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Abstract 7 

Coarse-grained sediments supplied to a stream, in concert with the flow regime, play an important 8 

role in channel form and functioning, but are poorly understood in urban catchments. Improved 9 

knowledge of coarse-grained (> 0.5 mm) sediment sources and supply rates will underpin strategies 10 

to mitigate impacts of urbanization on streams. We quantified key hillslope (i.e. non-channel) sources 11 

of sediment in urban areas by monitoring coarse-grained sediment yields from nine street-scale 12 

stormwater catchments over one year. From our observations, we developed a suburban hillslope 13 

sediment budget and a conceptual model of the response of hillslope coarse-grained sediment supply 14 

to different levels of urbanization. Coarse-grained sediment supply from the urban land surface was 15 

substantial. The highest unit-area yields came from infill construction sites (2,800 kg/ha/yr), followed 16 

by gravel surfaces (740 kg/ha/yr), grass/mulch surfaces (84 kg/ha/yr), then impervious surfaces (21 17 

kg/ha/yr), with the latter still producing yields far above background conditions. In typical suburban 18 

catchments grass and mulch surfaces and construction areas were key sources, with gravel and 19 

impervious surfaces making smaller contributions. Small source areas were important, for example 20 

construction produced 32% of sediment from 0.5% of the area. Connectivity of sediment sources to 21 

impervious surfaces, and hence to drainage systems, was important in driving sediment yields. Our 22 

conceptual model indicates that that hillslope coarse-grained sediment supply increases with 23 
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urbanization from natural to suburban conditions as connectivity increases, then declines with higher 24 

levels of urbanization as sources become scarcer. Impervious surfaces provide sources and supply 25 

pathways of coarse sediment, but also increase sediment transport capacity, causing severely supply-26 

limited conditions and reducing the persistence of bed sediments in streams. When reducing 27 

hydrological connectivity to address the urban flow regime, consideration should be given to 28 

maintaining coarse-grained sediment supply through bypass or replenishment arrangements, to help 29 

reduce stream degradation and maintain form and functioning. 30 

1. INTRODUCTION 31 

Urbanization fundamentally alters a suite of hydrological and earth surface processes, causing 32 

widespread ecological degradation (Meyer et al., 2005; Walsh et al., 2005b). Impervious land cover 33 

and efficient stormwater drainage systems to streams drive increased and more responsive runoff and 34 

streamflow patterns, causing channel erosion and producing in-stream conditions inhospitable to 35 

biota. Urban streams tend to be enlarged (Chin, 2006; Paul and Meyer, 2001) with reduced bed 36 

sediment depth (Vietz et al., 2014) and increased substrate particle size (Finkenbine et al., 2000; 37 

Hawley et al., 2013; Utz and Hilderbrand, 2011). Such geomorphic adjustments have wide-ranging 38 

impacts on the values of urban streams, including practical concerns (damage to infrastructure, loss 39 

of land), ecological impacts (loss of habitat, benthic plants and sensitive biota), and reductions in 40 

amenity and aesthetics (Booth, 1991; Gurnell et al., 2007; Smith et al., 2016; Walsh et al., 2012).  41 

Studies have begun to unravel the processes driving urban stream degradation, focusing mainly on 42 

the altered hydrology of urban systems (Bunn and Arthington, 2002; Burns et al., 2015; Fletcher et al., 43 

2013). The fluvial geomorphology of a stream, however, is a product of the balance between flow and 44 

sediment supply (Lane, 1955; Mackin, 1948). While the role of urban stormwater runoff in driving 45 

increased sediment transport capacity in streams is receiving growing recognition, the response of 46 

sediment supply to urbanization is poorly understood (Russell et al., 2017; Vietz et al., 2016). Coarse-47 
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grained sediment, defined here as particles > 0.5 mm (coarse sand and greater) after Houshmand et 48 

al. (2014), is particularly relevant to stream ecology, providing bed material that forms the substrate 49 

for ecological communities and processes (Hawley and Vietz, 2016). Altered coarse-grained sediment 50 

supply could have a role in either exacerbating (if reduced) or mitigating (if increased) the impacts of 51 

increased urban stormwater flows (Lane, 1955).  52 

Moreover, we need to specifically understand hillslope (urban land surface) sources of sediment in 53 

urban areas, as distinct from in-channel sources. Catchment-scale urban sediment budget studies tend 54 

to find that channel erosion is the principal source of coarse-grained sediment (Nelson and Booth, 55 

2002; Trimble, 1997). However, channel erosion is a response to altered flow and sediment inputs, 56 

and to manage channel degradation we must look upstream of the channel to better understand these 57 

drivers, i.e. on the hillslopes. Avoiding urbanization impacts to headwater streams requires 58 

maintenance of hillslope sediment supply at levels commensurate with the increase in sediment 59 

transport capacity.  60 

Recent work has greatly increased our understanding of urban hillslope sediment yields, pointing to a 61 

consistent pattern of elevated sediment supply from the hillslopes of urban catchments (Gellis et al., 62 

2017; Smith et al., 2011; Smith and Wilcock, 2015). The key sediment sources and the processes 63 

driving the increase were unclear in these studies, as it was expected that land stabilisation would 64 

lead to decreased sediment loads (Gurnell et al., 2007; Wolman, 1967). The contribution of infill 65 

construction has long been recognised (Leopold and Dunne, 1978; Smith et al., 2011), while Smith and 66 

Wilcock (2015) expanded this to include infrastructure maintenance, yard work, building renovations, 67 

and accidental sediment spills as potential sources in mature suburbs. Street residue, residential 68 

lawns, parks, forested areas and hillslopes were invoked as potential sources by Gellis et al. (2017).  69 

To assist in the conceptualisation of sediment sources and supply pathways, the urban coarse-grained 70 

sediment cascade from hillslopes to stream channels was outlined (Figure 1), sensu Taylor (2007). The 71 

processes by which coarse-grained sediment can reach impervious surfaces include decay of 72 
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impervious surfaces themselves, fluvial detachment and transport from adjacent sources (e.g. 73 

raindrop impact, rill and interrill erosion), traction of particles from adjacent sources by vehicles and 74 

pedestrians and spills of construction materials or waste. The relative importance of these processes, 75 

and of the different urban land cover types, needs to be established.  These supply pathways are also 76 

dependent on sediment connectivity at the hillslope (i.e. the catchment of a stormwater pit or 77 

impervious surface) scale.  78 

Usually only a small proportion of sediment which is eroded from a land surface reaches a basin outlet 79 

(Walling, 1983), with the remainder stored in hillslope, channels, floodplain and lake deposits. The 80 

sediment (dis)connectivity framework developed by Fryirs et al. (2007a) conceptualises impediments 81 

to sediment connectivity between different landscape compartments or sediment storages to unravel 82 

the internal dynamics of sediment storage and flux in a catchment. These impediments are classified 83 

as (i) buffers, which prevent sediment from entering the channel network from hillslopes; (ii) barriers, 84 

which impede sediment movement along the channel; and (iii) blankets, which smother other 85 

landforms and protect them from reworking. While the specific definitions of these elements depend 86 

on the temporal and spatial scale of observation, we can define them at a useful scale for 87 

understanding urban sediment connectivity. We apply these concepts by framing urban land surfaces 88 

as ‘hillslopes’, and stormwater pipes and gutters as well as open drains and streams as ‘channels’. 89 

While urban hillslopes are generally highly connected to stormwater networks, their connectivity is 90 

impeded by buffers including fences, walls, well-grassed areas, and disconnected topographic low 91 

points. Within the stormwater drainage network, sediment traps, gross pollutant traps (GPTs), 92 

sediment ponds, debris blockages and low-gradient pits and pipes can form barriers which impede 93 

sediment movement downstream. Blankets exist in urban areas at two scales: i) features that smother 94 

sedimentation on the urban land surface, such as grass, mulch, pebble toppings and impervious 95 

surfaces; and (ii) features that smother sedimentation in pipes, channels and floodplains, such as bed 96 

armour. The spatial complexity of land cover and drainage patterns of the built environment will likely 97 

produce very complex hillslope connectivity patterns that affect urban sediment supply.  98 
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 99 

Figure 1 The urban coarse-grained sediment cascade, from hillslope sources, through the 100 

built stormwater network, and into channels. Key inputs and outputs are shown in 101 

rounded boxes, storages in rectangular boxes, and processes on arrows.   102 

The objectives of this research are to identify and quantify coarse-grained sediment sources in urban 103 

hillslope catchments (where urban hillslopes are considered urban land surfaces that drain to the 104 

stormwater network), to conceptualise supply pathways and connectivity, and to subsequently 105 

understand the processes driving hillslope sediment supply to urban streams. Key questions are: 106 

1. What are the typical rates of coarse-grained sediment supply from different urban land cover 107 

types? 108 

2. What are the dominant sources of coarse-grained sediment in typical urban and suburban 109 

catchments? 110 
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3. What is the role of sediment connectivity in limiting or enhancing coarse-grained sediment 111 

supply? 112 

4. What is the likely response of hillslope coarse-grained sediment supply to different levels of 113 

urbanization intensity?  114 

2. STUDY AREA 115 

Hillslope sediment supply monitoring was undertaken in the upper Scotchmans Creek catchment in 116 

eastern Melbourne, Australia (Figure 2). The catchment has typical suburban land use with average 117 

total imperviousness (TI) of 47.4% and effective imperviousness (EI; the proportion of land covered by 118 

impervious surfaces directly connected to a stormwater drainage network) of 46.8% (Russell et al., 119 

2018). Land use is mostly residential with the remainder a mix of commercial, infrastructure and 120 

utilities, and cultural and sporting facilities. Sealed road surfaces make up 13% of the catchment area, 121 

and unsealed roads are virtually absent. The pervious areas are well-vegetated, with tree canopy 122 

covering over half the pervious surfaces in the catchment.  123 
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 124 

Figure 2 Study area, showing location and detailed land cover mapping of hillslope sampling 125 

catchments and sediment traps. S1-S4 are suburban sites, U1-U4 are urban sites, 126 

and C1 is suburban with construction site.  127 

Stream burial and drainage network extension are significant in the catchment, increasing the total 128 

drainage density (including underground pipes) to around 20 km/km2, probably more than 20 times 129 

higher than natural conditions. Pre-urban drainage density was estimated at 0.7 km/km2 from the sum 130 

of open channels and trunk drainage pipes (considered likely to be buried streams), which is similar to 131 

drainage densities of nearby undeveloped catchments (0.7-1.2 km/km2; Russell et al. (2018)). 132 

Additional concentrated drainage paths on the urban surface like street and roof gutters, and private 133 

drainage pipes, further increase the urban drainage density by at least as much again (Walsh et al., 134 

2016). Where open channels remain unburied, they are stabilised with large rock. Scotchmans Creek 135 
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is incised compared to nearby natural analogues, has few bars and benches, and low wood loads (Vietz 136 

et al., 2014). Channel enlargement, simplification and rock-lining are indicative of channel erosion in 137 

the past, which probably occurred in response to the urban flow and sediment regime. In addition to 138 

geomorphic impacts, the creek suffers from degraded water chemistry, elevated temperature (Hatt 139 

et al., 2004), and severely degraded aquatic ecosystems (Walsh, 2004). 140 

The catchment has separate stormwater and sewer systems and few stormwater treatment features, 141 

so most stormwater reaches the stream untreated. Gross pollutant traps (GPTs) and ponds treat 142 

around 12% of the catchment.  143 

Urbanization of the catchment occurred mostly during the 1950s to 1970s, although infill and renewal 144 

construction works are constantly occurring. The instantaneous proportion of land under construction 145 

in September 2017 was estimated to be 1.5%, and the average renewal rate over the previous 6 years 146 

was estimated to be 2.2% of the catchment surface per year (estimated from NearMap imagery, 2009-147 

2017). The intensity and type of construction activity are typical of renewal and infill development 148 

across the established suburbs of Melbourne (Department of Environment Land Water & Planning, 149 

2016).  150 

The catchment is relatively flat (relief ratio 1.4%), is dominated by sandstone and siltstone surface 151 

geology, and receives a mean annual rainfall of approximately 800 mm. Soil type is mapped at the 152 

regional scale as yellow duplex soils (Chromosols) (ASRIS, 2018), which are moderately susceptible to 153 

water erosion and not susceptible to mass movement or wind erosion (Rowan et al., 2000).  154 

3. MATERIALS AND METHODS 155 

3.1 Hillslope catchment mapping 156 

Catchment land cover mapping was undertaken in detail for nine street-scale stormwater catchments 157 

(Figure 2), using aerial imagery and field inspection. The catchments were assigned to one of three 158 
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categories (see Figure 3 for examples): general suburban land (24-73% TI; 4 sites), high imperviousness 159 

urban land (95-99% TI; 4 sites), and suburban land with construction (34% TI; 1 site). The catchments 160 

were selected first through GIS and then field inspection. Selection was targeted towards stormwater 161 

catchments that contained a mix of land-cover types present in the broader catchment. We were also 162 

guided by practical concerns about the type of pit that could accommodate the monitoring 163 

equipment. The selected suburban catchments were representative of the broader catchment, which 164 

is relatively homogeneous in its land-cover arrangements. They included a mix of older and newer 165 

houses and a mix of single-dwelling and subdivided lots. The urban catchments included mainly car 166 

parks, roads and footpaths as well as some surrounding landscaping elements (garden beds, lawns, 167 

street trees). These are considered representative of the shopping-strip type commercial areas in the 168 

catchment, but highly impervious industrial areas may differ. The construction areas in C1 were typical 169 

in their scale (one single-dwelling replacement and one two-lot subdivision), construction methods, 170 

timelines (completion in around one year) and sediment control arrangements (virtually non-171 

existent). 172 

Land cover was categorised as (i) impervious at ground level (road/path/private), (ii) grass/mulch, (iii) 173 

gravel, (iv) construction, or (v) ineffective (i.e. areas with low sediment connectivity) (Table 1). Note 174 

that gravel surfaces include driveways, paths and ornamental toppings, which typically include a mix 175 

of size classes (clay, sand, gravel), not just particles coarser than 2 mm. 176 
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 177 

Figure 3 Typical urban development in: (A) high imperviousness urban catchments (U1), (B) 178 

general suburban catchments (S2, left; and S3, right), and (C) suburban catchment 179 

with construction (C1) (see Figure 2 for location details). 180 
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Table 1 Land cover characteristics of hillslope catchments (see Figure 2 for location details). 181 

ID Catchment 

area (ha) 

Drainage 

density 

(km/km2)1 

Land cover (%)  

Ineffective 

catchment 

area2 

Impervious 

(roof)3 

Impervious (non-

roof) 
Grass/Mulch Gravel4 Construction 

U1 0.10 60 0.0% 0.0% 99.5% 0.5% 0.0% 0.0% 

U2 0.05 79 0.0% 0.0% 96.3% 1.7% 2.1% 0.0% 

U3 0.22 27 0.0% 0.0% 96.3% 3.4% 0.3% 0.0% 

U4 0.13 45 0.0% 0.0% 94.6% 5.4% 0.0% 0.0% 

S1 0.17 51 26.1% 0.0% 29.8% 44.0% 0.0% 0.0% 

S2 0.22 54 50.8% 0.0% 35.2% 14.0% 0.0% 0.0% 

S3 0.07 130 0.0% 0.0% 72.5% 27.4% 0.1% 0.0% 

S4 0.29 33 44.6% 0.0% 23.8% 27.6% 4.0% 0.0% 

C1 0.31 38 36.6% 0.0% 34.3% 10.8% 0.0% 18.2% 

1 Drainage density based on length of street gutter per catchment area 182 

2 Ineffective catchment areas are those areas disconnected by sediment barriers or buffers (e.g. fenced backyards, poorly drained depressions)  183 

3 Roofs were plumbed directly into the underground stormwater system and were therefore not included in the hillslope surface catchments 184 

4 Gravel surfaces can include a mix of size classes including sand and clay, not just particles > 2 mm 185 

The delineation of ineffective areas required a manual GIS and field-based assessment of ‘buffers’, 186 

sediment storage areas which prevent sediment from hillslopes entering the urban drainage system 187 

(Fryirs et al., 2007a) (Figure 4). Firstly, the catchment boundary was delineated using a 1 m resolution 188 

LiDAR digital elevation model and aerial imagery, then potential sediment buffers (consisting here of 189 

fences and sinks) were identified and the area they disconnected from the catchment was mapped, 190 

then finally the catchment boundary, buffers and ineffective catchment areas were verified by field 191 

inspection during a rainfall event. Roofs were plumbed directly into the underground stormwater 192 

system and were assumed not to contribute to the hillslope surface catchments. 193 
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 194 

Figure 4 Example of assessment of sediment buffers and ineffective catchment areas, 195 

catchment S1 (see Figure 2 for location details). 196 

3.2 Hillslope coarse-grained sediment sampling 197 

A custom-made coarse sediment trap was installed in the side-entry stormwater pit at the outlet of 198 

each hillslope catchment. The trap was an inverted pyramid-shaped basket with an open top, 199 

measuring 900 mm long parallel to the pit inlet (the full length of the pit), 150 mm wide perpendicular 200 

to the inlet (one-quarter the width of the pit), and 600 mm deep. The trap was constructed from 201 

polyester mesh with an aperture size of 470 µm. The trap was installed just below the pit inlet, 202 

stretched between two steel bars embedded in the pit wall on each side of the inlet (Figure 5). 203 

Aluminium flashing was installed to direct stormwater into the trap and prevent bypass. The trap 204 

spanned a quarter of the pit width to allow overflow and maintain the hydraulic performance of the 205 

pit. This width was adequate to ensure that flow from the inlet was directed into the trap and did not 206 

bypass except in case of blockage. Some traps (particularly urban site U1) became clogged with litter 207 

and organic matter and therefore likely overtopped with flow. While we could not fully assess 208 

turbulent flow dynamics or capture efficiency in the traps, our design is similar to a side-entry pit trap 209 
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(SEPT) for gross pollutant removal which has been field-tested. In a four-month field trial of SEPTs with 210 

5 mm mesh size, Allison et al. (1998) found a trapping efficiency of 62-75% of the total gross pollutant 211 

load. Given most of that material was human-derived or organic, its efficiency would be expected to 212 

be even higher for denser inorganic sediments. In our traps, we did not observe any evidence of 213 

coarse-grained sediments bypassing the traps, except in urban site U3 on 11 December 2017 (after 214 

the most intense rainfall event), when sediment was observed in the base of the stormwater pit, but 215 

very little was in the trap.  216 

Coarse-grained sediment samples were collected from the hillslope sediment traps 9 times from 11 217 

May 2017 to 24 April 2018. Sampling was undertaken at approximately one-month intervals from May 218 

2017 to January 2018, then the final sample was taken after a further 3-month interval. The total 219 

rainfall that occurred over the 50-week sampling period was 591 mm (Bureau of Meteorology, 2018), 220 

26% lower than the mean annual rainfall of 803 mm, indicating that this was a relatively dry year. The 221 

most intense event had a maximum 6-minute rainfall total of 9.2 mm, with an annual exceedance 222 

probability of around 17% (one in six years). One sediment trap (C1) was installed prior to the others 223 

as a pilot site, and a further two samples were collected for the period of 20 April 2017 to 11 May 224 

2017 for that site. This period covered moderate-intensity events (maximum 6-minute rainfall total of 225 

2.4 mm) with an additional total rainfall of 101 mm. 226 
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 227 

Figure 5 (A) Schematic cross-section diagram; and (B) example of coarse sediment trap. 228 

Sampling was undertaken during non-rainfall periods when runoff from the hillslope catchments was 229 

zero. The trapped material was removed and subsampled by volume if required, i.e. where more than 230 

six litres of material was present, exceeding the capacity of our sampling equipment. In some of the 231 

traps (particularly the suburban ones), the trapped material was overwhelmingly organic matter. In 232 

these cases the subsample was made as large as possible (up to six litres), to allow better 233 

representation of the trapped material and to maximise the amount of inorganic coarse sediment 234 

collected. In the site with active construction, the material was mostly inorganic and a smaller 235 

subsample (one to three litres) was used for analysis.  236 

3.3 Sample processing and yield calculation 237 

The subsample was wet-sieved through a 0.5 mm sieve to remove fine particles and then dried at 238 

105°C for at least 24 hours until a constant weight was reached. Particles less than 0.5 mm in diameter 239 



15 

 

were discarded. This study focused solely on sediment coarser than 0.5 mm, which is considered more 240 

beneficial than finer sediments for stream health (Hawley and Vietz, 2016; Houshmand et al., 2014; 241 

Russell et al., 2017). Organic matter was carefully washed off the samples and discarded during wet 242 

sieving. The resulting coarse sample was dry sieved through 5 sieves with descending aperture sizes 243 

ranging from 5 mm to 0.8 mm. Each fraction was weighed to determine the particle size distribution 244 

(PSD; also referred to as grain size distribution (GSD) in the literature). The specific annual sediment 245 

yield for > 0.5 mm and > 2 mm size classes was estimated as the sum of the event loads, divided by 246 

the catchment area, and multiplied by a correction factor for the sampling period rainfall. The 247 

correction factor (mean annual rainfall divided by total rainfall over the sampling period) was applied 248 

to extrapolate the sampled yields to annual yields. Extrapolation to an annualised yield using mean 249 

annual rainfall was undertaken only for comparison between datasets with different sampling periods, 250 

and should not be considered to represent the actual long-term average annual yield. 251 

3.4 Monthly yield-rainfall relationships 252 

Temporal variability in coarse-grained sediment yield over longer-term (approximately monthly) 253 

timescales was explored by inspection of time-series, and fitting of regression models between rainfall 254 

and specific yield for each hillslope catchment. Exploratory data analysis revealed that, for most 255 

catchments, the primary variable driving variability was total rainfall in the period between samples, 256 

and that this was a more plausible predictor than the maximum rainfall intensity over durations of 6 257 

minutes to 2 hours (evaluated using the Akaike information criteria; AIC; Burnham and Anderson 258 

(2003)). Rainfall intensity may be more important in driving variability over shorter time scales (i.e. 259 

single-event or sub-event) but integrated rainfall depth was favoured here because of the longer 260 

period and potentially multiple events between samples. Linear regression models were fitted 261 

between the logarithms of total rainfall in the preceding period and specific coarse-grained sediment 262 

yield for each sample. Log transformations were required on dependent and independent variables 263 

to fulfil the assumptions of the general linear model. Goodness of fit of models was indicated by R2 264 
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and shown graphically. The time-series of loads for catchments which produced poorer model fits 265 

were interrogated to suggest alternative explanations for their temporal variation, in addition to 266 

rainfall variability.  267 

3.5 Estimation of typical unit land cover yields 268 

The sediment yield estimates were partitioned into supply from each land cover by fitting linear 269 

models between annual sediment load and area of each land cover type within each catchment. All 270 

variables were untransformed. These linear models allowed estimation of a typical sediment supply 271 

rate from each land cover type, and quantification of variability. Estimates for construction areas were 272 

based on only one catchment and therefore had high and unquantifiable uncertainty. Gravel surfaces 273 

were only present in four of the catchments, and their yields were highly variable (due partly to 274 

different types of gravel toppings being present, with different size classes and levels of compaction), 275 

which created difficulties in estimating sediment supply rates from this land cover type. Estimates for 276 

gravel surfaces were only produced for the > 0.5 mm sediment class. Yields were more variable for 277 

the > 2 mm size class and partitioning between grass/mulch and gravel surfaces was not possible. 278 

Instead, these surface types were lumped together. Estimates for lumped grass/mulch/gravel (i.e. all 279 

pervious) surfaces are useful in themselves because land cover mapping often only distinguishes 280 

between pervious and impervious surfaces and accurate mapping of gravel surfaces is rare.  281 

3.6 Hillslope supply for typical catchments 282 

Using the modelled typical sediment supply rates for each land cover type, and the catchment land 283 

cover mapping, hillslope sediment yields to the drainage network for typical urban and suburban 284 

catchments were estimated. Land cover proportions for typical urban and suburban catchments were 285 

derived from the area-weighted averages of the hillslope catchments, along with additional 286 

assessment of roof areas (which were not included in the hillslope catchments) within the study area 287 

(Table 2). Roof areas were assumed not to provide any coarse-grained sediment as their position in 288 
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the landscape means they are likely to only receive organic (e.g. leaf-fall) and fine (e.g. aeolian) 289 

sediment loads.   290 

Table 2 Adopted land cover characteristics for typical urban and suburban catchments 291 

Catchment land use Land cover (%)  

Ineffective 

catchment area1 

Impervious 

(roof)2 

Impervious 

(non-roof) 

Grass/ 

Mulch 
Gravel Construction 

Typical Urban 0% 30.0% 67.0% 2.6% 0.5% 0% 

Typical Urban with 0.5% construction 0% 29.9% 66.7% 2.5% 0.4% 0.5% 

Typical Suburban 30.0% 24.0% 26.0% 18.8% 1.2% 0% 

Typical Suburban with 0.5% construction 30.2% 23.9% 25.9% 18.4% 1.2% 0.5% 

1 Ineffective catchment areas (e.g. fenced backyards and poorly drained depressions) estimated at 60% of total pervious area (including 292 

construction areas) for suburban land use and zero for urban land use.  293 

2 Proportion of roof areas from GIS land cover mapping of area surrounding study catchments 294 

4. RESULTS 295 

4.1 Hillslope catchment sediment supply 296 

Measured hillslope coarse-grained sediment yields from the suburban stormwater pit catchments 297 

were, on average, higher than the urban catchments, and more variable (Figure 6).  The catchment 298 

with active construction had a yield around ten times higher than the average of the suburban 299 

catchments. 300 

Particle size distributions (Figure 7) showed that the suburban catchments produced more variable, 301 

but on average, slightly coarser sediments than the urban catchments, particularly in the range of 1-302 

10 mm. The construction site produced coarser material than the other suburban catchments, but 303 

was within the envelope of the general suburban catchments. The coarsest particle delivered to the 304 

traps was 70 mm in diameter, in catchment S1.  305 
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 306 

Figure 6 Annual coarse-grained (> 0.5 mm) sediment yield for monitored hillslope 307 

catchments, partitioned into 0.5 – 2 mm and > 2 mm size classes, with labels 308 

referring to the total. The C1 plot is shown on a different scale, as indicated by the 309 

right-hand y axis. See Figure 2 for location details. 310 

 311 

Figure 7 Particle size distributions (PSDs) for coarse-grained (> 0.5 mm) upland yields 312 

(showing means for suburban and urban sites). See Figure 2 for location details. 313 



19 

 

Cumulative coarse-grained specific sediment yields for each catchment are shown in Figure 8, along 314 

with cumulative rainfall across the sampling period. For most catchments, the yield followed the same 315 

pattern as the rainfall. A notable exception was U3, which had a steady increase in cumulative yield in 316 

the first half of the sampling period, and a plateau in the second half despite higher rainfall, indicating 317 

sediment supply exhaustion.  318 

Relationships between specific sediment yield and rainfall (Figure 9) were stronger for the suburban 319 

and suburban with construction catchments than the urban catchments. R-squared values for the 320 

suburban catchments (0.67-0.84) indicate that total rainfall explains most of the variance in sediment 321 

yield over monthly timescales, and that other drivers play relatively minor roles. The urban 322 

catchments had weaker relationships, indicating that other factors (e.g. management actions such as 323 

street sweeping and gravel top-up) likely play a major role in their inter-monthly variability. In all 324 

catchments but U3, load increased non-linearly with rainfall. The exponent of that relationship (i.e. 325 

the slope of the line in log space; b) is indicative of catchment-scale erodibility, and unsurprisingly, 326 

tended to be higher for catchments with higher total yields. The exponent increased from urban (b = 327 

0.82-1.26) to suburban (b = 1.83-2.53) catchment conditions. A notable exception was the 328 

construction catchment, which had very high yield, but a relatively low R-squared value (0.53) and 329 

exponent (b = 1.19) compared to the other suburban catchments, indicating non-rainfall-related 330 

factors (e.g. construction stage or day-to-day practices) were important in driving sediment supply. 331 

Load increased non-linearly (except in U3) across the range of measured events (up to a six-year 332 

recurrence interval storm), showing no evidence of source exhaustion in large events.  333 
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 334 

Figure 8 Total rainfall and coarse-grained (> 0.5 mm) sediment yield in the period between 335 

each sampling date in the hillslope catchments. See Figure 2 for location details. 336 
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 337 

Figure 9 Relationship between coarse-grained (> 0.5 mm) specific sediment yield and total 338 

rainfall for the period between sampling dates in each hillslope catchment. Fitted 339 

regression lines between the logs of coarse-grained sediment load and total rain are 340 

shown. R^2 refers to the coefficient of determination and b refers to the slope of 341 

the fitted log-log regression line (i.e. the exponent of the power function for 342 

untransformed data), for each catchment. See Figure 2 for location details. 343 

4.2 Typical land cover unit sediment yields 344 

The partitioning of coarse-grained sediment yields by land cover (Table 3) indicated that yields from 345 

pervious areas (i.e. grass, mulch or gravel) were much higher than impervious surfaces, particularly 346 

for coarser size fractions (up to 10 times higher for > 5 mm material). Of the different types of pervious 347 

surfaces, gravel produced yields around nine times higher than grass or mulch, although this 348 

partitioning could only be undertaken with reasonable confidence for the total > 0.5 mm size class, 349 

not the coarser (> 2 mm) sub-class. Areas disturbed by construction produced coarse-grained 350 

sediment yields many times higher than non-construction areas (130 times higher than impervious 351 
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surfaces and 20 times higher than pervious surfaces). The construction yields were derived from a 352 

single catchment, so their likely range and confidence limits could not be estimated.  353 

Table 3 Typical coarse-grained sediment supply rates (rounded to 2 significant figures) by 354 

land cover. 355 

Surface Type Estimated coarse-grained sediment supply rate (kg/ha/yr) 

> 0.5 mm  > 2 mm  

Estimate 95% CL Estimate 95% CL 

Impervious (non-roof) 21 ±110% 5.0 ±180% 

Grass/mulch/gravel 140 ±51% 48 ±44% 

Grass/mulch1 84 ±97%   

Gravel1 780 ±95%   

Construction 2,800 - 1,300 - 

1 Partitioning of pervious surface yields into grass/mulch and gravel surfaces was only undertaken for > 0.5 mm size fraction due to lower 356 

confidence for the coarser size fractions.  357 

4.3 Modelled hillslope sediment supply 358 

Modelled sediment supply rates for typical urban and suburban catchments (Figure 10) indicate that 359 

total coarse-grained (> 0.5 mm) hillslope sediment supply to suburban catchments is likely to be 360 

slightly higher than from urban catchments. The difference is likely to be greater for coarser sediment 361 

fractions (i.e. > 2 mm particles), which are supplied in very small quantities from impervious surfaces. 362 

Construction areas are likely to provide a large proportion of the sediment supply, even if construction 363 

covers only a small proportion of the catchment (i.e. 0.5% construction area adopted for this 364 

modelling). The contribution of construction is proportionally higher for coarser-grained materials.  365 

For typical suburban catchments (with low levels of construction), the coarse-grained hillslope 366 

sediment yield is provided mostly by grass/mulch surfaces (35%) and construction areas (32%), with 367 

smaller contributions from gravel (22%) and impervious surfaces (12%). 368 
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 369 

Figure 10 Modelled hillslope coarse-grained sediment yields for typical urban (97% total 370 

imperviousness) and suburban (50% total imperviousness) areas, with and without 371 

typical levels of infill construction (0.5%). 372 

5. DISCUSSION 373 

5.1 Rates of coarse-grained sediment supply 374 

Measured hillslope coarse-grained sediment yields were higher for suburban than urban catchments, 375 

indicating that increased impervious surface area beyond typical suburban levels reduces hillslope 376 

sediment yield, as discussed by Wolman (1967). Despite this, impervious areas still provide 377 

appreciable yields of coarse-grained sediments, which are much higher than commonly considered. 378 

Impervious surfaces reduce sediment supply compared to mixed suburban catchments, but not 379 

necessarily below pre-urbanization conditions. Construction areas, by contrast, provide sediment 380 

yields many times higher than general urban or suburban areas. These high unit-area yields mean that 381 

infill construction activities can supply a large proportion of urban hillslope sediment supply, even with 382 

only small proportions of catchment area under construction.  383 
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The size of particles delivered from hillslopes was also surprisingly large, up to 70 mm. The majority 384 

of coarse-grained material was sand-sized (0.5 – 2 mm), but on average, over 30% was gravel-sized (> 385 

2 mm) in the suburban catchments, and around 45% in the catchment with construction. We would 386 

expect there to be some limitation to the size of particles that can be transported in urban overland 387 

flows, but that limit appears to be quite high compared to the natural bedload supply in this region, 388 

further highlighting the transport efficiency of urban drainage. Nearby comparable non-urban streams 389 

have fine gravel or gravel/sand beds (Russell et al., 2018) indicating that very coarse-grained sediment 390 

is naturally scarce. Non-fluvial processes acting on coarser particles in urban areas (e.g. vehicle or 391 

pedestrian traffic) could contribute to moving very coarse particles into stormwater drains. 392 

This study is the first to demonstrate these results for coarse-grained sediment across a range of land 393 

cover types, so there is little published material for comparison. However, comparisons can be made 394 

by combining studies on total or suspended yield with studies on particle size distributions. The 395 

impervious surface coarse-grained yield derived in this study (21 kg/ha/yr) is around 5% of the typical 396 

suspended yield for highways, derived by Nelson and Booth (2002) from data from Mar et al. (1982) 397 

in Washington state. The coarse-grained (> 0.5 mm) fraction of total sediment yield in road runoff can 398 

range from 2-40% (Kim and Sansalone, 2008), indicating that our estimate is within the bounds of 399 

existing observations.  400 

The typical suburban coarse-grained hillslope supply estimated in this study (44 kg/ha/yr) was lower 401 

than similar catchments in the United States, which is unsurprising given the geologically older, less 402 

active landscapes of the study area. For example, Smith and Wilcock (2015) derived a hillslope 403 

sediment yield for sand-sized and larger particles (excluding channel sources) of around 900 kg/ha/yr 404 

for two first-order suburban basins in the mid-Atlantic Piedmont. The fractions of coarser materials 405 

(e.g. > 0.5 mm fractions that could be directly compared with our findings) were not reported and 406 

could be much lower. The construction coarse-grained yield estimated in this study (2,800 kg/ha/yr) 407 

was broadly consistent with observations by Guy (1974) of a yield of 3,300 kg/ha/yr of sand-sized or 408 

coarser material (> 0.063 mm) from a fully disturbed construction area.  409 
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The scarcity of published information on coarse-grained sediment supply from urban areas highlights 410 

a need for future research to investigate the urban sediment regime in different climatic, geological 411 

and urban design settings to tease out global responses and trends. Better understanding the effects 412 

of local conditions could lead to more informed urban design that is sensitive to waterway processes. 413 

5.2 Processes contributing to spatial and temporal variability 414 

The high spatial and temporal variability of sediment supply processes can make it difficult to estimate 415 

typical or average yields from short-term monitoring at a few locations (Dietrich and Dunne, 1978). 416 

Spatial and temporal variability were assessed to evaluate the validity of our extrapolation of 417 

measured loads to annual yields, and to typical yields for surface types.  418 

Spatial variability depends on variability in static or average attributes like source characteristics, the 419 

spatial arrangement of land cover, and levels of human intervention and management. Yields and 420 

particle size distributions were more variable for suburban than urban catchments, which may reflect 421 

the higher complexity of surfaces in the suburban catchments. The urban catchments were relatively 422 

homogeneous, with mostly impervious surface cover with some peripheral grass, gravel or mulch land 423 

cover. The suburban catchments, however, were a mosaic of different surface types (see Figure 5), 424 

with roads, footpath and driveways forming a conduit between pervious sources (e.g. gravel 425 

landscaping, garden beds, bare soil patches) and the drainage network.  426 

Based on observations within the monitored hillslope catchments, it appears that gravel surfaces are 427 

important, yet highly variable sediment sources. A typical rate of supply was difficult to estimate, 428 

partly due to their low coverage compared to other land cover types in the catchments, and partly 429 

due to variability in types and sizes of gravel, rates of packing and compaction, vehicle/pedestrian 430 

traffic rates, replenishment activities, and connectivity. Patterns of street sweeping, which is highly 431 

effective at removing large particles (Sartor and Gaboury, 1984) could also contribute to the variability 432 

of coarse sediment supply. Street sweeping may contribute to higher average sediment yields from 433 

suburban catchments, which are cleaned less often than urban catchments, and might be a reason for 434 
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the low yield observed in catchment U1, which is in a major shopping strip and is swept six days per 435 

week (City of Monash, 2018).  436 

Temporal variability depends on the variable responses of different catchments to rainfall, as well as 437 

specific disturbance or management events. Monthly sediment supply rates were strongly driven by 438 

total rainfall, especially for the suburban catchments, suggesting extrapolation to an annual yield using 439 

the total annual rainfall is valid. The strength of this relationship was greater for the suburban than 440 

urban catchments, and in general, greater for catchments with higher total yields. The exponent of 441 

the non-linear relationship was also greater for the suburban than urban catchments, with values 442 

close to 1 (near-linear) for the urban catchments but closer to 2 for the suburban catchments. We 443 

interpret lower yields (given similar hydraulic conditions across the catchments), lower exponents and 444 

weaker relationships between sediment load and rainfall as indicators of lower erodibility and supply-445 

limited conditions.  446 

In supply-limited systems, the capacity of transport processes exceeds the supply of loose material to 447 

the land surface (Kirkby, 1971), meaning that hydraulic factors cannot fully explain sediment yield, 448 

and episodic sediment-supply processes must also be considered (Imaizumi and Sidle, 2007). In the 449 

urban context, episodic processes like street sweeping (sediment removal) and landscaping and 450 

excavation (sediment supply) mean that sometimes when a rainstorm occurs there will be plentiful 451 

loose material available for transport while at other times erodible material will be scarce. Catchments 452 

with more sediment sources available (i.e. suburban areas) are more erodible and thus, rainfall and 453 

runoff can more easily and consistently detach and transport material, making sediment loads higher 454 

and more strongly associated with rainfall. There was no evidence of loads tapering off to a plateau 455 

with larger rainfall events (except in U3), indicating that source exhaustion does not occur even in the 456 

largest measured events (equivalent to a six-year recurrence interval event). Supply limitations are 457 

therefore associated with lower erodibility of land cover surfaces (such as impervious surfaces) rather 458 

than exhaustion of sources during events.  459 
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The catchment with construction (C1) had a weaker relationship between load and rainfall than the 460 

other suburban catchments, despite its high yield and high source availability. This suggests that 461 

drivers other than rainfall (e.g. construction stage or practices) have a significant role in the temporal 462 

variability of sediment supply from construction areas. Construction activities vary greatly over the 463 

life of a construction project and specific disturbance events like cut, fill, spills, erosion control 464 

implementation or failure, and stockpiling of building materials can produce episodic sediment supply 465 

processes (Harbor, 1999; Kaufman, 2000). This study followed the construction site in C1 from vacant 466 

site to completion. The decline in sediment yield in the final three months of the study reflects the 467 

cessation of earthmoving, completion of landscaping and removal of stockpiles from the site during 468 

that period. 469 

The negative trend between rainfall and sediment load at U3 is relatively strong, but opposite to the 470 

expected direction. Two possible explanations exist: i) either the variability is completely due to non-471 

rainfall-related factors and the trend is coincidental; or ii) the shape and placement of the trap 472 

produced a scouring and resuspension effect in high runoff conditions. The latter explanation 473 

appeared to be a factor in the very low load observed on 11 December 2017 (after the highest rainfall 474 

event), when some coarse sediment was found at the bottom of the stormwater pit, but very little in 475 

the trap itself. If that point is removed, the trend between load and rainfall disappears for that site (R-476 

squared = 0.16). The general downwards trend over the whole sampling period (Figure 8) indicates 477 

that non-climatic factors were also at play, limiting the sediment availability as time progressed. The 478 

sediment load for this catchment was supplied mainly by a narrow strip of gravel surfacing, which was 479 

not topped up during the sampling period and was visibly depleted over the study period. It is likely 480 

that sediment supply from the gravel surface was exhausted over time as the surface lowered and 481 

became disconnected.  482 
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5.3 Dominant sources of coarse-grained sediment in urban 483 

catchments 484 

The modelled hillslope coarse-grained sediment yields indicate that supply from impervious surfaces 485 

is the dominant source in highly-urbanized catchments, particularly for sand-sized sediments. 486 

Sediments can be supplied either from breakdown of the impervious material itself, or from foreign 487 

material deposited onto the impervious surface by vehicle or foot traffic. Atmospheric deposition by 488 

rain or wind is also an important process for finer sediments (Sutherland and Tolosa, 2000), but 489 

unlikely to be important for coarse-grained particles, which require higher-energy storms for 490 

transport.  491 

For suburban catchments, the contribution of pervious surfaces is dominant, particularly grassed or 492 

mulched surfaces, which are prevalent, but also gravel surfaces, which are present in lower 493 

proportions but produce relatively more sediment per area. Gravel surfaces are usually replenished 494 

as they erode, providing essentially unlimited sediment supply over time. While well-grassed or well-495 

mulched surfaces are unlikely to produce much coarse-grained sediment, there are always variations 496 

in ground cover due to shading of grass, disturbance by traffic or gardening activities, or wash-off of 497 

mulch toppings. It appears likely that these disturbed or bare patches in ground cover can provide 498 

most of the sediment supply, especially if they are well-connected to the drainage network. These 499 

examples highlight the geomorphic effectiveness of active urban land management by authorities and 500 

private landholders. Connected impervious surfaces form the main conduit between pervious sources 501 

and the drainage network. While they provide a minor proportion of the coarse-grained sediment 502 

production in suburban areas (e.g. 12% in typical suburban catchments with low levels of infill 503 

construction; Figure 10), they play an important role in sediment delivery to the drainage network.  504 

Based on our modelled sediment supply rates and land cover proportions, very small source areas can 505 

provide most of the sediment supply. Modelling suggests that in typical suburban catchments, less 506 

than 2% of the catchment (the connected construction areas and gravel surfaces) supplies over half 507 
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the coarse-grained sediment. Construction activities are estimated to contribute 32% of the hillslope 508 

coarse-grained sediment supply from typical suburban catchments, where the effectively-drained 509 

construction areas cover only 0.5% of the catchment. Similar observations of small construction areas 510 

having a disproportionately large impact were made by Leopold and Dunne (1978). Consequently, 511 

urban sediment supply is very sensitive to small changes in key sources. An urban renewal phase 512 

would produce a construction boom that could dominate the sediment supply, even if it only affected 513 

a few per cent of the catchment area. A move towards gravel surfacing in roadsides, parks and gardens 514 

could produce similarly large increases in sediment supply.  515 

Sediment fingerprinting studies can provide information on the contribution of different sources to 516 

urban sediment yields for comparison with our results.  Devereux et al. (2010) broke down sediment 517 

sources in a mostly urban catchment into upland, streambank and street contributions, finding that 518 

streets contributed 13% and uplands (including urban hillslopes) 30%. Franz et al. (2014) undertook 519 

sediment fingerprinting on a finer scale for a small mixed-use catchment in Brasilia, including 520 

construction sites, paved roads, unpaved roads and residential areas. Urban sediments dominated the 521 

sediment contribution (78%), despite making up only 38% of the catchment area. Of the urban 522 

sediments, residential areas were the largest contributor (42%), followed by construction sites (20%), 523 

unpaved roads/roadside ditches (12%) and paved roads/highways (4%). While these studies targeted 524 

finer sediments than ours, the relative contributions of different land cover types was similar, 525 

indicating that residential areas likely produce higher unit yields and contribute more sediment than 526 

highly impervious areas, and that construction areas can contribute significantly to the suburban 527 

sediment budget across a range of contexts. 528 

5.4 Sediment connectivity of urban hillslopes 529 

The observation that small sources which are well-connected to drainage can dominate suburban 530 

sediment supply points to the importance of connectivity as a driver of hillslope sediment supply, and 531 

a key factor in its spatial variability. Sources which are cut off from effective sediment delivery by 532 
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buildings, fences or depressions (termed ‘ineffective’ areas) will not contribute to the overall 533 

catchment sediment supply. Instead, any locally-mobilised sediment in ineffective areas will be stored 534 

locally and likely overgrown with grass or reworked in gardening activities. 535 

We conceptualised the connectivity of the urban hillslope catchment using a sediment cascade (Figure 536 

1) and a sediment (dis)connectivity framework (Fryirs et al., 2007a), identifying areas disconnected 537 

from the urban drainage system by ‘buffers’ (e.g. fences, walls, sinks) as ‘ineffective’. The ineffective 538 

area was highly spatially variable, ranging from zero to 78% of the pervious area for suburban areas. 539 

The average connectivity of 40% of the pervious area was used to model hillslope sediment supply for 540 

‘typical’ catchments. The actual average connectivity in suburban areas may be quite different to the 541 

detailed hillslope catchments, representing a large source of uncertainty for our estimates. A 542 

widespread assessment of sediment (dis)connectivity would be ideal, but there are significant 543 

challenges in implementing an automated GIS-based method as per Fryirs et al. (2007b), given the 544 

complexity of the urban land surface and underground drainage system, and the likely importance of 545 

distributed, small scale (dis)connectivity elements. Detailed mapping of impervious areas, buildings 546 

and fences would be required across the catchment, along with a highly detailed, hydrologically-547 

enforced digital elevation model (DEM). Hydrological enforcement must follow the artificial and dense 548 

drainage patterns of the urban surface (gutters and pits) rather than the natural slope of the 549 

catchment. An alternative method would be to apply an ‘attenuated’ source area method (Walsh and 550 

Kunapo, 2009) whereby the sediment-supply signal of a source area could be attenuated with distance 551 

from a stormwater drain using a mathematical function. For any automated assessment, the 552 

development and maintenance of high-quality, detailed land cover and drainage GIS layers is critical. 553 

A further dimension of sediment connectivity is its temporal variability, which has not been assessed 554 

in the present study. Sediment (dis)connectivity elements are not fixed, but have the capacity to be 555 

breached, depending on the magnitude of disturbance events (Fryirs, 2013). Thus, sediment 556 

connectivity in urban hillslopes can vary with rainfall intensity and duration, similarly to the ‘variable 557 

source area’ concept in hydrology. Given that sediment delivery depends on runoff, sediment 558 
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connectivity must be strongly influenced by hydrological connectivity (Bracken and Croke, 2007). The 559 

impervious areas produce runoff and can deliver sediment in all but the smallest rainfall events, 560 

whereas the pervious areas only contribute runoff and sediment in some events depending on the 561 

event magnitude and the presence and strength of buffers. 562 

We also note that rainfall and runoff are not the only detachment and transport processes acting on 563 

sediments. Mechanical and biological processes such as vehicle and pedestrian traffic are likely very 564 

important in moving coarse particles towards concentrated flow paths (Sack and Da Luz, 2003). For 565 

example, sediment spilled onto a road between rainfall events is likely to be reworked significantly by 566 

vehicle traffic before it is subject to fluvial processes. Similarly, vehicles on gravel driveways and 567 

pedestrians on gravel paths are important agents in moving particles towards impervious surfaces and 568 

hence towards drains. Therefore, connectivity of these processes (e.g. location of roads and paths 569 

relative to sources, and traffic rates) play a part in the overall sediment connectivity of urban 570 

hillslopes.  571 

Notwithstanding these complexities, urbanization consistently and dramatically increases 572 

hydrological, and therefore sediment connectivity. In the study area the drainage density is increased 573 

more than 20-fold over likely natural conditions (see Section 2), effectively reducing the average 574 

distance a particle must travel from a point on the hillslope to the drainage network (whether by fluvial 575 

or non-fluvial processes) to a fraction of its pre-urbanization value.  576 

5.5 Hillslope sediment budget  577 

A coarse-grained hillslope sediment budget was developed for a ‘typical suburban’ catchment with 578 

infill construction from the results of this study (Figure 11). We used a conceptual sediment cascade 579 

(Figure 1) to guide the development of this budget. This study only provides the data to conceptualise 580 

the hillslope domain of the cascade, therefore the downstream boundary of the sediment budget was 581 

set at the interface between the hillslope and the stormwater network. We developed reasonable 582 

estimates for hillslope supply to stormwater network (partitioned by land cover), while the other 583 
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components (total hillslope sources, storage in buffers, export by street sweeping) were estimated to 584 

order-of-magnitude level using typical connectivity estimates and council-provided street sweeping 585 

quantities. 586 

Estimates of hillslope processes indicate that only a fraction of eroded sediment reaches the 587 

stormwater network. On pervious surfaces, much of the eroded sediment is likely captured and stored 588 

behind fences and in sinks and low-gradient areas (buffers), never leaving pervious hillslopes. We 589 

assumed that 60% of pervious hillslope areas were disconnected by buffers, based on the average 590 

connectivity in the study catchments. The total quantity of coarse-grained sediment eroded from 591 

hillslopes was estimated to be 110-420 kg/ha/yr, of which 55% was stored in buffers. Of the sediment 592 

that reaches impervious surfaces (especially roads), a portion is removed by street sweeping, 593 

estimated for the study area to be around 7-150 kg/ha/yr (6-36% of hillslope erosion). This was based 594 

on the local council reporting that they remove around 3,000 tonnes per year of material from their 595 

81 km2 area (City of Monash, 2018), and on findings that the coarse-grained (> 0.5 mm) fraction of 596 

total sediment yield in road runoff can range from 2-40% (Kim and Sansalone, 2008). The remainder 597 

(10-40% of hillslope erosion; 44 kg/ha/yr) is delivered to stormwater drains.  598 

Future work to extend this conceptualisation of the urban sediment budget beyond hillslopes to 599 

include the stormwater network and channels will need to consider a range of further (dis)connectivity 600 

elements (i.e. barriers and blankets; Fryirs et al. (2007a)). Sediment stores in the underground 601 

network, behind weirs, in constructed basins, on floodplains and in channels are expected to be 602 

important in a catchment-scale budget, as well as material exported from these stores. 603 
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 604 

Figure 11 Sediment budget schematic for hillslope delivery of coarse-grained sediment. Solid 605 

lines indicate that quantitative estimates have been developed for those 606 

components, while dashed lines indicate that magnitudes are only estimated to 607 

order-of-magnitude level.  608 

5.6 Hillslope sediment supply response to urbanization 609 

The value of better understanding the coarse-grained sediment supply regime from an urban 610 

catchment is in predicting stream response and trajectory. We can extrapolate our findings on the 611 

contributions of different land cover types and the importance of drainage connection to develop a 612 

conceptual model of the response of hillslope coarse-grained sediment supply to urbanization 613 

intensity (Figure 12). This conceptual model is intended for comparison of catchments with different 614 

levels of urbanization with stable land cover and low levels of ongoing construction activity.   615 
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 616 

Figure 12 Conceptual model of the response of coarse-grained sediment availability, drainage 617 

connectivity (% of area with sediment connectivity to drainage network), sediment 618 

connectivity (% of total available sediment connected to drainage network), and 619 

coarse-grained sediment supply to urbanization intensity (represented by total 620 

imperviousness), for environments with low background sediment yield and 621 

traditional stormwater drainage, based on drainage connectivity and sediment 622 

supply characteristics of eastern Melbourne.  623 

Coarse-grained sediment supply is conceptualised as the product of source availability (the amount of 624 

sediment readily available in the catchment) and source connectivity (the proportion of those sources 625 

that are connected to the drainage network over relevant time scales). Availability of sediment first 626 

increases with urbanization from low background levels as earthmoving activities and anthropogenic 627 

sources (gravel surfacing, gardening, landscaping, construction) expand. Sediment availability then 628 

reaches a maximum and declines at higher urbanization intensities as pervious sources are converted 629 

to impervious surfaces, until the only remaining sources are impervious surfaces and infill/renewal 630 

construction. Meanwhile, source connectivity increases with urbanization as directly connected 631 

impervious area and stormwater drainage density increase. In natural catchments, hillslope coarse-632 

grained sediment supply is low because of low connectivity. In suburban catchments supply reaches 633 
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a maximum, where there are enough pervious sources available, and connectivity is high enough to 634 

deliver a large proportion of the available sediment to the stormwater network. At higher levels of 635 

urbanization, sources become scarcer, causing sediment supply to decline despite increasing levels of 636 

connectivity.  637 

The form of the curves is based on connectivity and sediment supply estimates from eastern 638 

Melbourne, and is generally valid for areas with low background sediment availability and 639 

connectivity, and high urban drainage connectivity. The conceptual model illustrates how, under these 640 

circumstances, sediment supply can increase with imperviousness even though sediment production 641 

from impervious surfaces is low. In our study area, the total hillslope sediment supply to the 642 

stormwater network under fully urbanized conditions (44 kg/ha/yr) is much higher than the 643 

background coarse-grained sediment supply from similar, forested catchments (estimated to be 0.01-644 

0.6 kg/ha/yr by Russell et al. (2018)). In more active landscapes with higher background sediment 645 

supply rates, the curve forms will vary from those shown here, and sediment supply may remain 646 

relatively stable or even decline from background to suburban to fully urban conditions (e.g. Southern 647 

California; Warrick and Rubin (2007), Brownlie and Taylor (1981)).  648 

5.7 Implications for urban stream channel recovery 649 

The plateau-shaped response curve of coarse-grained sediment supply to increasing urbanization is in 650 

stark contrast to sediment transport capacity, which keeps increasing with effective imperviousness, 651 

leading to greater and greater sediment supply limitation. It is this sediment limitation that, coupled 652 

with dramatically increased transport capacity, contributes to bed sediment scour and channel 653 

enlargement in streams with urbanized catchments. The model allows us to better understand the 654 

effect of reducing the hydrological connectivity between impervious surfaces and the stream, to avoid 655 

impacts from the urban flow regime (Walsh et al., 2015; Walsh et al., 2005a). A reduction in drainage 656 

connectivity at constant total imperviousness would keep source availability constant while reducing 657 

source connectivity. Without sediment bypass or replenishment arrangements in place, coarse-658 
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grained sediment supply would be expected to decrease approximately linearly with drainage 659 

connectivity (Figure 13), favouring ongoing supply-limited sediment transport conditions in the 660 

stream.  661 

 662 

Figure 13 Conceptual model of the response of drainage connectivity (% of area with sediment 663 

connectivity to drainage network) and coarse-grained sediment supply to 664 

urbanization intensity (represented by total imperviousness), under both traditional 665 

stormwater drainage (‘trad. SW’), and hydrological disconnection of 50% of urban 666 

surfaces using source control measures (‘source control’). The effect of hydrological 667 

disconnection is to disconnect sediment sources and reduce sediment supply at the 668 

same time as reducing flows. The model is based on drainage connectivity and 669 

sediment supply characteristics of eastern Melbourne. 670 

Given this context, sediment supply limitations are likely to remain a constraint to stream channel 671 

recovery, even under better hydrological management regimes. It seems likely, therefore, that source 672 

control measures will need to be paired with coarse-grained sediment bypass or specific 673 

replenishment arrangements to allow stream substrates and disturbance regimes to return to more 674 

natural conditions (Stein et al., 2012). A major design challenge exists in developing such bypass 675 

arrangements while keeping harmful and potentially contaminated urban fine-grained sediment out 676 
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of streams (Taylor and Owens, 2009). Given that so much of the sediment supply is from non-native 677 

sources (gravel toppings, impervious surfaces, construction materials), a further question around the 678 

ecological value of imported material needs to be answered. Nonetheless, we believe that providing 679 

persistent and resilient substrates which are able to improve channel complexity and physical habitat 680 

will go a long way towards ecological restoration in urban streams. A detailed assessment of the effect 681 

of urbanization on sediment transport capacity, which is a much more complex process than 682 

represented here (Wainwright et al., 2015), would help us to define requirements for urban source 683 

control measures or sediment replenishment, and stream management generally.  684 

6. CONCLUSION 685 

Conclusions can be drawn against the key questions of the paper as follows: 686 

1. Typical coarse-grained (> 0.5 mm) sediment supply rates from urban hillslopes were 687 

substantially higher than previously thought. Typical rates of coarse-grained sediment supply 688 

were 21 kg/ha/yr from connected ground-level impervious surfaces, 84 kg/ha/yr from 689 

connected grass/mulch surfaces, 780 kg/ha/yr from connected gravel surfaces, and 2,800 690 

kg/ha/yr from connected construction areas. Integrating these unit supply rates over typical 691 

land-cover and connectivity arrangements of suburban and highly urban catchments resulted 692 

in coarse-grained sediment supply estimates of 44 kg/ha/yr for suburban areas and 34 693 

kg/ha/yr for fully urban areas. 694 

2. In typical suburban catchments, the key sources of coarse-grained sediment were grassed and 695 

mulched surfaces (35% of supply) and small-scale construction areas (32%). Gravel surfaces 696 

also provided appreciable amounts of sediment (22%) despite covering only a small 697 

proportion of the catchment. In typical urban catchments, most of the coarse-grained 698 

sediment was supplied by impervious surfaces (42%) and small-scale construction areas 699 

(42%). 700 
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3. Connectivity between sediment sources and the drainage network is high in suburban and 701 

urban catchments, and is a key driver of coarse-grained sediment supply. Impervious surfaces, 702 

as well as producing appreciable amounts of coarse-grained sediment themselves, provide 703 

conduits in the suburban land-cover mosaic for connection of small, distributed sources to the 704 

stormwater network.  705 

4. A conceptual model of the response of hillslope coarse-grained sediment supply to different 706 

levels of urbanization indicated that hillslope coarse-grained sediment supply increases with 707 

urbanization from natural to suburban conditions as connectivity increases, then declines with 708 

higher levels of urbanization as sources become scarcer. While sediment supply is increased 709 

in urban catchments compared to background levels, it appears likely that transport capacity 710 

increases to a greater degree, causing severely supply-limited conditions which drive 711 

streambed degradation and channel enlargement downstream. Attempts to address the 712 

urban flow regime by reducing hydrological connectivity are likely to also reduce sediment 713 

supply, maintaining supply-limited conditions and constraining channel recovery potential. To 714 

improve the chances of success of such interventions, and the success of sustainable stream 715 

management, consideration should be given to coarse-grained sediment bypass or 716 

replenishment arrangements.  717 
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