 

morphology with a sand-gravel bed and lateral benches. The urban reach has an incised 

(deepened and widened) and simplified (homogenous) sand-gravel plane bed channel 

morphology with less complexity both in cross-profile and planform. Existing field data from 

a detailed channel survey of each reach provided typical reach-average channel geometric 

elements including bankfull depth (Hbf), width (Wbf), slope (S) and a representative median 

particle size (D50). 

4.2.2.2 Hydrological regime 

Continuous streamflow gauge records (January 2008- December 2016) providing a good 

representation of a typical dry, normal and wet water year conditions were available for the 

study reaches. These were that used by Anim et al. (2018b) (Figure 4-2). The urban streamflow 

regime is characterised by an increased frequency of flashy (including higher peak magnitude, 

frequency and short-lived) flows occurring especially during winter periods and lower 

baseflows during summer compared to the natural. This reflected a typical urban stream 

hydrological regime influenced by stormwater runoff from connected impervious surfaces 

contributing flows (Burns et al., 2012). 
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Figure 4-2. Daily flow hydrograph for the natural and urban reaches of the case-study 

catchment. Inset shows the annual mean daily flow for each water year. 

4.2.3 Synthetic test channel morphology 

Archetypal stream channel morphology were created using an open source “RiverBuilder” R 

package (version 0.1.0) which is an emerging technique of synthesizing channel topography 

for science and engineering application (Arroyo & Pasternack, 2017). RiverBuilder as a 

practical river design tool is based on the synthetic river valley framework of Brown et al. 

(2014) that renders a DTM from user-selected geometric functions describing the topographic 

variability at reach and subreach scales. Herein we provide only the equations used to create 

the specific DTMs used in this study. The objective of the design process was to capture the 

essential organized features of each channel type so that their functionalities can be assessed 

in a reductionist approach without the random details of real stream topography that cause 

highly localized effects. As a result, the designed channels did not capture all realistic features 

of real channel morphology. 
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4.2.3.1 Channel design parameterization 

RiverBuilder allows synthetic channel topography to be developed based on the following 

reach-average input dimensions: Hbf, Wbf, S and D50, floodplain width and slope. These inputs 

were computed and scaled from surveying the case study reaches (Table 1). From these inputs, 

user-defined subreach-scale topographic variability can be added using combinations of 

geometric functions, f(xi) in RiverBuilder. There is no limit to how many different functions 

may be added together to represent the longitudinal structure of an individual geometric 

variable. The subreach variability for each channel was designed using Eq (1) and (2) such that 

the local bankfull width and bed elevation of thalweg was calculated as: 

Wbf(xi) = (Wbff(xi) +  Wbf) 

 

(1) 

zt(xi) = (Hbff(xi) + Hbf) + S(Δxi) + Zd (2) 

where Wbf(xi) and zt(xi) are the bankfull width and local bed elevation at position xi 

respectively, and Zd is the user-defined datum. There are many possible functions, f(xi) 

provided in RiverBuilder including linear, trignometric and Perlin noise that can be used to 

describe the channel variability and for each an infinite variety are obtainable depending on 

chosen parameters (Brown et al., 2014). Herein, the general sinusoidal model was used to 

achieve the variability of Wbf and Zt about the reach-averaged values by a control function 

f(xi) nested in Eqs. 2 and 3 as 

 

y(xi) =  assin(bsxr + θs) 

 

(3) 

where yi is the dependent control function values, as, bs, and θs are the amplitude, angular 

frequency and phase for the sinusoidal competent and xr is the Cartesian stationing in radians 

(Brown et al., 2014). The channel reach-average and variability geomorphic attributes used in 
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the design of the synthetic DTMs of each investigate channel configurations are shown in Table 

4-1. 

Table 4-1. Reach average and control functions parameters used for each designed channel 

scenario. The variability parameters are the control function alignments used in the design of 

the channel geometric elements (e.g., local bankfull width, thalweg elevation and cross-

sectional form). 

Reach 

channel 

parameters 

 Urban 𝑼𝒓𝒃𝑾 𝑼𝒓𝒃𝑫 𝑼𝒓𝒃𝑾+𝑫 𝑼𝒓𝒃𝑾+𝑫+𝑴 Natural 

Bankfull 

width (m) 

𝑊𝑏𝑓 6.50 7.29 6.50 6.47 6.50 4.2 

Bankfull 

depth (m) 

𝐻𝑏𝑓 0.97 0.90 0.89 0.92 0.75 0.6 

Median 

particle size 

(m) 

𝐷50 0.006 0.006 0.006 0.006 0.006 0.006 

Channel 

Slope (%) 

𝑆 0.002 0.002 0.002 0.002 0.002 0.001 

Vertical 

datum (m) 

𝑍𝑑 1000 1000 1000 1000 1000 1000 

Channel 

length (m) 

𝐿𝑋 150 150 150 150 150 150 

Sinuosity 𝑆𝐿 1.0 1.0 1.00 1.00 1.20 1.30 

 



151 

 

Variability 

parameters 

 Urban 𝑼𝒓𝒃𝑾 𝑼𝒓𝒃𝑫 𝑼𝒓𝒃𝑾+𝑫 𝑼𝒓𝒃𝑾+𝑫+𝑴 Natural 

Bankfull 

width 

𝑎𝑠 0 0.25 0 0.25 0.25 0.25 

𝑏𝑠 0 3 0 3 3 3 

𝜃𝑠 0 0 0 0 0 0 

Bed 

elevation 

𝑎𝑠 0 0 0.25 0.25 0.5 0.5 

𝑏𝑠 0 0 3 3 3 3 

𝜃𝑠 0 0 0 0 0 0 

Planform 𝑎𝑠 0 0 0 0 0 10 

𝑏𝑠 0 3 3 3 3 1 

𝜃𝑠 0 0 0 0 0 0 

Floodplain 

outline 

𝑎𝑠 0 0 0 0 5 0.25 

𝑏𝑠 0 0 0 0 1 2 

𝜃𝑠 0 0 0 0 3.14 3.14 

 

4.2.3.2 Channel design configurations 

The synthetic channel of the urban and natural reach of the case-study settings was first 

developed using the reach and sub-reach channel parameters. From the single synthetic channel 

reach developed for the urban reach (𝑈𝑟𝑏), four different DTMs were created, representing 

channel restoration design with variability that spans the full domain of bed and width 

undulation combinations (Table 4-2). Here, each channel reconfiguration created is analogous 

to some typical channel designs employed by practitioners to enhance channel morphology. 

For example, bed undulations are commonly used without width undulations. Meanwhile, 

width undulations are increasingly recognized as important hydraulic controls and are 
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beginning to show up in urban stream restoration projects (Shields Jr et al., 2003; Schwartz et 

al., 2015). The first channel reconfiguration scenario is the urban channel with added width 

variation only (𝑈𝑟𝑏𝑊). The second scenario is urban channel with added depth variation only 

(𝑈𝑟𝑏𝐷). The third is urban channel with both width and depth variation (𝑈𝑟𝑏𝑊+𝐷). In this case, 

the two variations are linked with a positive geomorphic covariance structure (i.e. high, wide 

riffles and narrow, deep pools) typical of self-sustainable riffle-pool systems (Brown & 

Pasternack, 2017). The fourth is an urban channel with positively co-varying width and depth 

undulations as well as meandering (sinuosity) and gradual side slopes (𝑈𝑟𝑏𝑊+𝐷+𝑀).In this 

study, the same reach-average input values were used for the pre-restored and restored 

configurations of the urban channel. In addition, bed material was kept uniform for all channels. 

Figure 4-3 to 4-7 show the full topographic surfaces of designed synthetic channels. 
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Table 4-2. Channel morphological designs scenarios investigated in this study. Channel 

archetypes are in order of morphological complexity (from least to more complex) condition 

compared with the reference ‘natural’ channel condition. Subscripts W, D and M represents 

width, depth and meander channel features respectively. 

Channel 

archetype 

Scenario 

Description and geomorphic 

elements included 

Design conceptualization  

urban 

channel 

(𝑼𝒓𝒃). 

Semi-confined uniform (with no 

width and depth undulation) 

channel 

Channelized and greatly morphologically 

altered channel with uniform cross-

sections and longitudinal slope. 

𝑼𝒓𝒃𝑾 Urban channel with only width 

undulation 

Approach similar to local widening to 

allow channel movement within limited 

area 

𝑼𝒓𝒃𝑫 Urban channel with only depth 

undulation 

Approach similar to reconfiguring incised 

channels with undulating streambed 

resembling pool-riffle sequence which is 

expected to offer higher degree of 

ecological function 

𝑼𝒓𝒃𝑾+𝑫 Urban channel with both width 

and depth undulation 

Approach comparable to local widening 

with undulating streambed similar to 

pool-riffle sequence 
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𝑼𝒓𝒃𝑾+𝑫+𝑴 Urban channel with both width 

and depth undulation and 

meanders 

Naturalised morphology, close to typical 

natural channel (channel with more 

varying topographic landforms). 

Natural 

channel 

(𝑵𝒂𝒕). 

Bed and width varying with 

meanders and lateral benches 

Complex varying cross-sections, sinuous 

pool-riffle channel morphology with 

lateral benches, local topographic 

perturbations 

 

 

 

 

Figure 4-3. Topographic surface for simple uniform (with no width and depth undulation) 

urban channel archetype (𝑈𝑟𝑏). 
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Figure 4-4. Topographic surface for urban channel archetype with only width undulation 

channel archetype (𝑈𝑟𝑏𝑊). 
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Figure 4-5. Topographic surface for urban channel archetype with only depth undulation 

channel archetype (𝑈𝑟𝑏𝐷). 
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Figure 4-6. Topographic surface for urban channel archetype with added width and depth 

undulation channel archetype (𝑈𝑟𝑏𝑊+𝐷). 
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Figure 4-7. Topographic surface for urban channel archetype with added width and depth 

undulation and meandering (𝑈𝑟𝑏𝑊+𝐷+𝑀). 

4.2.4 2D Hydraulic modelling 

2D hydraulic modelling was undertaken using the TUFLOW Classic model (Build 2016 0-

3_w64) that solves the full 2D, depth-averaged momentum and continuity equations for free 

surface flow equations. TUFLOW has been extensively used to study variety of 

hydrogeomorphic processes and allows a robust 2D modelling of rivers with complex flow 

patterns which makes it a suitable computational tool for complex hydraulic characterization 

(Syme, 2001). From the DTM data points generated for each channel by RiverBuilder, a square 

grid computational mesh was constructed with 150 longitudinal nodes spaced at 0.3 m. The 

default TUFLOW Smagorinsky viscosity was used for turbulence closure with a coefficient 

value of 0.5 and constant value of 0.005 m2/s, suitable for shallow waters (Anim et al., 2018a). 
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A Manning’s coefficient n value of 0.04 was used, representing typical unvegetated coarse-

particle surface roughness (Arcement & Schneider, 1989). 

Model simulations used discharge (𝑄) as input and flow stage as the downstream boundary 

condition. Discharge and corresponding flow stage were estimated using Manning’s equation 

based on representative cross-sections of the synthetic DTMs (Table 4-2). Bankfull stage and 

wetted perimeter were calculated manually from the cross-sections and cross-sectional area 

determined using the parabolic approximation. Discharge ranged from 0.1-1.0x the bankfull 

flow (𝑄𝑏𝑘𝑓) stage. The water surface elevation (WSE) at which flow overtops the banks was 

the 𝑄𝑏𝑘𝑓 stage. Model outputs include hydraulic rasters of depth-averaged velocity in the 

direction of flow, water depth, bed shear stress (𝜏𝑏) and WSE. ArcGIS (Esri ArcGIS desktop 

10.2) were used to process and analyze these outputs to evaluate each investigated channel 

configuration. Typical of published exploratory numerical modelling studies, calibration of bed 

roughness or eddy viscosity was not possible, as the study uses numerical models of theoretical 

channel archetypes in purely exploratory mode (Pasternack et al., 2008; Brown et al., 2016; 

Lane et al., 2018). 

4.2.5 Ecohydraulic metrics 

The study explored three ecologically relevant hydraulic characteristics that have been 

mechanistically linked with stream ecosystem functions: (i) channel bed disturbance that 

impacts bed particle mobilization and disturbance of benthic dwelling biota (Gibbins et al., 

2010); (ii) hydraulic diversity – Hydro-Morphological Index of Diversity (HMID); and (iii) 

refuge habitat availability - Shallow Slow-Water Habitat (SSWH). They were quantified using 

related hydraulic metrics including near-bed Shield stress as indicators of bed mobility, a 

measure of flow velocity and depth heterogeneity reflecting the reach hydraulic diversity and 

a measure of physical habitat area that determines the availability of slow and shallow depth 
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water respectively. These hydraulic metrics were determined from the raster outputs of the 

hydraulic model, calculated using python decision tree in ArcGIS over defined threshold 

bounds. 

4.2.5.1 Bed disturbance 

Frequent bed disturbance increases channel instability and degradation and also drift of biota 

that lives in them (Hawley et al., 2016; Lobera et al., 2017). Non-dimensionalized bed shear 

stress, Shields stress (𝜏∗) was used to quantify and compare each channel for their bed 

mobilization potential. This was estimated in each grid cell of the model grid cell as:  

 τ ∗ =
𝜏𝑏

𝐷50(𝛾𝑠 − 𝛾𝑤)
 (4) 

where and 𝛾𝑠 and 𝛾𝑤 are the unit weight of bed particle and water respectively and 𝜏𝑏 is bed 

shear stress. Herein, a critical entrainment threshold (τ𝑐 
∗ ) of 0.045 (Lisle et al., 2000; Sawyer 

et al., 2010) to differentiate the portions of the channel bed that indicate mobility (τ ∗ > τ𝑐 
∗ )  

and stable (τ ∗ < τ𝑐 
∗ ).  

4.2.5.2 Hydraulic diversity 

The channel diversity of flow velocity and depth is well recognized as an essential element of 

ecosystem health supporting various life history strategies of biota (Verberk et al., 2008; 

Rosenfeld et al., 2011). We estimated this hydraulic heterogeneity using the hydro-

morphological index of diversity (HMID) developed by Gostner et al. (2013). HMID quantifies 

the overall hydraulic diversity in the channel for a given discharge. based on the reach-scale 

coefficient of variation (CV) of flow velocity (u) and water depth (d) as:  

 𝐻𝑀𝐼𝐷𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = (1 + 𝐶𝑉𝑢)2 + (1 + 𝐶𝑉𝑑)2 (5) 

where 𝐶𝑉 = 𝜎 𝜇⁄ , 𝜎 and 𝜇 are the standard deviation and mean value respectively. HMID 

values where classified to reflect by Gostner et al. (2013), such that HMID < 5 assumes low 
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diversity; 5 < HMID < 9 assumes medium or transitional diversity; HMID > 9 assumes high 

diversity. 

4.2.5.3 Refuge habitat availability 

SSWH is critical to biota that depend on them as refugia particularly during flash flood as well 

as serving as rearing and breeding habitat, and promoting organic matter retention (Schiemer 

et al., 2001; Vietz et al., 2013). Herein, the relative refuge habitat availability was examined 

by estimating the SSWH area. SSWH was calculated from the flow depth and velocity model 

output using an ArcGIS python script that processes water depth and velocity raster outputs to 

locate cells with joint velocity and depth values of 0-0.2 m/s and 0-0.3 m respectively. This 

depth and velocity criteria is reported to be preferred by fish (Milhous & Nestler, 2016) and 

benthic macroinvertebrates (Shearer et al., 2015) in streams.  

4.2.6 Hydraulic response analysis 

To initiate a comparative analysis among the different channel configurations, first a functional 

relationship was developed for the range of simulated flows and each hydraulic metric. This 

relationship was then integrated with the hydrological time series to achieve hydraulic metric 

time series representing the temporal pattern of the hydraulic response under each channel. The 

urban hydrological time series was parsed into the functional relationship for the urban and 

reconfigured urban channel scenarios. Similarly, the natural hydrological time series was 

parsed into that of the natural channel scenario. Then by quantitatively characterizing and 

comparing the temporal hydraulic variation, we evaluated the relative influence of the channel 

reconfiguration from the pre-restored condition towards the natural conditions. The statistical 

analysis of the time series of each metric examined the relative change in hydraulic patterns: 

magnitude, duration and frequency as key element of the hydraulic template (Poff & Ward, 

1990) for each scenario. The analysis also accounted for the hydraulic metric change with flow 
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in relation to defined thresholds. In this study, hydraulic metrics were considered only for flows 

up to bankfull. 

4.3 Results 

Hereinafter, the use of “reference case” and “urban case” scenarios refers to hydraulic 

conditions in (i) the natural channel under a natural hydrological regime and (ii) unrestored 

urban channel under an urban hydrological regime respectively. 

4.3.1 Bed disturbance 

Results show a general trend of increase of bed shield stress with increasing discharge, with a 

rapid increase in the Shield stress values as flow increases under the two urban case scenarios 

with no bed undulation (𝑈𝑟𝑏 and 𝑈𝑟𝑏𝑊) (Figure 4-8a). The results show that the maximum 

bottom shield stress per unit flow decreased as the channel topographic variability increased. 

The bed particle mobility threshold was applied to the shield stress results for each reach to 

determine the proportion of channel bed area with Shield stress higher than the threshold of 

mobility (Figure 4-8b). It indicates that the increasing number of topographic variables made 

to undulate invariably decreased the areas of channel bed experiencing mobility, particularly 

for 𝑈𝑟𝑏𝑊+𝐷+𝑀 and the natural channel morphology. This suggests that morphology with at 

least one undulating geometric layer for each topographic variable nested on top of the basic 

reach-scale uniform channel template potentially decreased the mean shear stress as flow 

increases. This phenomenon was most relevant at discharge stages over 0.5𝑄𝑏𝑘𝑓. As discharge 

exceeds 0.6𝑄𝑏𝑘𝑓, urban channels with only width or depth undulation have less control over 

bed mobilization and the whole channel trends towards mobility, similar to the urban channel. 

For such high flows, adding both width and depth variability substantially reduced the wetted 

bed area experiencing mobility. For these channels, almost 45% of the bankfull channel 

provided undisturbed benthic area compared to the plane bed channels.  
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In addition, temporal variability of daily shield stress was greater in the urban plane channel 

bed, compared to the pool-riffle bed for the studied hydrological period (Figure 4-9). This was 

however dominated by high occurrences of daily Shield stress above threshold for mobility 

(τ ∗>0.045), with a median value of 0.042 and 0.038 for 𝑈𝑟𝑏 and 𝑈𝑟𝑏𝑊 respectively. This 

indicated temporal persistent of unstable channel bed. This frequently occurring case of 

mobility was substantially reduced as the topographic complexities of the urban channel 

increased. In contrast, temporal variability of daily shield stress for the natural channel scenario 

showed increased periods of below mobility threshold Shield stress values with median of 

0.026 indicating a comparably stable bed.  
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Figure 4-8. (a) Maximum (95th percentile) of bottom Shield stress and (b) percentage of wetted 

bed area above the critical mobility threshold (𝜏 ∗ > 𝜏𝑐 
∗ )  with discharge (as a fraction of 

bankfull flow) for each channel configuration.  
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Figure 4-9. Box and whiskers plot of the distribution of daily maximum (95th percentile) Shield 

stress for each channel configuration.  

4.3.2 Hydraulic diversity  

The greatest difference between the channel scenarios investigated occurred at low flows (< 

0.3𝑄𝑏𝑘𝑓), where the highest HMID values were observed (Figure 4-10) and decreased with 

increasing flow (> 0.5𝑄𝑏𝑘𝑓). The low-to-peak flow loss of hydraulic diversity showed the 

natural channel maintaining high HMID values where diversity was within moderate to high 

class for flows up to 0.7𝑄𝑏𝑘𝑓. In contrast, HMID values were only within moderate values for 

urban channel (𝑈𝑟𝑏) even at low flows, which plummeted to low diversity (HMID < 5) as flow 

exceeded 0.4𝑄𝑏𝑘𝑓. During the low flows, HMID was almost twice as high in the pool-riffle 

channel types as in the plane bed channels. Whilst HMID generally decreased with increasing 

flow, the pool-riffle channel with meandering (𝑈𝑟𝑏𝑊+𝐷+𝑀), with its more gradual side slopes, 

showed some increases in HMID as flow exceeded 0.6𝑄𝑏𝑘𝑓.   
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The HMID was lowest in the channel scenarios with no bed undulation (𝑈𝑟𝑏 and 𝑈𝑟𝑏𝑊) 

(Figure 4-11), and exhibited quite a narrow range. For all flows, mean velocity in these 

channels was remarkably higher than in the pool-riffle channels. In contrast, the range of 

velocity and depth was widest in the pool-riffle channels with lower minimum and higher 

maximum values across all modelled flows. This resulted in higher depth range and CV 

particularly for 𝑈𝑟𝑏𝑊+𝐷 and 𝑈𝑟𝑏𝑊+𝐷+𝑀. The plane channel bed morphologies showed the 

least temporal persistence of high hydraulic diversity (HMID > 9), with a median HMID value 

of 4.8 and 5.5 for scenarios 𝑈𝑟𝑏 and 𝑈𝑟𝑏𝑊 respectively. The limited temporal persistence of 

high hydraulic diversity was improved by inclusion of both width and depth variation in the 

channel (𝑈𝑟𝑏𝑊+𝐷 and 𝑈𝑟𝑏𝑊+𝐷+𝑀). These channels mostly experienced medium and high 

diversity particularly for 𝑈𝑟𝑏𝑊+𝐷+𝑀 with a median value of 7.6. The natural case showed 

temporal persistence of high hydraulic diversity.  

 

Figure 4-10. Hydro-Morphological Index of Diversity (HMID) with discharge (as a fraction of 

bankfull flow) for each channel configuration. Red horizontal lines represent classified 

threshold defined by Gostner et al. (2013). 
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Figure 4-11. Box and whiskers plot of the distribution of daily HMID values for each channel 

configuration. Red horizontal line represent classified threshold defined by Gostner et al. 

(2013). 

4.3.3 Refuge habitat availability  

A similar trend of changes to SSWH availability with flow was observed for all channel 

scenarios (Figure 4-12a and 4-12b). The SSWH area was high at low flows (below 0.3𝑄𝑏𝑘𝑓) 

occupying more than 50% of total wetted area in the reach. The gradually changing 

morphological relief of the natural channel maintained more than 50% of total SSWH patches 

up to 0.5𝑄𝑏𝑘𝑓 with a steady decrease as flow increased. The plane bed channels (𝑈𝑟𝑏 and 

𝑈𝑟𝑏𝑊) inundated to higher flow depths and velocities as flow increased, thus the SSWH area 

decreased at rapid rates. The SSWH area was higher in the urban channel, with only depth 

variation (𝑈𝑟𝑏𝐷) compared to the plane bed morphology at flows up to 0.5𝑄𝑏𝑘𝑓, beyond which 

they were nearly equivalent. For each modelled flow, an average of 15% increase of the SSWH 

area was observed when both width and depth variability (𝑈𝑟𝑏𝑊+𝐷 and 𝑈𝑟𝑏𝑊+𝐷+𝑀) was added 
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to the plane bed channel morphology (Figure 4-12b). Here, the proportion of the reach occupied 

by SSWH area was at least 2x higher than for the plane bed channels.  

The frequently occurring high flows (>0.6Qbkf) in the urban hydrology resulted in the high 

temporal persistence of smaller SSWH areas (< 300m2/150m) in the urban channels 

particularly for the plane bed channels (Figure 4-13). A median value of 245.2 m2/150 m and 

264.5 m2/150 m was observed for 𝑈𝑟𝑏 and 𝑈𝑟𝑏𝑊 respectively. This was however greatly 

improved for the pool-riffle bed with width variation channel morphologies, with an 

approximately 50% increase in the median SSWH values compared to the confined plane bed 

channel. High temporal persistence of larger SSWH area (>500 m2/150 m) was observed for 

the natural channel with a median value of 456.3m2/150m. This reflected a naturally complex 

morphology engaged by the long duration-low magnitude flows in the natural hydrological 

regime, with reduced frequency of high flows.  



169 

 

 

Figure 4-12. (a) Total SSWH area per 150m2 (b) percentage of total wetted bed area that is 

SSWH with discharge (as a fraction of bankfull flow) for each channel configuration. 
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Figure 4-13. Box and whiskers plot of the distribution of daily total SSWH area for each 

channel configuration. 

4.4 Discussion 

4.4.1 Hydraulic performance of channel reconfiguration scenarios 

Comparison of quantitative hydraulic metrics for each reconfiguration scenario reveals two 

general points. Firstly, simple channel form, defined as a uniform, U-shaped, single-threaded 

channel with no width, depth, or centreline variation, leads unsurprisingly to simple hydraulics. 

The simplified (homogenous) channel topography, typical of many urban settings, 

deleteriously alters hydraulic patterns. This is perhaps expected but not necessarily well proven 

with data as provided in this study. Secondly, channel forms with increasingly more geometric 

variables having undulations yield to a more increasing improved hydraulics. The more 

geometric elements were added to the channel up to the full patterning of depth, width, and 

centreline structures, the less sensitive the channel was to an altered urban flow regime 

highlighting the importance of spatial diversity in channel morphology for supporting stream 
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ecosystem health (eg., Escobar‐Arias & Pasternack, 2010; Schwartz et al., 2015; Lane et al., 

2018a). This does not mean that adding infinitely more geometric functions to any one variable 

or adding many more undulating geometric variables will make the conditions better than what 

was studied; it will take more research to figure out what is the optimal complexity for each 

river setting. Channels with naturalized geometric oscillations coherently phased to yield 

requisite dynamic morphologies have a better chance of minimizing the influence of altered 

hydrological regime on the hydraulic conditions. This could benefit biota by making them less 

prone to rapid temporal fluctuations.   

Designing the urban degraded channel to include a pool-riffle sequence, plus some undulations 

in width or sinuosity, provides greater opportunity for improved hydraulic conditions. For 

instance, in addressing the bed mobility rate, Schwartz et al. (2015) reported that restoring 

riffle-pool structure promotes shear stress reversals between low and high flows as well as high 

flow acceleration and deceleration between pools and riffles (eg., Brown & Pasternack, 2017). 

This is essential for spatiotemporal heterogeneity of the hydraulic characteristics of the flow 

such as water depth, flow velocity and turbulence, to promote habitat creation and quality 

(Clarke et al., 2003). While predicting the ‘optimal’ channel morphology for urban restoration 

design is beyond the scopes of the current study, our results suggest that the hydraulic 

conditions can be significantly modified with even minor width and depth undulations and 

sinuosity patterns. Brown and Pasternack (2014) reported that multiple physical mechanism 

process occurs as modulated by the interactions of the flow hydrology with complex channel 

topography. It is thought that channels with different topographic features steer the flows in 

such a way that different features turn on and off to create diverse patterns of hydraulic 

conditions (Strom et al., 2016). This will potentially support sustaining spatial and temporal 

hydraulic patterns at levels below the threshold for certain processes (eg., Gostner et al., 2013; 

Vanzo et al., 2016; Lane et al., 2018a). For instance, Anim et al. (2018a) found that complex 
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topographic variability decreased areas of channel bed subjected to high hydraulic stress for 

bed particle movement even with increasing flows. 

To summarize, topographic dynamic channels may support fundamental physical process at 

appropriate levels even under altered urban hydrology, characterized by increased frequency, 

magnitude and volume of storms flows. It is however worth noting that the term appropriate 

here is intended to imply a reduction in the frequency of bed disturbance or scouring rates, loss 

of physical habitat and hydraulic diversity. 

4.4.2 Can modifying reaches reverse catchment-scale degradation sources? 

Our results demonstrated that reconfiguring channel morphology close to natural form can help 

to accommodate changes to altered flow. Doing so restores ecologically relevant hydraulic 

conditions. For example, refuge habitat availability between simple channels and the most 

complex differed by 32%. Reinstating bed diversity increases hydraulic diversity by 21%, with 

a further 20% increase when sinuosity was added. Bed disturbance can be decreased by 45% 

(see Table 4-3). Further improvements could potentially be achieved by combinations of high-

undulations and geomorphic covariance structures and through the addition of sub-reach-scale 

in-stream features such as alluvial benches, boulder clusters, wood structures, alluvial steps. 

However, when compared to the reference case scenario, the hydraulic patterns of modified 

channels under degraded hydrology were not returned to a fully ‘natural’ condition. In this 

light, we argue that attempts to restore extensive morphological features are likely to be 

ineffective when the altered hydrology remains unaddressed. Given that the urban hydrology 

is characterised by increased frequency and magnitude of peak flows (Walsh et al., 2012), the 

efficacy of increasing morphological variability to ensure high diversity hydraulic habitat will 

be affected. 
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Only 7% of the study total catchment area is impervious with about half of the impervious, 

surfaces connected to the stream via stormwater drainage systems. As urbanization progresses 

and intensifies, the proportion of connected imperviousness is expected to increase, 

exacerbating modifications to the flow regime (Jacobson, 2011; Burns et al., 2012). Modifying 

an urban channel does nothing to address this fundamental driver of flow regime and sediment 

supply that degrade a stream corridor over years to decades. If the fundamental driver is not 

addressed, then downstream actions cannot sustain themselves. This is essential so that 

incorporated forms are functional beyond their initial construction and propagate through to 

ecological functions. We propose it is possible that optimal ecosystem restoration of urban 

streams with demonstrable ecological benefits could be achieved if considerable effort and 

some outside channel-based strategies are taken. 
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Table 4-3. Average percentage increase (+) or decrease (-) of the explored hydraulic 

characteristics for flows above 0.5Qbkf for each channel scenario. Values are relative to what 

was predicted in the unrestored urban channel (𝑈𝑟𝑏).   

Channel scenario Bed disturbance 

(Shield stress) (%) 

Hydraulic 

diversity 

(HMID) 

(%) 

Refuge habitat 

(SSWH) (%) 

Urban channel with only width 

variation (UrbW) 

- 7 + 12 + 4 

Urban channel with only depth 

variation (UrbD) 

- 12 + 21 + 10 

Urban channel with both width 

and depth variation (UrbW+D) 

- 37 + 30 + 21 

Urban channel with both width 

and depth variation and meander 

(UrbW+D+M) 

- 45 + 41 + 32 

 

4.4.3 Implications and opportunities for restoration of urban streams  

Our results showed that addition of naturalized undulations to depth, width, and centreline 

position yield more diverse hydraulics, approaching natural conditions. This supports the 

increasing recognition of structurally organized and harmonically coherent spatial diversity as 

a central feature of aquatic systems to promote the physical template within which ecosystem 

processes such as sediment transport, nutrients dynamics can occur at near-natural rate (Clarke 

et al., 2003; Escobar‐Arias & Pasternack, 2010; Lane et al., 2018).  In addition, it overlaps with 
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the general consensus that the more diverse the channel the greater the ecological benefit 

expected (Chin & Gregory, 2009; Bernhardt & Palmer, 2011; Beagle et al., 2016). The lack of 

in-stream structures in this study leaves open the possibility that further improvements are 

possible. However, such features tend to be prone to collapse and work best when fed and 

created through natural processes, whereas re-configuring the reach-scale structure is 

extremely different to obtain passively. 

The mutual interplay between morphology and the hydrological regime is critical for 

ecosystem functioning (Clarke et al., 2003; Brown & Pasternack, 2014). While managing 

degraded channel form might be required or beneficial for an urban stream restoration, it is 

certain restoring altered flow regime is a prerequisite to have a chance to fully recover natural 

ecosystem. We propose a practicable and comprehensive stream restoration approach requires 

outside stream perspectives, where a broader catchment-scale management practices that 

addresses the source of ecosystem degradation are critically considered. Such an approach 

requires a consideration of flow-regime stormwater management and the application of 

strategies at or near the source to meet required flow regime target (Burns et al., 2014; Fletcher 

et al., 2014). This is in line with recently emphasized process-based restoration that expresses 

a broader effort of addressing the root cause of ecosystem degradation along a recovery 

trajectory (Beechie et al., 2010; Walsh et al., 2016). The present study presents to urban stream 

managers a methodological design measures that is underpinned on ecohydraulic principles. 

The hydraulic and geomorphic modelling approach used can be a template to understand the 

optimal combination of flow and morphological restoration.  

Legacy impacts may mean separate modification of channel form and flow is required, to give 

managers flexibility particularly when both ecological and social values of the aquatic 

ecosystems are to be considered (Jacobson & Galat, 2006). 
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4.4.4 Uncertainties and applicability of study approach 

This study used an emerging technique of synthesizing channel morphology for science and 

engineering applications.  The use of synthesis of earth landforms is a valuable element of 

scientific research, because it gives the opportunity to test conditions that may not be accessible 

in nature such that underpinning causalities can be explored (Richards, 1978; Brown et al., 

2014). While this technique is promising in replicating general topographic characteristics at 

reach scales, it also has some limitations. This study incorporated general channel attributes 

scaled by generic reach-average geomorphic elements of case-study stream reaches. This could 

present some uncertainties in the synthesized morphologies. The chosen geomorphic attributes 

for modification are only some possible elements. Further, the use of a simple sinusoidal 

variability control function (Eq. 3) with only one term per variable means the width and depth 

variations were symmetrical, despite likely being asymmetrical in a real stream. River Builder 

is capable of generating far more sophisticated undulations though harmonic combinations and 

blending non-trigonometric functions. More research is needed to know what functions are 

needed for each topographic variable. 

While the 2D approximation of the bed shear was done at a spatially 0.3m grid-pixel level, the 

bed shear estimate did not explicitly account for the form drag’ resistance that may be present 

due to increasing channel complexities. This could present some uncertainties and thereby 

influence the quantification of the bed mobilization potential of the channels. Future work 

should consider the additional source of form drag presented by the increasingly complex 

morphology as part of the Shields stress estimation and compare with the model estimations.   

In addition, the primary hydrological input into the developed hydraulic model of each tested 

scenario was the stage-discharge relationships, manually computed from cross-sections of the 

synthetic channels. While real hydrological time series of the study stream reaches were used 
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in the temporal analysis of hydraulic performance, the use of hydrological values scaled to 

synthetic DTMs in the hydraulic modelling present some data input uncertainties. We 

emphasize that these scaled values are estimates and care should be taken before using such 

values as utmost targets to inform management. Research is on-going to understand 

hydrological baseline archetypes and their scaling in different channel archetypes (Lane et al., 

2018b).  

4.5 Conclusions  

This study used a 2D ecohydraulic modelling framework to evaluate the performance of 

alternative channel design configurations which aimed to restore an urban-impacted stream 

channel. The analysis assessed the ability of the explored configurations to restore in-stream 

hydraulics close to their natural conditions, by comparing their ecologically-relevant hydraulic 

characteristics. 

The results illustrated that achieving channel morphological variability in a degraded urban 

channel could help to mitigate the influence of altered hydrological regime on the hydraulic 

conditions. As the variability increased, some improvement in the hydraulic conditions in terms 

of minimized bed mobility rate, reduced hydraulic diversity and habitat availability loss was 

observed. The reconfigured urban channel with bed diversity and sinuosity showed the most 

resilience to hydrological fluctuations, offering 45% decreases in bed disturbance, 32% 

increases in habitat availability and 41% increases in hydraulic diversity per unit flow, 

compared to the unrestored channel. However, the results suggested restoring a more natural 

flow regime management is required, if natural hydraulic conditions are to be achieved. We 

argue that without the flow regime being addressed, restoring channel-based restoration 

attempts is likely to be hindered by the countering effect of increased magnitude, frequency 
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and duration of disturbance flows. An integrated approach considering both reach-scale 

intervention and addressing catchment scale drivers of channel form is thus required. 
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Supplementary Materials – Chapter 4 

The supplementary material is organized with sections that parallel those in the main chapter. 

4.2.2 Case study setting 

The urban stream reach is in an urbanized catchment that have ~40% tree cover, with the rest 

of the land area cleared for urban development. Approximately half of the catchment’s 

impervious surfaces are connected to the stream through conventional stormwater drainage 

systems. This suggests that this reach will be significantly influenced by the catchment land 

use and upstream drainage area (Burns et al., 2012). The sampled mean daily streamflow 

(Figure 4-2) affirms that the stormwater runoff released from the stormwater drainage system 

(pipes and open drains) discharging to the stream at the urban reach results in regular rapid 

increases in streamflow. The natural stream reach drains a largely natural/forested catchment 

with very low portion of imperviousness. It retains 50% forest/tree cover and 43% 

pasture/grassland cover. While about 4% of the natural site catchment is covered by impervious 

surfaces, only 0.1% of these surfaces drain directly to the stream, meaning that the hydrological 

disturbance is likely to be very small (Walsh, 2004). The remaining impervious surfaces in the 

catchment informally drain to pervious surfaces, substantially reducing their hydrologic impact 

to the stream.   

4.2.3.2 Channel design configurations 

The synthetic channel of the urban and natural reach of the case-study settings was first 

developed using the reach and sub-reach channel parameters. The design approach to geometric 

modelling of river valleys presented in this paper relies on using control functions for 

parametric descriptions of 2D topographic variability (Brown et al., 2014). From the single 

synthetic channel reach developed for the urban reach (Figure S4-1), four different channel 
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topography were created representing channel restoration design with variability that spans the 

full domain of bed and width undulation combinations (Figure S5-2 to Figure S5-5). 
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Chapter 5: Stream hydraulics outcomes of catchment-scale urban stormwater 

management 

Foreword 

This chapter quantified the ecologically relevant stream hydraulic conditions response to various 

human-altered flow regimes. It assessed if flow regime-based stormwater management that 

restore pre-development hydrologic pulses can deliver hydraulic regime close to natural. The 

study predicted that it could be possible to have urban development with a downstream receiving 

water that maintains natural in-stream hydraulic conditions, but only with intensive application of 

Stormwater Control Measures (SCMs; various technologies such as rainwater tanks, green roofs, 

etc.).  

The chapter is a reproduction of a journal article published in the Journal of Environmental 

Management. There was supplementary material for the paper which is presented after this 

chapter. Headings, figures and tables have been re-numbered to fit with thesis format. 

 

Anim, D. O., Fletcher, T. D., Pasternack, G. B., Vietz, G. J., Duncan, H. P., & Burns, M. J. 

(2019). Can catchment-scale urban stormwater management measures benefit the stream 

hydraulic environment? Journal of Environmental Management, 233, 1-11 



193 
 

Can catchment-scale urban stormwater management measures benefit the stream 

hydraulic environment? 

Desmond O. Anim a*, Tim D. Fletcher a, Gregory B. Pasternack b, Geoff J. Vietz a, Hugh P. 

Duncan a, c, Matthew J. Burns a 

a Waterway Ecosystem Research Group, School of Ecosystem and Forest Science, The 

University of Melbourne, Burnley, Victoria 3121, Australia 

b University of California Davis, Land, Air and Water Resources, Davis, CA, 95616, USA 

 c Melbourne Water Corporation, Docklands, Victoria, 3008, Australia 

 

*Corresponding Author: email: danim@student.unimelb.edu.au     

 

Keywords: Urbanization; Stormwater management; Stream, Hydraulics; Stormwater runoff; 

Urban hydrology. 

mailto:danim@student.unimelb.edu.au


194 
 

Abstract 

The potential for catchment-scale stormwater control measures (SCMs) to mitigate the impact of 

stormwater runoff issues and excess stormwater volume is widely recognised. Its ability to 

restore pre-development hydrologic regime is known. There is, however, limited understanding 

about their potential to further deliver ‘natural’ hydraulic conditions for stream ecosystem 

benefits. This study investigates the benefits that SCM application in a catchment have on in-

stream hydraulics. To do this, a two-dimensional hydraulic model was employed to simulate the 

stream hydraulic response to scenarios of SCM application applied in an urban catchment to 

return towards pre-development hydrologic pulses. The hydraulic response analysis considered 

three hydraulic metrics associated with key components of stream ecosystem functions: benthic 

mobilization, hydraulic diversity and retentive habitat availability. The results showed that when 

applied intensively, the developed SCM scenarios could effectively restore the in-stream 

hydraulics to close to natural levels. Compared to an unmanaged urban case (no SCMs), SCM 

scenarios yielded channels with reduced bed mobility potential, close to natural hydraulic 

diversity and improvement of retentive habitat availability. This indicates that mitigating the 

effect of stormwater driven hydrological change could result in significant improvements in the 

physical environment to better support ecosystem functioning. We therefore suggest that 

intensive implementation of SCMs is an important action in an urbanizing catchment to maintain 

the flow regime and hydraulic conditions that sustain the ‘natural’ stream habitat functioning. We 

propose that stormwater management and protection of stream ecosystem processes should 

incorporate hydraulic metrics to measure the effectiveness of management strategies.  
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5.1 Introduction 

Stream ecosystems are characterised by complex and dynamic ecosystem functions directly 

governed by the hydraulic regime (Statzner & Higler, 1986; Kemp et al., 2000; Anim et al., 

2018a). In turn, patterns of hydraulic characteristics are determined by the interactions of flow 

(i.e. magnitude, frequency, duration, rate of change and timing) and channel form (i.e. nested 

features of topographic structure) (Jacobson & Galat, 2006). As a result, ecologists and river 

scientists generally recognize the interactions between flow and form as a controlling template 

for fluvial ecological processes (Townsend et al., 1997; Emery et al., 2003; Wallis et al., 2012; 

Yarnell et al., 2015). Stream ecological integrity relies on the presence of natural dynamic 

behaviour expressed through the hydraulic conditions (Statzner et al., 1988; Brooks et al., 2005). 

Therefore, to sustain healthy natural stream ecosystem functioning, it is important to maintain 

ecologically relevant hydraulic conditions that are similar to those in a naturally functioning 

stream system. 

When a catchment is urbanized, the sealing of native soils with impervious surfaces drastically 

alters the water balance. Fluxes of evapotranspiration and infiltration are reduced and matched by 

an increase in the surface runoff (i.e. urban stormwater) (Haase, 2009; Burns et al., 2013; 

Fletcher et al., 2013). This excess water is typically managed by connecting impervious surfaces 

to hydraulically efficient stormwater drainage systems which convey runoff directly to streams 

draining the catchment (Roy et al., 2008; Walsh et al., 2012). When urban stormwater runoff is 

directed to streams, many changes occur, including hydrological alteration (Burns et al., 2012), 

water quality impairment (Brabec et al., 2002) and channel alterations (Vietz et al., 2015). These 

changes to the flow regime and channel form unequivocally alter the stream’s hydraulic regimes 

(Jacobson & Galat, 2006; Anim et al., 2018a), resulting in ecological degradation (Walsh et al., 

2005; Paul & Meyer, 2008). Stormwater runoff is thus a primary source of stress to stream 
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ecosystems (Walsh, 2004; Ladson et al., 2006; Mallin et al., 2009; Vietz et al., 2014; McIntyre et 

al., 2015).  

To address this, increasing efforts have centred on stormwater management approaches that aim 

to holistically mimic natural hydrological processes at the catchment-scale and treat polluted 

runoff as well as deliver other benefits (e.g. improved amenity). Different terminologies have 

been used in literature to describe this approach of urban stormwater management including low 

impact development (LID) (Dietz, 2007), integrated urban water management (IUWM) 

(Mitchell, 2006), sustainable urban drainage systems (SUDS) (Butler & Parkinson, 1997), flow-

regime stormwater management (Burns et al 2012) (see Fletcher et al., 2015 for review of other 

terminologies). This approach emphasizes the protection, restoration or mimicking of natural 

hydrological process at small scales within the catchment, using stormwater control measures 

(SCMs), with the aim of restoring natural flow regimes at larger scales downstream (Burns et al., 

2012; Fletcher et al., 2014). This catchment-focused approach agrees with the core principle of 

process-based restoration that emphasize on addressing the root causes or source of degradation 

(Kondolf et al., 2006; Beechie et al., 2010), such as urban stormwater runoff. Mitigating 

stormwater runoff impacts requires that hydrologic objectives be specified, including 1) reducing 

the volume of stormwater runoff, 2) restoring lost infiltration, and 3) returning the runoff 

response of impervious surfaces towards the pre-development condition (Ladson et al., 2006; 

Walsh et al., 2012; Burns et al., 2014). Such objectives can be achieved using specifically-

designed SCMs that are based on retention, detention, infiltration and harvesting of stormwater 

(e.g. DeBusk et al., 2010a; Hunt et al., 2011; Li et al., 2017). 

Several studies have tested and shown the potential hydrological performance of flow regime-

focused approaches to maintain or return the pre-development hydrological regime (e.g. 

Damodaram et al., 2010; DeBusk et al., 2010b; Jenkins et al., 2012; Loperfido et al., 2014; Burns 

et al., 2015a). For instance, stormwater bioretention systems (a common SCM) have been tested 
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and found to mimic pre-developed hydrologic performance (DeBusk et al., 2010b; Davis et al., 

2011), mitigating peak flows and total runoff volume (Winston et al., 2016; Liu & Fassman-

Beck, 2017). Jenkins et al. (2012) also showed that the hydrologic performance of constructed 

stormwater wetlands led to significant runoff interception and mitigated total runoff reaching the 

stream. The use of retention systems (e.g. rainwater tanks) has been found to achieve stormwater 

retention performance comparable to pre-developed conditions by reducing the frequency and 

volume of stormwater run‐off from a site (Burns et al., 2015a). 

Exactly how well the hydrologic outcomes of SCMs translate to the hydraulic conditions of the 

receiving stream ecosystem remains poorly understood. While understanding the hydrologic 

outcome is important, it is critical to understand the anticipated translation into hydraulic 

characteristics such as depth and velocity, which provide an explicit link to the habitat and 

ecosystem functioning of the receiving streams (Clarke et al., 2003; Rosenfeld et al., 2011a). 

Such consideration accounts for the interplay of streamflow dynamics with channel morphology 

(Anim et al., 2018b), which drive habitat quality (Clarke et al., 2003; Escobar‐Arias & 

Pasternack, 2010). In particular, whilst bankfull discharge is often considered as driving 

geomorphic change, it is increasingly recognised that the more subtle initial changes of bed 

disturbance should be targeted for flow-regime strategies focused on the physical and ecological 

changes of concern (Vietz & Hawley, 2018). Environmental flow management approaches for 

sustaining stream ecosystem arguably have a better chance of maintaining healthy ecological 

functioning when they are based on the mechanistic relationships between flow and channel form 

(Clark et al., 2008; Yarnell et al., 2015). Therefore, an understanding of how flow regime-

focused approaches can protect or maintain the hydraulic conditions at or near their natural levels 

is useful to inform strategies for urban stormwater management.  

In this study we ask if flow regime-based stormwater management can restore in-stream 

hydraulics to near their natural conditions. To test this, we used a two-dimensional (2D) 



198 
 

hydraulic model to simulate and examine the stream hydraulic responses to flow-regime 

management strategies using different SCM scenarios applied in an urbanizing catchment. 

Managing excess stormwater runoff as driver of stream ecosystem degradation is not particularly 

a new thinking, but the novelty of this work is underpinned on the scope to investigate the in-

stream hydraulic outcomes of alternative approaches towards stormwater management. More 

specifically, we aim to evaluate the effectiveness of the applied management strategies to sustain 

the stream hydraulic conditions required for ecosystem functioning in an urban catchment. To 

achieve this, the study first adopted a case-study natural stream (with typical natural hydrology 

and channel form) in a natural catchment with no development. Subsequently, various urban 

development scenarios with or without stormwater management were explored.  

5.2 Methods 

5.2.1 Experimental design  

To answer the study question, we formulated a modelling method made up of five parts (Figure 

5-1). Firstly, we adopted a case-study stream setting (with a typical natural hydrology and 

channel form) in a natural catchment with no development.  Secondly, a representative digital 

terrain model (DTM) of the stream corridor topography was developed using existing field 

channel reach parameters data and the synthetic river valley (SRV) methodology of Brown et al. 

(2014). Thirdly, hydrological models were developed to produce different flow-regime scenarios 

based on the (i) natural catchment with no development and (ii) developed catchment with and 

without management (applied SCM alternatives). Fourthly, a 2D hydraulic model was used to 

simulate the ecologically relevant hydraulic conditions delivered by each flow regime scenario in 

the channel. Finally, temporally varying hydraulic patterns represented by metrics of known link 

to relevant ecosystem functions were evaluated under each flow regime scenario. We 

characterised the hydraulic patterns using three ecologically relevant hydraulic characteristics: 

benthic disturbance; hydraulic diversity and retentive habitat availability, all of which are 
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important aquatic ecosystem drivers (Paterson & Whitfield, 2000; Brooks et al., 2005; Vanzo et 

al., 2016). Details of each part are presented below. 

 

Figure 5-1. Steps followed to quantify hydraulic performance trade-off of each explored flow-

channel form scenario. 

5.2.2 Case study setting: McMahons Creek catchment 

McMahons Creek catchment is located 90 km east of Melbourne (145.937’E, 37.821’S) with a 

catchment area of 40 km2. The catchment is forested throughout, mostly by mountain ash 

(Eucalyptus regnans), with the lower slopes occupied by mixed species eucalypt forest and 

riparian vegetation amounts to several percent of the total catchment area (Land Conservation 

Council of Victoria, 1973). This remote catchment is not proposed for development but has good 

flow records and is in close to natural condition. Physiography can be characterised by steep 
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terrain with partly confined channels (only pockets of floodplain within the valley sides). 

Geologically, the catchment is largely covered by Devonian granites and sandstones, overlaid by 

red and brown soils (Land Conservation Council of Victoria, 1973).  The selected case-study 

segment of the creek length has an intact and complex naturally meandering, pool-riffle channel 

morphology comprised of well-sorted coarse-grained sediments with sand, gravels and some 

boulders. Stream banks are commonly clay/silt with interbedded gravels between the clay/silt 

layers. The channel morphology is comparable to typical naturally occurring shallow streams in 

forested catchments in the Melbourne region. Rainfall pattern is fairly evenly distributed over the 

year with an annual catchment rainfall averaging ~1000mm/year.  

5.2.3 Synthetic channel morphology 

An archetypal stream channel was designed for the McMahon Creek catchment in this study 

using RiverBuilder package (version 0.1.0), an emerging technique of synthesizing channel 

topography for science and engineering applications (Pasternack & Arroyo, 2018). Based on the 

SRV mathematical framework of Brown et al. (2014), RiverBuilder is an open-source, free R 

package capable of procedurally rendering a digital terrain model from user-selected geometric 

functions that describe subreach topographic variability and associated parameter values at reach 

and subreach scales. Methodological details are available in Brown et al. (2014), and the 

information used to create the specific DTM used in this study is described here, focusing on the 

two key steps at the reach and subreach scales. 

5.2.3.1 Reach-average parameters 

The SRV approach first creates a generic reach-average topography scaled by reach-average 

bankfull depth (𝐻𝑏𝑓) and width (𝑊𝑏𝑓), with median particle size (𝐷50), slope (𝑆), sinuosity, 

floodplain width, and floodplain lateral slope as user-defined input parameters (Brown et al., 
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2014). Existing topographic data for the study stream segment in McMahons Creek provided 

reach-scale parameter values required to synthesize archetypal morphology (Table 5-1). 

5.2.3.2 Channel variability parameterization 

From the initial reach-average values above, RiverBuilder incorporates subreach-scale 

topographic variability using combinations of geometric functions at the user's expert discretion. 

The sub-reach variability for this study was created in the model according to Eq (5.1) and (5.2) 

such that the local bankfull width and bed elevation of the thalweg was estimated as   

 
𝑧𝑡(𝑥𝑖) = (𝐻𝑏𝑓𝑓(𝑥𝑖) + 𝐻𝑏𝑓) + 𝑆(𝛥𝑥𝑖) + 𝑍𝑑 

 

(5.1) 

 
𝑊𝑏𝑓(𝑥𝑖) = (𝑊𝑏𝑓𝑓(𝑥𝑖) + 𝑊𝑏𝑓) 

 

(5.2) 

   

where 𝑧𝑡(𝑥𝑖) and 𝑊𝑏𝑓(𝑥𝑖) are local bed elevation and bankfull width at location 𝑥𝑖 respectively. 

𝑍𝑑 is the user-defined datum. The term 𝑓(𝑥𝑖) is the user-selected subreach variability function. 

Several possible functions are available in River Builder, such as linear, sinusoidal, and sine 

squared, depending on archetypal characteristics for a given class of stream. The general 

sinusoidal model was used to achieve the variability of 𝑊𝑏𝑓 and 𝑍𝑡 about the reach-averaged 

values by a control function 𝑓(𝑥𝑖) nested in Eqs. 5.2 and 5.3. The 𝑓(𝑥𝑖) was modelled as Eq 

(5.3): 

 

𝑦(𝑥𝑖) =  𝑎𝑠𝑠𝑖𝑛(𝑏𝑠𝑥𝑟 + 𝜃𝑠) 

 

(5.3) 

where 𝑦𝑖 is the dependent control function values, 𝑎𝑠, 𝑏𝑠, and 𝜃𝑠 as the amplitude, angular 

frequency and phase for the sinusoidal competent and 𝑥𝑟 is the Cartesian stationing in radians 
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(Brown et al., 2014). The resulting DTM of the channel morphology and the longitudinal profile 

is shown in Figure 5-2. 

Table 5-1. Channel reach-average and variability geomorphic attributes used in the design of the 

synthetic DTM. Reach channel parameters are field derived average values scaled from the case-

study reach segment channel morphology.  

Reach channel parameters  

Bankfull width (𝑾𝒃𝒇) (m) 6.5 

Bankfull depth (𝑯𝒃𝒇) (m) 0.8 

Median particle size (𝑫𝟓𝟎) (m) 0.006 

Slope (𝑺) 0.01 

Vertical datum (𝒁𝒅) (m) 1000 

Floodplain width (m) 10 

Floodplain lateral slope 0.005 

Channel length (m) 150 

Sinuosity 1.1 

  

Variability parameters 𝑎𝑠 𝑏𝑠 𝜃𝑠 

Bankfull width 0.25 2 0 

Planform 10 1 0 

Bed elevation 0.25 2 0 

Floodplain outline 5 1 3.14 
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Figure 5-2. (a) The synthetic DTM and (b) the longitudinal profile of the thalweg of the case-

study reach channel morphology. 

5.2.4 Model development 

Hydrologic modelling was performed using the Model for Urban Stormwater Improvement 

Conceptualisation (MUSIC) (eWater, 2015). MUSIC is commonly used for modelling 

stormwater flow and quality using continuous simulation (Schubert et al., 2017). In its default 

mode, MUSIC source nodes (which represent the catchments) use three rainfall-runoff stores: an 

impervious area store (describe by initial loss), a soil store (a linear reservoir described by 

infiltration and storage properties), and a groundwater store (a linear reservoir described by 

initial depth and daily rates of recharge, baseflow and seepage) (Hamel & Fletcher, 2014). 

MUSIC can model various SCM interventions such as rainwater tanks, infiltration and 

bioretention systems.  

The model was first calibrated to observed flows under the current natural conditions. Model 

parameters were then adjusted to simulate fully urbanized land use on the same catchment with 

or without stormwater management (applied SCM alternatives) as described below. Further 
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details of model structure are reported in the Supplementary Material. This study used the July 

2006 to July 2013 water years’ data, which provides a good representation of dry, normal and 

wet year conditions. Flow data, at a 6-minute timestep, were obtained from the McMahon’s 

Creek gauge (229106A) operated by Melbourne Water, while rainfall data were obtained from 

the closest gauge (229102A) at Upper Yarra Dam. Calibration was undertaken for a range of 

flow metrics covering the magnitude, timing and duration of flows, based on the approach 

described by Hamel and Fletcher (2014). The model calibration is described in detail in Duncan 

et al. (2016). After model calibration, the model scenarios were developed to represent different 

cases of SCM implementation as described below 

Natural (pre-development) scenario: This scenario represents the existing natural conditions in 

the case study catchment. It forms the baseline for assessing the performance of the SCM 

implementation strategies.  

Urban base scenario: We then developed a model to simulate complete urbanisation of the 

catchment according to typical urbanisation guidelines and practices in Melbourne (see Duncan 

et al, 2016) without stormwater mitigation measures. In this scenario the total impervious area 

comprised 68% of the total catchment area, containing housing, roads and associated impervious 

areas. 

SCM implementation scenarios: Stormwater management scenarios were applied in MUSIC to 

the urban base-case scenario with the aim of moving the flow regime back towards its pre-

development conditions. Management actions explored include diversion of ground-level 

impervious runoff to bioretention systems, domestic and non-domestic water use from rainwater 

tanks, diversion of tank overflow and controlled low-flow ‘leaks’ to bioretention and harvesting 

of water from stormwater pipes upstream of watercourses for off-stream storage and non-potable 

uses (e.g. landscape irrigation). We adopted three basic SCM scenarios, herein labelled SCM30, 
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SCM45 and SCM65, where the numbers (30, 45, 65) represent the target percentage reduction in 

runoff volume. The overarching design objective was based on total runoff volume reduction in 

comparison to the urbanised base case without SCM implementation (Table 5-2). Scenario 

SCM30 uses only bioretention and rainwater tanks to achieve a total 30% volume reduction. All 

ground level impervious runoff in this scenario was directed to bioretention systems, while 

household roof runoff was directed to rainwater tanks which had a controlled slow-release to 

bioretention. Scenario SCM45 uses the same measures as SCM30, and in addition models the 

removal of additional 20% of the remaining runoff from stormwater pipes upstream of the 

watercourse, representing use for a range of non-potable purposes such as landscape irrigation, 

industry or agriculture.  This scenario targeted an overall reduction in runoff volume of 45%. 

Scenario SCM65 uses the same measures as SCM45 but increases additional flow removal from 

20% to 50% of runoff from stormwater pipes in every time step, thus achieving a total runoff 

volume reduction of 65%.  Such a scenario might represent the case where stormwater was 

harvested, and treated, before being stored and used in the potable supply, as is already being 

trialled in some locations (e.g. McArdle et al., 2011). The modelled alternate SCMs is structured 

such that the desired net runoff volume is achieved. The removal of a target percentage volume 

of stormwater was achieved as a percentage loss interception resulting in a low runoff ratio. 

The MUSIC model outputs include flow time-series at 6-minute timestep, representing the flow 

regime of each modelled scenario (Figure 3). Further details of the flow regimes of modelled 

hydrological scenarios are reported in the Supplementary Material. 
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Table 5-2. Volume reduction scenarios and pairs of basic SCMs used to retain volume reduction. 

See text for definition of scenarios acronyms.   

Flow regime 

scenario 

Volume reduction 

(%) 

SCMs used to retain volume reduction 

Natural Natural None 

Fully urban 0 None (surface runoff directed to stream 

via stormwater pipes upstream of 

watercourse) 

SCM30 30 Tanks and bioretention 

SCM45 45 As FRM1 and 20% runoff removal from 

stormwater pipes 

SCM65 65 As FRM2 and 50% runoff removal from 

stormwater pipes 
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Figure 5-3. Flow duration curves that summarised the modelled time-series (daily) for each 

scenario 

5.2.5 Hydraulic modelling and scenarios 

TUFLOW Classic is a numerical model that solves the full 2D (depth-averaged) momentum and 

continuity equations for free surface flow (Syme, 2001). It was used to simulate the spatially 

explicit hydraulic patterns of the five flow regimes delivered from each of the hydrological 

scenarios described above. A square grid computational mesh was elevated with the 

RiverBuilder’s DTM data points generated for the channel reach, with 150 longitudinal nodes 

spaced at 0.5 m (~1/16 𝑊𝑏𝑓). The default TUFLOW Smagorinsky viscosity was used for 

turbulence closure with coefficient value of 0.5 and constant value of 0.005m2/s suitable for 

shallow waters (e.g. Anim et al., 2018a). Manning’s n was set to 0.05, representing typical 

unvegetated coarse-grained (gravel/boulders) surface roughness (Arcement and Schneider, 

1989). Typical of published exploratory numerical modelling studies, calibration of bed 
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roughness or eddy viscosity was not possible as the study uses numerical models of theoretical 

channel archetypes in purely exploratory mode (e.g., Pasternack et al., 2008; Brown et al., 2016; 

Lane et al., 2018). 

Model simulation input and exit boundary conditions included 10 flow stage and corresponding 

discharge (𝑄), ranging from 0.2-2.0x the bankfull flow (𝑄𝑏𝑘𝑓) stage (Table 5-3). 𝑄𝑏𝑘𝑓 stage is 

the water surface elevation (WSE) at which flow overtops the banks. Manning’s equation was 

used to estimate the discharge values associated with the modelled flow stage based on 

representative cross-sections of the synthetic DTM. Bankfull stage and wetted perimeter were 

calculated manually from the cross-sections and cross-sectional area determined using the 

parabolic approximation. These hydrological values used are scaled to the synthetic DTM to 

associate each modelled flow stage in the hydraulic model. We emphasize that these are 

estimates and should not be considered as utmost targets to inform management. 2D model 

outputs include hydraulic rasters of depth-averaged velocity in the direction of flow, water depth, 

bed shear stress (𝜏𝑏) and WSE. ArcGIS (Esri ArcGIS desktop 10.2) was used to process and 

analyze these outputs to evaluate each investigated scenario.  

Table 5-3. Channel archetype discharge values simulated for 0.2-2.0 times bankfull stage 

estimated using Manning's equation. 

Fraction 

of 𝑸𝒃𝒌𝒇 

stage 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

Simulated 

𝑸 (m3/s) 

0.18 0.73 1.64 2.62 3.83 5.86 8.35 10.90 13.17 17.15 
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5.2.6 Ecologically relevant hydraulic metrics 

This study considered three eco-hydraulic relevant metrics associated with key components of 

stream ecosystem functions: variation of benthic disturbance that affect bed mobilization and 

drift of benthic biota that lives in them (e.g. Gibbins et al., 2010); variation of hydraulic diversity 

(e.g. Gostner et al., 2013); and physical habitat availability (e.g. Vietz et al., 2013). Quantitative 

hydraulic performance metrics related to these ecosystem functions used includes: (i) established 

near-bed Shield stress thresholds as indicators of bed mobility, (ii) a measure of spatial 

heterogeneity of flow depth and velocity that reflects overall reach hydraulic diversity and (iii) a 

measure of retentive habitat area that quantifies availability of slow and shallow depth water. We 

examined these hydraulic functions using an ArcGIS decision tree that enabled rapid evaluation 

of the hydraulic model raster outputs over specific defined threshold bounds. 

5.2.6.1 Benthic disturbance  

Benthic space is naturally disturbed by bed material movement in unaltered hydrological regime 

reaches on a periodic basis, but this process has been shown to increase in magnitude, frequency 

and duration with urbanization. This increases streambed instability and degradation (e.g. 

Hawley and Vietz, 2016; Anim et al., 2018a) and impacts biota (Hawley et al., 2016). The non-

dimensionalized bed shear stress known as Shields stress (𝜏∗) was used to quantify the bed 

mobility potential of the channel in each grid cell of the model. The shields stress was calculated 

as:  

 τ ∗ =
𝜏𝑏

𝐷50(𝛾𝑠 − 𝛾𝑤)
 (5.4) 

where 𝜏𝑏 is bed shear stress and 𝛾𝑠 and 𝛾𝑤 are the unit weight of bed particle and water 

respectively. In this study, 𝜏∗ values where classified based on established bed particle mobility 

threshold, where 𝜏∗< 0.03 indicates stable bed or no mobility, 0.03 < 𝜏∗ < 0.06 indicates partial 

mobility (i.e. incipient motion of finer particles at the bed surface) and 𝜏∗ > 0.06 indicate full bed 
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mobility (i.e. persistent movement of a sheet of bed particles) (Wilcock and McArdell, 1993; 

Buffington and Montgomery, 1997; Sawyer et al., 2010). The mobility performance was then 

quantified as the cumulative proportion of the channel bed experiencing the different levels of 

mobility as defined by the threshold. The results were then binned for comparison purposes such 

that low, medium, and severe disturbance are associated with 0-20%, 20-50% and above 50% 

proportion of the channel bed experiencing at least partial bed mobility respectively. For 

instance, above 50% of the channel bed area must be experiencing at least partial or full bed 

mobility to be considered severe disturbance.  

5.2.6.2 Hydraulic diversity 

Varying patterns of flow velocity and depth have been recognized as part of the stream 

heterogeneity key to ecosystem integrity (Rosenfeld et al., 2011b). Hydraulic variability supports 

differentiation of species’ life history strategies (Verberk et al., 2008; Braun and Reynolds, 

2014). We used the Hydro-Morphological Index of Diversity (HMID) developed by Gostner et 

al. (2013) to quantify the overall hydraulic diversity in the channel for a given discharge. The 

HMID is based on the reach-scale coefficient of variation (CV) of flow velocity (u) and water 

depth (d) estimated as: 

 𝐻𝑀𝐼𝐷𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = (1 + 𝐶𝑉𝑢)2 + (1 + 𝐶𝑉𝑑)2 (5.5) 

where 𝐶𝑉 = 𝜎 𝜇⁄ , 𝜎 and 𝜇 are the standard deviation and mean value respectively. Results were 

binned to reflect Gostner et al. (2013) proposal such that HMID < 5 assumes low diversity; 5 < 

HMID < 9 assumes medium or transitional diversity; HMID > 9 assumes high diversity.  

5.2.6.3 Retentive habitat availability 

Shallow Slow-Water Habitat (SSWH) area was used to evaluate the relative habitat availability 

for explored scenarios. SSWH are vulnerable to an altered hydrological regime. Decreases in 

SSWH area impact fish abundance, macroinvertebrates that rely uses such habitat for refugia, 
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and organic matter retention (Schiemer et al., 2001; Vietz et al., 2013). SSWH (total area per 

channel length) was estimated from the model flow depth and velocity raster using an ArcGIS 

python script that processes water depth and velocity outputs to locate cells with joint velocity 

and depth values of 0-0.2 m/s and 0-0.3 m respectively. This depth and velocity criteria is 

particularly preferred by fish (Milhous and Nestler, 2016) and benthic macroinvertebrates 

(Shearer et al., 2015) in streams.  

5.2.7 Hydraulic regime performance analysis 

An approach that blends hydrological time series with functional hydraulic performance was 

employed to evaluate the hydraulic response of each explored flow regime scenario. First, 

functional relationships were developed for the full range of flows modelled (Table 5-3) for each 

hydraulic metric investigated. Then the functional relationships were integrated with flow time 

series of each hydrologic scenario to yield hydraulic metric time series. The resulting annual time 

series represent the temporal pattern of the hydraulic response under each hydrologic scenario. 

The relative influence of each flow scenario to maintain or restore stream hydraulics regime was 

evaluated by quantitively characterizing and comparing the temporal variation in each explored 

hydraulic metrics to the pre-development conditions. This approach employed simple descriptive 

statistics, where the statistical analysis of the time-series of each metric aimed to evaluate the 

relative percent change of the various aspects of the hydraulic behaviour. This includes 

frequency, magnitude and duration, which are key elements of the hydraulic template (Poff and 

Ward, 1990). The analysis also considered the increase or decrease of the metrics as a function of 

discharge relative to the explored scenarios where the degree of change was examined 

corresponding to the defined thresholds. 
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5.3 Results  

5.3.1 Variability of hydraulic metrics with discharge 

The model results showed a decrease in the portion of the channel benthic area experiencing no 

bed mobility (τ*<0.03) beginning as the flow reaches approximately 0.4 𝑄𝑏𝑘𝑓 (Figure 5-4a). This 

represents flows of 65% and 85% exceedance for both developed and pre-developed mean daily 

flow regime respectively. A slight decrease was then observed as flows near 0.9 𝑄𝑏𝑘𝑓 and tends 

to stop as flows spills over the banks reaching a constant 15% with over 50% of the channel bed 

under partial or full mobility. A predicted ~75% of the wetted channel bed area experienced 

either partial or full bed mobility at bankfull flow.  

The HMID values invariably decreased as flow increased and eventually stabilised once flow 

spilled over the banks (Figure 5-4b). HMID was substantially higher at baseflows (< 0.2 𝑄𝑏𝑘𝑓) 

than higher flows (> 0.5 𝑄𝑏𝑘𝑓), with baseflow values about 4x as high. Above 0.2 𝑄𝑏𝑘𝑓, the 

HMID values reduce and attains medium values (5 < HMID < 9). It then transitions from 

medium to low values (HMID <5) as flows reaches 0.5 𝑄𝑏𝑘𝑓 and tends to stop around an 

approximately constant value of HMID = 2 for very high flows. Here, larger flow depth and 

velocity CV for flows below 0.2 𝑄𝑏𝑘𝑓 was observed. Generally, mean flow velocities and water 

depth ranged from 0 to 1.1 m/s and 0 to 0.83 m respectively. At 𝑄𝑏𝑘𝑓, maximum velocity and 

depth were 1.5 m/s and 1.28 m respectively. The water depth was observed to change rapidly at 

low flow variations (<0.3 𝑄𝑏𝑘𝑓), whereas the flow velocity was sensitive to variations in high 

flows (>0.5 𝑄𝑏𝑘𝑓).   

The SSWH area initially increased gradually with complete wetting conditions of the active 

channel bed topography as flow increased (Figure 5-4c). This was associated with low flows up 

to 0.2 𝑄𝑏𝑘𝑓, beyond which the SSWH area diminished rapidly and was near zero at 𝑄𝑏𝑘𝑓. Once 
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flows overtopped the banks, there was a substantial increase in SSWH area as floodplains were 

inundated. 

 

Figure 5-4. Relationship between discharge (as a fraction of bankfull flow) and hydraulic 

metrics. (a) Proportion of the wetted channel bed area under different classification of sediment 

mobility, (b) HMID values, and (c) SSWH area values. 
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5.3.2 Hydrologic scenarios comparisons 

5.3.2.1 Benthic disturbances 

The urban baseline scenario produced the most unstable bed within the channel, dominated by 

increased periods of the channel bed experiencing either partial or full mobility (Figure 5-5). The 

predicted frequency and magnitude of portion of the benthic space that was exhibiting severe 

benthic disturbance (period that over 50% of the channel bed area shows partial or full bed 

mobility) were substantially greater. The influence of flow alteration in the urban hydrological 

regimes was revealed in the frequency and duration of the severe disturbance (Figure 5-6a and 5-

6b). For example, comparing the natural flows and urban flows the frequency (number of days) 

that channel bed areas experience severe disturbance under urban scenario was about 50x that of 

the natural (pre-developed) state. This was estimated to be 217 days for the study period, 

averaging 37 days/year. This represents ~8% of the total study period compared to 0.1% for the 

natural. It reflected the increased frequent-high magnitude storm flows with the altered 

hydrology. In other words, almost all the estimated days of channel experiencing severe 

disturbance under urban scenario were associated with flows occurring ~40% of the time. In 

contrast, the natural flow regime resulted in predominantly stable bed most of the year, averaging 

2 days/year of severe disturbance, with approximately 85% and 14% of low and moderate 

disturbance respectively.  

The different SCM approach interventions (SCM30, SCM45, SCM65) showed reduced potential 

benthic disturbance compared to the fully urban. The observed periods of severe disturbance 

compared to the urban scenario were substantially improved particularly for SCM65 which 

showed a benthic disturbance regime close to the natural scenario. The estimated period under 

severe disturbance plummeted from 8% under urban scenario to 5%, 2.7% and 0.4% under 

SCM30, SCM45 and SCM65 respectively. More importantly, the temporal analysis revealed 
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that, the continuous duration of the channel bed exhibiting severe disturbance of greater than 2 

days was substantially reduced with SCMs applied (Figure 5-6b). Similar to the natural scenario, 

the duration of period of severe disturbance in the channel bed under SCM65 was short-lived, 

mostly within 0-2 days. Here, the period of severe disturbance was only larger for long duration-

high magnitude flows occurring ~3% of the time of the flow regime.  

 

Figure 5-5. Time series of the daily proportion of the wetted channel bed area under each 

classification of sediment mobility, for each modeled scenario considered over the study period. 
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Figure 5-6. (a) Frequency that at least 50% of the wetted channel bed area exhibiting at least 

partial bed mobility (i.e. severe disturbance); (b) continuous duration of severe disturbance of 

each modeled scenario considered over the study period. 

5.3.2.2 Reach hydraulic diversity 

The temporal hydraulic diversity pattern was highlighted by the HMID exceedance curves for all 

investigated scenarios (Figure 5-7). For all scenarios, HMID values were within moderate to high 

bins about 75% of the time. The natural scenario produced higher HMID values for most of the 

year showing higher temporal persisting diverse in-channel hydraulics, with values within 

medium to high performance equalled or exceeded ~95% of the time. Under urban scenario, high 

HMID values (>9) occurred only 20% of the time with marginally higher (>11) values compared 
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to all other hydrologic scenarios exceeded 10% of the time. This is related to the extended lower 

summer and winter baseflows under urban scenario. For flow regimes under SCM intervention 

scenarios (SCM30, SCM45, SCM65), HMID values showed some improvement in the temporal 

hydraulic diversity compared to urban scenario, particularly for SCM65 (which yielded an HMID 

regime close to that of natural scenario).   

The natural scenario shows consistently high HMID values across the year, particularly during 

winter period (June-August) when frequent storms flows are expected (Figure 5-8). SCM65 

exhibited a similar HMID pattern to natural scenario. Sensitivity of the hydraulic diversity to 

frequent flow alteration was illustrated for urban scenario, when HMID values fluctuated rapidly 

between low, medium and high performance.   

 

Figure 5-7. Hydromorphic index of diversity (HMID) percent exceedance curves for each 

modeled scenario considered over the study period. 
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Figure 5-8. Time series of daily HMID values for each modeled scenario showing periods of low, 

medium (mid) and high hydraulic diversity. 

5.3.2.3 Retentive habitat availability 

SSWH area exceedance curves revealed a substantial reduction of the temporal persistence of 

SSWH availability in the channel under the urban flow regime (Figure 5-9). This was up to about 

3x less relative to the natural scenario for the total study duration, particularly for flows between 

40-60% exceedance. Considering the median of these flow regimes (Table 5-4), the urban 

scenario reduces SSWH availability on average by approximately 30-45% annually for the study 

period. As low flows produce higher SSWH availability in general, it is unsurprising that urban 

scenario exhibited slightly higher SSWH areas occurring about 20% of the time, related to the 

extended lower baseflows.      
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The influence of flow alteration in the urban flow regimes was also revealed in the frequency 

distribution of SSWH availability per unit 150 m over the study duration (Figure 5-10). For 

example, comparing natural and urban scenarios showed a reduction in the frequency (number of 

days) of larger areas of SSWH (> 200 m2/150 m). Under natural scenario, diversity in the SSWH 

areas is greatest with larger areas of SSWH frequently present. Smaller areas of SSWH (< 100 

m2/150 m) are most common under altered hydrological regimes particularly for the urban 

scenario which skews the distribution further. Overall, reductions of SSWH availability was 

minimized by the alternative SCM scenarios (SCM30, SCM45 and SCM65). The applied SCMs 

appropriately improved the totally skewed to very little SSWH areas commonly occurring under 

urban scenario towards the natural scenario. This improvement was most evident for SCM65, 

which retained a total SSWH areas close to the natural scenario, with only marginal reduction in 

the magnitude and duration of SSWH areas. Conversely SCM30 had little effect on the frequency 

and magnitude of larger SSWH areas.    

 

Figure 5-9. Percent exceedance curves of available SSWH for each modeled scenario considered 

over the study period. Y-axis shows the total SSWH area present per 150m of study reach length.  
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Table 5-4. SSWH area of each modelled scenario at median flows. 

Modelled scenario Flow (m3/s) SSWH area (m2) 

Natural 0.188 240.6 

SCM65 0.177 255.2 

SCM45 0.247 161.2 

SCM35 0.294 143.3 

Urban 0.381 130.0 

 

 

 

Figure 5-10. Distribution of daily values of SSWH area for each modeled scenario considered 

over the study period. 
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5.4 Discussion 

5.4.1 Hydraulic effects of an urban-induced altered hydrologic regime  

As demonstrated in this study, the altered flow regime that results from urbanization drives 

fundamental deleterious changes to the natural hydraulic regime of the stream ecosystem. This 

coincides with widely recognized arguments made by researchers that urban stormwater runoff is 

a major stressor to urban stream ecosystems (Brabec et al., 2002; Walsh, 2004; Ladson et al., 

2006; Burns et al., 2012; Vietz et al., 2014). In turn, this is a primary contributor to decreased 

ecological health often observed in streams draining urban catchments (Wenger et al., 2009; 

Groffman et al., 2014).   

The results suggest that the urban flow regime could lead to the channel experiencing 

substantially higher bed mobility, making the channel bed highly unstable, the first stage to 

channel incision (Hawley and Vietz, 2016). Full transport defined by Sawyer et al. (2010) as 

persistent entrainment of a sheet of bed particles will occur more frequently and for longer 

durations following urbanization, given that urban hydrology is characterized by increased 

frequency, magnitude and volume of storm flows (Anim et al., 2018b). This means acceleration 

of channel evolution processes, including deleterious positive feedback such as containment of 

greater volumes of streamflow once channel capacity increases (Vietz and Hawley, 2018).  

Increased frequency, duration, and spatial extent of bed mobility in this degradation mechanism 

translates to ecological impacts via regular disturbance of physical habitat (Francoeur and Biggs, 

2006) and eventually habitat loss, limiting benthic refuge space (Negishi et al., 2002). Benthic 

disturbance dynamics is a key factor in the distribution, abundance and diversity of benthic biota 

(Townsend et al., 1997). This type of disturbance does not yield a consistent regime that species 

can adapt or acclimatise to. 

Sensitivity of spatial and temporal hydraulic diversity to the flow alteration after urbanization has 

relevant implications for biodiversity and ecosystem functioning. While the channel maintained 
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temporal persistence of high range and coefficient of variation of depth and velocity for the most 

part, altered hydrology in the urban case increases the magnitude and frequency of higher 

discharge events. This renders the channel liable to frequent fluctuations of hydraulic diversity, 

with limited temporal persistence of the larger range and covariance of depth and velocity. 

Gostner et al. (2013) argued that for channels experiencing such rapid fluctuations, the chances 

of maintaining a healthy biotic stream community are limited. While a higher hydraulic diversity 

alone does not necessarily yield a healthy stream or suitable ecological performance, it is 

expected to impact the longitudinal distribution and assemblages of biota (Elosegi et al., 2010; 

Lane et al., 2018). 

In addition, retentive habitat availability under the urban hydrological regime is low, limiting 

opportunities for biotic refuge. Persistent limited availability of SSWH can reduce breeding and 

rearing habitat and refuge which could be a major factor for local extinction and reduced 

assemblages and diversity of biota (Poznańska et al., 2009; Wenger et al., 2009; Koperski, 2010).  

These factors suggest that appropriate urban flow regime stormwater management is a likely 

requirement to protect the hydraulic conditions of streams. Excess stormwater runoff volume 

needs to be prevented from becoming streamflow to have a chance of sustaining the ecosystem 

functioning. 

5.4.2 Can catchment-scale application of SCMs restore a more natural hydraulic 

condition?  

Our results demonstrate that a high level of SCM implementation is necessary to maintain in-

stream hydraulic conditions close to pre-development levels in urban catchments. Similar to what 

is proposed to restore and/or protect geomorphic form (Vietz et al., 2015), water quality (Fletcher 

et al., 2014) and ecology (Walsh et al., 2015). The hydraulic performance of the SCM scenarios 

(SCM30, SCM45, SCM65), compared with the natural scenario suggest that protecting or 

restoring ecologically relevant aspects hydraulic regime through catchment-scale application of 
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SCMs is feasible, but requires relatively high levels of SCM intervention. The hydraulic 

behaviour of adopted hydraulic performance metrics showed that the three designed SCM 

scenarios could potentially reduce the impact of stormwater runoff on the stream ecosystem. The 

volume reduction achieved is an important surrogate predictor of the changes to each of 

hydraulic metrics, with the most effective scenario being SCM65. The SCM30 scenario provided 

only marginal improvement of the hydraulic conditions.  

The observation that intensive application of SCMs is necessary to fully protect the hydraulic 

environment has important implications for stormwater management. In reality, achieving such 

volume reductions will need to involve significant harvesting; relying on infiltration or 

evapotranspiration alone will not be sufficient (Walsh et al. 2016). In essence, the design 

stormwater control measures should have the capacity to retain rainfall up to the amount that 

would have caused widespread surface runoff under natural catchment conditions (Burns et al., 

2015b). As an example, in south-eastern Australia, this amount has been calculated as being 

around 25 mm (Hill et al., 1996).  

Several authors have demonstrated that achieving such an outcome requires that SCMs be 

applied at or near source throughout the catchment (e.g. Meyer and Wallace, 2001; Burns et al., 

2015a; Walsh et al., 2016), as this provides greater opportunity to mimic natural flow paths and 

restore a natural water balance. By this reasoning, we posit that, it is possible for urbanization to 

be managed with suitable infrastructure to avoid significant impact on the in-stream hydraulic 

conditions. Management interventions to achieve such large volume reduction include diversion 

of ground level impervious runoff to bioretention systems, domestic and non-domestic water use 

from rainwater tanks, diversion of tank overflow and controlled low-flow ‘leaks’ to bioretention 

and harvesting of water from stormwater pipes upstream of the stream for offstream storage and 

use (e.g. DeBusk et al., 2010a; Burns et al., 2015a). 
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Our modelling suggests that lower levels of implementation of SCMs are unlikely to provide the 

natural hydraulic conditions, as demonstrated by the SCM30 scenario. This suggests that partial 

hydrological regime restoration in an established urbanized catchment may not be enough to 

protect the hydraulic environment.  

5.4.3 Challenges of appropriate scale for flow-regime stormwater management 

Achieving high levels of volume reduction could be challenging, especially in an established 

urban catchment, due to space constraints and limited demand for alternative water supplies 

(Hamel et al., 2013; Walsh et al., 2016). In a retrofit situation, there will be a large cost required 

for retention and storage (see for example Burns et al., 2015a; Li et al., 2017), but it is worth 

noting that such strategies also bring other benefits such as improving urban amenity through 

increased social values and enhancing the urban microclimate (Roehr and Fassman-Beck, 2015; 

Kuller et al., 2017). Considering these challenges, it is clear that implementation will be most 

feasible when it is planned at the development phase, where there is the potential to incorporate 

the required SCMs and water harvesting as part of the construction phase, both reducing net cost 

and maximising the other secondary benefits provided (Walsh et al., 2016). 

5.4.4 Opportunities for management to protect stream ecosystem 

The results of this study suggest that the definition of urban stormwater management for stream 

protection should require meeting objectives that maintain the natural hydraulic regime of 

receiving streams.  In this context, hydraulic performance metrics provide useful and specific 

design objectives for SCM implementation. Recent studies have contended that streamflow 

considerations should go beyond hydrologic assessment and include hydrogeomorphic 

evaluations that provide a better understanding of the effects of intended management actions 

(Wohl et al., 2015; Yarnell et al., 2015; Stone et al., 2017). Hydraulic conditions provide an 

explicit mechanistic linkage between exogenous variables and ecological responses and are 

associated with key components of stream ecosystem integrity: hydrogeomorphic processes and 
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aquatic habitat (Kemp et al., 2000; Escobar‐Arias and Pasternack, 2010; Vanzo et al., 2016). This 

is in line with the guidance of Walsh et al. (2016), who argue that a target for the ecological state 

of the stream ecosystem to be protected should be identified and used to set performance 

objectives for catchment-wide stormwater management.   

5.5 Conclusions and future works 

Stream ecosystem processes are substantially governed by their hydraulic regime, which in turn 

is driven substantially by catchment hydrology. This study examined how catchment-wide 

application of stormwater control measures implemented focused on restoring more natural flow 

regimes in an urbanizing catchment could maintain or restore in-stream hydraulics towards their 

pre-development conditions. By investigating quantitative eco-hydraulic metrics, we were able to 

evaluate the hydraulic response to changes in the hydrological regimes. Comparing the 

performance of these metrics suggested that SCM implementation is a prerequisite to sustaining 

the hydraulics at pre-development levels to protect the ecological structure and function.   

The results highlighted that stormwater management that maximises the retention, harvesting and 

infiltration of surface runoff would have noticeable impact if applied intensively throughout the 

catchment, such that the runoff volume approaches that which would have occurred prior to 

urbanisation. Given that the managed flow regimes should result in suitable hydraulic conditions 

for ecosystem functioning, we propose that stormwater management and protection of stream 

ecosystem processes should target strategies for and incorporate anticipated effects on stream 

hydraulics. Our study provides a novel framework for more quantitative assessment of the 

effectiveness of stormwater management strategies, using hydraulic metrics associated with key 

elements of stream ecosystem functions. 

Our study has emphasized the need for a large proportion of surface runoff to be prevented from 

becoming streamflow. We acknowledge this will be challenging in terms of the space required, 

cost, and finding demand for the harvested stormwater, particularly for an established urban 
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catchment. Such challenges should be weighed up, however, against the range of other benefits 

to urban amenity that result from returning a more natural water balance in urban landscapes.  

Further work is needed to identify specific hydraulic metrics that could guide design in particular 

streams, based on channel form, substrate composition, or ecological values to be protected. In 

addition, in cases of established urban catchments, where restoring altered flow regimes is 

difficult, further research would be useful to understand how the target stream’s channel form 

influences the effect of altered hydrology on key stream ecosystem functions. Understanding the 

template of hydraulic conditions that results from the interplay between channel form and flow 

could help to design complementary channel modification. Independent adjustment of flow and 

channel form might give managers additional flexibility for ecologically successful restoration 

and protection of streams in urban catchments.  
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Supplementary Materials – Chapter 5 

The supplementary material is organized with sections that parallel those in the main chapter. 

5.2.2 Case study setting: McMahons Creek catchment 

 

Figure S5-1. McMahons Creek location map, showing catchment area with stream gauging site 

and rain gauges. 

 

McMahons Creek 
229106A

Upper Yarra Dam 
229102A

O’Shannassy Dam 
229111A
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Figure S5-2. Case-study channel reach (McMahons Creek) showing a) bed sediment assessment, 

and b) field survey to capture reach-average topographic attributes for the development of the 

synthetic DTM as well as to inform hydraulic model. 

5.2.4 Model development 

Hydrologic modelling was performed using the Model for Urban Stormwater Improvement 

Conceptualisation (MUSIC) to predict the flow regime (eWater 2015). We developed the 

natural case and the four urban-case with and without applied stormwater control measures 

(SCM) alternatives. 
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Figure S5-3. Typical MUSIC model structure as used in this study. Model first calibrated 

observed current natural scenario conditions, then the parameters were adjusted to simulate the 

four urban-case (with and without applied SCM alternatives). 

Table S5-1. MUSIC modelling parameters for the case study McMahons Creek catchment 

Parameter Value Parameter Value 

Catchment  Impervious routing store  

Catchment area 4000 ha Surface area 45000 m2 

Impervious fraction 10% Extended detention 0.01 m 

Rainfall threshold 0.5 mm/d Pipe diameter 10 mm 

Soil storage capacity 130 mm Overflow weir width 0.1 m 

Field capacity 53 mm Pervious routing store  

Infiltration coefficient 300 mm/d Surface area 850000 m2 

Infiltration exponent 1.0 Extended detention 0.01 m 

Daily recharge rate 1.5% Pipe diameter 10 mm 

Daily baseflow rate 0.22% Overflow weir width 0.3 m 
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5.2.4.1 Flow regimes of modelled hydrological scenarios 

The flow regime of the catchment under natural conditions was predicted to be similar to that of 

typical forested reference streams in the region—e.g. sustained low-flows, long flow recession, 

and weak response to rain events (Figure 5-3). Urbanizing the catchment was predicted to 

severely alter the flow regime in ways reported universally (Leopold 1968; Walsh et al. 2012), 

with the frequency and magnitude of high-flows greatly increased along with reductions in low-

flows. Catchment-scale application of SCMs was predicted to return flow regimes closer to 

natural conditions, particularly during dry-weather. Although high-flows remained a problem, 

especially for the scenarios with less intensive volume removal (SCM30 and SCM45). With very 

high volume (SCM65), predicted flows from the urban catchment did closely match those under 

natural conditions (Figure 5-3). 
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Chapter 6: General discussion and conclusions 

Foreword 

In this thesis, I provide an improved mechanistic understanding of the links between urban-

induced flow regimes changes and stream ecosystem degradation. This was achieved using 

an ecohydraulic approach, combining field and numerical modelling investigations. The 

thesis aimed to investigate impacts of flow regime alteration, driven by urban stormwater, on 

instream hydraulic conditions. It examines the likely impacts on channel morphology and 

ecosystem functioning, using a range of ecohydraulic metrics. The thesis was structured into 

five chapters: a review of the relevant literature (Chapter 1) from which specific research 

questions where derived and addressed in four field and modelling investigations (Chapter 2-

5) (Figure 6-1), presented as published (3 in total) or submitted journal articles. Here, I 

reiterate the research question for each chapter, summarize the findings of the research, and 

discuss their theoretical and practical implications. Finally, I outline opportunities and 

recommendations for future research.  

In Chapter 1, I argued that to better inform stream management strategies to protect and/or 

restore urban streams, an improved understanding of the link between catchment urbanization 

and stream ecosystem function and structure is require. I argued that aquatic systems are 

characterised by complex and dynamic ecosystem functions and processes that are directly 

governed by the hydraulic conditions. Thus, investigating the response of the stream 

hydraulic conditions to urban-induced flow regime will better inform management strategies 

to protect or restore stream ecosystems. This logic provides the basis for my research, by 

answering the underlying question: what is the effect of urbanization on stream hydraulics? 

By addressing this question (Chapter 2) a range of more specific questions were identified 

and addressed (Chapter 3-5). 
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6.1 Research question 1: What is the effect of urbanization on stream hydraulics? 

 In Chapter 2, I used field monitoring to inform a modelling study that quantified urban-

induced impacts on stream hydraulic conditions. The hydraulic conditions (as described by 

three hydraulic metrics of ecological relevance) of the urban stream reach were compared to 

that of a reference non-urban reach of the same stream. The results showed that urban-

induced flow regimes and channel changes have caused substantially altered hydraulic 

conditions (Anim et al., 2018).  

The urban stream reach experienced increased channel bed mobility potential. This 

demonstrates the likely loss of substrate sediments and biota that lives in them, and 

subsequent diminishing of benthic space available as refugia in urban streams. In addition, 

regular mobilization of the substrate particles by frequent small storm events could accelerate 

channel-degrading geomorphic processes such as channel incision, resulting in further habitat 

loss. The modelling prediction shows that a change in urbanization with an increased 

proportion of connected imperviousness above 3% is likely to result in channel bed mobility 

4 times higher than the pre-development state. Physical habitat availability (herein described 

by the relevant indicator: Slow shallow water habitat) plummeted and rapidly diminished as 

flows increased. Such behaviour has direct ecological consequences, for example eliminating 

rearing and breeding habitat and refuge. Floodplain connectivity in the urban stream is 

limited to flood flows, highlighting an expected decrease in the frequency of floodplain 

inundation. The channel incision at the urban stream means floodplain connectivity was 

about five times less frequent than in the natural stream. Whilst urban hydrology is typically 

characterized by high magnitude and frequency of peak discharge, the increased channel 

capacity (incised and widened) of urban streams would require a very high discharge to 

overflow its banks. This means that flow-mediated exchange of energy, organic matter and 

sediment, and biota are likely to be impacted. These findings highlight the important 
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interplay between hydrology and geomorphology, such that urban-induced alteration to one 

of these elements severely changes the hydraulic environment on which ecosystem 

functioning so directly depends.  

Practical and theoretical implications: 

Urban streams have been well studied in recent years, but many questions concerning the 

mechanisms driving degradation remain unanswered. One key step towards achieving 

efficient urban stream management remains identification of key stressors of concern 

(Wenger et al., 2009). The findings presented in this analysis identify a specific stressor of 

concern (i.e. stream hydraulics). It suggests that the altered hydraulic conditions could be a 

key limiting factor driving observed ecosystem degradation. Given this, management efforts 

should aim to protect or restore ecologically relevant hydraulic conditions. Doing so requires 

stormwater management strategies to include an assessment of hydraulic outcomes. 

This requires the current “urban stream syndrome” related conceptual models to be updated 

to capture the stormwater-driven impacts on the hydraulic environment that directly influence 

key stream physical and biological processes. It should capture the important gap of how 

clusters of covarying stressors (including flow regime and channel change) translate into 

hydraulic outcomes that directly influence key ecosystem functions. Future research must go 

beyond hydrologic assessments and consider ecohydraulic aspects, considering 

hydrogeomorphic effects of intended management actions or flow regime targets. 

6.2 Research question 2: What is the relative role of the channel morphology and flow 

regimes in altering the stream hydraulics? 

In Chapter 3, I examined the relative contribution of the flow and channel morphology in 

setting the hydraulic conditions. I performed a two-dimensional hydraulic modelling analysis, 

testing four hydrogeomorphic scenarios, using urban or natural channel morphology, against 
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either urban or natural hydrology. This study demonstrated that both altered flow regime and 

channel form play a key role in altering the hydraulic regime. Comparing the explored 

scenarios, I found that the hydraulic regime is very sensitive to the channel morphology, 

given its role in determining how the flow is translated to the hydraulic characteristics 

experienced by biota. I found that urbanization-induced changes to key aspects of the 

hydraulic regime (including magnitude, frequency and duration) were magnified by a 

degraded channel morphology. Channel incision and loss of complexity in morphologic 

features means a channel is more susceptible to hydraulic changes such as channel bed 

mobilization patterns, loss of hydraulic diversity (e.g. depth and velocity variability) as well 

as floodplain hydrologic connectivity.  

Conversely, a channel with complex dynamic channel morphology can help to mitigate 

impacts of altered hydrological regime on the hydraulic conditions. For instance, the 

frequency of bed mobility observed in the urban stream was decreased by ~50% with channel 

morphology change (natural) compared to a 20% decrease with hydrological modification 

alone. In addition, a 40% increase in the proportion of refuge (slow shallow water) habitat, 

particularly for high flows (above 0.5 bankfull). Protecting or restoring the topographic 

diversity of an urban stream channel is therefore important to sustain a hydraulic regime that 

will benefit healthy ecosystem. In light of this, Chapter 4 examined whether attempts to 

return to a near-natural channel morphology are feasible, without parallel efforts to restore a 

more natural flow regime. 

Practical and theoretical implications: 

Stream hydraulic conditions are a product of the interaction of the flow regime and channel 

morphology. Managing the urban stream syndrome usually involve addressing the altered 

hydrology or the channel morphology. Current works evaluating stream ecosystem 
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degradation have generally considered altered hydrology as being a result of the frequent 

delivery of urban stormwater runoff. Consequently, addressing flow regime changes has been 

cited as a critical requirement for ecosystem restoration. On this basis, mimicking pre-

development flow regimes should, in theory, be sufficient to restore the channel hydraulics 

towards natural conditions. However, the results presented in Chapter 3 suggest that the 

hydraulic conditions are greatly controlled by the channel morphology. This means 

mimicking pre-development hydrology alone, in the absence of channel restoration efforts 

may fail to address the deleterious impact on the hydraulic conditions wrought by the altered 

channel morphology.  

This suggests that protecting the channel from degradation is critical in the early stages of 

development. If the natural channel morphology is not protected, the ability of later flow-

restoration efforts to protect channel morphology will be limited.  

In cases where the target stream has both altered flow regime and channel morphology (e.g. 

after years of post-urbanization), an integrated approach that includes a combination of 

channel morphology and flow regime is required. Whatever action is taken, it is important the 

ecohydraulic consequences are considered and evaluated. 

6.3 Research question 3: Can reach-scale modification of stream morphology maintain 

and/or restore stream hydraulics? 

In Chapter 4, I used an ecohydraulic modelling approach to investigate alternative channel 

rehabilitation design configurations applied to a degraded urban stream channel. My aim was 

to evaluate the ecohydraulic benefits of these channel design configurations. I compared the 

hydraulic performance of each design configurations against a reference ‘natural’ condition. 

The results demonstrate that channel forms with increasing natural oscillations of geometric 

variables yield increasingly better performing hydraulics, ultimately approaching the natural 
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conditions. The results also indicate that it is possible for urban channels with varied reach-

scale topography to minimize the influence of altered hydrological regime on the hydraulic 

conditions, making biota less prone to rapid temporal fluctuations. Hydraulic patterns of 

modified channels under degraded hydrology will not be returned to a fully ‘natural’ 

condition. The reality of this is that, when the target stream also suffers from flow regime 

alteration, morphological restoration might not be able to achieve the mitigation effect 

necessary to sustain the hydraulic conditions crucial to ecosystem functioning.  Catchment-

scale mitigation of the effect of stormwater driven flow regime change is thus necessary to 

improve the physical hydraulic environment. This raises the question addressed in Chapter 5, 

of whether catchment-scale urban stormwater management actions that restore hydrological 

regimes can benefit the stream hydraulic conditions?  

Practical and theoretical implications: 

In theory, the results show that topographically dynamic channels may support fundamental 

physical process at appropriate levels to support ecosystem functioning, even under altered 

urban hydrology. This means achieving spatial diversity such as incorporating undulating 

width, depth and sinuosity in channel morphology could reduce excessive frequency of bed 

disturbance or scouring rates, loss of physical habitat and hydraulic diversity, as quantified in 

the chapter. This will potentially support spatial and temporal hydraulic patterns at levels 

below the threshold for certain ecosystem degrading processes (Escobar‐Arias & Pasternack, 

2010; Schwartz et al., 2015; Lane et al., 2018). While addressing channel morphology might 

be needed or beneficial to restore urban stream, the findings from this chapter suggest 

managing altered flow regime is a prerequisite to have a chance to fully recover pre-

development hydraulic conditions that supports natural ecosystem functioning. This will 

require urban stream managers to critically consider broader catchment-scale management 

actions that deal with the source of instream ecosystem degradation. This is in agreement 
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with recently emphasized process-based restoration approaches (Beechie et al., 2010; Walsh 

et al., 2016). In the urban context, such an approach requires managing stormwater runoff by 

the application of source-control techniques to restore the water balance and flow regime of 

an urban catchment (Roy et al., 2008; Walsh et al., 2012). The logical question is then the 

extent to which stormwater control measures can deliver appropriate instream hydraulic 

conditions. 

6.4 Research question 4: Can catchment-scale urban stormwater management measures 

benefit the stream hydraulic environment?   

In Chapter 5, I studied how stormwater source-control techniques applied at catchment scale 

to return more natural flow regimes could benefit the instream hydraulic conditions of urban 

streams. The study tested whether typical catchment-scale urban stormwater management 

strategies could meet the dual objectives of; (i) restoring pre-development hydrologic pulses 

and flow regime (ii) delivering a hydraulic regime close to ‘natural’. The analyses evaluated 

different stormwater control measure scenarios, typically based on harvesting, infiltration and 

bioretention systems. The modelling results showed that intensive application of stormwater 

control techniques to mitigate the impacts of stormwater driven flow regime changes is 

necessary to restore runoff volume close to natural and consequently restore the hydraulic 

regime close to pre-development levels. Stormwater techniques that included a combination 

of stormwater harvesting, infiltration and retention of water resulted in substantially 

influenced the flow regime in ways which translate to ecohydraulic conditions remaining at 

natural levels. This resulted in a reduction in channel bed mobility of up to 90% of what 

would have occurred post-urbanization without any stormwater control measures. In addition, 

this also ensured that high hydraulic diversity in the channel was sustained up to 80% of the 

time annually. 
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Practical and theoretical implications: 

The stormwater source-control scenarios examined showed it is possible for urbanization to 

be managed with suitable infrastructure to avoid significant impacts on the hydraulic 

conditions, but only when the level of stormwater control applied delivers a flow regime 

close the pre-development state. This supports the hypothesis that managing excess runoff as 

a driver of stream ecosystem degradation in an urbanizing catchment is a prerequisite to 

protecting the stream channel and ecosystem processes (Walsh, 2004; Fletcher et al., 2014).  

In practice, restoring the flow-regime and runoff volume such that they closely resemble the 

pre-development state is a challenging task. It is important that urban planners and 

stormwater engineers plan and implement such stormwater management strategies at the 

development phase, where suitable stormwater control measures can be incorporated during 

construction phase. 

Considering flow regimes in a purely hydrological way is not enough; stormwater managers 

should develop catchment-scale strategies, which account for how flow is translated into 

hydraulic characteristics controlling stream ecosystem structure and function. For instance, 

whilst bankfull discharge is usually considered to drive geomorphic change, it is increasingly 

recognised that the subtler initial changes of channel disturbance should be targeted, focused 

on the physical and ecological changes of concern (Vietz & Hawley, 2018). In this regard, 

ecohydraulic performance metrics (e.g. Shield stress) can provide important and specific 

design objectives such as achieving flow regimes that are not above the threshold for erosion 

or sediment transport, for which modelling can be applied to test whether proposed 

stormwater management objectives are satisfactory. By this, flows that may cause damage to 

the stream ecosystem (e.g. cause higher shear stress that affect channel stability) can be 

targeted and incorporated in the design of best management measures.  
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6.5 Research limitations and recommendations for future research 

This thesis inevitably includes some limitations which should be addressed through future 

research.  

Considering the evolution of study site characteristics  

In Chapter 2 and 3, whilst the hydraulic regime analysis was applied to historical records of 

flow regimes for both study sites, the channel and floodplain topography as well as catchment 

land cover were assumed to be static. However, in reality these are dynamic variables. Future 

research could take into consideration the evolution of these variables, and deformable 

boundary modelling, to understand the sensitivity of the hydraulic environment to such 

variability. Further work could consider the varied spatial substrate composition of the 

channel bed as opposed to the single used of the median particle for the whole channel 

length.  

In addition, the temporal analysis of the hydraulic conditions included the application of 

results of steady state hydraulic model simulations to characterize the dynamic patterns of the 

hydraulic regime. Future research could improve on this by performing unsteady simulation 

over the study period. It is, however, worth noting that unsteady simulation can be time-

consuming, and will require higher computer system capabilities. An option would be to 

apply unsteady simulation to several distinct flow events of interest, assessing the resulting 

uncertainty. New distributed computing platforms could also help to deliver such modelling.  

Channel modification designs 

In Chapter 4, the adopted channel reconfiguration design approach did not include the full 

suite of naturalized sub-reach-scale in-stream features such as wood debris or boulder 

clusters. The study incorporated general channel attributes scaled by generic reach-average 

geomorphic elements of case-study stream reaches. Future research could incorporate such 
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local hydraulic structures which could further influence the hydraulic outcomes presented by 

the reconfigured channel. This understanding would be beneficial to stream managers when 

dealing with degraded urban streams where the application of catchment-scale source control 

measures is limited and reach-scale channel-based restoration is proposed. In addition, 

RiverBuilder (a tool for synthesizing channel topography for science and engineering 

application) has the ability to synthesize a more sophisticated topographic undulation through 

harmonic combinations and blending non-trigonometric functions, compared to the simple 

sinusoidal variability control function employed in this thesis (Pasternack & Arroyo, 2018). 

Further research should include other functions (using harmonic combinations and blending 

non-trigonometric functions) for each topographic variable, to better inform stream managers 

of design options to consider to restore ecological relevant hydraulic conditions. 

Moreover, in Chapter 4, the calibration and validation the hydraulic simulations were not 

possible as the study uses numerical models of the synthetic channels. This approach could 

present uncertainties in model results. Well-designed observational field studies to further 

verify the hypotheses tested and support the findings is recommended. 

Biota-specific hydraulic habitat evaluations 

The hydraulic condition analysis in this thesis considered the ecohydraulic responses to 

anthropogenic flow and channel alterations towards restoration. The metrics used in this 

thesis are very useful to provide generic hydraulic habitat conditions, rather than specific 

biotic requirements. Future work could take a step further to consider habitat-specific biota 

response by evaluating the hydraulic conditions within the stream as relevant to particular 

biota. In this respect, the modelling methodology template in this thesis could be used in 

conjunction with hydraulic metrics that quantify specific biota habitat conditions as well as 

their significant timing thresholds. For instance, hydraulic conditions for fish (e.g. Blackfish) 
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can be evaluated with respect to (i) channel bed preparation and (ii) channel bed occupation 

functions that related to their rearing and breeding habitat based on establish shear stress 

threshold and important timing thresholds.  

6.6 Final remarks  

Current attempts towards urban stream protection or restoration are often limited by poor 

understanding of the mechanisms of degradation (Walsh et al., 2005; Wohl et al., 2015). This 

has prompted research to understand the link between urbanization and stream ecosystems 

(Wenger et al., 2009). 

The new knowledge in this thesis provides an improved mechanistic understanding of the 

links between urban-induced flow changes and the instream hydraulic environment. This can 

be used to better inform the management of stormwater runoff, flow regimes and urban 

stream conditions and characteristics. The findings have revealed a direct, physical driver of 

stream ecosystem degradation. By including altered hydraulic conditions in the current 

conceptual model of urban impacts on stream, the research aimed to further understanding of 

the link between urbanization and stream ecosystems. It goes beyond just hydrologic 

considerations and include ecohydraulic and thus hydrogeomorphic consequences. This thesis 

provides a modelling methodology template in support of this approach and it demonstrates 

how ecohydraulic characterization provides the opportunity to describe the roles of physical 

processes (combination of channel topography and hydrologic regimes) and stream 

management activities in determining the state of a stream ecosystem. Stream hydraulic 

indicators have a more direct link to stream ecosystem function than do simple hydrologic 

indicators, thus making assessment of likely impacts of alternative stormwater management 

or stream management scenarios more reliable and targeted.  
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Abstract

Urbanization results in major changes to stream morphology and hydrology with the

latter often cited as a primary stressor of urban stream ecosystems. These modifica-

tions unequivocally alter stream hydraulics, but little is known about such impacts.

Hydraulic changes due to urbanization were demonstrated using two‐dimensional

hydrodynamic model simulations, comparing urban and non‐urban stream reaches.

We investigated three ecologically relevant hydraulic characteristics: bed mobilization,

retentive habitat, and floodplain inundation, using hydraulic metrics bed shear stress,

shallow slow‐water habitat (SSWH) area, and floodplain inundation area. We hypoth-

esized that urbanization would substantially increase bed mobilization, decrease

retentive habitat, and due to increased channel size would decrease floodplain inun-

dation. Relative percent area of bed disturbance was 4 times higher, compared with

that of the non‐urban stream at bankfull discharge. SSWH availability rapidly dimin-

ished in the urban stream as discharge increased, with SSWH area and patch size 2

times smaller than the non‐urban stream for a frequently occurring flow 0.7 times

bankfull discharge. Floodplain inundation decreased in frequency and duration. These

results demonstrate changes in hydraulics due to urbanization that may impact on

physical habitat in streams. New “water sensitive” approaches to stormwater manage-

ment could be enhanced by specification of hydraulic regimes capable of supporting

healthy stream habitats. We propose that a complete management approach should

include the goals of restoration and protection of natural hydraulic processes,

particularly those that support ecological and geomorphic functioning of streams.

KEYWORDS

channel morphology, flow regimes, stream hydraulics, stormwater run‐off, stream management,

urbanization
1 | INTRODUCTION

Most streams draining urban catchments exhibit signs of ecological

degradation (King, Baker, Kazyak, & Weller, 2011; Morley & Karr,

2002; Wenger et al., 2009). Recent studies point to urban stormwater

run‐off as a primary degrader of stream ecosystems (Burns, Fletcher,

Walsh, Ladson, & Hatt, 2012; Ladson, Walsh, & Fletcher, 2006; Vietz

et al., 2014; Walsh, Fletcher, & Burns, 2012). When urban stormwater

run‐off (run‐off from impervious areas) is conveyed directly to streams

via conventional stormwater drainage, many impacts occur including

increased frequency of hydrologic and water quality disturbance, as
wileyonlinelibrary.com/journ
well as channel geomorphology alteration (Brabec, Schulte, &

Richards, 2002; Vietz, Walsh, & Fletcher, 2015; Walsh et al., 2012).

Combined, these impacts result in poor in‐stream ecological condition,

often referred to as the “urban stream syndrome” (Walsh et al.,

2005c). While evaluating multiple stressors is an area of active

research (Meyer, Paul, & Taulbee, 2005; Wenger et al., 2009), the fre-

quent disturbance through regular delivery of polluted stormwater

run‐off is considered a “master variable” influencing stream health

(Walsh et al., 2012).

The altered flow regimes and consistent changes to stream eco-

systems following urbanization particularly stormwater management
Copyright © 2018 John Wiley & Sons, Ltd.al/rra 661
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as an agent is now well recognized (Paul & Meyer, 2008; Walsh et al.,

2012). It is characterized by (a) frequent flashy (with increased magni-

tude, volume, steep rising, and falling limbs) hydrograph as a result of

impervious surfaces directly connected to the streams; (b) increased

frequency of flows below the long‐term mean daily flow rate; and (c)

decreased summer and winter baseflow magnitude because of

reduced infiltration (Walsh et al., 2005b; Burns et al., 2012). Conse-

quently, with the increased frequency, magnitude and duration of

altered flows, urban stormwater run‐off is considered highly effective

geomorphic agent. Together with changes in sediment supply, urban

streams in response to altered hydrology experience widespread

adjustments in the stream channel including enlargement, deepening,

and simplification of channel morphology (Bledsoe & Watson, 2001;

Hawley, Bledsoe, Stein, & Haines, 2012; Reinfelds, Cohen, Batten, &

Brierley, 2004; Vietz et al., 2014). These changes are reported to

increase as the level of connected imperviousness increased (Hawley

& Bledsoe, 2011). For example, Vietz et al. (2014) found a correlation

between connected imperviousness and geomorphic change in urban

streams. They reported that urban streams even with less than ~3%

connected impervious area showed degraded channel with less vari-

ability, unless the channels are subject to constraints such as bank or

bedrock protection. Others have also correlated hydrological changes

driven by increases in impervious surfaces to changes channel form

and stability (see Chin, 2006; Vietz, Rutherfurd, Fletcher, & Walsh,

2016).

This has resulted in urban stream degradation being considered a

predominantly hydrological problem (Burns et al., 2012; Roy et al.,

2005; Walsh, 2004), albeit other direct in‐stream physical intervention

works such as channelization, channel straightening is also recognized

to cause channel degradation (Chin, 2006). This has resulted in driving

research to understand the mechanisms influencing degradation and

to inform protection and restoration approaches (Wenger et al.,

2009). Thus, substantial effort has been given to using hydrological‐

based approaches for assessing instream flow regimes and under-

standing stream responses to guide informed management decisions

(Burns et al., 2012; Wenger et al., 2009). It has been hypothesized that

frequent flow disturbance is strongly linked to stream ecosystem deg-

radation, including morphological and ecological impairment (Walsh

et al., 2005a; Vietz et al., 2014). This suggests the need to address fre-

quent flow input from particularly impervious areas in the urban

catchment.

While hydrology is a primary stressor, consideration of hydrology

alone fails to recognize the role of channel morphology in translating

flow into hydraulic characteristics, such as depth and velocity. The

ecological relevant of hydraulic conditions produced by the interaction

of streamflow and in‐channel physical features is widely recognized

(Kemp, Harper, & Crosa, 2000; Turner & Stewardson, 2014). Stream

hydraulic conditions are known to drive ecosystem structure and func-

tion (Brooks, Haeusler, Reinfelds, & Williams, 2005; Jowett, 2003;

Statzner & Higler, 1986). The relationships between reach‐scale

hydraulics metrics have been used as basis to inform environmental

flow management (Acreman & Dunbar, 2004; Turner & Stewardson,

2014) and also to quantify ecologically important stream functioning

(Steuer, Bales, & Giddings, 2009). For example, the duration and area

of habitat availability and refuge for biota provided within the wetted
channel have primarily been investigated which is mostly essential

determinant of species population dynamics (Gibbins, Vericat, &

Batalla, 2007; Lobera, Mu oz, López‐Tarazón, Vericat, & Batalla,

2017). Particularly, shallow slow‐water habitats (SSWH) are vulnerable

to hydrological alteration and have been shown to reduce fish abun-

dance, macroinvertebrates that depend on SSWH as refugia and

organic matter retention (Vietz, Sammonds, & Stewardson, 2013).

Another example is the bed shear stress usually examined to address

refuge concept for benthic biota where duration of reach‐average

shear stress above specific threshold are used to assess possible dis-

turbance of biota from bed exposure (Jorde & Bratrich, 1998;

Mérigoux & Dolédec, 2004). In addition, the frequency, duration, and

extent of floodplains flows have been linked with flow‐mediated

exchange of energy, organic matter, and biota (Cienciala & Pasternack,

2017). Floodplains flows dynamics produce important habitat

supporting biota such as fish utilizing it as spawning and rearing habi-

tat (Gorski et al., 2011). In most aquatic ecosystem flow investigation,

the spatial and temporal variabilities of these hydraulic conditions

have been closely linked to the ecological condition (Humphries, Cook,

Richardson, & Serafini, 2006; Vietz et al., 2013) as well as geomorphic

processes (Strom, Pasternack, & Wyrick, 2016). Thus, directly linking

hydrologic indicators to stream ecosystem impairment without consid-

ering hydraulics fails to account for the direct causal physical mecha-

nisms driving stream degradation and habitat quality (Escobar‐Arias

& Pasternack, 2010).

Recent studies have argued that environmental flow evaluations

must go beyond just hydrologic assessment and include hydrogeomor-

phic processes that are directly linked to the needs of the aquatic eco-

system (e.g., Wohl, Lane, & Wilcox, 2015; Yarnell et al., 2015). In the

attempts to understand the mechanistic pathways of urban‐induced

changes leading to stream degradation to inform management, studies

have rarely considered the hydraulic responses beyond a general

understanding of an increase in stream power. It is often the hydraulic

conditions that influence biota and ecosystem functioning. That the

relationship between hydraulics and instream form and function are

often used to speculate the mechanisms influencing ecological

structure and functions points to the importance of exploring these

relationships. However, there is limited understanding of how the

hydraulic conditions, particularly those relevant to ecosystem health,

are influenced by the compounded urban‐induced hydrological alter-

ations alongside morphology change. The understanding of the altered

hydraulic environment in urban streams currently provides a poor

foundation for protection or restoration, that is, the relative role of

addressing hydrology or channel morphology. Because the hydraulic

conditions are poorly quantified, they are rarely a focus for manage-

ment, leading to suggestions that this may be a reason for the lack

of desired ecological improvements (Clark, Rizzo, Watzin, & Hession,

2008; Violin et al., 2011).

In this study, we aimed to evaluate hydraulic changes in an urban

stream as a result of altered catchment hydrology and channel mor-

phology. To investigate this, two‐dimensional (2D) hydrodynamic

modelling was used to characterize and compare hydraulics in urban

and non‐urban reaches of the same stream. We characterized the

degree of hydraulic change using three ecologically relevant metrics

that describe (a) the extent of the channel bed disturbance, (b) the
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hydraulic habitat availability (using SSWH); and (c) floodplain inunda-

tion (which drives hydrologic connectivity between stream channels

and floodplains). These hydraulic metrics are important indicators for

aquatic ecosystem and biotic functioning (Brooks et al., 2005; King,

Humphries, & Lake, 2003; McCabe & Gotelli, 2000; Paterson &

Whitfield, 2000). Our study aims to underpin a better mechanistic

understanding of the relationships between urban‐induced

stormwater run‐off and degradation of stream ecosystems and thus

help improve the outcomes of stream restoration and protection

activities.
2 | METHODS

Field data collection was performed to characterize the fluvial terrain

and hydrology of two stream reaches to enable mechanistic, 2D

modelling over a range of discharges. Hydraulic calibration and valida-

tion data were also collected. 2D hydraulic models were produced

using TUFLOW 2D. Outputs of bed shear stress, velocity, and depth

were obtained from steady flow simulations. Results were analysed

to assess bed disturbance pattern, hydraulic habitat availability, and

floodplain inundation extent. Further details of the study sites and

field data collection are provided in Supporting Information.
2.1 | Study sites

The study was carried out on Cardinia Creek, which flows 34 km south

to Western Port Bay in south‐eastern Melbourne, Australia (Figure 1).

Two study reaches were selected to physically represent and compare

non‐urban and urban settings, referred to herein as the “non‐urban

site” and “urban site,” respectively (Table 1). The non‐urban site,

located 6 km upstream of the urban site is a comparatively intact

and complex naturally meandering channel with a sand‐gravel bed,

well‐defined riffle‐pool, benches, and point bar morphological
FIGURE 1 Cardinia Shire catchment, the Cardinia Creek, and the location
at wileyonlinelibrary.com]
features. The urban site has a relatively simplified low‐gradient,

sand‐gravel bed channel morphology, and exhibits less complexity

both in planform and cross‐profile. Estimated average bankfull width

dimensions from LiDAR along the Cardinia Creek segments draining

non‐urban portions of the Cardinia Shire catchment to the segments

draining the increasingly urbanized downstream portions indicated a

progressive change in channel dimensions and planform as the stream

move towards the urban areas (see Figure S1). This is typical of urban-

ized streams which tends to have wider channels (through incision and

bank erosion from increased run‐off; Hawley & Bledsoe, 2011; Walsh,

2004). While the urban site channel was selected to represent a chan-

nel predominantly impacted by urban‐induced hydrological changes, a

section of the reach flows under a bridge which potentially could have

somehow influenced the current channel morphology. This site repre-

sents a channel typical of those draining urban catchments in this

region.
2.2 | Data collection

Detailed topographic surveys and hydrology data were collected on

each study reach to enable 2D modelling. Surveying covered channel

and floodplain areas. It was used to derive a DEM to elevate the com-

putational mesh for each reach. Hydrologic data provided streamflow

statistics and enabled the selection of the range of flows to be

modelled. Hydraulic data were also sampled for model calibration

and validation.

2.2.1 | Channel topography

At each site, a 100‐m study reach was selected corresponding to

about 20 times bankfull channel width. Topographic and bathymetric

data were gathered using a Sokkia Set 5X total station and Leica Viva

GS15 GNSS receiver. Survey data described the channel bed and

banks, water surface elevation (WSE), wet/dry edge boundaries. The

channel bed was surveyed with a lateral and longitudinal frequency
s of the (a) non‐urban and (b) urban sites [Colour figure can be viewed

http://wileyonlinelibrary.com


TABLE 1 Characteristics of the two study sites

Urban site Non‐urban site

Catchment area (km2) 67.3 43.5

Latitude, longitude 38°03′02.34″ S, 145°21′53.42″ E 38°0′38.35″ S, 145°23′1.32″ E

Total imperviousness surfaces (%) 7.1 4.3

Connected imperviousness surfaces (%)a 3.1 0.1

Mean catchment rainfall (mm/year)b 969.6 969.6

Reach gradient (%)c 0.003 0.001

Sinuosityc 1.1 1.3

Entrenchment ratioc 1.2 1.9

Mean bankfull depth (m)c 1.6 0.84

Mean bankfull width (m)c 7.02 4.10

Reach bankfull discharge (m3/s) 1.72 0.73

Reach median discharge (m3/s) 0.39 0.21

Reach baseflow discharge (m3/s) 0.03 0.04

Sediment size (D50; mm) 6 3

aThe percentage of total imperviousness surface directly connected to the stream.
bMelbourne Water gauge—586199 (356116.69E, 5791708.09N).
cEstimates from topographic survey data.
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of approximately 0.5 m for both sites. The particle size distribution of

bed materials was determined by pebble counts (Wolman, 1954)

wherein the b‐axis of a minimum of 100 particles was measured. A

representative median size (D50) was extracted from the particle size

distribution for each site.

2.2.2 | Hydrology

Water levels were monitored at the two study sites for 1 year using

capacitive water level sensors (ODYSSEY® MP System). The water

level data were converted to discharge by means of stage‐discharge

rating curves specifically estimated for the two study reaches based

on direct gauging (Figure 2). The sampling period provides a good

representation of a typical hydrologically average year in the

catchment. For each discharge gauging, WSE longitudinal profiling

was done at 20‐m intervals along both banks for each site. Further

hydrologic detail is provided in Supporting Information.
2.3 | Hydraulic modelling

Hydraulic simulations were undertaken with the TUFLOW 2D model

that solves the full 2D, depth‐averaged momentum and continuity

equations for free surface flow (Syme, 2001). A computational mesh

was built with the bathymetric survey data for each site with ~0.3 m

grid size. The computational domain was extended about 20 m in both

upstream and downstream directions to reduce the impact of flow and

boundary assumptions on model results in the priority region of inter-

est. Model input and boundary conditions for simulation runs were

inflow discharge and corresponding measured downstream WSE.

The model was run in a steady‐state mode based on representative

flows observed for each site during the study period for discharges

ranging from 0.04 to 3.35 m3/s, corresponding to 2–99% of time

discharge (Q) exceedance. This range of simulated discharges

represents 0.05–4 times and 0.02–2 times bankfull discharge (Qbkf)

for the non‐urban and urban site, respectively.
2.4 | Model calibration and validation

Model calibration was achieved by manipulation of the Manning's n

values to match observed WSE profiles. Model simulations were

validated for flows ranging from 0.1–0.5 to 0.1–0.3 times Qbkf for

non‐urban and urban sites, respectively, using measured fixed‐point

depth and velocity sampled by wading. This was achieved by quantita-

tively comparing observed versus modelled values in the direction of

flow. Calibration and validation approach and metrics as well as their

threshold values are detailed in the Supporting Infromation.
2.5 | Habitat mapping and bed shear analysis

Bed shear stress outputs from the 2D model simulations were

analysed to compare the two sites for their relative potential for bed

particle entrainment at given flows. The non‐dimensionalized Shields

Stress (τ*) was used as a quantitative metric of the stability of the

channel bed (Pasternack, 2011), estimated from TUFLOW's bed shear

stress results in each grid cell as

τ* ¼ τo
D γs−γwð Þ; (1)

where τo is the bed shear stress computed by TUFLOW, D is the rep-

resentative particle size of the channel bed (taken as D50 in this study),

γs is the unit weight of bed particle, and γw is the unit weight of water.

Shields stress values were then classified based on bed particle mobil-

ity thresholds defined by Lisle, Nelson, Pitlick, Madej, and Barkett

(2000), where τ* < 0.03 indicates stable bed or no mobility and τ*

between 0.03 and 0.06 indicates intermittent entrainment, and

τ* > 0.06 indicate likely bed particle entrainment (e.g., Buffington &

Montgomery, 1997; Escobar‐Arias & Pasternack, 2010). Critical bed

shear stress ( τ*o) and τ* was estimated using a single grain size

(D50 = 6 mm for the urban site) for both sites.



FIGURE 2 (a) Stream flow hydrographs and (b) flow duration curve for the urban and non‐urban study sites during study period
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For SSWH mapping and assessment, ArcGIS (Esri ArcGIS desktop

10.2) was used to process and examine the depth and depth‐average

velocity outputs generated by the model simulations. The outputs

for the modelled 100‐m domain at each simulated discharge were

analysed and composite grid maps of velocity‐depth outputs gener-

ated. The SSWH areas were mapped by categorizing the grid cells that

fell within a depth class of 0–0.3 m and velocity class of 0–0.2 ms−1.

While different combinations of depth and velocity classes have been

shown to be important to instream hydraulic habitat requirement for

some species or some life stages, the SSWH depth and velocity class

considered here is reported to be preferred, particularly by benthic

macroinvertebrates in small streams (Shearer, Hayes, Jowett, & Olsen,

2015) and fish (Milhous & Nestler, 2016). The SSWH submetrics

included the total SSWH patch area, mean SSWH patch size, and

SSWH patch density (number of SSWH patches divided by the chan-

nel length; McGarigal & Marks, 1995).

The area of delineation for the floodplain inundation analysis was

limited to a buffer of 10 m of the floodplain surface on each side of

the stream channel. This is necessitated by the focus on channel

changes due to hydrologic change (i.e., larger capacity urban channel)

rather than imposed management changes (i.e., earthworks to restrict

the floodplain). The approach used here was to analysed inundation

extent and frequency in relation to discharge associated with the

0.3%, 2%, 5%, 10%, and 15% of time discharge exceeded. Although

the 2D simulations and hydraulic assessment were undertaken for

different Q, for brevity in reporting the results, the maps for the
metrics (SSWH, Shields Stress) for the two sites were evaluated for

baseflow, median, Qbkf, and 2Qbkf discharges.
2.6 | Data analysis

The impacts of urbanization were assessed by looking at the increase

or decrease of metrics as a function of discharge relative to non‐urban

conditions. The magnitude of these changes for each flow's wetted

area was examined corresponding to a threshold value. For instance,

the degree of bed disturbance was examined in relation to thresholds

for bed material entrainment such as 0.03 or 0.06 for Shields stress.

2D maps of Shields stress, SSWH, and floodplain inundation were

generated to assess patch behaviour and evaluate the extent of any

longitudinal changes. Changes as a function of discharge can be

expansion, contraction, shifting, and emergence from non‐existence

(Brown, Pasternack, & Lin, 2016).
3 | RESULTS

3.1 | Model performance

Comparing observed fixed‐point velocity and depth data versus model

predicted conditions demonstrate satisfactory 2D model performance,

with the points generally falling along a 1:1 line. See results, including

figure (Figure S1) in Supporting Information.



FIGURE 4 Plots of proportion of channel wetted bed area under
different Shields stress in non‐urban and urban site as it relates to
discharge. Black line represents portion of wetted areas of bed likely
to be entrained with τ* > 0.06 (Full) whereas deep grey line and light
grey line are areas with τ* between 0.03 and 0.06 (Intermittent) and
τ* < 0.03 (None) than representing intermittent and no entrainment
bed areas, respectively
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3.2 | Benthic disturbance

3.2.1 | Bed shear stress patterns

The two study sites displayed different τo patterns, owing to their

reach‐scale morphological differences. Both sites exhibit increased

values of reach‐averaged and maximum τo as Q increased. At very

low Q the rates appear similar, but then differ substantially at the

urban site getting closure to Qbkf, where for non‐urban stream values

stay relatively flat or increase marginally (Figure 3).

The non‐urban site showed the most stable bed with a reach‐

average τ* of 0.02 at Qbkf, below the critical range of entrainment

(~0.04) compared to 0.09 for the urban site. There was a sharp

increase in the portion of the wetted benthic area that is likely to have

particles in full motion at the urban site as Q increases, approximately

0.3–0.7× Qbkf, representing flows exceeded between 5% and 25% of

the time (Figure 4). In contrast, the relative percent of the wetted

bed area potentially moving in the non‐urban site remained small with

increasing Q (6% at Qbkf) and begins to increase steadily for Q around

1.5× Qbkf. This means that a greater portion of the non‐urban site

channel bed retained low bed shear stress even as Q increased.

The frequency and magnitude of bed disturbance over the study

period were predicted to be substantially greater in the urban site than

non‐urban site (Figure 5). The period that the daily maximum τo was

equal to or exceeded the estimated τ*o (4 N/m2) was 120 days/year

in the urban site compared to 35 days/year in the non‐urban site.

For these periods, the maximum τo at the urban site increases by a fac-

tor of 2–4. The estimated mean annual maximum τo was 2.79 and

5.67 N/m2, and the annual mean τo was 0.78 and 1.75 N/m2 for the

non‐urban and urban site, respectively.

FIGURE 5 Time series of the daily maximum (95th percentile) bed
shear stress for the urban and non‐urban site for the period under
investigation. Solid horizontal line represents the estimated critical bed
shear stress
3.2.2 | The spatial distribution of bed disturbance

Figure 6 shows planform maps of τ* patch pattern for each site and

across four discharges representing baseflow, median discharge, Qbkf,

and 2Qbkf, respectively. Each site had spatially discrete regions of high

bed disturbance and different patterns in how τ* changes with Q.

Coherent areas of both decreases and increases in τ* were observed

as flow increases. Patches of τ* showed spatial patterns of shift,
FIGURE 3 Plot of (a) maximum (95th percentile) bed shear stress and (b
urban and non‐urban site. Dashed horizontal line and the arrows represen
respectively
expansion, and contraction with increasing discharge. These changing

patterns were variable in both lateral and longitudinal dimensions,

showing diverse patch sizes and shapes. The τ* was substantially

higher in the urban channel compared to the non‐urban channel at

high Q.
) average bed shear stress across selected discharges modelled for the
t the estimated critical bed shear stress and bankfull discharge,



FIGURE 6 Two‐dimensional hydrodynamic modelling results of Shields stress pattern for selected flows, showing the mapped distribution of
potential bed entrainment for both (a) non‐urban and (b) urban reach. These are representative of the respective baseflow, median Q, Qbkf, and
2× Qbkf of the flow regime at both sites [Colour figure can be viewed at wileyonlinelibrary.com]

ANIM ET AL. 667
In the non‐urban channel, greater variations in channel width and

bed geometry mediated where areas of high τ* were observed to shift

as Q increased. At Q < Qbkf, areas of high τ* in the channel were

mostly found at meander bends and topographic highs in the main

channel. Low terrain relief of the adjacent banks at the bends

alleviated a fast expansion in the area of high τ* as discharge

increased. High τ* locations showed large lateral expansions as Q

increases within the bankfull channel. Areas high τ* exhibited longitu-

dinal extension, but magnitude in these areas were mediated because

of divergent flow and lateral expansion. While these topographic

features constricted the flow at Q < Qbkf, they allowed rapid extension

of the effective flow area, dissipating the high τ* that would have been

expected as Q increases. The shifts from lateral flow convergence to

divergence change the core of high velocities from the channel centre

as flow increases thereby dissipating the energy and decreasing

hydraulic forces of the flow acting in the channel.
FIGURE 7 Relations between discharge and selected spatial metrics per
SSWH patch area, (b) mean SSWH patch size, (c) SSWH patch density for
The lack of variation in channel width and bed geometry in the

urban channel resulted in reduced variation in the spatial location of

high τ* as flow increased, with areas simply extending longitudinally

and laterally. The relatively incised channel (compared to the non‐

urban site) with steep bank constricted the flow in the channel as Q

increased maintaining high τ*.
3.3 | SSWH availability

3.3.1 | SSWH changes with discharges

The total SSWH patch areas were different for the two study sites,

given their morphological differences, but the changes with Q showed

a similar trend. In general, SSWH patch area was high at low Q

(Figure 7a) at ~0.1–0.2× Qbkf at both sites. At the urban site, as the

predominantly plane bed was inundated to greater depths at higher

Q, velocity increased and a general decline in the SSWH area was
100 m of study reach for shallow slow‐water habitat (SSWH): (a) Total
urban and non‐urban site at selected discharges
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668 ANIM ET AL.
observed. However, following a brief decline in SSWH below Qbkf, the

SSWH area in the non‐urban site steadily increased as Q approaches

Qbkf and rapidly increased as the floodplain was inundated for Q > Qbkf.

This is supported by the gradually changing topographic relief extend-

ing from the thalweg to the floodplain. Planform complexity allows the

inundation of new areas of lateral bars and benches, thus creating

more SSWH. At low Q, the maximum SSWH patch area varied from

55–84 m2/100 m to 96–104 m2/100 m of the wetted area for the

non‐urban site and the urban site, respectively.

The mean SSWH patch size follows a similar pattern as the total

area of SSWH (Figure 7b). The SSWH patch size decreased (~2 times)

rapidly at the urban site with increasing Q, particularly as Q

approached Qbkf compared to the non‐urban site. Patch density con-

sistently increased with Q in the non‐urban channel compared to the

urban channel, where it decreased as Q approached Qbkf (Figure 7c).

Within‐year availability of the total SSWH patch area during the

study period (Figure 8) revealed a considerable decline of SSWH avail-

ability in the urban site at high Q during the winter period (June to

September). In this period, the mean total area of SSWH patch was

~35% greater in the non‐urban site than the urban site. In contrast,

the summer low flow periods (December to March) showed a higher

SSWH patch area in the urban site. During the periods of Q > Qbkf,

the percentage of the floodplain area acting as SSWH in the non‐

urban site was 2–4 times higher than the urban site.
3.3.2 | The spatial distribution of SSWH

The SSWH occurred predominantly along the channel margins,

expanding into the main channel in both study sites at low flows

(Figure 9). The patches shifted further to the channel margins with

increasing Q but remained in large cohesive‐linear patches in the

non‐urban channel compared to the contracted and fragmented

patches in the urban. SSWH patches in the urban channel became

more fragmented at higher Q compared to those at the non‐urban site.

The broad, low topographic relief of the adjacent banks at the

non‐urban site facilitated a greater spatial increase in SSWH patch

area. This channel geometry allows more surface to be inundated with

shallow depths by lateral overflow with increase in Q. With Q > Qbkf,

there is an increase in the spatial extent at which the floodplain is
FIGURE 8 Time series of the daily total SSWH patch area available
for the urban and non‐urban site for the period under investigation.
Horizontal dashes represent the floodplain level of total SSWH patch
area for both non‐urban (SSWH ≥120 m2/100 m) and urban (SSWH
≤45 m2/100 m), respectively. SSWH = shallow slow‐water habitat
inundated at the non‐urban site compared to the urban site thus

increasing the availability of the SSWH areas. The locations of SSWH

patches in the urban channel generally persisted, but patch area

decreased with increasing Q. On the contrary, SSWH locations in

the non‐urban channel migrated and expanded or contracted with Q,

reflecting the topographic dynamism of the stream channel at this site.
3.4 | Floodplain inundation

For the same flow exceedances, much less of the urban floodplain is

inundated at the urban site (Figures 10 and 11). At Qbkf, only 1% of

the urban site floodplain area was inundated compared to the 6% at

the non‐urban site. At Q > Qbkf, much of the non‐urban site floodplain

was inundated compared to the urban‐site. At these Q, the area extent

of floodplain inundation was ~5 times larger than at the urban site.

Portions of the non‐urban channel banks were overtopped for

flows corresponding to 10–15% of time Q exceeded (Q < Qbkf). This

appeared to be at low relief lateral portions of the non‐urban channel.

The estimated frequency (days/year) of urban floodplain inundation

over the study period was estimated to be ~45% lower than the

non‐urban site. Furthermore, predicted inundation duration was ~3

times higher at the non‐urban site due to the longer cumulative

duration of peak events (Q > Qbkf) compared to the flashiness at the

urban site.
4 | DISCUSSION

4.1 | Urbanization impacts on stream hydraulic
conditions

Despite the geographic proximity of both sites investigated in this

study, the influence of urban stormwater inputs between the sites

fundamentally alters hydraulic conditions. In this section, we discuss

the three main findings from this study and highlight the opportunities

for better understanding hydraulic alteration to improve the manage-

ment of streams impacted by excess urban stormwater run‐off.
4.1.1 | Influence on benthic disturbance

Local variations in bed shear stress acting on benthos influence sedi-

ment entrainment and transport, which in turn drive the evolution of

channel morphology. Changes in local flow dynamics govern bed

mobility from zones of higher to lower bed mobility (Lisle et al.,

2000; MacWilliams, Wheaton, Pasternack, Street, & Kitanidis, 2006).

The results indicate that the non‐urban site would likely experience

substantially lower bed shear stress. In contrast, areas of the stream-

bed retaining low bed shear stress are limited in the urban site across

the range of simulated discharges, consistent with the view that ben-

thic area available as refugia is rapidly diminished in urban or modified

aquatic systems whenever a flow event or spate occurs (Finstad,

Einum, Forseth, & Ugedal, 2007; Negishi, Inoue, & Nunokawa, 2002).

The comparatively confined, straight, and relatively uniform gradient

and cross‐sectional profile at the urban site account for the resultant

rise in areas of potential bed entrainment as Q increases, and thus loss

of flow refugia.



FIGURE 9 Two‐dimensional mapped spatial distribution of the SSWH (red shading) for selected discharges in the non‐urban (left maps) and
urban (right maps) sites. These are representative of the respective baseflow, median Q, Qbkf, and 2× Qbkf of the flow regime at both sites.
SSWH = shallow slow‐water habitat [Colour figure can be viewed at wileyonlinelibrary.com]
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It is widely recognized that the impact of altered flow on urban

stream channel form eliminates important morphological features

(such as meanders, bars and benches, and riffle‐pool sequences; Chin,

2006; Vietz et al., 2014), thus decreasing channel variability. As shown

in the non‐urban site (Figure 6), at the stream‐reach scale, channel

morphological heterogeneity steers flow in such a way that the differ-

ent topographic features turn on and off to create diverse patterns of

hydraulic conditions as Q increases (Strom et al., 2016). This suggests

that morphological heterogeneity will decrease areas of streambed

that are subjected to high hydraulic stress with rising flows. Conse-

quently, benthic species assemblages in natural hydraulically complex

stream reaches are more persistent than in simple, modified ones

(Negishi et al., 2002; Vericat, Batalla, & Gibbins, 2008).

The area of channel experiencing likely bed entrainment rises

rapidly for Q between 0.3 and 0.9× Qbkf (Figure 4), suggesting that

management efforts to reduce bed disturbance should target these

flows for control by flow‐regime restoration practices.
In this study, the frequency and duration of likely bed particle

entrainment at the urban site was substantially higher than for the

non‐urban site. The estimated daily peak shear stress equalled or

exceeded the critical shear stress for 120 days/year for the urban site,

compared to 35 days/year in the non‐urban site. This coincides with

the hydrological observation of Wong, Breen, and Lloyd (2000), who

report that urban streams in Melbourne are typically disturbed by

impervious run‐off more than 100 times/year. Local patch‐scale

benthic disturbance occurs even for relatively small changes to Q.

Vericat et al. (2008) reported that patches of sand‐gravel bed may

attain partial or full entrainment even during smaller but more

frequent flow events.

The geomorphic and thus ecological consequence of the modelled

bed shear stress regime is expected to be large, given that it will cause

frequent entrainment of surface sediments and eventually, mobilize

subsurface particles. This activity can regularly adjust the physical

habitat (Francoeur & Biggs, 2006). A longer period of high bed shear

http://wileyonlinelibrary.com


FIGURE 10 Relation between percentage of floodplain inundation
area and selected stream flow duration

FIGURE 11 Two‐dimensional mapped extent of the floodplain inundation area (blue) for selected streamflow durations in the (a) non‐urban and
(b) urban sites [Colour figure can be viewed at wileyonlinelibrary.com]
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stress combined with a lack of peripheral SSWH will reduce the

chance of benthic invertebrates finding refugia (Lancaster, BUFFIN‐

BÉLANGER, Reid, & Rice, 2006; Oldmeadow, Lancaster, & Rice,

2010). Removal of bed sediments is also the precursor to channel inci-

sion (Hawley et al., 2012). This is consistent with studies hypothesiz-

ing that streams in urban catchments having a percentage connected

impervious surface above 1% experience bed movement, major

incision, and loss of sensitive biota resulting in decreased ecological

quality (Walsh et al., 2005a; Vietz et al., 2014). However, the
magnitude of this phenomenon could also depend on the sediment

supply (Chin, 2006).

The findings here also suggest that considerable hydraulic alter-

ations are expected even at the low level of connected impervious-

ness (3% at the urban site), confirming the dominant role of excess

urban stormwater run‐off in influencing hydraulic alteration. Vietz

et al. (2014) similarly reported large geomorphic changes in urban

streams at very low levels of connected imperviousness (<2–3%).
4.1.2 | Impacts on SSWH

The channel geometry in the non‐urban site ensures a gentler increase

in depth laterally and longitudinally, as Q increases. The channel

wetted area increases without significant increases in flow depth

and velocity particularly towards channel margins. Thus, as Q increase,

more surface area is inundated with shallow depth and low velocity,

increasing the SSWH area. Conversely, the predominantly straight,

uniform, plane‐bed, U‐shaped channel at the urban site means there

is less variability in flow depth and a steeper increase in depth and
velocity with increasing Q. Thus, as Q increases, the SSWH area

decreases.

The SSWH and Q relationship observed for the urban and non‐

urban site can be compared to the conceptual model defined by Vietz

et al. (2013). For complex channels (with higher bars and extensive

shoals), as observed at the non‐urban site in this study, the SSWH

areas increase as the high‐level bars and extended shoals are

inundated. Nevertheless, the rate of increase may fall depending on

the flow velocities over these features with increased flow depth

http://wileyonlinelibrary.com
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(Knighton, 1974; Stewardson, 2005). For modified or simple channels

(with near‐vertical banks), as observed at the urban site, rapid declines

of SSWH area is expected, even at comparatively low Q.

For the urban site, rapid declines in patch size (~2 times of SSWH

patch size) were observed for relatively small increases in Q compared

to the non‐urban site. This is expected to impact species assemblages

as the smaller the individual SSWH patches, the less chance species

have to survive progressive downstream drift (Vietz et al., 2013). In

addition, the SSWH patches in the urban site becomemore fragmented

as Q increases. Reducing contiguousness of SSWH patches lessens

their ecological value (Collinge, 1996; Dodd, 1990), thus impacting

ecological diversity (Collinge, 1996; Ewers & Didham, 2006).

SSWH patches locations in the urban site were comparatively

static, occurring at discrete zones even as Q increased. In contrast,

morphological heterogeneity at the non‐urban channel allowed large

SSWH patches to be separated and distributed into many small units.

Such diminishing spatial heterogeneity in the urban site could contrib-

ute to species segregation and declines in abundance and diversity

(Collinge, 1996).

Habitat availability in the urban site clearly suggest that the mod-

ified channel together with altered flow regime driven by urban

impacts may provide limited SSWH habitat. In urban catchments

where streams experience increased frequency of peak flows (Burns

et al., 2012; Walsh et al., 2012), the decreased availability of SSWH

can persist for long periods, reducing rearing and breeding habitat

and refuge. This could be a key contributing factor for local extinction

and declined diversity and abundance of biota (Diamond & Serveiss,

2001; Koperski, 2010; Poznańska, Kobak, Wolnomiejski, & Kakareko,

2009; Wenger et al., 2009). Aquatic systems with an abundance of

available SSWH are usually able to more effectively support diverse

aquatic life populations (Poznańska et al., 2009; West & Jones, 2001).
4.1.3 | Impacts on floodplain inundation

The assessment of the inundation extent suggests a substantial impact

of urbanization on the floodplain inundation. The results on the esti-

mated relative differences in the floodplain inundation area at both

sites reveals two general points. First, compared to the non‐urban site,

our analysis shows that the frequency of floodplain inundation in the

urban site is likely to decrease. While altered catchment hydrology

increases the magnitude and frequency of higher discharge events

(Figure 2), the increased channel capacity at the urban site would

require a very high, nonfrequently occurring discharge to overtop

the banks. This means the reach will experience low rates of increase

in inundation per unit flow, and consequently, a high reduction in the

inundated floodplain area. In addition, the duration of inundation is

expected to be reduced compared to non‐urban analogues given the

flashiness of high flows (Walsh et al., 2012). Likewise, typically,

confined incised stream reaches have limited floodplain space often

restricted by valley walls (e.g., Grant & Swanson, 1995; Vietz et al.,

2015) as the case of the urban site. While this geomorphic control

limits the extent to which inundation can occur, it also reduces the

duration of the inundation (Cienciala & Pasternack, 2017).

We hypothesize that for urban streams with major changes to the

flow regime and channel form, the expected changes to the pattern
(frequency and duration) of inundation will mean altered lateral hydro-

logic connections between the stream and its floodplain. This could

alter seasonal timing and variability in the inundation pulse, potentially

affecting the ability of floodplain biota to cope with and gain from

inundation (Hamilton, Sippel, & Melack, 2002; Kingsford, 2000).
4.2 | Implications of hydraulics for ecosystem
processes and restoration strategies in urban streams

The protection or restoration of urban streams requires understanding

of the relationship between catchment urbanization (particularly

stormwater impacts) and a stream's physical and biological process

responses (Wenger et al., 2009). Figure 12 depicts a conceptual frame-

work of how individual stressors interact to impact the stream ecosys-

tem. Hydraulic conditions are the mediator between exogenous

drivers (such as hydrology and morphology) and ecological responses.

Until recently, altered channel morphology (Chin & Gregory,

2009; Vietz et al., 2016) and hydrology (Walsh et al., 2012; Wenger

et al., 2009) have been considered as the major determinants of

observed changes in stream physical and biological structure and func-

tion. Management strategies to protect or restore urban streams typ-

ically involve either enhancing the channel morphology, creating

specific habitat characteristics to achieve perceived “better” habitat

conditions (Bernhardt & Palmer, 2011), or catchment‐scale practices

that aim to restore flow regimes towards their predevelopment levels.

However, achieving ecologically successful restoration still remains a

struggle, in particular because morphological adjustments usually do

not address the underlying mechanisms of disturbance (Bernhardt &

Palmer, 2011; Violin et al., 2011). While flow‐regime restoration

efforts are more likely to do so, returning to near natural levels can

be very difficult (Duncan, Fletcher, Vietz, & Urrutiaguer, 2014;

Fletcher, Vietz, & Walsh, 2014).

As demonstrated in this study, urban‐induced altered hydrology

and morphology have substantial impacts on the stream hydraulic con-

ditions. This potentially becomes a key agent of declined ecological

health usually observed in urban streams including declined diversity

and abundance of biota (Wenger et al., 2009). This means manage-

ment efforts towards protection and restoration of urban streams

should incorporate objectives of achieving ecologically relevant

hydraulic conditions that would sustain the stream ecosystem health.

Indeed, it is well established that stream communities and many eco-

system functions depend on hydraulic behaviour (Clark et al., 2008;

Gibbins et al., 2007; Knight & Cuffney, 2012; Statzner, Gore, & Resh,

1988). Our findings suggest that stream hydraulic condition metrics

can be assessed by stream managers in their efforts to understand

the mechanisms driving urban stream degradation. They may be used

to simulate and evaluate geomorphically and ecologically important

flow patterns within urban streams, to guide targeted restoration

efforts both at the catchment scale and within the channel (Brown

et al., 2016; Pasternack & Brown, 2013).

Ultimately, it is necessary to set objectives that are directly linked

to the needs of the receiving stream. Given the need that managed

flows and channel morphology should result in sustainable geomor-

phic functioning (i.e., appropriate levels of erosion and deposition),

and suitable hydraulic habitat conditions for biotic functioning,



FIGURE 12 Conceptual framework of urban impacts on a stream (adapted fromWalsh et al., 2005b). All stream ecosystem variables are grouped
in one entity (right) and the catchment variables (left). The arrows connecting the different entities shows hypothesized causal relationships and
major pathways. While the sources of impact are numerous, the major pathway of changes is stormwater run‐off from connected impervious
surfaces introduced into the stream by pipes and drains. It also shows that hydraulics is the mediator between exogenous drivers and ecological
responses. The directions of the expected effects are by + and − which indicate increasing and decreasing impact, respectively
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building management standards based on the hydraulic outcomes is a

prerequisite to protecting the channel and restoring stream ecosys-

tems (Pasternack, 2008).
5 | CONCLUSIONS

Altered stream hydrology driven by urban stormwater run‐off is a key

stressor to urban stream ecosystems. In this study, we investigated

and demonstrated the hydraulic response to flow in an urban and

non‐urban stream, using 2D model simulations and three metrics that

addressed bed disturbance, SSWH, and floodplain inundation. The

urban stream was found to have a substantially altered hydraulic

regime. Bed disturbance was nearly always greater in the urban

channel and approximately four times higher as flow increased, while

SSWH availability in the urban stream was greatly diminished. The

areal extent of floodplain inundation in the urban stream was limited

to flood flows (i.e., rare events), indicating likely extended periods of

lateral disconnections between the stream and its floodplain.

The results highlight the important interplay between hydrology,

geomorphology, and hydraulics in dynamically evolving the

discharge‐hydraulic conditions in stream channels. In urban streams

considering either just hydrology, or just channel morphology, in isola-

tion, may not adequately achieve ecologically successful restoration.

Restoration efforts should include technical objectives to restore a

natural hydraulic regime as part of a multiscalar approach that con-

siders local, segment, and catchment scale concerns. Implementing

such hydraulic‐based approaches will be helpful in prioritizing and

integrating management efforts between mitigation of hydrology and

channel morphology interventions to achieve restoration targets.
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Abstract

Urban streams have almost universally altered physical habitat conditions due to

excess stormwater run‐off. This includes changes to in‐channel hydraulics and chan-

nel morphology. Restoration of in‐channel habitat has two main levers: address the

hydrology or channel morphology. Both variables impact in‐stream habitat, but under-

standing the relative role of hydrologic and morphologic change remains a challenge.

This study uses two‐dimensional hydraulic modelling to examine the relative roles of

flow and channel morphology in setting hydraulic conditions. We investigated four

test scenarios involving the combinations of urban versus natural hydrology and urban

versus natural channel morphology. The analysis investigated three ecologically rele-

vant hydraulics characteristics: bed mobilization, retentive habitat, and floodplain

inundation, using Shields stress, shallow slow‐water habitat (SSWH) area, and flood-

plain inundation area hydraulic metrics, respectively. The results indicate substantial

differences in hydraulic conditions between the two reaches. The urban reach

showed increased bed mobility potential and SSWH availability plummeted as flow

increased, whereas the natural channel showed a relatively stable bed with substan-

tially more SSWH at most flows. Floodplain inundation frequency was low in the

urban channel with decreased duration. Scenarios examined suggest that hydraulic

conditions are highly sensitive to channel morphology relative to flow regime. This

suggests that once channel form has been degraded, mitigating urbanization impacts

on flow regime cannot maintain “natural” channel hydraulics. Management

approaches therefore must protect channel morphology from change. Where the

channel has already been fundamentally altered, opportunities for channel morphol-

ogy rehabilitation need to be considered.

KEYWORDS

channel morphology, flow regimes, in‐stream habitats, stream hydraulics, stream restoration, two‐

dimensional modelling, urbanization
1 | INTRODUCTION

Urbanization impacts hydrological processes, sediment supply, and

nutrients flux, leading to major changes in stream ecosystems such

as flow regime and channel morphology alteration, and water quality

impairment (Vander Laan, Hawkins, Olson, & Hill, 2013; Wenger
wileyonlinelibrary.com/jour
et al., 2009). These impacts lead to poor ecological condition (Walsh,

Roy, et al., 2005). Stream management and restoration efforts involv-

ing direct interventions have focused on local channel stability, includ-

ing channelization (Bernhardt et al., 2005; Vietz, Walsh, & Fletcher,

2015) and improving in‐stream habitat (Brown & Pasternack, 2017;

Violin et al., 2011). The latter is characterized by creating specific
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habitat characteristics to meet perceived “better” habitat conditions or

standards (Chin & Gregory, 2009; Paul & Meyer, 2001). Ideally,

designs seek to reinstitute key process‐morphology mechanisms

(Wheaton, Pasternack, & Merz, 2004). Unfortunately, such actions

require major effort and expense to implement (Bernhardt et al.,

2005). This is particularly the case for stream draining substantially

urbanized catchments (Bernhardt & Palmer, 2007; Walsh, Fletcher, &

Burns, 2012). In addition, most engineered efforts of in‐stream mor-

phological adjustment are done with little or no ecological criteria con-

sideration (Bernhardt & Palmer, 2011; Miller & Kochel, 2010). In other

words, mimicking reference natural in‐stream habitat is done with lack

of sufficient goals for both morphological self‐sustainability and eco-

logical functions, which limit the chances of any ecological gains

(Gurnell, Lee, & Souch, 2007; Violin et al., 2011).

There have been recent calls for more holistic strategies that move

towards process‐based restoration (Beechie et al., 2010). At the core of

the process‐based restoration approach is the aim to address the root

causes of ecosystem degradation rather than the symptoms (Beechie

et al., 2010; Fletcher, Vietz, & Walsh, 2014). This approach aims to re‐

establish linked hydrogeomorphic and biological processes that create

and sustain the natural ecosystem (Beechie & Bolton, 1999;

Pasternack, 2008). The process‐based approach expresses a broader

effort that include specific hydrological, geomorphological, and ecolog-

ical objectives. These are the underlying key drivers of ecosystem

degradation along a recovery trajectory. Notably, process‐based resto-

ration must address multiple spatial scales (e.g., catchment,

subcatchment reach, segment, reach, and subreach; Beechie et al.,

2010; Palmer, Hondula, & Koch, 2014; Walsh et al., 2016).

There is wide recognition that sustainable urban stream restoration

requires the catchment‐scale flow regime to be addressed. In the urban

setting particularly, the goal is to minimize and attenuate excess

stormwater run‐off (Ladson, Walsh, & Fletcher, 2006; Wenger et al.,

2009), such that the altered flow regime can be restored towards pre-

development levels as a means to re‐establish linked hydrogeomorphic

and biological processes that create and sustain the natural ecosystem

functioning (Vander Laan et al., 2013;Walsh, Fletcher, Bos, & Imberger,

2015). This is based on the synthesis of recent literature that argues

based on empirical and theoretical evidence that altered flow regimes

driven by urban stormwater run‐off input are a key degrader of stream

ecosystems (Burns, Fletcher, Walsh, Ladson, & Hatt, 2013; Hawley &

Vietz, 2016; Vietz et al., 2014; Walsh et al., 2012; Wenger et al.,

2009). In this regard, urban stream degradation has been considered

largely as a hydrological problem (Ladson et al., 2006; Walsh et al.,

2012). This has led to calls for a catchment‐scale mitigation of hydro-

logic disturbance to address urban stream impairment (Askarizadeh

et al., 2015; Burns et al., 2013; Loperfido, Noe, Jarnagin, & Hogan,

2014). It is argued that this management approach is necessary to

restore the water quality and hydrological regimes needed to support

healthy streams (Fletcher et al., 2014; Vietz, Rutherfurd, Fletcher, &

Walsh, 2016; Walsh et al., 2016).

Ultimately, to improve stream health, it is necessary to set resto-

ration objectives that are directly linked to the needs of the receiving

stream ecosystem, considering both hydrogeomorphic linkages and

biological processes. Restoration strategies could have a better chance

of leading to ecological benefits when the approach is based on the
mechanistic relationships between flow and channel form (Clark,

Rizzo, Watzin, & Hession, 2008; Yarnell et al., 2015). Although flow

is key, the intermediate mechanisms by which a total amount of water

(i.e., the flow) interacts with the stream's boundary to be translated

into different hydraulic components, such as depths and velocities,

are critical to the success of any flow manipulation. These compo-

nents, not the flow alone, drive the stream ecosystem functions

(Emery et al., 2003; Wallis, Maddock, Visser, & Acreman, 2012). Ecol-

ogists and river scientists generally recognize that physical hydraulic

conditions form one of the key coordinating template for aquatic eco-

system processes (Järvelä & Helmiö, 2004; Statzner, Gore, & Resh,

1988; Townsend, Scarsbrook, & Dolédec, 1997a). It is these hydraulic

conditions that sediments (Gibbins, Vericat, & Batalla, 2007) and biota

(Jowett, 2003; Statzner & Higler, 1986) experience and relate to. They

have been documented to largely drive their distribution via ecological

disturbance (Anim, Fletcher, Vietz, Pasternack, & Burns, 2018; Brooks,

Haeusler, Reinfelds, & Williams, 2005; Gibbins et al., 2007; Kemp,

Harper, & Crosa, 2000).

Therefore, it is important that restoration approaches result in

suitable hydraulic conditions as an intermediate “indicator” between

source catchment hydrology and ultimate ecological functions. In

attempts to manage flow regimes and rehabilitate channel form for

ecological benefits, there is the need to understand how these two

separate (but interacting) actions alter the hydraulic regime. That the

patterns of the hydraulic template are often used to speculate the

mechanisms influencing ecosystem functioning points to the impor-

tance of exploring it as a mechanistic platform for examining how

addressing these two main levers towards restoration could impact

ecological gains.

This study explores two questions. First, could restored catch-

ment hydrology imposed on a fundamentally degraded channel mor-

phology result in ecologically suitable hydraulic conditions?

Alternatively, could restoring degraded channel morphology be

enough to mitigate the degrading effect of altered flow regimes on

the hydraulic conditions in a substantially urbanized catchment? Our

study aims to provide a better understanding of the likely conse-

quences of changes to channel morphology and flow regimes as inde-

pendent actions aiming to restore a degraded urban stream. It

provides information on the relative merits of channel and hydrologic

restoration, given that in many cases, constraints may limit the feasi-

bility of one or the other approach.
2 | METHODS

2.1 | Experimental design

To answer the above questions, the experimental design involved

two‐dimensional (2D) hydraulic modelling of two sites to compare

and contrast the relative effects of channel morphology and flow in

setting hydraulic conditions. Specifically, the study compared the

hydraulics in urban and natural reaches of the same stream by investi-

gating different hydrogeomorphic scenarios. Each scenario aims to

represent the current condition in the urban and natural state as well

as conceptually test the management approach of either restoring
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flow or morphology. We characterized the hydraulic change using

three ecologically relevant hydraulic metrics (details presented in a

later section). These metrics describe the dynamics of channel bed dis-

turbance (bed particle entrainment), physical habitat availability, and

hydrologic connectivity between stream channels and floodplains

and are of known link to relevant which are important for aquatic eco-

system functions (Brooks et al., 2005; King, Humphries, & Lake, 2003;

McCabe & Gotelli, 2000; Paterson & Whitfield, 2000).

Data were collected from the sites to characterize site topogra-

phy, hydrology, and hydraulics to perform 2D modelling, including

model calibration and validation.
2.2 | Study sites

The study sites were those investigated in a previous study by Anim,

Fletcher, et al. (2018) (Figure 1). Site selection aimed to physically rep-

resent and compare urban and natural settings, referred herein as

“urban” and “natural” reaches, respectively. The urban reach, located

6 km downstream of the natural reach, has a simplified low‐gradient,

sand–gravel bed (d50 = 6 mm) channel morphology and exhibits less

complexity both in cross‐profile and in planform (Table 1). The natural

reach has a relatively intact and complex naturally meandering channel

with a sand–gravel bed (d50 = 3 mm), pool‐riffle morphology, deposi-

tional sediment benches, and point bars. Both sites have similar rainfall

pattern, with an annual catchment rainfall averaging ~950 mm year−1.

Rain is fairly evenly distributed over the year with a spring–winter
FIGURE 1 The study sites located on the Cardinia Creek draining the C
Western Port Bay
bias. Most streams in this catchment flow perennially. Further site

details are given in the Supporting Information.

2.3 | Data collection

2.3.1 | Channel topography

Detailed site topographic surveys followed steps reported by Anim,

Fletcher, et al. (2018). The particle size distribution of bed materials

was determined using Wolman pebble counts performed randomly

in riffles and runs at low flows (Kondolf & Li, 1992). A representative

median size (d50) was extracted showing a sand–gravel bed channel

morphology for each reach.

2.3.2 | Hydrology

For each site, water levels were recorded continuously at 6‐min inter-

vals using ODYSSEY capacitive level sensor from January 2015 to

December 2016. The level data were converted to streamflow using

stage‐flow rating curves specifically determined for the two study

reaches based on direct gauging. For each discharge gauging, water

surface elevation (WSE) longitudinal profiling was performed at 20‐m

intervals along both banks for each reach. In addition to observed

flows, this study made use of estimated flows (January 2008 to

December 2014) using the continuous 6‐min streamflow record from

a nearby Melbourne Water stream gauging station 228382A on the

Cardinia Creek, ~6 km downstream of the urban reach (Figure 1).

McMahon, Fenton, Stewardson, Costelloe, and Finlayson's (2002)
ardinia Shire catchment in Victoria, Australia, flowing south into the



TABLE 1 Characteristics of the selected catchment and study reach

Urban site Natural site

Catchment area (km2) 67 44

Latitude, Longitude 38°03′02.34″S, 145°21′53.42″E 38°0′38.35″S, 145°23′1.32″E

Total imperviousness cover (%) 7.1 4.3

Connected imperviousness cover (%)a 3.1 0.1

Reach gradient (%)b 0.003 0.001

Sinuosityb 1.1 1.3

Entrenchment ratiob 1.2 1.9

Mean bankfull depth (m)b 1.6 0.84

Mean bankfull width (m)b 7.02 4.10

Reach bankfull discharge (m3/s) 1.72 0.73

aThe proportion of total imperviousness cover connected to the stream via conventional stormwater drainage systems.
bEstimates from field survey data.
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approach of estimating streamflow for an ungauged site was used by

establishing a relationship between measured streamflow (2015–

2016) and the Melbourne Water gauge data for the same period

(see Supporting Information for relationships between sites and the

gauge). Methods used to establish this relationship are detailed in

McMahon et al. (2002). This study thus uses the January 2008 to

December 2016 water years' data (Figure 2) providing a good repre-

sentation of typical dry, normal, and wet year conditions. Further

hydrologic detail is provided in the Supporting Information.
2.4 | Hydraulic modelling

TUFLOW hydraulic model that solves the full 2D (depth‐averaged)

momentum and continuity equations for free surface flow (Syme,

2001) was used for the simulations. A 0.3‐m2 grid computational mesh

was elevated with the topo‐bathymetric survey data for each reach.

The domain extended 20 m beyond the region of interest, both

upstream and downstream, to minimize the impact of flow and bound-

ary assumptions on model outputs within the region of interest. Model

simulation input and boundary conditions included inflow streamflow
FIGURE 2 Daily streamflow hydrograph for the urban and natural reac
streamflow data for each year
time series and corresponding downstream WSE. Unsteady models

were run spanning the representative flow ranges for the hydrological

data corresponding to 0.5–99% of time discharge (Q) exceedance. This

represents 0.05–6 and 0.02–3 times bankfull discharge (Qbkf) for the

natural and urban sites, respectively. Model outputs include WSE,

water depth, bed shear stress (τo), and depth‐averaged velocity in

the direction of flow.
2.5 | Modelling scenarios

Four different hydrogeomorphic scenarios were explored using chan-

nel morphology and flow regime as shown in Figure 3. Scenarios

CnatQnat and CurbQurb represent the current condition in the natural

and urban reaches where natural hydrology (Qnat) was modelled in

the natural channel (Cnat) and urban hydrology (Qurb) was modelled

in the urban channel (Curb), respectively. Scenario CurbQnat tested

whether restored hydrology within a fundamentally degraded channel

morphology could result in ecologically important hydraulic conditions.

Scenario CnatQurb tested whether just restoring degraded channel

morphology could result in maintaining hydraulic conditions at levels
hes during the study period. The inset shows the mean of the daily



FIGURE 3 Schematic of the
hydrogeomorphic scenarios investigated. Curb
and Cnat represent the urban and natural
channels, respectively. Qurb and Qnat
represent the urban and natural hydrology,
respectively. See text for the scenarios
acronyms definitions
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likely to sustain ecosystem functioning particularly where managing

flows are constrained. In other words, scenarios CurbQnat and

CnatQurb conceptually represent management approach of either

restoring flow or morphology, individually.
2.6 | Model calibration and validation

For calibration purposes, initial steady‐state model runs were con-

ducted for observed flows ranging from 0.04 to 1.57 and from 0.04

to 0.97 for the urban and natural reaches, respectively. The models

were calibrated for both reaches by adjusting Manning's n values to

match observed WSE. Then, model validation was performed using

measured, independent fixed‐point depth and velocity sampled by

wading at the same flows. This was done by comparing quantitatively

the predicted versus observed values. Calibration and validation

approach and metrics as well as their threshold values are detailed in

the Supporting Information.
2.7 | Hydraulic test variables

Bed shear stress, velocity, and water depth model outputs were used

to evaluate each studied scenario in keeping with previous studies

that have investigated their relevance to stream ecosystem function-

ing (Brooks et al., 2005; Gibbins et al., 2007; Sawyer, Pasternack, Moir,

& Fulton, 2010; Shearer, Hayes, Jowett, & Olsen, 2015; Vietz,

Sammonds, & Stewardson, 2013). In this study, the ecologically rele-

vant hydraulic metrics used to characterize the hydraulic change

include Shields stress, shallow slow‐water habitat (SSWH) area, and

floodplain inundation area. In most aquatic ecosystem flow investiga-

tion, the spatial and temporal variabilities of these hydraulic conditions

have been closely linked to the ecological condition (Humphries, Cook,

Richardson, & Serafini, 2006; Vietz et al., 2013) as well as geomorphic

processes (Strom, Pasternack, & Wyrick, 2016). The bed shear stress is
usually examined to investigate refuge concept for benthic space

available as refugia where magnitude and duration of Shields stress

above a specific threshold are used to assess possible disturbance of

benthic biota from bed movement (Jorde & Bratrich, 1998; Mérigoux

& Dolédec, 2004). SSWH availability within the wetted channel has

primarily been investigated, which is mostly essential determinant of

species population dynamics (Gibbins et al., 2007; Lobera, Muñoz,

López‐Tarazón, Vericat, & Batalla, 2017). Extinction of this habitat

has been shown to reduce fish abundance, macroinvertebrates that

depend on them as refugia, and organic matter retention (Vietz

et al., 2013). In addition, the duration and frequency of floodplains

inundation have been linked with a flow‐mediated exchange of

energy, organic matter, and biota (Cienciala & Pasternack, 2017).

Floodplains flow dynamics provide key habitat supporting biota such

as fish utilizing it as spawning and rearing habitat (Gorski et al., 2011).

Non‐dimensionalized Shields stress (τ*) was estimated from

TUFLOW's bed shear stress output in each grid cell as

τ* ¼ τo
d50 γs − γwð Þ; (1)

where γs and γw are the unit weight of bed material and water, respec-

tively. This was analysed to compare the two reaches for their relative

potential for bed particle entrainment (Pasternack, 2011) using a crit-

ical entrainment threshold (τ*c) of 0.045 (Lisle, Nelson, Pitlick, Madej, &

Barkett, 2000; Sawyer et al., 2010). The SSWH area evaluates the rel-

ative retentive habitat availability. This was estimated using a decision

tree in ArcGIS (Esri ArcGIS desktop 10.2) that searched depth and

depth‐average velocity outputs to locate areas with a depth class of

0–0.3 m and velocity class of 0–0.2 ms−1. This depth and velocity

combination is particularly preferred by benthic macroinvertebrates

(Shearer et al., 2015) and fish (Milhous & Nestler, 2016; Smith,

1973) in small streams. Floodplain inundation area analysis involved
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simulations that exceeded Qbkf. This was estimated as the difference

between the total inundated area in the model output and the wetted

area of the bankfull flow simulation for each reach.
2.8 | Data analysis

The initial step in data analysis involved developing a functional rela-

tionship between flow and each hydraulic metrics explored. Model

simulations for the full range of flows in the urban and natural

reach hydrological records provided the data to do this. The annual

time series for the study period was then parsed into the investi-

gated scenarios for evaluation. The continuous above threshold

(CAT) time series analysis approach was used to analyse test

variables for continuous events above many incrementally higher

or lower thresholds (Castelli, Parasiewicz, & Rogers, 2011). This

approach was employed together with simple descriptive statistics

in relation to stream ecosystem functioning where the continuous

nature of certain hydraulic conditions is critically relevant. The

CAT procedure was applied here to the Shields stress and flood-

plain inundation area.

The relative influence of the channel morphology and altered flow

regimes were evaluated by quantitatively characterizing and compar-

ing the relative change in the hydraulic regime. This was assessed by

the increase or decrease of the test variables as a function of dis-

charge relative to the investigated scenarios. The statistical analysis

of the time series of each variable aimed to examine the various

aspects of the hydraulic patterns: magnitude, duration, and frequency

between the two reaches for each scenario. The degree of change was

tested corresponding to a threshold value. For example, the level of

bed disturbance was assessed relative to the bed material entrainment

threshold for Shields stress (i.e., 0.045). SSWH and floodplain inunda-

tion was assessed by the relative per cent total area of availability and

area of inundation, respectively, per 100‐m reach length.
3 | RESULTS

3.1 | Model performance

Model validation tests performed on mass conversation, WSE, depth,

and velocity magnitude were deemed acceptable to common standards

reported (e.g., Moriasi et al., 2007; Pasternack, 2011). Compared pre-

dicted and observed depth and velocity values showed satisfactory

model performance. Results are provided in the Supporting Information.
3.2 | Shields stress patterns

The τ* time series pattern for each modelled scenario (Figure 4) shows

the bed disturbance regime between the reaches. At very low flows

particularly during summer periods, the τ* patterns appear similar for

all scenarios but then differ substantially as flow increases. In all,

monotonic increases of τ* as flow increased were observed but at a

higher rate in the urban channel, whereas relatively marginal increases

were observed in the natural channel.

The natural channel (CnatQurb and CnatQnat) showed compara-

tively stable beds with a low potential of bed entrainment. These
scenarios had an average τ* of 0.015 and 0.039 during baseflow and

recession periods, respectively. In the urban channel, τ* was greatest

for CurbQurb, with persistent spikes particularly during run‐off

periods in the winter, resulting in the most unstable bed with a high

likelihood of frequent bed entrainment. The average τ* at storm flows

was 0.062 as flow peaks, which then averages at 0.02 and 0.042

throughout baseflows and recession periods, respectively. For natural

hydrology in urban channel, τ* averages at 0.052 as flow peaks for

storm flows and 0.018 and 0.04 during baseflows and recession

periods, respectively. Shield stress averages 0.048 and 0.04 in the nat-

ural channel for urban and natural hydrology, respectively, at the peak

of storm flows. High τ* (>0.05) in the urban channel were usually asso-

ciated with flows between 0% and 35% and between 0% and 10%

exceedance for urban and natural hydrology, respectively. For the nat-

ural channel, almost all high τ* were associated with flows between

0% and 15% and between 0% and 4% exceedance for urban and nat-

ural hydrology, respectively.

The frequency of bed disturbance over the study period was

found to be substantially greater in the urban reach. The period that

daily τ* ≥ τ*c was 890 days during total study period with an average

of 98 days year−1 for urban hydrology and 335 days for natural hydrol-

ogy, averaging 37 days year−1. The natural hydrology in the urban

channel resulted in a 15% decrease in the total number of days

τ* ≥ τ*c. Also, above τ*c days in the natural channel was 250 days for

the urban hydrology and 67 days for natural hydrology corresponding

to about 7.5% and 2% of the total study duration, respectively.

The CAT analysis allowed the comparison of the modelled scenar-

ios that considers continuous duration above τ*c (Figure 5) over the

study period. The influence of a larger proportion of frequent storm

flows as well as the channel topography is reflected in the continuous

above τ*c duration. For example, comparing the urban and natural

hydrology in the urban channel, the frequency (number of days) of

CAT duration particularly above 10 days for the urban hydrology

was ~12× that of the natural hydrology. This represents ~21% of the

total number of CAT period compared with 2.2% for the urban and

natural hydrology, respectively, reflecting the increased frequency‐

high magnitude storm flows in the urban hydrology. In addition, the

frequency of CAT duration above 10 days for urban hydrology in the

urban channel was ~24× that of urban hydrology in the natural chan-

nel. This was observed to be in excess of 12 occurrences within the

duration class of 15–30 continuous days mostly during winter period.

Here, the relative difference between above τ*c days for the urban

channel was larger for long‐duration, high‐magnitude events. Similarly,

the natural hydrology in the urban channel resulted in reduced fre-

quency of CAT duration particularly above 10 days (Figure 5). The

highest CAT duration in the natural channel is 5 days. In other words,

the relative differences reflect the influence of the channel morphol-

ogy on the bed disturbance regime.
3.3 | Habitat retention patterns

Changes to SSWH area with flows showed similar trends for both

reaches (Figure 6). Generally, SSWH area was high at low flows

(~0.06–0.15× Qbkf) for both reaches. The inundation of higher level

lateral bars and benches resulted in a rapid increase in SSWH as flow



FIGURE 5 Continuous duration (in days) above Shields stress threshold differences of the modelled scenarios over the study period. CAT:
continuous above threshold

FIGURE 4 Time series of the daily maximum
(95th percentile) Shield stress for the two
study reaches for each scenario: (a) urban
(CurbQurb) and natural (CurbQnat) flow
regimes in the urban channel and (b) urban
(CnatQurb) and natural (CnatQnat) flow
regimes in the natural channel. Solid
horizontal black line shows the critical Shields
stress
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FIGURE 6 Time series of the daily total
shallow slow‐water habitat (SSWH) area
available per 100 m of reach for the two study
reaches for each scenario: (a) urban
(CurbQurb) and natural (CurbQnat) flow
regimes in the urban channel and (b) urban
(CnatQurb) and natural (CnatQnat) flow
regimes in the natural channel
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approached Qbkf in the natural channel morphology, regardless of

hydrology. The presence of a gradually changing channel topography

in the natural reach ensured abundant SSWH area. In contrast, in

the urban channel, as flow and velocity increased, the plane channel

bed is more uniformly inundated to greater depths, so SSWH area

showed a general decline. Here, rapid declines in SSWH occurred at

moderately high flows associated with the rising and falling limbs

where the flow was deeper and faster with considerably reduced

SSWH within the channel.

At very low flows particularly in the summer, corresponding to

flows between 80% and 95% exceedance, SSWH area averages

80 m2/100 m of the wetted area in the urban channel (CurbQurb

and CurbQnat) compared with about 50 m2/100 m in the natural

channel. The maximum SSWH area varied from 170 to more than

300 m2/100 m in the natural channel and from 200 to over 500 m2/

100 m in the urban channel. The natural hydrology in the urban chan-

nel (CurbQnat) increased the average SSWH area to ~10%, where

mean annual total SSWH area increased by ~13%. Similarly, about

15% and 20% increases in the average SSWH area and mean annual

total SSWH area, respectively, were observed for the urban hydrology

in the natural channel compared with the natural hydrology in the nat-

ural channel.
Comparing the frequency distribution of SSWH availability per

unit 100 m over the study duration showed a reduction in the fre-

quency of larger areas of SSWH (>200m2/100 m) in the urban channel

(CurbQurb and CurbQnat; Figure 7). The daily values showed that

diversity in SSWH area is prominent in the natural channel (CurbQnat

and CnatQurb) with frequent large areas of SSWH patch. Smaller

SSWH areas (<100 m2/100 m) were predominantly common in the

urban channel particularly under low flow conditions. Overall, consid-

erable reductions in SSWH availability were observed in the urban

channel relative to the natural channel. The natural channel showed

higher temporal persisting availability of SSWH compared with the

urban channel over the entire study duration.
3.4 | Floodplain inundation patterns

Floodplain inundation patterns reflected the relative difference

between reaches with distinct topographic controls. A general trend

of progressive increase in inundated area per unit flow was observed

in the natural channel compared with the urban channel (Figure 8).

The results demonstrated that the average relative per cent area

of inundated floodplain in the urban channel for urban hydrology

(CurbQurb) was about 25% of that for the natural channel with the



FIGURE 7 Distribution of shallow slow‐water habitat (SSWH) area daily values for the study period data for each modelled scenario
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same hydrology (CnatQurb). Similarly, the inundated floodplain area in

the urban channel for natural hydrology (CurbQnat) was about 5% of

that for natural channel (CnatQnat). For flows, just above the Qbkf,
FIGURE 8 Floodplain inundation time series
for the two study reaches for each scenario:
(a) urban (CurbQurb) and natural (CurbQnat)
flow regimes in the urban channel and (b)
urban (CnatQurb) and natural (CnatQnat) flow
regimes in the natural channel
the inundated area in the natural channel was about 2× that in the

urban channel and as much as about 4× for peak flows (>1.5× Qbkf).

The morphological differences were reflected such that on average,
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for a given flow, inundated area in the natural reach was about 3× that

of the urban area. This effect is controlled by the increased channel

capacity in the urban reach that would require extremely high flow

to inundate the floodplain. As such, the floodplain is not accessed at

most flows. The large extended floodplain space in the natural reach

allowed substantial portion of larger area of shallow floodplain flow

compared with a restricted floodplain space in the urban reach, which

confined the overflow to a limited inundation width.

In addition, the estimated continuous days of inundation analysis

(Figure 9a) enabled the comparison of the reaches in terms of the

duration of inundation for each scenario. The results showed an

increased continuous duration of inundation in the natural channel

compared with urban channel, revealing the influence of increased fre-

quency and magnitude of peak flows in urban hydrology as well as

morphological differences between the urban and natural channels.

For example, urban hydrology in the natural channel increased the

continuous duration of inundation particularly above 7 days. The dura-

tion of inundation is greater (>3 days) in the natural channel particu-

larly for long‐duration, high‐magnitude events, compared with the

urban channel where most inundation events lasted for just 1 day.
Also, the between reach differences revealed that natural hydrology

in the urban channel reduced the frequency of inundated floodplain

by about 65%, whereas urban hydrology in natural channel (CnatQurb)

increased the frequency of inundation by ~75% (Figure 9b). Urban

hydrology in natural channel showed almost identical frequency of

inundation to natural hydrology in natural channel. However, ~5%

increase in frequency of inundation at the natural channel was

observed under urban hydrology particularly under a wet year condi-

tion (2010–2012). In general, whereas the duration and magnitude

of inundation vary annually in the natural reach, some degree of flood-

plain inundation is observed to occur with close to annual regularity.
4 | DISCUSSION

4.1 | Impact on bed disturbance regimes

The introduction of urban hydrology into the natural channel

(CnatQurb) led to a significant decrease of up to ~60% in the fre-

quency of likely bed entrainment compared with the current urban
FIGURE 9 (a) Continuous duration of
floodplain inundation events and (b)
frequency (number of days) of floodplain
inundation occurrence for each scenario for
the study period. CAT: continuous above
threshold
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condition (CurbQurb). Contrary to our expectations, having natural

hydrology in the urban channel yielded only a small reduction in bed

disturbance regimes rates with frequency and duration somewhat

reduced compared with urban hydrology in the urban channel.

These findings provide important insight into the relative contri-

bution of the flow regime and channel form in an urban setting. Once

already degraded, channel form acts as a dominant control of the

potential bed disturbance regime, essentially limiting the expected

benefits of plummeted bed disturbance when flow‐regime is restored.

Conversely, natural topographic variability could provide the

opportunity to reduce the streambed area subjected to high τ* with

increasing flows, which in turn ensures a more natural rate of bed

entrainment. Strom et al. (2016) reported that channel form heteroge-

neity directs flow such that varying topographic surfaces turn on and

off in their control of hydraulics to allow diverse patterns of hydraulic

conditions as flow increases (Brown & Pasternack, 2014; Brown,

Pasternack, & Lin, 2016). This is also consistent with studies recogniz-

ing that dynamic channels provide a greater opportunity for more nat-

ural rates of bed particle transport, erosion, and deposition (Anim,

Vietz, et al., 2018; Clarke, Bruce‐Burgess, & Wharton, 2003; Vaughan

et al., 2009; Vietz et al., 2016).

Modelled results showed that the urban reach would likely expe-

rience substantially higher bed particle entrainment, which could

potentially make the channel bed unstable. At storm flows (<0.4Qbkf),

τ* generally averages 0.062 in the urban reach, where an overturn of

the bed is expected, a phenomenon Sawyer et al. (2010) referred to

as “full transport” (i.e., persistent movement of a sheet of bed parti-

cles). Given that urban hydrology is particularly characterized by

increased frequency, magnitude, and volume of storm flows, we antic-

ipate an acceleration in the channel bed particle entrainment. This

expected increase in bed entrainment potential will successively

increase movement efficiency of the channel and regularly adjust the

physical habitat or cause habitat loss (Djekovic et al., 2016; Francoeur

& Biggs, 2006). In contrast, the natural reach predominantly retained

low τ*, making the channel relatively stable with low potential of full

bed particle transport even in storm flows. This evidence is consistent

with past studies reporting that benthic space available as refugia in

urban or modified aquatic systems becomes vanishingly small, particu-

larly when spate occurs (Finstad, Einum, Forseth, & Ugedal, 2007;

Negishi, Inoue, & Nunokawa, 2002). It is generally known that channel

beds dynamically adjust to varying sediment loads (Chang, 2008;

Montgomery, Panfil, & Hayes, 1999). However, the peak τ* values

experienced by the urban channel during storm flows will accelerate

bed mobility in the channel even with high sediment supply of similar

median size, thus leading to continuous channel enlargement.

Stream bed dynamics have been identified as a key geomorphic

process in lotic habitats (Vericat, Batalla, & Gibbins, 2008). The varia-

tion in the force of friction acting on the benthos as water moves

influences the particle entrainment patterns, which in turn drive the

channel form evolution. Although this is expected, increased sediment

loads of greater particle size (coarser than median particle size) could

reduce entrainment potential and thus channel degradation. Bed

dynamics have a key role in the distribution of benthic animals and

plants through ecological disturbance (Bond, 2004; Townsend,

Scarsbrook, & Dolédec, 1997b).
4.2 | Influence on SSWH availability

The combination of simplified channel form and flow regime results in

limited SSWH availability. Although SSWH area was maximized under

low flow conditions, its availability diminished rapidly per‐unit flow

increase, even for relatively small increases in flow for the urban chan-

nel. The confined U‐shaped channel form with relatively flat bed pre-

sents less variability in flow depth, which means a steeper increase in

depth and velocity as flow increases. Jacobson, Johnson, and Dietsch

(2009) emphasized that channel simplification significantly reduced

SSWH relative to that present in complex channels. On the other

hand, the natural channel morphology maintained consistent patterns

of SSWH availability regardless of flow regime, with a similar sequence

of availability occurring for different hydroperiods. Here, channel var-

iability allowed high rates of increase in SSWH area as flow increased.

The dynamism in the channel depth with higher extensive lateral bars

allowed more surfaces to be inundated with shallow‐low velocity

waters as flow increased thereby resulting in larger areas of SSWH.

Thus, topographic variability enables hydrologic variability to provide

urban habitat benefits by presenting suitable landforms over a range

of flows, compared with simplified plane channel that provide habitat

at a single base flow.

The relatively large availability of SSWH occurring in the natural

reach, even given urban hydrology with frequent storm flows, has

important habitat implications for the life stages of many biota (Mellin,

Kulbicki, & Ponton, 2007; Vietz et al., 2013). In urban catchments

where streams experience frequent elevated flows (Walsh et al.,

2012), the decreased availability of SSWH can persist for extended

periods, eliminating rearing and breeding habitat and refuge. This can

impact the production and survival of large numbers of biota such as

fish, zooplankton, and microinvertebrate populations (Freeman,

Bowen, Bovee, & Irwin, 2001; Nielsen, Gigney, & Watson, 2010; Ward

& Stanford, 1995) as well as organic matter retention processes (Vietz

et al., 2013). SSWH habitats are a primary habitat within natural

aquatic systems (Cooper, Barmuta, Sarnelle, Kratz, & Diehl, 1997).

Along with total duration, the frequency of larger SSWH area was

substantially greater in the natural channel with greater variation in

values. Although this is closely linked to the increased frequency of

peak flows in the urban hydrology, the results of the urban hydrology

in the natural channel indicate that channel morphology plays a dom-

inant role in the flow–habitat relationship. In other words, morpholog-

ically intact channels, even under altered high‐flow regime, may

provide considerable SSWH habitat. Bowen, Bovee, and Waddle

(2003) observed that modified reaches of the Upper Yellowstone

River experienced smaller areas of suitable habitat relative to the

unmodified reaches.
4.3 | Influence on floodplain inundation

The findings from the inundation regimes suggest a substantial

decrease in the frequency of inundation in the urban reach. Although

annual urban hydrology generally showed frequent high‐magnitude

storm flows, the increased channel capacity would require extremely

high, nonfrequent occurring flows for considerable floodplain inunda-

tion. Even for flood flows that were enough to overtop the banks,
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floodplain inundation was not extensive. Less floodplain surface was

inundated by relatively high‐magnitude frequent flows compared with

the natural reach. This was also in part due to the limited floodplain

space, typical of confined incised stream reaches (Grant & Swanson,

1995; Vietz et al., 2015). In addition, under a natural flow regime,

modified channels will experience a very low frequency of floodplain

inundation. This altered timing of inundation pulse could potentially

impact biota (Hamilton, Sippel, & Melack, 2002). Water flux and asso-

ciated materials (e.g., nutrients and sediment) between a channel and

its floodplain are known to be a key driver for a range of ecological

and geomorphic processes (King et al., 2003; Kingsford, 2000).

In contrast, a relatively large extent of channel bank is overtopped

even for flows just above the Qbkf in the natural reach. The natural

reach also showed high sensitivity to altered flow regime, such that

a large reduction of inundation extent is experienced per unit reduc-

tion in flow. Similar results were observed by Cienciala and Pasternack

(2017) on the lower Yuba River, California; the authors suggested that

reaches with increased rates in inundation per unit flow will likely

show high sensitivity to alterations of flow regime.

Our scenarios indicated that the duration of floodplain inundation

is reduced in the urban reach compared with the natural reach. We

suggest that this is closely linked to the flashiness of flood flows in

the urban reach, as floodplain inundation regime is a function of

streamflow regime (Dutterer et al., 2013). The ramification of the

flashiness of high flow events mean overbank flow is short‐lived. In

addition, the geomorphic controls associated with limited floodplain

space and confined valley walls magnify the decreased duration

(Cienciala & Pasternack, 2017). This was however not the case in the

natural reach, even with urban hydrology that increased inundation

extent for a larger proportion of time. This revealed the importance

of not only flow regime alterations but also morphological alteration,

for floodplain connectivity.
4.4 | Implications for stream ecosystems and
management of urban streams

Recent studies (e.g., Stone, Byrne, & Morrison, 2017; Wohl et al.,

2015; Yarnell et al., 2015) have argued that environmental flow inves-

tigations need to go beyond hydrologic assessment and incorporate

hydrogeomorphic processes relevant for aquatic ecosystem health.

Our study provides an important step in support of this argument in

that it demonstrates how stream hydraulic dynamics can be influenced

by the compounding contribution of stream channel topography and

hydrological regimes. We showed how certain aspects of stream

hydraulics, which are important for stream ecosystem's health and bio-

diversity, are impacted by these two drivers.

The findings in this study showed that both hydrological regime

and channel form modification play a key role in altering the hydraulic

regime. Regular physical habitat adjustment is expected with frequent

movement of surface sediments, which mobilizes the subsurface par-

ticles and the biota that lives in them (Bond, 2004) as well as serves

as precursor to channel incision (Hawley, Bledsoe, Stein, & Haines,

2012). Persistent benthic disturbance, combined with lack of periph-

eral habitat, will reduce the chance of biota finding refugia

(Oldmeadow, Lancaster, & Rice, 2010) and eventually lead to loss of
sensitive biota (Walsh, Fletcher, & Ladson, 2005). This potentially

becomes a key driver of local extinction and declined diversity and

abundance of biota. In addition, the changes to the inundation pattern

lead to altered seasonal variability and timing of lateral hydrologic con-

nectivity, affecting recruitment and survival of in‐stream biota (Fisher,

Heffernan, Sponseller, & Welter, 2007).

Combined, the results of the examined scenarios suggest that

hydraulic conditions are highly sensitive to channel morphology. With

regard to the role of channel morphology, we have highlighted here

that changes to some key aspects (i.e., frequency, duration, and mag-

nitude) of hydraulic conditions alterations were magnified by an

urban channel form. Bed movement potential in the modified reach

was high even for natural flow regime. Habitat retention in a modi-

fied channel and lateral hydrological connectivity dynamics were

mostly driven by the channel topography. However, our inference

that hydraulic conditions are largely sensitive to the channel mor-

phology should not be considered as a conclusion diminishing the

value of achieving a natural flow regime through mitigation of

stormwater impacts.

Indeed, any self‐regeneration by the stream is only plausible if we

first address the hydrology (Walsh et al., 2012). It is argued that

adjusting individual in‐stream components (e.g., channel modification)

is unlikely to be self‐sustaining unless catchment scale processes (e.g.,

hydrological and sediment management) are managed (Booth, 2005;

Vietz et al., 2016).

We suggest that channel morphology must be protected to the

greatest extent possible from urbanization‐induced changes. If this is

not done, future efforts to restore the hydrologic regime may fail to

address the negative influence on the hydraulic environment wrought

by the altered channel form. In other words, without a natural‐like

morphology, the natural hydrologic regime pulses will not lead to nat-

ural hydraulic processes, particularly those that support ecological

functioning of streams. This then limits the efficacy of just restoring

the flow regime. In addition, ecosystem conditions are controlled by

multiscalar (e.g., catchment, reach, and segment) processes influencing

natural ecosystem functions such as flow and sediment regimes,

floodplain and habitat dynamics, and biota (Beechie et al., 2010). This

creates a hysteresis effect, whereby addressing the catchment‐scale

drivers (specifically flow) will not necessarily solve the site‐scale prob-

lem without accompanying channel restoration.

The most important management priority in areas that are yet to

be urbanized is to protect them, at all costs, from channel degradation.

Failure to do so will require very expensive later interventions to

simultaneously address the morphological and hydrological impacts

of urbanization. One exception to this will be channels, such as those

made of basaltic bedrock, which are likely to resist significant channel

change as the flow regime changes.

Restoration efforts, once both the flow and channel are changed,

will require an integrated approach. For instance, there may be oppor-

tunities to accompany catchment‐scale flow mitigation works with

promotion of self‐regeneration of stream morphology including sedi-

ment seeding and the stream self‐organizing sediments (MacVicar,

Chapuis, Buckrell, & Roy, 2015; Wilcock, 2012) to minimize erosion

and mobility. In other cases, direct intervention to modify the channel

morphology may need to accompany the flow mitigation effort.
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The hydraulic condition template of an aquatic ecosystem is deter-

mined by the interaction of the channel morphology and flow regime.

This study used 2D hydraulic model simulations to explore and dem-

onstrate the relative contribution of channel morphology and flow

regimes interaction. We evaluated the interaction between these

two factors using three ecologically relevant hydraulic metrics that

addressed channel bed disturbance, habitat retention, and floodplain

inundation regime.

The results indicated a substantial altered hydraulic regime in the

urban conditions compared with the natural. Modelled scenarios

showed the limiting effect of the channel morphology in determining

the hydraulic conditions. Natural channel morphology reduced the

bed disturbance potential of urban flows and showed substantial habi-

tat (SSWH) availability and likely extended periods of lateral connec-

tions between the stream and its floodplain regardless of flow regime.

This suggests that restoration efforts that aim to achieve a near‐natural

hydraulic regime by only targeting a natural hydrologic regime without

returning near‐natural channel morphology will have limited ecological

benefits. We therefore propose that to maintain hydraulic condition

levels likely to sustain healthy ecosystem, a complete management

approach should include actions that aim to restore critical processes

occurring at different scales. Most importantly, the form of natural

channels, which are likely susceptive to flow‐induced degradation,

should be protected at all costs, because future management options

will be limited by the “legacy effect” of a changed channel.
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A B S T R A C T

The potential for catchment-scale stormwater control measures (SCMs) to mitigate the impact of stormwater
runoff issues and excess stormwater volume is increasingly recognised. There is, however, limited understanding
about their potential in reducing in-channel disturbance and improving hydraulic conditions for stream eco-
system benefits. This study investigates the benefits that SCM application in a catchment have on in-stream
hydraulics. To do this, a two-dimensional hydraulic model was employed to simulate the stream hydraulic
response to scenarios of SCM application applied in an urban catchment to return towards pre-development
hydrologic pulses. The hydraulic response analysis considered three hydraulic metrics associated with key
components of stream ecosystem functions: benthic mobilization, hydraulic diversity and retentive habitat
availability. The results showed that when applied intensively, the developed SCM scenarios could effectively
restore the in-stream hydraulics to close to natural levels. Compared to an unmanaged urban case (no SCMs),
SCM scenarios yielded channels with reduced bed mobility potential, close to natural hydraulic diversity and
improvement of retentive habitat availability. This indicates that mitigating the effect of stormwater driven
hydrological change could result in significant improvements in the physical environment to better support
ecosystem functioning. We therefore suggest that intensive implementation of SCMs is an important action in an
urbanizing catchment to maintain the flow regime and hydraulic conditions that sustain the ‘natural’ stream
habitat functioning. We propose that stormwater management and protection of stream ecosystem processes
should incorporate hydraulic metrics to measure the effectiveness of management strategies.

1. Introduction

Stream ecosystems are characterised by complex and dynamic
ecosystem functions directly governed by the hydraulic regime
(Statzner and Higler, 1986; Kemp et al., 2000; Anim et al., 2018a). In
turn, patterns of hydraulic characteristics are determined by the inter-
actions of flow (i.e. magnitude, frequency, duration, rate of change and
timing) and channel form (i.e. nested features of topographic structure)
(Jacobson and Galat, 2006). As a result, ecologists and river scientists
generally recognize the interactions between flow and form as a con-
trolling template for fluvial ecological processes (Townsend et al.,
1997; Emery et al., 2003; Wallis et al., 2012; Yarnell et al., 2015).
Stream ecological integrity relies on the presence of natural dynamic
behaviour expressed through the hydraulic conditions (Statzner et al.,

1988; Brooks et al., 2005). Therefore, to sustain healthy natural stream
ecosystem functioning, it is important to maintain ecologically relevant
hydraulic conditions that are similar to those in a naturally functioning
stream system.

When a catchment is urbanized, the sealing of native soils with
impervious surfaces drastically alters the water balance. Fluxes of
evapotranspiration and infiltration are reduced and matched by an in-
crease in the surface runoff (i.e. urban stormwater) (Haase, 2009; Burns
et al., 2013; Fletcher et al., 2013). This excess water is typically man-
aged by connecting impervious surfaces to hydraulically efficient
stormwater drainage systems which convey runoff directly to streams
draining the catchment (Roy et al., 2008; Walsh et al., 2012). When
urban stormwater runoff is directed to streams, many changes occur,
including hydrological alteration (Burns et al., 2012), water quality
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impairment (Brabec et al., 2002) and channel alterations (Vietz et al.,
2015). These changes to the flow regime and channel form unequi-
vocally alter the stream's hydraulic regimes (Jacobson and Galat, 2006;
Anim et al., 2018a), resulting in ecological degradation (Walsh et al.,
2005; Paul and Meyer, 2008). Stormwater runoff is thus a primary
source of stress to stream ecosystems (Walsh, 2004; Ladson et al., 2006;
Mallin et al., 2009; Vietz et al., 2014; McIntyre et al., 2015).

To address this, increasing efforts have centred on stormwater
management approaches that aim to holistically mimic natural hydro-
logical processes at the catchment-scale and treat polluted runoff as
well as deliver other benefits (e.g. improved amenity). Burns et al.
(2012) coined such an approach the ‘flow-regime stormwater man-
agement’. This approach emphasizes the protection, restoration or mi-
micking of natural hydrological process at small scales within the
catchment, using stormwater control measures (SCMs), with the aim of
restoring natural flow regimes at larger scales downstream (Burns et al.,
2012; Fletcher et al., 2014). This catchment-focused approach agrees
with the core principle of process-based restoration that emphasize on
addressing the root causes or source of degradation (Kondolf et al.,
2006; Beechie et al., 2010), such as urban stormwater runoff. Miti-
gating stormwater runoff impacts requires that hydrologic objectives be
specified, including 1) reducing the volume of stormwater runoff, 2)
restoring lost infiltration, and 3) returning the runoff response of im-
pervious surfaces towards the pre-development condition (Ladson et al.,
2006; Walsh et al., 2012; Burns et al., 2014). Such objectives can be
achieved using specifically-designed SCMs that are based on retention,
detention, infiltration and harvesting of stormwater (e.g. DeBusk et al.,
2010a; Hunt et al., 2011; Li et al., 2017).

Several studies have tested and shown the potential hydrological
performance of flow regime-focused approaches to maintain or return
the pre-development hydrological regime (e.g. Damodaram et al., 2010;
DeBusk et al., 2010b; Jenkins et al., 2012; Loperfido et al., 2014; Burns
et al., 2015a). For instance, stormwater bioretention systems (a
common SCM) have been tested and found to mimic pre-developed
hydrologic performance (DeBusk et al., 2010b; Davis et al., 2011),
mitigating peak flows and total runoff volume (Winston et al., 2016; Liu
and Fassman-Beck, 2017). Jenkins et al. (2012) also showed that the
hydrologic performance of constructed stormwater wetlands led to
significant runoff interception and mitigated total runoff reaching the
stream. The use of retention systems (e.g. rainwater tanks) has been
found to achieve stormwater retention performance comparable to pre-
developed conditions by reducing the frequency and volume of storm-
water run-off from a site (Burns et al., 2015a).

Exactly how well the hydrologic outcomes of SCMs translate to the
hydraulic needs of the receiving stream ecosystem remains poorly un-
derstood. While understanding the hydrologic outcome is important, it
is critical to understand the anticipated translation into hydraulic
characteristics such as depth and velocity, which provide an explicit
link to the habitat and ecosystem functioning of the receiving streams
(Clarke et al., 2003; Rosenfeld et al., 2011a). Such consideration ac-
counts for the interplay of streamflow dynamics with channel mor-
phology (Anim et al., 2018b), which drive habitat quality (Clarke et al.,
2003; Escobar-Arias and Pasternack, 2010). In particular, whilst
bankfull discharge is often considered as driving geomorphic change, it
is increasingly recognised that the more subtle initial changes of bed
disturbance should be targeted for flow-regime strategies focused on
the physical and ecological changes of concern (Vietz and Hawley,
2018). Environmental flow management approaches for sustaining
stream ecosystem arguably have a better chance of maintaining healthy
ecological functioning when they are based on the mechanistic re-
lationships between flow and channel form (Clark et al., 2008; Yarnell
et al., 2015). Therefore, an understanding of how flow regime-focused
approaches can protect or maintain the hydraulic conditions at or near
their natural levels is useful to inform strategies for urban stormwater
management.

In this study we ask if flow regime-based stormwater management

can restore in-stream hydraulics to near their natural conditions. To test
this, we used a two-dimensional (2D) hydraulic model to simulate and
examine the stream hydraulic responses to flow-regime management
strategies using different SCM scenarios applied in an urbanizing
catchment. Managing excess stormwater runoff as driver of stream
ecosystem degradation is not particularly a new thinking, but the no-
velty of this work is underpinned on the scope to investigate the in-
stream hydraulic outcomes of alternative approaches towards storm-
water management. More specifically, we aim to evaluate the effec-
tiveness of the applied management strategies to sustain the stream
hydraulic conditions required for ecosystem functioning in an urban
catchment. To achieve this, the study first adopted a case-study natural
stream (with typical natural hydrology and channel form) in a natural
catchment with no development. Subsequently, various urban devel-
opment scenarios with or without stormwater management were ex-
plored.

2. Methods

2.1. Experimental design

To answer the study question, we formulated a modeling method
made up of five parts (Fig. 1). Firstly, we adopted a case-study stream
setting (with a typical natural hydrology and channel form) in a natural
catchment with no development. Secondly, a representative digital
terrain model (DTM) of the stream corridor topography was developed
using existing field channel reach parameters data and the synthetic
river valley (SRV) methodology of Brown et al. (2014). Thirdly, hy-
drological models were developed to produce different flow-regime
scenarios based on the (i) natural catchment with no development and
(ii) developed catchment with and without management (applied SCM
alternatives). Fourthly, a 2D hydraulic model was used to simulate the
ecologically relevant hydraulic conditions delivered by each flow re-
gime scenario in the channel. Finally, temporally varying hydraulic
patterns represented by metrics of known link to relevant ecosystem
functions were evaluated under each flow regime scenario. We char-
acterised the hydraulic patterns using three ecologically relevant hy-
draulic characteristics: benthic disturbance; hydraulic diversity and
retentive habitat availability, all of which are important aquatic eco-
system drivers (Paterson and Whitfield, 2000; Brooks et al., 2005;
Vanzo et al., 2016). Details of each part are presented below.

2.2. Case study setting: McMahons Creek catchment

McMahons Creek catchment is located 90 km east of Melbourne

Fig. 1. Steps followed to quantify hydraulic performance trade-off of each ex-
plored flow-channel form scenario.
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(145.937′E, 37.821′S) with a catchment area of 40 km2. The catchment
is forested throughout, mostly by mountain ash (Eucalyptus regnans),
with the lower slopes occupied by mixed species eucalypt forest and
riparian vegetation amounts to several percent of the total catchment
area (Land Conservation Council of Victoria, 1973). This remote
catchment is not proposed for development but has good flow records
and is in close to natural condition. Physiography can be characterised
by steep terrain with partly confined channels (only pockets of flood-
plain within the valley sides). Geologically, the catchment is largely
covered by Devonian granites and sandstones, overlaid by red and
brown soils (Land Conservation Council of Victoria, 1973). The selected
case-study segment of the creek length has an intact and complex
naturally meandering, pool-riffle channel morphology comprised of
well-sorted coarse-grained sediments with sand, gravels and some
boulders. Stream banks are commonly clay/silt with interbedded
gravels between the clay/silt layers. The channel morphology is com-
parable to typical naturally occurring shallow streams in forested
catchments in the Melbourne region. Rainfall pattern is fairly evenly
distributed over the year with an annual catchment rainfall averaging
∼1000mm/year.

2.3. Synthetic channel morphology

An archetypal stream channel was designed for the McMahon Creek
catchment in this study using RiverBuilder package (version 0.1.0), an
emerging technique of synthesizing channel topography for science and
engineering applications (Pasternack and Arroyo, 2018). Based on the
SRV mathematical framework of Brown et al. (2014), RiverBuilder is an
open-source, free R package capable of procedurally rendering a digital
terrain model from user-selected geometric functions that describe
subreach topographic variability and associated parameter values at
reach and subreach scales. Methodological details are available in
Brown et al. (2014), and the information used to create the specific
DTM used in this study is described here, focusing on the two key steps
at the reach and subreach scales.

2.3.1. Reach-average parameters
The SRV approach first creates a generic reach-average topography

scaled by reach-average bankfull depth (Hbf ) and width (Wbf ), with
median particle size (D50), slope (S), sinuosity, floodplain width, and
floodplain lateral slope as user-defined input parameters (Brown et al.,
2014). Existing topographic data for the study stream segment in
McMahons Creek provided reach-scale parameter values required to
synthesize archetypal morphology (Table 1).

2.3.2. Channel variability parameterization
From the initial reach-average values above, RiverBuilder in-

corporates subreach-scale topographic variability using combinations
of geometric functions at the user's expert discretion. The sub-reach
variability for this study was created in the model according to Eqs (1)
and (2) such that the local bankfull width and bed elevation of the
thalweg was estimated as

= + + +z x H f x H S Δx Z( ) ( ( ) ) ( )t i bf i bf i d (1)

= +W x W f x W( ) ( ( ) )bf i bf i bf (2)

where z x( )t i and W x( )bf i are local bed elevation and bankfull width at
location xi respectively. Zd is the user-defined datum. The term f x( )i is
the user-selected subreach variability function. Several possible func-
tions are available in River Builder, such as linear, sinusoidal, and sine
squared, depending on archetypal characteristics for a given class of
stream. The general sinusoidal model was used to achieve the varia-
bility of Wbf and Zt about the reach-averaged values by a control
function f x( )i nested in Eqs. (2) and (3). The f x( )i was modelled as Eq
(3):

= +y x a sin b x θ( ) ( )i s s r s (3)

where yi is the dependent control function values, as, bs, and θs as the
amplitude, angular frequency and phase for the sinusoidal competent
and xr is the Cartesian stationing in radians (Brown et al., 2014). The
resulting DTM of the channel morphology and the longitudinal profile
is shown in Fig. 2.

2.4. Model development

Hydrologic modeling was performed using the Model for Urban
Stormwater Improvement Conceptualisation (MUSIC) (eWater, 2015).
MUSIC is commonly used for modeling stormwater flow and quality
using continuous simulation (Schubert et al., 2017). In its default mode,
MUSIC source nodes (which represent the catchments) use three rain-
fall-runoff stores: an impervious area store (describe by initial loss), a
soil store (a linear reservoir described by infiltration and storage
properties), and a groundwater store (a linear reservoir described by
initial depth and daily rates of recharge, baseflow and seepage) (Hamel
and Fletcher, 2014). MUSIC can model various SCM interventions such
as rainwater tanks, infiltration and bioretention systems.

The model was first calibrated to observed flows under the current
natural conditions. Model parameters were then adjusted to simulate
fully urbanized land use on the same catchment with or without
stormwater management (applied SCM alternatives) as described
below. Further details of model structure are reported in the
Supplementary Material. This study used the July 2006 to July 2013
water years' data, which provides a good representation of dry, normal
and wet year conditions. Flow data, at a 6-minute timestep, were ob-
tained from the McMahon's Creek gauge (229106A) operated by Mel-
bourne Water, while rainfall data were obtained from the closest gauge
(229102A) at Upper Yarra Dam. Calibration was undertaken for a range
of flow metrics covering the magnitude, timing and duration of flows,
based on the approach described by Hamel and Fletcher (2014). The
model calibration is described in detail in Duncan et al. (2016). After
model calibration, the model scenarios were developed to represent
different cases of SCM implementation as described below.

Natural (pre-development) scenario: This scenario represents the
existing natural conditions in the case study catchment. It forms the
baseline for assessing the performance of the SCM implementation
strategies.

Urban base scenario: We then developed a model to simulate
complete urbanization of the catchment according to typical urbani-
zation guidelines and practices in Melbourne (see Duncan et al., 2016)
without stormwater mitigation measures. In this scenario the im-
pervious area comprised 68% of the total catchment area, containing

Table 1
Channel reach-average and variability geomorphic attributes used in the design
of the synthetic DTM. Reach channel parameters are field derived average va-
lues scaled from the case-study reach segment channel morphology.

Reach channel parameters

Bankfull width (Wbf ) (m) 6.5
Bankfull depth (Hbf ) (m) 0.8
Median particle size (D50) (m) 0.006
Slope (S) 0.01
Vertical datum (Zd) (m) 1000
Floodplain width (m) 10
Floodplain lateral slope 0.005
Channel length (m) 150
Sinuosity 1.1

Variability parameters as bs θs

Bankfull width 0.25 2 0
Planform 10 1 0
Bed elevation 0.25 2 0
Floodplain outline 5 1 3.14
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housing, roads and associated impervious areas.
SCM implementation scenarios: Stormwater management scenarios

were applied in MUSIC to the urban base-case scenario with the aim of
moving the flow regime back towards its pre-development conditions.
Management actions explored include diversion of ground-level im-
pervious runoff to bioretention systems, domestic and non-domestic
water use from rainwater tanks, diversion of tank overflow and con-
trolled low-flow ‘leaks’ to bioretention and harvesting of water from
stormwater pipes upstream of watercourses for off-stream storage and
non-potable uses (e.g. landscape irrigation). We adopted three basic
SCM scenarios, herein labelled SCM30, SCM45 and SCM65, where the
numbers (30, 45, 65) represent the target percentage reduction in
runoff volume. The overarching design objective was based on total
runoff volume reduction in comparison to the urbanized base case
without SCM implementation (Table 2). Scenario SCM30 uses only
bioretention and rainwater tanks to achieve a total 30% volume re-
duction. All ground level impervious runoff in this scenario was di-
rected to bioretention systems, while household roof runoff was di-
rected to rainwater tanks which had a controlled slow-release to
bioretention. Scenario SCM45 uses the same measures as SCM30, and in
addition models the removal of additional 20% of the remaining runoff
from stormwater pipes upstream of the watercourse, representing use
for a range of non-potable purposes such as landscape irrigation, in-
dustry or agriculture. This scenario targeted an overall reduction in
runoff volume of 45%. Scenario SCM65 uses the same measures as
SCM45 but increases additional flow removal from 20% to 50% of
runoff from stormwater pipes in every time step, thus achieving a total
runoff volume reduction of 65%. Such a scenario might represent the
case where stormwater was harvested, and treated, before being stored
and used in the potable supply, as is already being trialled in some
locations (e.g. McArdle et al., 2011).

The MUSIC model outputs include flow time-series at 6-minute
timestep, representing the flow regime of each modelled scenario
(Fig. 3). Further details of the flow regimes of modelled hydrological
scenarios are reported in the Supplementary Material.

2.5. Hydraulic modeling and scenarios

TUFLOW Classic is a numerical model that solves the full 2D (depth-
averaged) momentum and continuity equations for free surface flow
(Syme, 2001). It was used to simulate the spatially explicit hydraulic
patterns of the five flow regimes delivered from each of the hydro-
logical scenarios described above. A square grid computational mesh
was elevated with the RiverBuilder's DTM data points generated for the
channel reach, with 150 longitudinal nodes spaced at 0.5m (∼1/16
Wbf ). The default TUFLOW Smagorinsky viscosity was used for turbu-
lence closure with coefficient value of 0.5 and constant value of
0.005m2/s suitable for shallow waters (e.g. Anim et al., 2018a). Man-
ning's n was set to 0.05, representing typical unvegetated coarse-
grained (gravel/boulders) surface roughness (Arcement and Schneider,
1989). Typical of published exploratory numerical modeling studies,
calibration of bed roughness or eddy viscosity was not possible as the
study uses numerical models of theoretical channel archetypes in purely
exploratory mode (e.g., Pasternack et al., 2008; Brown et al., 2016;
Lane et al., 2018).

Fig. 2. (a) The synthetic DTM and (b) the longitudinal profile of the thalweg of the case-study reach channel morphology.

Table 2
Volume reduction scenarios and pairs of basic SCMs used to retain volume reduction. See text for definition of scenarios acronyms.

Flow regime scenario Volume reduction (%) SCMs used to retain volume reduction

Natural Natural None
Fully urban 0 None (surface runoff directed to stream via stormwater pipes upstream of watercourse)
SCM30 30 Tanks and bioretention
SCM45 45 As FRM1 and 20% runoff removal from stormwater pipes
SCM65 65 As FRM2 and 50% runoff removal from stormwater pipes

Fig. 3. Flow duration curves that summarised the modelled time-series (daily)
for each scenario.
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Model simulation input and exit boundary conditions included 10
flow stage and corresponding discharge (Q), ranging from 0.2–2.0× the
bankfull flow (Qbkf ) stage (Table 3). Qbkf stage is the water surface
elevation (WSE) at which flow overtops the banks. Manning's equation
was used to estimate the discharge values associated with the modelled
flow stage based on representative cross-sections of the synthetic DTM
(Table 3). Bankfull stage and wetted perimeter were calculated manu-
ally from the cross-sections and cross-sectional area determined using
the parabolic approximation. These hydrological values used are scaled
to the synthetic DTM to associate each modelled flow stage in the hy-
draulic model. We emphasize that these are estimates and should not be
considered as utmost targets to inform management. 2D model outputs
include hydraulic rasters of depth-averaged velocity in the direction of
flow, water depth, bed shear stress (τb) and WSE. ArcGIS (Esri ArcGIS
desktop 10.2) was used to process and analyze these outputs to evaluate
each investigated scenario.

2.6. Ecologically relevant hydraulic metrics

This study considered three eco-hydraulic relevant metrics asso-
ciated with key components of stream ecosystem functions: variation of
benthic disturbance that affect bed mobilization and drift of benthic
biota that lives in them (e.g. Gibbins et al., 2010); variation of hydraulic
diversity (e.g. Gostner et al., 2013); and physical habitat availability
(e.g. Vietz et al., 2013). Quantitative hydraulic performance metrics
related to these ecosystem functions used includes: (i) established near-
bed Shield stress thresholds as indicators of bed mobility, (ii) a measure
of spatial heterogeneity of flow depth and velocity that reflects overall
reach hydraulic diversity and (iii) a measure of retentive habitat area
that quantifies availability of slow and shallow depth water. We ex-
amined these hydraulic functions using an ArcGIS decision tree that
enabled rapid evaluation of the hydraulic model raster outputs over
specific defined threshold bounds.

2.6.1. Benthic disturbance
Benthic space is naturally disturbed by bed material movement in

unaltered hydrological regime reaches on a periodic basis, but this
process has been shown to increase in magnitude, frequency and
duration with urbanization. This increases streambed instability and
degradation (e.g. Hawley and Vietz, 2016; Anim et al., 2018a) and
impacts biota (Hawley et al., 2016). The non-dimensionalized bed shear
stress known as Shields stress ( ∗τ ) was used to quantify the bed mobility
potential of the channel in each grid cell of the model. The shields stress
was calculated as:

=

−

τ
D γ γ

τ*
( )

b

s w50 (4)

where τb is bed shear stress and γs and γw are the unit weight of bed
particle and water respectively. In this study, ∗τ values where classified
based on established bed particle mobility threshold, where ∗τ <0.03
indicates stable bed or no mobility, 0.03< ∗τ <0.06 indicates partial
mobility (i.e. incipient motion of finer particles at the bed surface) and

∗τ >0.06 indicate full bed mobility (i.e. persistent movement of a sheet
of bed particles) (Wilcock and McArdell, 1993; Buffington and
Montgomery, 1997; Sawyer et al., 2010). The mobility performance
was then quantified as the cumulative proportion of the channel bed
experiencing the different levels of mobility as defined by the threshold.
The results were then binned for comparison purposes such that low,
medium, and severe disturbance are associated with 0–20%, 20–50%

and above 50% proportion of the channel bed experiencing at least
partial bed mobility respectively. For instance, above 50% of the
channel bed area must be experiencing at least partial or full bed mo-
bility to be considered severe disturbance.

2.6.2. Hydraulic diversity
Varying patterns of flow velocity and depth have been recognised as

part of the stream heterogeneity key to ecosystem integrity (Rosenfeld
et al., 2011b). Hydraulic variability supports differentiation of species'
life history strategies (Verberk et al., 2008; Braun and Reynolds, 2014).
We used the hydro-morphological index of diversity (HMID) developed
by Gostner et al. (2013) to quantify the overall hydraulic diversity in
the channel for a given discharge. The HMID is based on the reach-scale
coefficient of variation (CV) of flow velocity (u) and water depth (d)
estimated as:

= + + +HMID CV CV(1 ) (1 )channel u d
2 2 (5)

where =CV σ μ/ , σ and μ are the standard deviation and mean value
respectively. Results were binned to reflect Gostner et al. (2013) pro-
posal such that HMID<5 assumes low diversity; 5 < HMID < 9 as-
sumes medium or transitional diversity; HMID > 9 assumes high di-
versity.

2.6.3. Retentive habitat availability
Shallow slow-water habitat (SSWH) area was used to evaluate the

relative habitat availability for explored scenarios. SSWH are vulner-
able to an altered hydrological regime. Decreases in SSWH area impact
fish abundance, macroinvertebrates that rely uses such habitat for re-
fugia, and organic matter retention (Schiemer et al., 2001; Vietz et al.,
2013). SSWH (total area per channel length) was estimated from the
model flow depth and velocity raster using an ArcGIS python script that
processes water depth and velocity outputs to locate cells with joint
velocity and depth values of 0–0.2m/s and 0–0.3m respectively. This
depth and velocity criteria is particularly preferred by fish (Milhous and
Nestler, 2016) and benthic macroinvertebrates (Shearer et al., 2015) in
streams.

2.7. Hydraulic regime performance analysis

An approach that blends hydrological time series with functional
hydraulic performance was employed to evaluate the hydraulic re-
sponse of each explored flow regime scenario. First, functional re-
lationships were developed for the full range of flows modelled
(Table 3) for each hydraulic metric investigated. Then the functional
relationships were integrated with flow time series of each hydrologic
scenario to yield hydraulic metric time series. The resulting annual time
series represent the temporal pattern of the hydraulic response under
each hydrologic scenario. The relative influence of each flow scenario
to maintain or restore stream hydraulics regime was evaluated by
quantitively characterizing and comparing the temporal variation in
each explored hydraulic metrics to the pre-development conditions.
This approach employed simple descriptive statistics, where the sta-
tistical analysis of the time-series of each metric aimed to evaluate the
relative percent change of the various aspects of the hydraulic beha-
viour. This includes frequency, magnitude and duration, which are key
elements of the hydraulic template (Poff and Ward, 1990). The analysis
also considered the increase or decrease of the metrics as a function of
discharge relative to the explored scenarios where the degree of change
was examined corresponding to the defined thresholds.

Table 3
Channel archetype discharge values simulated for 0.2–2.0 times bankfull stage estimated using Manning's equation.

Fraction of Qbkf stage 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Simulated Q (m3/s) 0.18 0.73 1.64 2.62 3.83 5.86 8.35 10.90 13.17 17.15
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3. Results

3.1. Variability of hydraulic metrics with discharge

The model results showed a decrease in the portion of the channel

benthic area experiencing no bed mobility (τ*< 0.03) beginning as the
flow reaches approximately 0.4 Qbkf (Fig. 4a). This represents flows of
65% and 85% exceedance for both developed and pre-developed mean
daily flow regime respectively. A slight decrease was then observed as
flows near 0.9 Qbkf and tends to stop as flows spills over the banks
reaching a constant 15% with over 50% of the channel bed under
partial or full mobility. A predicted ∼75% of the wetted channel bed
area experienced either partial or full bed mobility at bankfull flow.

The HMID values invariably decreased as flow increased and
eventually stabilised once flow spilled over the banks (Fig. 4b). HMID
was substantially higher at baseflows (< 0.2 Qbkf ) than higher flows
(> 0.5 Qbkf ), with baseflow values about 4× as high. Above 0.2 Qbkf ,
the HMID values reduce and attains medium values (5 < HMID < 9).
It then transitions from medium to low values (HMID<5) as flows
reaches 0.5 Qbkf and tends to stop around an approximately constant
value of HMID=2 for very high flows. Here, larger flow depth and
velocity CV for flows below 0.2 Qbkf was observed. Generally, mean
flow velocities and water depth ranged from 0 to 1.1m/s and 0–0.83m
respectively. At Qbkf , maximum velocity and depth were 1.5 m/s and
1.28m respectively. The water depth was observed to change rapidly at
low flow variations (< 0.3 Qbkf ), whereas the flow velocity was sensi-
tive to variations in high flows (> 0.5 Qbkf ).

The SSWH area initially increased gradually with complete wetting
conditions of the active channel bed topography as flow increased
(Fig. 4c). This was associated with low flows up to 0.2 Qbkf , beyond
which the SSWH area diminished rapidly and was near zero at Qbkf .
Once flows overtopped the banks, there was a substantial increase in
SSWH area as floodplains were inundated.

3.2. Hydrologic scenarios comparisons

3.2.1. Benthic disturbances
The urban baseline scenario produced the most unstable bed within

the channel, dominated by increased periods of the channel bed ex-
periencing either partial or full mobility (Fig. 5). The predicted fre-
quency and magnitude of portion of the benthic space that was ex-
hibiting severe benthic disturbance (period that over 50% of the
channel bed area shows partial or full bed mobility) were substantially
greater. The influence of flow alteration in the urban hydrological re-
gimes was revealed in the frequency and duration of the severe dis-
turbance (Fig. 6a and b). For example, comparing the natural flows and

Fig. 4. Relationship between discharge (as a fraction of bankfull flow) and
hydraulic metrics. (a) Proportion of the wetted channel bed area under different
classification of sediment mobility, (b) HMID values, and (c) SSWH area values.

Fig. 5. Time series of the daily proportion of the wetted channel bed area under each classification of sediment mobility, for each modelled scenario considered over
the study period.
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urban flows the frequency (number of days) that channel bed areas
experience severe disturbance under urban scenario was about 50×
that of the natural (pre-developed) state. This was estimated to be 217
days for the study period, averaging 37 days/year. This represents
∼8% of the total study period compared to 0.1% for the natural. It
reflected the increased frequent-high magnitude storm flows with the
altered hydrology. In other words, almost all the estimated days of
channel experiencing severe disturbance under urban scenario were
associated with flows occurring ∼40% of the time. In contrast, the
natural flow regime resulted in predominantly stable bed most of the
year, averaging 2 days/year of severe disturbance, with approximately
85% and 14% of low and moderate disturbance respectively.

The different SCM approach interventions (SCM30, SCM45, SCM65)
showed reduced potential benthic disturbance compared to the fully
urban. The observed periods of severe disturbance compared to the
urban scenario were substantially improved particularly for SCM65
which showed a benthic disturbance regime close to the natural sce-
nario. The estimated period under severe disturbance plummeted from
8% under urban scenario to 5%, 2.7% and 0.4% under SCM30, SCM45
and SCM65 respectively. More importantly, the temporal analysis re-
vealed that, the continuous duration of the channel bed exhibiting se-
vere disturbance of greater than 2 days was substantially reduced with
SCMs applied (Fig. 6b). Similar to the natural scenario, the duration of
period of severe disturbance in the channel bed under SCM65 was
short-lived, mostly within 0–2 days. Here, the period of severe dis-
turbance was only larger for long duration-high magnitude flows oc-
curring ∼3% of the time of the flow regime.

3.2.2. Reach hydraulic diversity
The temporal hydraulic diversity pattern was highlighted by the

HMID exceedance curves for all investigated scenarios (Fig. 7). For all
scenarios, HMID values were within moderate to high bins about 75%
of the time. The natural scenario produced higher HMID values for most
of the year showing higher temporal persisting diverse in-channel hy-
draulics, with values within medium to high performance equalled or
exceeded ∼95% of the time. Under urban scenario, high HMID values
(> 9) occurred only 20% of the time with marginally higher (> 11)
values compared to all other hydrologic scenarios exceeded 10% of the

time. This is related to the extended lower summer and winter base-
flows under urban scenario. For flow regimes under SCM intervention
scenarios (SCM30, SCM45, SCM65), HMID values showed some im-
provement in the temporal hydraulic diversity compared to urban
scenario, particularly for SCM65 (which yielded an HMID regime close
to that of natural scenario).

The natural scenario shows consistently high HMID values across
the year, particularly during winter period (June–August) when fre-
quent storms flows are expected (Fig. 8). SCM65 exhibited a similar
HMID pattern to natural scenario. Sensitivity of the hydraulic diversity
to frequent flow alteration was illustrated for urban scenario, when
HMID values fluctuated rapidly between low, medium and high per-
formance.

3.2.3. Retentive habitat availability
SSWH area exceedance curves revealed a substantial reduction of

the temporal persistence of SSWH availability in the channel under the
urban flow regime (Fig. 9). This was up to about 3× less relative to the
natural scenario for the total study duration, particularly for flows be-
tween 40 and 60% exceedance. Considering the median of these flow
regimes (Table 4), the urban scenario reduces SSWH availability on
average by approximately 30–45% annually for the study period. As
low flows produce higher SSWH availability in general, it is un-
surprising that urban scenario exhibited slightly higher SSWH areas
occurring about 20% of the time, related to the extended lower base-
flows.

The influence of flow alteration in the urban flow regimes was also
revealed in the frequency distribution of SSWH availability per unit
150m over the study duration (Fig. 10). For example, comparing nat-
ural and urban scenarios showed a reduction in the frequency (number
of days) of larger areas of SSWH (> 200m2/150m). Under natural
scenario, diversity in the SSWH areas is greatest with larger areas of
SSWH frequently present. Smaller areas of SSWH (< 100m2/150m)
are most common under altered hydrological regimes particularly for
the urban scenario which skews the distribution further. Overall, re-
ductions of SSWH availability was minimized by the alternative SCM
scenarios (SCM30, SCM45 and SCM65). The applied SCMs appro-
priately improved the totally skewed to very little SSWH areas com-
monly occurring under urban scenario towards the natural scenario.
This improvement was most evident for SCM65, which retained a total
SSWH areas close to the natural scenario, with only marginal reduction
in the magnitude and duration of SSWH areas. Conversely SCM30 had
little effect on the frequency and magnitude of larger SSWH areas.

4. Discussion

4.1. Hydraulic effects of an urban-induced altered hydrologic regime

As demonstrated in this study, the altered flow regime that results
from urbanization drives fundamental deleterious changes to the

Fig. 6. (a) Frequency (in days) that at least 50% of the wetted channel bed area
exhibiting at least partial bed mobility (i.e. severe disturbance); (b) continuous
duration of severe disturbance of each modelled scenario considered over the
study period.

Fig. 7. Hydromorphic index of diversity (HMID) percent exceedance curves for
each modelled scenario considered over the study period.
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natural hydraulic regime of the stream ecosystem. This coincides with
widely recognised arguments made by researchers that urban storm-
water runoff is a major stressor to urban stream ecosystems (Brabec
et al., 2002; Walsh, 2004; Ladson et al., 2006; Burns et al., 2012; Vietz
et al., 2014). In turn, this is a primary contributor to decreased ecolo-
gical health often observed in streams draining urban catchments
(Wenger et al., 2009; Groffman et al., 2014).

The results suggest that the urban flow regime could lead to the
channel experiencing substantially higher bed mobility, making the
channel bed highly unstable, the first stage to channel incision (Hawley
and Vietz, 2016). Full transport defined by Sawyer et al. (2010) as

persistent entrainment of a sheet of bed particles will occur more fre-
quently and for longer durations following urbanization, given that
urban hydrology is characterised by increased frequency, magnitude
and volume of storm flows (Anim et al., 2018b). This means accelera-
tion of channel evolution processes, including deleterious positive
feedback such as containment of greater volumes of streamflow once
channel capacity increases (Vietz and Hawley, 2018).

Increased frequency, duration, and spatial extent of bed mobility in
this degradation mechanism translates to ecological impacts via regular
disturbance of physical habitat (Francoeur and Biggs, 2006) and
eventually habitat loss, limiting benthic refuge space (Negishi et al.,
2002). Benthic disturbance dynamics is a key factor in the distribution,
abundance and diversity of benthic biota (Townsend et al., 1997). This
type of disturbance does not yield a consistent regime that species can
adapt or acclimatise to.

Sensitivity of spatial and temporal hydraulic diversity to the flow
alteration after urbanization has relevant implications for biodiversity
and ecosystem functioning. While the channel maintained temporal
persistence of high range and coefficient of variation of depth and ve-
locity for the most part, altered hydrology in the urban case increases
the magnitude and frequency of higher discharge events. This renders
the channel liable to frequent fluctuations of hydraulic diversity, with
limited temporal persistence of the larger range and covariance of
depth and velocity. Gostner et al. (2013) argued that for channels ex-
periencing such rapid fluctuations, the chances of maintaining a
healthy biotic stream community are limited. While a higher hydraulic
diversity alone does not necessarily yield a healthy stream or suitable
ecological performance, it is expected to impact the longitudinal dis-
tribution and assemblages of biota (Elosegi et al., 2010; Lane et al.,
2018).

In addition, retentive habitat availability under the urban hydro-
logical regime is low, limiting opportunities for biotic refuge. Persistent
limited availability of SSWH can reduce breeding and rearing habitat
and refuge which could be a major factor for local extinction and re-
duced assemblages and diversity of biota (Poznańska et al., 2009;
Wenger et al., 2009; Koperski, 2010).

These factors suggest that appropriate urban flow regime

Fig. 8. Time series of daily HMID values for each modelled scenario showing periods of low, medium (mid) and high hydraulic diversity.

Fig. 9. SSWH area percent exceedance curves for each modelled scenario
considered over the study period.

Table 4
SSWH area of each modelled scenario at median flows.

Modelled scenario Flow (m3/s) SSWH area (m2)

Natural 0.188 240.6
SCM65 0.177 255.2
SCM45 0.247 161.2
SCM35 0.294 143.3
Urban 0.381 130.0
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stormwater management is a likely requirement to protect the hy-
draulic conditions of streams. Excess stormwater runoff volume needs
to be prevented from becoming streamflow to have a chance of sus-
taining the ecosystem functioning.

4.2. Can catchment-scale application of SCMs restore a more natural
hydraulic condition?

Our results demonstrate that a high level of SCM implementation is
necessary to maintain in-stream hydraulic conditions close to pre-de-
velopment levels in urban catchments. Similar to what is proposed to
restore and/or protect geomorphic form (Vietz et al., 2015), water
quality (Fletcher et al., 2014) and ecology (Walsh et al., 2015). The
hydraulic performance of the SCM scenarios (SCM30, SCM45, SCM65),
compared with the natural scenario suggest that protecting or restoring
ecologically relevant aspects hydraulic regime through catchment-scale
application of SCMs is feasible, but requires relatively high levels of
SCM intervention. The hydraulic behaviour of adopted hydraulic per-
formance metrics showed that the three designed SCM scenarios could
potentially reduce the impact of stormwater runoff on the stream eco-
system. The volume reduction achieved is an important surrogate pre-
dictor of the changes to each of hydraulic metrics, with the most ef-
fective scenario being SCM65. The SCM30 scenario provided only
marginal improvement of the hydraulic conditions.

The observation that intensive application of SCMs is necessary to
fully protect the hydraulic environment has important implications for
stormwater management. In reality, achieving such volume reductions
will need to involve significant harvesting; relying on infiltration or
evapotranspiration alone will not be sufficient (Walsh et al., 2016). In
essence, the design stormwater control measures should have the ca-
pacity to retain rainfall up to the amount that would have caused
widespread surface runoff under natural catchment conditions (Burns
et al., 2015b). As an example, in south-eastern Australia, this amount
has been calculated as being around 25mm (Hill et al., 1996).

Several authors have demonstrated that achieving such an outcome
requires that SCMs be applied at or near source throughout the catch-
ment (e.g. Meyer and Wallace, 2001; Burns et al., 2015a; Walsh et al.,
2016), as this provides greater opportunity to mimic natural flow paths
and restore a natural water balance. By this reasoning, we posit that, it
is possible for urbanization to be managed with suitable infrastructure
to avoid significant impact on the in-stream hydraulic conditions.
Management interventions to achieve such large volume reduction in-
clude diversion of ground level impervious runoff to bioretention

systems, domestic and non-domestic water use from rainwater tanks,
diversion of tank overflow and controlled low-flow ‘leaks’ to bioreten-
tion and harvesting of water from stormwater pipes upstream of the
stream for offstream storage and use (e.g. DeBusk et al., 2010a; Burns
et al., 2015a).

Our modeling suggests that lower levels of implementation of SCMs
are unlikely to provide the natural hydraulic conditions, as demon-
strated by the SCM30 scenario. This suggests that partial hydrological
regime restoration in an established urbanized catchment may not be
enough to protect the hydraulic environment.

4.3. Challenges of appropriate scale for flow-regime stormwater
management

Achieving high levels of volume reduction could be challenging,
especially in an established urban catchment, due to space constraints
and limited demand for alternative water supplies (Hamel et al., 2013;
Walsh et al., 2016). In a retrofit situation, there will be a large cost
required for retention and storage (see for example Burns et al., 2015a;
Li et al., 2017), but it is worth noting that such strategies also bring
other benefits such as improving urban amenity through increased so-
cial values and enhancing the urban microclimate (Roehr and Fassman-
Beck, 2015; Kuller et al., 2017). Considering these challenges, it is clear
that implementation will be most feasible when it is planned at the
development phase, where there is the potential to incorporate the
required SCMs and water harvesting as part of the construction phase,
both reducing net cost and maximising the other secondary benefits
provided (Walsh et al., 2016).

4.4. Opportunities for management to protect stream ecosystem

The results of this study suggest that the definition of urban
stormwater management for stream protection should require meeting
objectives that maintain the natural hydraulic regime of receiving
streams. In this context, hydraulic performance metrics provide useful
and specific design objectives for SCM implementation. Recent studies
have contended that streamflow considerations should go beyond hy-
drologic assessment and include hydrogeomorphic evaluations that
provide a better understanding of the effects of intended management
actions (Wohl et al., 2015; Yarnell et al., 2015; Stone et al., 2017).
Hydraulic conditions provide an explicit mechanistic linkage between
exogenous variables and ecological responses and are associated with
key components of stream ecosystem integrity: hydrogeomorphic

Fig. 10. Distribution of daily values of SSWH area for each modelled scenario considered over the study period.
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processes and aquatic habitat (Kemp et al., 2000; Escobar-Arias and
Pasternack, 2010; Vanzo et al., 2016). This is in line with the guidance
of Walsh et al. (2016), who argue that a target for the ecological state of
the stream ecosystem to be protected should be identified and used to
set performance objectives for catchment-wide stormwater manage-
ment.

5. Conclusions and future works

Stream ecosystem processes are substantially governed by their
hydraulic regime, which in turn is driven substantially by catchment
hydrology. This study examined how catchment-wide application of
stormwater control measures implemented focused on restoring more
natural flow regimes in an urbanizing catchment could maintain or
restore in-stream hydraulics towards their pre-development conditions.
By investigating quantitative eco-hydraulic metrics, we were able to
evaluate the hydraulic response to changes in the hydrological regimes.
Comparing the performance of these metrics suggested that SCM im-
plementation is a prerequisite to sustaining the hydraulics at pre-de-
velopment levels to protect the ecological structure and function.

The results highlighted that stormwater management that max-
imises the retention, harvesting and infiltration of surface runoff would
have noticeable impact if applied intensively throughout the catch-
ment, such that the runoff volume approaches that which would have
occurred prior to urbanization. Given that the managed flow regimes
should result in suitable hydraulic conditions for ecosystem func-
tioning, we propose that stormwater management and protection of
stream ecosystem processes should target strategies for and incorporate
anticipated effects on stream hydraulics. Our study provides a novel
framework for more quantitative assessment of the effectiveness of
stormwater management strategies, using hydraulic metrics associated
with key elements of stream ecosystem functions.

Our study has emphasized the need for a large proportion of surface
runoff to be prevented from becoming streamflow. We acknowledge
this will be challenging in terms of the space required, cost, and finding
demand for the harvested stormwater, particularly for an established
urban catchment. Such challenges should be weighed up, however,
against the range of other benefits to urban amenity that result from
returning a more natural water balance in urban landscapes.

Further work is needed to identify specific hydraulic metrics that
could guide design in particular streams, based on channel form, sub-
strate composition, or ecological values to be protected. In addition, in
cases of established urban catchments, where restoring altered flow
regimes is difficult, further research would be useful to understand how
the target stream's channel form influences the effect of altered hy-
drology on key stream ecosystem functions. Understanding the tem-
plate of hydraulic conditions that results from the interplay between
channel form and flow could help to design complementary channel
modification. Independent adjustment of flow and channel form might
give managers additional flexibility for ecologically successful restora-
tion and protection of streams in urban catchments.
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