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Abstract
Stormwater drainage is a primary pathway through which urbanisation degrades
physical channel form and ecologically relevant in-stream attributes, such as the pres-
ence of large wood. However, there is a gap in the literature regarding methods or
study designs that effectively isolate the specific effect of stormwater from those of
catchment context, geology and other geomorphic controls. This study examines
how stream geomorphology, characterised through variables such as bankfull cross-
sectional area, pool-to-riffle spacing and large wood, relates to stormwater drainage
inputs from urban areas. To achieve this, we employed historical data reviews, GIS
techniques and field observations to assess morphological changes along a stream
channel (Toomuc Creek, Melbourne, Australia), focusing on the differences between
upstream and downstream of stormwater inputs. We hypothesised that: (i) stream
bankfull

(i) significant differences in geomorphic response variables exist between upstream

cross-sectional area increases with catchment urbanisation and
and downstream of stormwater outfalls. However, contrary to our expectations,
stream bankfull cross-sectional area did not follow a systematic downstream increase
with catchment urbanisation, largely due to historical land-use practices
(e.g. vegetation clearing) and channel stabilisation interventions (e.g. grade control
structures, rock lining). Nonetheless, some outfall locations did show clear evidence
of disturbance, confirming that widening, deepening and a combination of both occur
locally and in a spatially discontinuous manner. These findings highlight two key
directions for future research. Firstly, to properly isolate urban influences on stream
geomorphic adjustments, controlled study designs should prioritise sites with minimal
historical disturbance and no hardpoint interventions. Secondly, and perhaps more
importantly, the influence of past channel corridor management and channel evolu-
tion on contemporary geomorphic responses needs to be specifically studied in urban
settings. Understanding the complex interplay between urbanisation, channel geo-
morphology, historical land-use and in-stream features is vital for developing more

accurate predictive models to mitigate urban stormwater impacts.
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1 | INTRODUCTION

Stream channels self-adjust their morphology when disturbed from
their natural equilibrium state (Knighton, 1998; Morisawa &
Laflure, 1979; Wolman, 1967). These alterations include pool and rif-
fle adjustments (Hawley, MacMannis, & Wooten, 2013;
Montgomery & Buffington, 1997), cross-sectional changes (Chin
et al., 2017; Hammer, 1972; Leopold, Huppman, & Miller, 2005) and
planform shifts (Bevan et al., 2018; Hawley et al., 2012). Urbanisation,
characterised by widespread landscape sealing (e.g. roads, footpaths,
carparks, roofs) and stormwater drainage connectivity, is a major land-
use change which can trigger such morphological alterations in-stream
channels (Booth, 1991; Chin, 2006; Gregory, 2006; Paul &
Meyer, 2001) and associated in-stream features, such as pools, riffles,
bars, benches and large wood (Blauch & Jefferson, 2019; Vietz
et al., 2014; Walsh, Fletcher, & Vietz, 2016). The expansion of impervi-
ous surfaces and the development of hydraulically efficient drainage
networks substantially increase surface runoff volumes and peak flows
during rainfall events compared to natural catchments. In addition,
underground stormwater drainage infrastructures, such as storm sewer
networks and combined sewer overflows, can alter natural catchment
boundaries and flows in complex ways. As a result, rainfall within the
limits of urban catchment boundaries may be routed to nearby catch-
ments, dramatically altering the streamflow response (Annable, Wat-
son, & Thompson, 2012; Walsh, Fletcher, & Ladson, 2005) and limiting
natural sediment delivery to streams after completion of surface
sealings (Russell, Vietz, & Fletcher, 2017; Wolman, 1967).

Several authors worldwide have found a direct effect of
stormwater inputs on stream channel morphology (Gregory, Davis, &
Downs, 1992; Navratil et al., 2013; O'Driscoll, Soban, & Lecce, 2009;
Sullivan et al., 2020). Specifically, these studies have identified the
proximity of outfalls (mainly downstream) as hotspots of enlargement
to catchment urbanisation. To date, no study has fully integrated the
concept of proximate upstream and downstream changes into hydrau-
lic geometry frameworks (a power function regression model), which
typically examines the relationship between bankfull channel charac-
teristics and bankfull discharge or a given return interval flow event
(Leopold & Maddock, 1953). Common study designs used to investi-
gate channel form changes due to urbanisation, such as comparing
urban and rural reference sites, are constrained by limitations in the
space-for-time substitution model, i.e. finding a rural reference sites
with similar catchment characteristics to urban sites (Soboyejo, Rus-
sell, & Fletcher, 2025), and direct observation studies are rarely con-
ducted over the timescales necessary to detect responses to
urbanisation.

Moreover, urbanised streams may exhibit alterations to in-stream
features, such as longer and deeper pools, shorter riffles (Hawley,
MacMannis, & Wooten, 2013) and reduced large wood density, which
affects habitat availability and stability of stream channels (Blauch &
Jefferson, 2019). These in-stream features, recognised as ecologically
relevant geomorphic attributes (Montgomery et al., 2003; Vietz,
Rutherfurd, & Stewardson, 2004), have received limited attention in
studies investigating channel forms and enlargement due to urbanisa-
tion. Similarly, there is also a lack of understanding regarding the
direct impacts of stormwater outfalls on these features.

In southeastern Australia, effective impervious cover (El) has been

identified as an important explanatory metric for investigating the

impact of stormwater drainage on channel morphology and features,
in-stream biodiversity and stream water chemistry (Burns et al., 2015;
Hatt et al, 2004; Vietz, Rutherfurd, & Stewardson, 2004;
Walsh, 2004). These studies, as well as studies in other parts of the
world, have ascertained that relatively low levels of urbanisation, with
as little as 2% effective impervious cover, can significantly impair
stream channel forms and functions (Booth & Jackson, 1997; King
et al., 2011; Vietz, Rutherfurd, & Stewardson, 2004; Walsh, 2004).

This study aims to investigate how geomorphic response vari-
ables, such as cross-sectional area, width, depth, width-to-depth ratio,
bars and benches, pool-to-riffle spacing and large wood, respond to
stormwater inputs from urban areas. To achieve this, a novel down-
stream hydraulic geometry study design was implemented, focusing
on observations directly upstream and downstream of stormwater
outfalls. This approach isolates the influence of stormwater on chan-
nel dimensions and in-stream features as much as possible from the
effects of catchment context, geology and other geomorphic controls.
We set out to test the following research hypotheses:

1. Stream channel dimensions, such as bankfull cross-sectional area
or capacity, increase with catchment urbanisation, and

2. Significant differences in geomorphic attributes, such as large
wood, bars and benches and pool-to-riffle spacing, exist upstream

and downstream of stormwater outfalls.

2 | MATERIALS AND METHODS

21 | Studyarea

The study was undertaken on Toomuc Creek, in the southeastern part
of Greater Melbourne (Figure 1a), Australia, within the Eastern Upland
and Eastern Plain landform units (Joyce, 1992). In Greater Melbourne,
urbanisation began during the 19th century along the fringe of Port
Phillip (Figure 1b). Urban development in the region is ongoing, includ-
ing the expansion of Pakenham in the Toomuc Creek catchment.
Toomuc Creek originates from hills near Cardinia Reservoir and ulti-
mately drains to Western Port, a shallow bay to the south. The
upstream (northern) rural zone is mainly characterised by farms and
rural housing, whereas the urban section, which is the focus of this
study (Figure 1c and d), is characterised by mostly single-family
detached housing, with some townhouses and some areas of indus-
trial and commercial development (Figure 1d). Downstream of the
urban zone, the creek flows again through farmland, where it passes
through enlarged and straightened constructed drainage channels
within the former Koo Wee Rup swamp (Yugovic, 2011). The creek
drains a catchment area of approximately 43 km? at the downstream
extent of its urban zone. The drainage area of the upstream rural zone
of the catchment is approximately 39 km?. The urban area is served
by networks of roads (e.g. Princes Highway and Princes Freeway) and
a railway line that played pivotal roles in its growth and development
(Figure 1).

The climate of the region is characterised as mild and temperate
oceanic (Képpen climate classification: Cfb), with evenly distributed
precipitation  throughout the vyear (Peel, Finlayson, &
McMahon, 2007). The study area is made up of highly dissected ridge

and valley landscapes in the upland zone transitioning to a moderate-
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FIGURE 1 Location map of (a) the study area within southeastern Australia, (b) the Greater Melbourne extent, (c) Toomuc Creek catchment,
within the Pakenham suburb, showing stream channels and (d) Toomuc urban extent and land cover (Tissott & Mueller, 2022).

FIGURE 2 Lower urban zone channel morphology (incision) from princes highway to the south. Pictures were taken in 1959. (a) High cliff in
danger of undercutting and mass failure, (b) entrenched channel in a stabilising state, (c) bed eroded to soft Silurian bedrock bar and (d) vertical
banks in danger of undercutting and mass failure. Green lines indicate the former floodplain surface, and red lines indicate the incipient inset
channel margins. Retrieved and modified from the Australian River basin management society (RBMS) archived historical waterways photos.
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to-gentle plain to the south. The elevation of the upstream rural area
ranges from 57 to 330 m, while the elevation of the urban area ranges
from 25 to 58 m. The geology of the catchment is characterised by
intrusive Lysterfield Granodiorite, Devonian Sedimentary formations
(low-grade metamorphic sediments and breccias), with some Tertiary
basalts and associated volcanic materials in the upstream (northern)
rural area. In the lowland plain, including the urban zone, the underly-
ing geology is made up of poorly consolidated Cenozoic alluvial, collu-
vial, aeolian, lacustrine and coastal deposits (Geoscience
Australia, 2025).

2.1.1 | History of land use

The study area has undergone a prolonged history of land-use and
drainage alteration since early European settlement, such as vegeta-
tion clearance, agriculture, channel straightening, wetland drainage
and dredging (Bird, 1980). These land-use alterations have led to
increased runoff, the formation of hydraulically efficient channel
structures and base-level lowering, ultimately driving the evolution of
incised channel forms, such as enlarged channels, inset active flood-
plains, abandoned historical floodplains and the development of
knickpoints. (Figure 2).

The study area is within the land of the Bunurong people of the
Kulin nation, who are the Traditional Owners and who continue to be
custodians of the land with a deep connection to Country. In the
1830s, early colonial settlements in the region were comprised mostly
of individual migrants engaged in the bark industry and seal-hunters
(Butler, 1996; Natica et al., 2017). Permanent settlement in the area
commenced in the late 1830s, with pastoralists and farmers attracted
to locations such as the Great Koo Wee Rup Swamp, drawn by the
abundant water resources provided by tributary creeks, such as
the Cardinia, Toomuc and Ararat creeks, which facilitated agricultural
pursuits (Natica et al., 2017; Victoria Heritage Branch, 1989).

Throughout the 1840s, the district continued to attract pastoral-
ists and farmers, encouraged by government settlement initiatives
such as the Closer Settlement and Soldier Settlement Schemes, which
promoted agricultural activities and reshaped landscapes through
small-scale farming (Natica et al., 2017). In the 1860s, parcels of land
became available to the public (typically settlers) to purchase during
the “Selection Era”, a period during the mid to late 19th century when
various land selection acts were introduced by Australian colonies to
promote closer settlement and development
(Butler, 1996; Natica et al., 2017).

In 1876, efforts were made to drain more land for agricultural

agricultural

purposes, particularly in the former Koo Wee Rup swamp. To maxi-
mise this opportunity, drainage networks were established to divert
floodwaters from creeks to Western Port and dewater the swamp
(“Through the Koo Wee Rup Swamp”, 1883). This continued until
1962, causing major channel incision due to base-level lowering that
migrated upstream along the creek (Yugovic, 2011). Hanslow, the past
commissioner of the State Rivers and Water Supply Commission, in
1939 stated, ‘If you go along the Princess Highway through
Gippsland, you will see Toomuc Creek, which is now one great scour,
in places 50 feet [15.24 meters] wide and 30 feet [9.14 meters] deep’.
Also, in 1944, he wrote, ‘When you pass Dandenong, have a look at

the horrible scour in the Toomuc creek, and you will see that

thousands of tons of earth have been carried to Westernport’. Prior
to this event, channel beds and banks were frequently cleared of
riparian vegetation and large wood from the 1880s to enhance
swampland drainage to Western Port. These practices led to signifi-
cant channel incision from the Princes Highway to the south
(Hanslow, 1939; Richard, 1940).

Prior to urban development, towns and villages in the Pakenham
area were far apart from other suburbs. This changed in the 1870s
with the introduction of transportation infrastructure, including rail-
ways and enhancements to the east-west road, now known as the
Princes Highway (“Country News”, 1898; “Pakenham”, 1914).
The town of Pakenham was established on the railway line near
Toomuc Creek in the 1880s, and it grew through the 20th century to
become a regional centre. In the 1960s and 70s, Pakenham became
part of a planned growth corridor of Melbourne, and suburban rail
was extended to Pakenham in 1975, fostering the beginnings of
urbanisation. Population growth has been strongest from the 1980s
to the 2010s. In 2015, urbanisation began to spread rapidly to the
western part of the catchment and is now progressing northwards,
with the population rising from 11,283 in 2001 to 54,118 in 2021
(Australian Bureau of Statistics, 2024). Today, the urban area incorpo-
rates a formal stormwater drainage pipe network, some draining to
stormwater ponds or wetlands, resulting in complex hydrologic alter-
ations. Owing to this complex arrangement, different reaches of
Toomuc Creek receive different magnitudes of stormwater flow.
Recent management efforts, such as the construction of grade control
structures and the re-establishment of riparian vegetation, aimed to
address channel incision and/or widening from prior historical distur-

bances and current urbanisation on stream morphology.

2.2 | Data acquisition and elaboration

We employed a combination of field observations and spatial analysis
to assess differences in geomorphic forms and related features
upstream and downstream of stormwater outfalls along an urban
channel gradient (Figure 3). Historical data were sourced from various
published materials, such as government websites and archived news-
papers, to aid interpretation and provide important historical context
to the current day influence of urbanisation. Spatial elaboration was
performed using QGIS to delineate and extract catchment features
such as stormwater pipe networks. Field measurements involved sur-
veys of the cross-sectional channel geometry at the pool and riffle
and qualitative assessments of channel characteristics (e.g. bars and
benches, large wood and pool-to-riffle spacing). The spatial informa-
tion used in the GIS analyses and field measurements is described in

more detail below.

2.2.1 | Outfalls identification and channel
categorisation

The shapefiles of catchment area and stormwater pipe networks used
in this study were extracted from the stream network developed by
Walsh (2024). We imported shapefiles of stormwater pipe networks
into QGIS (Version 3.40.2) to identify stormwater outfalls along the

urban channel gradient. After this process, the catchment area of each
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GEOMORRPHIC ARRTIBUTES:
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WATERSHED PROPTERTIES: LAND-USE HISTORY
EFFECTIVE IMPERVIOUS COVER Source: Archived

MATERIALS LARGE WOOD (LW), BARS AND (EI) AND CATCHMENT AREA (CA) newspaper (Trove) and
BENCHES (BB), POOL-RIFFLE Source: Walsh et al., 2024 government websites
SPACING (xS)
Source: Field data survey
SURVEYS OF UPSTREAM
AND DOWNSTREAM OF QGIS ELABORATION
METHODS STORMWATER OUTFALLS
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STORMWATER OUTFALLS INPUTS L LAND-USE LEGACIES

FIGURE 3 Flowchart of the methodology used to assess the potential threats caused by urbanisation on channel dimensions and related
features in the study area.

Most Upstream
Upper Urban Channel
Princes Highway
Mid Urban Channel
Railway line
Nad
q&f{oad
Lower Urban Channel
Heary road
Fréeway
Princes Freeway
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FIGURE 4 Urban channel segments of Toomuc Creek (with crossings) and stormwater outfalls (hx1 to hx15) draining urban areas of varying
sizes along the urbanisation gradient. A flow-gauging concrete weir existed beneath Princes Highway.
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TABLE 1 Summary of catchment and stormwater drainage characteristics along the creek.

Urban segments Outfalls (hx) Distance to next outfall, m

Upper urban channel hx1t 320
hx2 109
hx3" 81
hx4t 107
hx5t 359
hx6" 225

Mid-urban channel hx7t<R 466
hx8t 72
hx9 234
hx10 621

Lower urban channel hx11TR 362
hx12 409
hx13 304
hx14T<R 253
hx15t<R

CA (km?) El (%) Tl (%) ACA AEI ATI
38.89 0.15 1.63 0.02 0.02 0.02
38.95 0.20 1.67 0.07 0.04 0.04
38.96 0.39 1.85 0.01 0.19 0.18
38.97 0.39 1.86 0.01 0.01 0.01
39.27 0.55 2.01 0.30 0.16 0.15
39.49 0.69 2.15 0.22 0.14 0.14
39.57 091 2.36 0.08 0.22 0.21
39.76 0.98 243 0.19 0.07 0.06
39.97 1.07 2.51 0.21 0.09 0.09
40.08 1.23 2.66 0.11 0.16 0.15
42.38 3.34 4.69 2.30 211 2.03
42.57 3.52 4.87 0.19 0.18 0.17
42.67 3.61 495 0.10 0.09 0.08
4331 432 5.65 0.64 0.72 0.70
4343 441 5.73 0.12 0.09 0.08

CA = catchment area; El = effective impervious area; Tl = total impervious area; ACA = downstream CA mean value minus upstream CA mean value;
AEl = downstream EI mean value minus upstream El mean value; ATI = downstream Tl mean value minus upstream Tl mean value; T = presence of one or
more hardpoints (grade controls and rock lining) at the downstream section of stormwater of an outfall (grade controls; often spaced out and not visible

during high flow events). R

place.

stormwater outfall was delineated. In some instances, stormwater
outfalls were combined and treated as a single outfall (e.g. hx14), due
to their close proximity (<50 m) to each other (Figure 4). Subse-
quently, the urban channel was divided into segments based on major
crossings in the area (Figure 4) to better illustrate alterations in urbani-
sation influences along a stream with distinct legacy influences. Nota-
bly, the mid-urban channel section from Princes Highway to the
Railway line was the most disturbed segment in terms of historical
land use and subsequent channel incision, as shown in Figure 2.

In the region, identifying urban streams that have been allowed
to adjust naturally was challenging. However, the urban stream chan-
nel examined in this study has not been entirely hardened or
reconstructed. Hardpoints, such as rock linings and vertical grade con-
trols, were spaced out and strategically placed at pipe outlets, certain
meandering bends, underneath crossings (e.g. Princes Highway and

Princes Freeway) and downstream sections of outfalls (Table 1).

2.2.2 | Measurement of imperviousness at outfalls

Effective impervious cover (El) is a critical metric for investigating the
impact of urbanisation on stream channel geomorphology in the study
area. Vietz et al. (2014), for instance, showed that as little as 2% effec-
tive impervious cover was sufficient to impair geomorphic form and
features in the region. In this study, El estimation for 2022 land use
change was based on the method outlined by Walsh (2024). They
estimated effective impervious cover by weighting the total impervi-
ous cover based on its drainage connectivity to streams (see Walsh
et al., 2022 for a detailed explanation). We used R Version 4.4.2
(R Core, 2024) to extract El values from the spatial database devel-
oped for the region (see Walsh, 2024). The El value was extracted for

Toomuc Creek upstream and downstream of each stormwater outfall,

= presence of crossing (rail and road). Between hx8 and hx9, two closely spaced grade control structures (rock chutes) were in

with a change in El upstream to downstream per outfall ranging from
0.02 to 2.1% (Table 1). Note that there were no natural tributaries in
the urban section, so that the El value downstream of an outfall
(e.g. hx1) was the same as the El value upstream of the next outfall
(e.g. hx2).

223 |
outfalls

Field measures of geomorphic attributes at

Surveys were conducted to measure cross-sectional channel width
and depth at pools and riffles, as well as to assess the abundance of
large wood, sediment bars and benches, along with pool-to-riffle
sequence spacing. These assessments were carried out upstream and
downstream of identified stormwater outfalls (hx1 to hx15). Where a
compound channel form existed, with an active bankfull channel
within a historical macro-channel (arising from historic channel inci-
sion), both active bankfull and historical (former floodplain) channel
dimensions were recorded. The bankfull stage was determined in the
field by noting bankfull indicators, such as the tops of the point bars,
vegetation changes and slope breaks of the active channel banks.
When bankfull indicators were identified on both banks, the lower
elevation was selected as the bankfull level. The historic macro-
channel measurement was only used to compare past morphology to
current morphology and infer channel evolution history and
trajectory.

A Global Navigation Satellite System (GNSS) rover (Emlid Reach
RS2; https://emlid.com/docs/) was used to perform cross-section
measurements. This device has centimetre accuracy and uses real-
time kinematic (RTK) information to measure point coordinates (x, y
and z) along a cross-section. Specifically, we measured eight channel

cross-sections upstream and eight cross-sections downstream of each
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outfall, comprising four pool and four riffle cross-sections each. We
followed the pool-riffle sequence, with each cross-section located at
approximately the middle of the pool or riffle, to ensure that we cap-
tured the width and depth variation along the stream in a balanced
way. Afterwards, we counted all large wood (>50 mm in diameter)
within the active bankfull channel between each cross-section. To
avoid biased sampling, we normalised the count by dividing the num-
ber of large wood (LW) by the stream distance over which they were
recorded (count/m). Additionally, we recorded the number of bars and
benches between cross-sections upstream and downstream of the
outfalls. The field-measured pool and riffle cross-sections were
analysed in QGIS to examine the pool-to-riffle sequence spacing
(xS) across upstream and downstream outfall sections.

We used the survey cross-sections to estimate bankfull cross-
sectional width (W), average bankfull cross-sectional depth (D), width-
to-depth or incision ratio (W/D) and channel area (A). Average depth
(D) for each cross-section was calculated by averaging the depth for
all surveyed points within the bankfull channel. W/D was determined
by dividing the width by the maximum depth. A larger W/D ratio indi-
cates more widening than deepening (which could be caused by
stabilisation after channel incision), whereas a smaller ratio indicates
more deepening than widening (which could be caused by incision).
Channel area (A) was determined using a trapezoidal approximation
between all surveyed points along the cross-section.

Due to the close proximity of some outfall sections (e.g. hx2, hx3,
hx4, hx5, hx8 and hx9; Figure 4), surveying eight separate upstream
and downstream cross-sections between two adjacent outfalls was
not feasible. To address this, adjustments were made such that the
downstream cross-sections or geomorphic measurements of a given
outfall (ds_hxi) were used as the upstream cross-section for the next

downstream outfall (us_hxi + 1).

2.24 | Statistical analysis

To analyse our dataset, we incorporated the geomorphic attributes
into a downstream hydraulic geometry model to make statistical infer-
ences about changes occurring along the urban channel gradient. The
downstream hydraulic geometry model relates channel morphology to
discharge at the bankfull stage, often using catchment area or effec-
tive impervious cover as a surrogate for discharge (Soboyejo, Rus-
sell, & Fletcher, 2025). In urban environments, discharge is influenced
by both the catchment area (CA; typically unaffected by urbanisation)
and impervious cover (El; strongly affected by urbanisation). In this
study, we investigated the effect of urbanisation on channel dimen-
sions and related attributes by separating the effects of non-urban
and urban influences on discharge. This was achieved by using statisti-
cal measures, such as Akaike Information Criterion (AIC), coefficient
of determination (r?) and p-values (with alpha = 0.05) to investigate
how well geomorphic variables (Y) measured upstream and down-
stream of outfalls respond to increasing El and CA when used individ-
ually in a regression and together as predictor variables to meet the
statistical test assumptions e.g. normality. The response (Y) and
explanatory variables (CA and El) were log-transformed to fit a power
function model before being tested for statistical inferences. We spe-
cifically looked at the difference in AIC scores (AAIC), ? values and p-

value to ascertain whether the addition of El to CA significantly

HEd-WILEY

enhanced the plausibility of and variance explained by the model, as

well as the significance of predictors at alpha = 0.05. The AIC analysis
was performed separately for each geomorphic response variable (Y),
with AAIC used to compare the relative plausibility of each model
(i.e. with or without El). For example, we tested three models for each
response variable: Y ~ CA, Y ~ El and Y ~ El + CA. We then calcu-
lated the AAIC for each model, where the AAIC represents the differ-
ence between each model's AIC and that of the best-performing
model (i.e., the model with the lowest AIC). In particular, models with
the smallest AAIC values were considered similarly plausible to the
best-performing model, while those with larger AAIC values were
interpreted as having less plausibility (Burnham & Anderson, 2004).
This approach was also extended by substituting total imperviousness
(TI) as an alternative explanatory variable to El, allowing for a compar-
ative assessment of model performance.

Following a similar procedure, we also examined how well the dif-
ferences in geomorphic variables (AY) upstream and downstream of
outfalls respond to change in catchment area (ACA) and change in
effective impervious cover (AEIl) when used individually and together
as predictor variables. Before the incorporation of the difference in
explanatory variables and response variables at outfalls into the
hydraulic geometry model, the response (AY) and explanatory vari-
ables (ACA and AEIl) were log-transformed to fit a power function
model. Subsequently, we estimated the changes in explanatory and
response variables, such as ACA, AY and AEl, by subtracting down-
stream mean values from upstream mean values (Table 1). For some
response variables, such as bars and benches and large wood con-
tained zero values and therefore cannot be directly log-transformed.
An offset was added to these responses (AY + 0.0001) prior to apply-
ing the log10 transformation.

Lastly, we performed a Student’s t-test on the mean values of
measured response variables at cross-sections upstream and down-
stream of each outfall. A p-value of < 0.05 indicated statistically signif-
icant changes in geomorphic attributes downstream of an outfall
compared to upstream, while a p-value of > 0.05 indicated no signifi-
cant difference in response variables. All statistical analyses were per-
formed using R Version 4.4.2 (R Core, 2024).

3 | RESULTS

3.1 | Impact of El on geomorphic attributes

Some geomorphic attributes (average depth, width, width-to-depth
ratio, area and large wood) had a significant relationship with each of
the catchment area (CA) and effective impervious cover (El) when
assessed individually in a regression model (Table 2). CA was a better
predictor than El, producing more plausible models with lower AIC.
For all models, goodness of fit was generally poor, with a maximum r?
of 0.17, indicating that the model explained only a small proportion of
the overall variance. Frequency of bars and benches and pool-to-riffle
sequence spacing had no relationship with EI or CA. When both El
and CA were included as predictors, the effect of El was not signifi-
cant for any response variables, nor did it improve plausibility or good-
ness of fit (i.e. substantially reduce AIC or increase r?). Analysis of the
relationship between increasing CA and increasing El along an urban

channel gradient revealed strong multicollinearity between these
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explanatory variables (? = 0.9) (Figure 5), which clearly explains why
El does not improve the model when fitted with CA (Table 2).

To address predictor variable collinearity, we used a model relat-
ing the difference in response and explanatory variables upstream and
downstream of each stormwater outfall. The relationship between
change in catchment area (ACA) and change in effective impervious
cover (AEl) was found to be weaker (* = 0.54), indicating less
multicollinearity (Figure 5). The Variance Inflation Factor (VIF), a sta-
tistical output from regression models used to assess multicollinearity,
should be less than 5 to be confident that multicollinearity is not a
concern (Kutner et al., 2005; O’brien, 2007). In this study, the VIF of
models utilising both ACA and AEl as explanatory variables were
below this threshold (Table 2). Therefore, change in effective

impervious cover (AEIl) and change in catchment area (ACA) can be
expected to effectively distinguish the individual effects of these
explanatory variables on response variables along a gradient of urbani-
sation. Notably, AIC model outcomes for total impervious cover
(TI) were marginally better than those using El when used individually
and in combination with CA to predict geomorphic responses
(Supplementary Material: Table S1 and Figure S1). However, the VIF
of models utilising both ACA and ATI (and CA and TI) as explanatory
variables were far above the recommended VIF threshold (i.e. <5),
confirming strong multicollinearity between these explanatory vari-
ables. As a result, models using ACA, AEIl, or a combination of both
were deemed more appropriate in this study for capturing the inde-
pendent effects of CA and urbanisation along the urban stream.

TABLE 2 Comparison of Akaike information criterion (AIC), coefficient of determination (r?) and p-values (with alpha = 0.05) for candidate
models using increasing El and CA or change in El and CA as the explanatory variables with dependent variables of geomorphic attributes
upstream and downstream of outfalls (Y or AY), including the combination of both explanatory variables (CA and El).

Increasing CA and EI vs. response variables measured from upstream to downstream of outfalls
Model Set Model A (Y ~ CA) Model B (Y ~ EI) Model C (Y ~ CA + EI)
AIC (AAIC) r AIC (AAIC) r AIC (AAIC) r VIF
Response

D -67.94 (0.00) 0.15%* -57.38 (10.57) 0.10%* -67.92 (0.02) 0.16" 6.99
W -262.78 (0.00) 0.11% -256.81 (5.97) 0.08* -261.36 (1.42) 0.11" 6.99
A 54.16 (0.00) 0.17* 64.97 (10.81) 0.12* 54.74 (0.58) 0.17" 6.99
W/D -127.69 (0.00) 0.06* 123.72 (3.97) 0.04* 126.64 (1.05) 0.06" 6.99
LW 581.79 (0.00) 0.06* 581.92 (0.13) 0.06* 583.39 (1.6) 0.06 7.02
BB 743.39 (0.10) 0.01 743.29 (0.00) 0.01 745.28 (1.99) 0.01 7.02
xS 87.24 (0.13) 0.00 87.11 (0.00) 0.00 89.05 (1.94) 0.00 7.02

At outfalls, change in CA and change in EI vs. change in response variables

Model Set Model A (AY ~ ACA) Model B (AY ~ AEI) Model C (AY~ ACA + AEI)
AIC (AAIC) r AIC (AAIC) r AIC (AAIC) r VIF
Response

AD -22.66 (0.00) 0.10 -21.08 (1.58) 0.00 -21.83 (0.75) 0.17 2.16
AW -34.05 (1.06) 0.01 -35.12 (0.00) 0.08 -33.51 (1.64) 0.10 2.16
AA -14.85 (0.00) 0.09 -14.12 (0.73) 0.05 -12.85 (2.00) 0.09 2.16
AW/D -28.14 (1.03) 0.05 -27.65 (1.41) 0.02 -29.41 (0.00) 0.24 2.16
ALW 35.95 (0.00) 0.01 36.06 (0.11) 0.00 37.66 (1.71) 0.03 2.16
ABB 22.75 (0.00) 0.12 24.16 (1.41) 0.03 24.56 (1.81) 0.13 2.16
AXS -10.03 (0.00) 0.03 -9.62 (0.68) 0.01 -8.13 (2.17) 0.04 2.16

Best-performing models are highlighted in bold. A = change; * = significant at p < 0.05; CA: catchment area (* only significant for CA); El: effective
impervious cover; D: average depth (m); W: width (m); A: channel area (m?); W/D: width-to-depth ratio or incision ratio (m/m); WD: large wood (count/m);
BB: bars and benches (count) and xS: pool-to-riffle sequence spacing (m). Variance Inflation Factor (VIF) = 1/ (1 - r?): is the coefficient of determination
when the i-th predictor is regressed on all the other predictors: VIF > 10; strong multicollinearity, which can significantly affect the regression model and
its coefficients, VIF > 5; high correlation indicating possible multicollinearity concerns, 1 < VIF < 5; multicollinearity is low and not a significant issue and

VIF = 1; no multicollinearity.
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Despite this, our analysis revealed that neither ACA nor AEI were sta-
tistically significant predictors of geomorphic response variables when

used individually or together in a regression model (Table 2). As a
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result, the change in geomorphic attributes measured upstream and
downstream of stormwater outfalls cannot be explained by changes in

urbanisation along the creek.
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FIGURE 5 Relationship between catchment area and effective impervious area: (a) incremental change between catchment area (CA) and
effective impervious cover (El) and (b) step change between change in catchment area (ACA) and change in effective impervious cover (AEI) at

stormwater outfalls.
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mean values. Dashed lines indicate the overall
average. Arrows indicate crossings (road and
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Upstream of stormwater outfall (us_hx)
M Downstream of stormwater outfall (ds_hx)
B Shared section of outfall (ds_hx_us_hx)

Upper Urban Channel (HX1to HXT)
Mid Urban Channel (HX7-HX11)
Lower Urban Channel (HX11-HX15)
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FIGURE 7 Changes in ecologically relevant channel features between upstream and downstream sections of outfalls. Asterisk (*) indicates
significant change (p < 0.05; see supplementary table S3 for each t-test value). For the shared or overlapping section of a given outfall
(ds_hxi_us_hxi+1), acting as both upstream and downstream, the adjacent upstream section of a given outfall (hxi-1) was used for comparison.
(a) Number of large wood pieces per m of channel section length (count/m), (b) number of bars and benches (count) and (c) pool-to-riffle
sequence spacing (m). The plus in the middle of the boxplot indicates the mean values. Dashed lines indicate the overall average. Arrows indicate

crossings (road and railway).

3.2 | Geomorphic changes at stormwater outfalls

Figures 6 and 7 present box plots of various geomorphic attributes,
such as average depth, width, area, width-to-depth ratio, large wood,
pool-to-riffle spacing and the presence of bars and benches, measured
both upstream and downstream of outfalls (hx1 to hx15). Table 3
shows the summary of the mean values for each geomorphic variable
measured upstream and downstream of outfalls. While substantial or
significant alterations between upstream and downstream cross-
sections were observed at a few outfall locations, the large number of
hypothesis tests conducted increases the likelihood that some of these

significant changes may be due to chance, i.e., false positives (Table 4).

3.2.1 | Average cross-sectional depth (D)

At all but two outfalls, there was no significant difference in depth
between upstream and downstream cross-sections (Figure 6a). The
exceptions were hx3, which had a significant increase in depth, and
hxé, which had a significant decrease (p < 0.05). Interestingly, the
mean value of average depth both upstream and downstream of out-
falls was clearly higher at the lower urban channel segment (hx11 to
hx15; Railway to Princes Freeway crossings) (Figure 6b and Table 3).
In this part of the urban channel, hx11 corresponds to the location
where the cumulative El begins to exceed 2%, reaching 4.4% down-
stream of hx15 (Table 1).
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TABLE 3 Summary of the mean values for each geomorphic attribute.

Outfalls  Outfall sections  Segments along the creek  Mean D
hx1 us_hx1 Upper segment 0.49
ds_hx1 0.53
hx2 us_hx2 043
ds_hx2_us_hx3 0.35
hx3
ds_hx3_us_hx4 0.52
hx4
ds_hx4_us_hx5 0.48
hx5 ds_hx5 0.54
hxé us_hxé 0.55
ds_hxé 0.34
hx7 us_hx7 0.51
ds_hx7 Mid segment 0.47
hx8 us_hx8 0.43
ds_hx8_us_hx9 0.44
hx9 ds_hx9 0.41
hx10 us_hx10 0.38
ds_hx10 041
hx11 us_hx11 0.74
ds_hx11 Lower segment 0.61
hx12 us_hx12 0.71
ds_hx12 0.73
hx13 us_hx13 0.48
ds_hx13 0.70
hx14 us_hx14 0.71
ds_hx14 0.74
hx15 us_hx15 0.88
ds_hx15 0.97

e ] 11 0of 17
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MeanW MeanA MeanW/D MeanlW MeanBB Mean xS
5.06 3.03 6.14 0.95 0.29 20.28
4.12 2.68 4.66 0.21 0.00 13.20
4.98 251 6.73 0.82 0.86 10.89
4.06 1.93 6.54 1.10 0.29 15.24
3.87 247 4.31 0.58 0.29 14.31
4.32 2.57 5.08 0.97 0.71 14.16
3.70 2.56 3.93 0.54 0.29 12.84
3.84 2.72 4.14 0.54 0.00 16.04
3.89 1.65 5.83 0.99 0.86 16.50
5.67 341 6.45 0.91 0.75 19.08
5.96 3.60 6.29 0.15 0.00 28.90
5.09 244 8.05 0.48 0.43 21.81
5.61 291 7.68 0.12 0.00 17.90
4.69 2.57 5.85 0.29 0.14 20.94
4.093 1.95 6.37 0.24 0.14 18.12
421 244 6.86 0.92 0.14 17.22
5.52 5.18 471 0.56 0.43 17.91
5.35 4.18 5.70 0.44 1.00 23.30
4.20 3.61 3.79 0.398 0.29 6.91
4.47 4.03 3.90 0.37 0.00 16.72
3.66 2.30 3.71 0.14 0.43 14.39
5.36 4.40 4.38 0.07 0.43 17.54
6.24 5.15 5.27 0.13 0.43 30.63
6.60 5.53 5.31 0.18 0.25 16.45
7.09 8.21 4.55 0.32 0.14 11.90
6.77 7.61 4.90 0.22 0.43 21.02

hxi: a given outfall; us_hxi: upstream section of a given outfall; ds_hxi: downstream of a given outfall; ds_hxi_us_hxi + 1: shared section of outfall, i.e.
acting as both upstream and downstream; D: average depth (m); W: width (m); A: channel area (m?); W/D: width-to-depth ratio or incision ratio (m); WD:
large wood (count/m); BB: bars and benches (count) and xS: pool-to-riffle sequence spacing (m).

3.22 | Width (W)

Only hx1 and hx13 showed a significant increase (p < 0.05) in bankfull
width between upstream and downstream cross-sections (Figure 6b).
There were no other significant differences in width upstream and
downstream of outfalls. More importantly, the mean value of channel
width both upstream and downstream of outfalls near rail and road
crossings was distinctly higher compared to those outfall sections
without crossings, specifically at hx7 (Princes Highway), hx11 (Railway
line), hx14 (Henry Road) and hx15 (Princes Freeway), as well as at
hx8, which featured closely spaced vertical-grade controls (or rock
chutes) (Figure 6b and Table 3).

3.23 | Width-to-depth ratio (W/D) or
incision value

There were no significant differences (p > 0.05) in the width-to-depth
ratio between upstream and downstream of outfalls (Figure 6c). How-

ever, more widening than deepening (higher W/D) was clearly

observed both upstream and downstream of hx2 and all outfall sec-
tions located in the most disturbed segment (i.e. mid-urban segment)
of the urban channel (hx7 to hx11; Railway to Princes Freeway cross-
ings). Conversely, more deepening than widening (lower W/D) was
clearly observed at hx5 and some sections located in the lower seg-
ment, specifically hx12 and hx13. In the lower segment of the urban
channel, where El crosses 2%, outfalls without crossings (i.e. hx12 and
hx13) showed more deepening than widening (lower W/D), whereas
outfalls with crossings (i.e. hx11, hx14 and hx15) showed more widen-

ing than deepening (higher W/D).

3.24 | Cross-sectional area or capacity (A)

Only outfall hx13 showed a significant increase in bankfull channel
capacity (p < 0.05) between upstream and downstream sections
(Figure 6d). Notably, the mean value of channel capacity both upstream
and downstream of outfalls with crossings was slightly higher compared
to those sections without crossings, except outfalls hx12 and hx13

located in the lower urban channel segment (Figure 6d and Table 3).
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This pattern mirrored the pattern for channel widening, but the hx12

and hx13 sections were narrower. Additionally, the mean value of chan-
nel capacity, both upstream and downstream of outfalls, was clearly
higher at the lower urban channel segment (hx11 to hx15; Railway to
Princes Freeway crossings), where the cumulative El was greater than
2%. At this threshold, the lower segment of the urban channel gradient
(hx11 to hx15) exhibited greater variability in width (W), average depth
(D) and channel area (A) compared to the upper and middle segments
(Figure 6a, b and d). In contrast, the width-to-depth (W/D) ratio showed

more variation in the middle segment (Figure 6c).

3.25 | Large wood (LW)

Only the most upstream outfall, hx1, showed a significant reduction
(p = 0.05) in large wood frequency between upstream and down-
stream sections (Figure 7a). Notably, the mean frequency of large
wood both upstream and downstream of outfalls was slightly higher
in the upper urban channel segment (hx1 to upstream of hx7) com-
pared to the mid and lower segment of the urban channel (down-
stream of hx7 to hx15).

3.2.6 | Barsand benches (BB)

At hxé, the frequency of bars and benches significantly increased, and
at hx7, it significantly decreased (p < 0.05) between upstream
and downstream sections (Figure 7b). These outfall sections were
located immediately upstream of Princes Highway crossings and a
flow-gauging concrete weir, which might explain why we also
observed a significant decrease in average depth at hxé (Figure 6a
and Table 3). There were no significant differences upstream and
downstream of other outfalls. However, the mean value of bars and
benches was sometimes higher at some outfall sections at the upper
urban channel (hx1 to upstream of hx7) compared to the mid and
lower urban channel (downstream of hx7 to hx15). Both large wood
and bars and benches were more frequent in the upper segment than

in the lower segment (Figure 7a and b).

3.2.7 | Pool-to-riffle sequence spacing (xS)

Only hx12 exhibited a significant increase (p < 0.05) in pool-riffle
spacing between upstream and downstream sections (Figure 7c).
There were no other significant differences in pool-to-riffle sequence
spacing between upstream and downstream of outfalls. However, the
mean value of pool-to-riffle spacing tended to be slightly higher in
the most disturbed segment (i.e. mid-urban segment) of the urban
channel (downstream of hx7 to upstream of hx11) compared to the
upper (hx1 to upstream of hx7) and lower (downstream of hx11 to
hx15) segment (Figure 7c and Table 3).

4 | DISCUSSION

Results from this study show that geomorphic attributes observed

upstream and downstream of stormwater drain outfalls along a

suburban creek could not be well explained alone by changes in catch-
ment impervious cover (AEl; typically considered the primary drivers
of stormwater inputs). Instead, other factors, such as historical land
uses and hardpoints, played a significant role in shaping these geo-
morphic attributes. In the region (southeastern Australia), published
findings have shown that relatively low levels of urbanisation were
sufficient to impair geomorphic forms and features (Vietz et al., 2014),
in-stream biota (Burns et al., 2015; Walsh, 2004) and stream water
quality (Hatt et al., 2004). As the levels of urbanisation in the study
area exceed geomorphic and ecological degradation thresholds previ-
ously established in this region, we anticipated an increase in channel
dimensions, such as bankfull cross-sectional area, with increase in
stormwater inputs. However, this expected trend was not observed
along Toomuc Creek. This irregular response to urbanisation accords
with worldwide findings reported by Soboyejo, Russell, & Fletcher
(2025), which indicate that hydraulic geometry relationships devel-
oped for urbanised catchments are often disrupted by non-alluvial
influences (e.g. hardpoints). Such disruptions often result in highly var-
iable responses, poor model fit and statistically insignificant
relationships.

In the wider literature, hardpoints interventions, such as grade
controls, have been reported to cause unintended erosion or sediment
deposition issues (e.g. Beschta & Platts, 1986; Chin et al., 2017;
Navratil et al., 2013; Taniguchi et al., 2018), as well as channel frag-
mentation, variable sediment deposition patterns and prevention of
upstream knickpoint migration (Grable & Harden, 2006). Similarly,
Chin et al. (2017) found that hardpoint interventions like road cross-
ings resulted in channel deepening downstream and widening
upstream. Taniguchi et al. (2018) also reported that channels closer to
hardpoints were larger than those farther away. In this study, cross-
sections close to crossings (roads and rail) and closely spaced grade
controls (or rock chutes) appear wider compared to sections without
such structures.

Historical land and stream management practices, such as chan-
nelisation, also play a major role in overshadowing or superimposing
the influence of modern stormwater inputs. Wohl (2015, 2019)
highlighted that past human activities (such as farming practices,
deforestation, or past construction, river damming and channelisation)
often leave behind geomorphic impacts (such as altered sediment
dynamics and modified channel dimensions) on rivers, streams and
creeks that can still be observed, even though those activities stopped
long ago. Historical legacies sometimes complicate the ability of scien-
tists or waterway managers to fully understand or predict river behav-
iour in response to modern-day influences (in our case, urbanisation).
In this aspect, Channel Evolution Models (CEMs) are common concep-
tual and qualitative tools used in interpreting the evolutionary states
and trajectories of a channel (e.g. Bevan et al, 2018; Booth &
Fischenich, 2015; Hawley et al., 2012; Schumm, Harvey, &
Watson, 1984; Simon, 1989; Simon & Hupp, 1987). The most widely
recognised conceptual model, which has served as a basis for the
development of more recent and complex models, is that of Schumm,
Harvey, & Watson (1984). The Schumm Channel Evolution Model
(CEM) describes five stages of channel evolution: Stage | (Initial Equi-
librium), where the channel is stable and undisturbed; Stage Il
(Degradation), marked by channel incision due to increased runoff or
base-level lowering; Stage Ill (Widening), where banks become unsta-

ble, leading to lateral erosion; Stage IV (Aggradation), characterised by
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FIGURE 8 Longitudinal profile, cross-sectional profiles and representative images of geomorphic changes along the urban channel segments.

sediment deposition as the channel begins to stabilise and Stage V
(Re-equilibration), where the channel reaches a new equilibrium with
reduced erosion and deposition rates.

In this study, historical land-use practices have left lasting geo-
morphic signatures, such as erosion to bedrock, plunge pools and
knickpoints along the urban stream channel (Figure 8). Consequently,
the morphology of the creek is highly complex, with an active bankfull
channel existing within a macro-channel (arising from historic channel
incision and subsequent recovery). In the upper urban channel seg-
ment, the macro-channel has steep and relatively unstable banks in
most places, revealing signs of bank failure (undercutting and
slumping) and ongoing macro-channel widening. The channel also dis-
plays a complex and variable cross-sectional profile because of the
meandering bend morphology and a wide and narrow inset floodplain
existing in various places. The stream bed mostly contains sandy
material, interspersed with in-channel vegetation. Bars and benches
are common in this segment, as shown in our analysis, owing to recent
lateral erosion of banks and sediment from upland areas. Many stud-
ies have reported that the primary sources of sediment delivery in
urbanising streams originate from collapsing banks and construction
sediment from upland areas (e.g. Chin, 2006; Nelson & Booth, 2002;
Russell, Vietz, & Fletcher, 2017; Trimble, 1997; Wolman, 1967). Large

wood is also abundant in the upper channel segment. These in-stream

features are favoured by the gentle channel slope, as well as rock
chutes placed downstream of many outfalls.

Current macro-channel surveys and field observations indicate
that some channels in the upper segment are actively incising, while
others have progressed beyond incision and are beginning to accrete
and widen (Stages Il and lll; Schumm, Harvey, & Watson, 1984). Intro-
ducing stormwater into a system still adjusting to historical legacies
may result in channel responses to modern influences (such as urbani-
sation) being superimposed on or overshadowed by ongoing historical
adjustments. Alternatively, these historical adjustments may enhance
the resilience of the channel to future increases in runoff (O'Driscoll,
Soban, & Lecce, 2009). In this study, changes in channel dimensions
between upstream and downstream of outfalls appeared to be
influenced by ongoing historical adjustments (such as macro-channel
bank failure) and hardpoints strategically placed at downstream sec-
tions of outfalls (such as rock chutes). These phenomena, coupled
with a relatively gentle bed slope, have slowed down channel incision
in most areas, but active widening continues to occur near these
features.

At Princes Highway, a flow-gauging concrete weir constructed
beneath the crossing altered the natural flow of the stream by creat-
ing a backwater effect, sediment aggradation upstream of the weir,

widened bankfull channel morphology and high velocity stream flow
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coinciding with a steep bed profile downstream of the weir. This con-

crete weir, with other rock chutes placed strategically along the creek,
has generally disrupted flow patterns and contributed to reducing
channel incision.

In the mid-urban channel segment, historic incision resulting from
past swampland drainage, channelisation and vegetation clearance
during the late 1800s to mid-1900s has produced an over-steepened
stream gradient and eroded thousands of tons of sediment
(Hanslow, 1939; Richard, 1940). The stream bed at this segment has
incised to non-erodible Silurian bedrock, such that incision
has stopped occurring and widening has become dominant, with some
accretion of sediment occurring further south (due to rock chutes),
such as near hx8, hx9, hx10 and hx11. An article from 1944 reported
that channel morphology downstream of the Princes Highway mea-
sured 15 m wide (Richard, 1940). Current macro-channel surveys indi-
cate that the channel width from the Princes Highway to the railway
crossings is no less than 22 m, further underscoring the trend of sig-
nificant widening of the historic channel over time. Bankfull channel
data also suggested that the mid-segment morphology has not
responded to urbanisation because there was no significant difference
in any geomorphic attributes at outfall sections.

The upstream migration of knickpoints due to historical base-level
change, straightening and land use change, has largely ceased due to
the presence of bedrock, rock chutes and a flow-gauging concrete weir
beneath the Princes Highway. In Second Creek, in Knox County, Ten-
nessee, USA, Grable & Harden (2006) also reported that the presence
of road crossings and other infrastructure, such as vertical grade con-
trols, influenced or decoupled the upstream migration of knickpoint
along their urban channel. Currently, macro-channel surveys and field
observations further indicated that the morphology of the mid segment
is relatively stable with disconnected historical floodplains and vege-
tated inset floodplains in certain places, highlighting Stage Il and IV of
the channel evolution model (Schumm, Harvey, & Watson, 1984).
Moreover, pool-to-riffle spacing appeared to be slightly higher at the
mid segment than at the upper and lower urban channel segments.
Wohl, Vincent, & Merritts (1993) reported that pools are spaced closer
to riffles in steep sections but farther apart in flatter sections in the
non-urban influenced stream. In this study, the reverse is the case.

At the railway crossing, historic records from 1877 indicated that
the creek bed measured only 2.7 m deep and 3.4 m wide below the
railway bridge deck. In comparison, by 1940, the creek bed had
increased to 8.8 m deep and 4.6 m wide. The rail level is just above
the historic floodplain level, suggesting that the railway bridge deck
has likely remained at a similar level since pre-incision times. Current
surveys reveal that the bed is now 5.7 m deep and 21 m wide,
suggesting that widening has occurred more than deepening over the
years. The reduction in depth is most likely due to vertical grade con-
trols (rock chutes) and reduced channel slope, as well as increased
sediment supply from erosion progressing upstream, which might
explain why bankfull channel dimensions showed no significant differ-
ence between upstream and downstream of hx11, despite draining
the largest urban sub-catchment.

In the lower urban channel segment, the cumulative El begins to
exceed 2% at hx11, which distinctly raises the channel capacity and
deepening at upstream and downstream sections of outfalls, reaching
4.4% downstream of hx15. Currently, macro-channel surveys and on-

site observations suggest that the lower urban channel has relatively

stable banks with completely disconnected historic floodplains.
Macro-channel floodplain to bankfull stage is quite low in most places
and uniform with bankfull stage in some places at the farthest down-
stream channels (Stage IV and V; Schumm, Harvey, & Watson, 1984).
The stream bed is very sandy, just as much as the upper urban chan-
nel, interspersed with emergent in-stream vegetation in many places.
However, the amount of large wood within and along the lower urban
channel was not as much as in the upper urban channel. Blauch & Jef-
ferson (2019) noted that large wood density decreased as urban
intensity increased and wood transport increased with urban inten-
sity. Also, this segment has a substantial amount of aggrading sedi-
ment on the bed, which is favoured by a gentle channel slope. On the
contrary, field observations suggested that the lower urban channel
has started to show evidence of undercutting in many places, possibly
signalling another cycle of channel evolution (Stage Ill; Schumm, Har-
vey, & Watson, 1984), typical of urban streams.

Many non-urban streams in southeastern Melbourne with catch-
ment characteristics similar to Toomuc Creek (such as those located
within sedimentary and alluvial reaches) have experienced extensive
land use changes, including farming, vegetation clearance, livestock
access and swampland drainage. These disturbances have led to
highly incised, complex channel forms with limited floodplain connec-
tivity and increased channel gradient as a result of drainage works in
the downstream areas (Sammonds & Vietz, 2015). However, natural
streams in other parts of Melbourne and surroundings have different
characteristics (e.g. geology, topography, climate) and are therefore
not appropriate to use as reference sites for Toomuc Creek. Investiga-
tions by Sammonds & Vietz (2015) into pre-disturbance conditions in
the southeastern region where Toomuc Creek is located revealed that
natural streams were originally characterised by: (i) shallow channels
with a low channel gradient, (ii) high lateral connectivity through
braided flow paths, (iii) active floodplain processes, such as the forma-
tion of natural levees, point bars and backswamps and (iv) wide ripar-
ian zones full of grassy woodlands. In nearby areas of southeastern
Melbourne, Vietz et al. (2014) found that natural headwater streams
are typically characterised by dynamic and variable channel morphol-
ogy, as well as dynamic and limited bank erosion. Based on this early
and contemporary understanding of natural streams in the area, the
urban segment of Toomuc Creek showed a clear departure from its
natural state.

Overall, these observations along an urban channel reflect that
physical channel forms and in-stream feature adjustments are not
driven by singular processes but by various ongoing series of changes
evolving over time and space. The influence of past trajectories on
present channel conditions and future evolution of Toomuc Creek is
consistent with broader understandings of the importance of temporal
context in shaping geomorphic form and function (e.g. Brierley &
Fryirs, 2004; E. Wohl, 2018). This study highlights the relevance of
this concept within urban environments, where it has received limited
attention. Local context, such as hardpoints, sediment construction,
riparian vegetation and geology, plays a significant role in shaping
stream channel form and function. Isolating the influence of these
site-specific factors is essential for accurately attributing changes in
channel form and functions to urbanisation (Soboyejo, Russell, &
Fletcher, 2025). Nevertheless, certain outfall locations along the urban
channel gradient exhibited clear evidence of disturbance

(or significant difference) in widening, deepening and the combination
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of both, indicating that proximity of outfalls may still act as hotspots
of disturbance to urbanisation in locations with limited historical land-

use and no hardpoints influence.

5 | CONCLUSION AND FUTURE
DIRECTIONS

Urban channels worldwide face disturbances due to land-use changes
and in-channel activities, posing significant threats to stream health
and associated aquatic ecosystems. This study provides insights into
the predictability of channel morphologic adjustments to urbanisation
using a controlled field-based experiment (upstream and downstream
of stormwater outfalls). This novel approach could serve as a guide for
researchers and waterway managers seeking to explore the complex
relationship between channel geomorphology and urbanisation. Con-
trary to our expectations, stream channel capacity or cross-sectional
area did not follow a systematic downstream increase with catchment
urbanisation due to arrays of factors, although some outfall locations
did show clear evidence of disturbance, confirming that widening,
deepening and a combination of both occur locally and in a spatially
discontinuous manner. This suggests two future directions. Firstly,
future research seeking purely to isolate urban influences on geomor-
phic adjustments in streams needs carefully controlled study designs
involving sites with little historical disturbance and no hardpoint inter-
ventions. Secondly, and perhaps more importantly, the conditioning
influence of past management and channel evolution on contempo-
rary geomorphic responses needs to be specifically studied in urban
settings. Understanding the complex interplay between urbanisation,
channel morphology, historical land-use context and in-stream fea-
tures is vital for developing more accurate predictive models that
could inform effective and broad management strategies. However,
the modelling approach in this study is subject to some limitations,
such as the relatively small number of sites, the limited geographic
scope (a single watershed) and a limited range of effective

imperviousness.
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