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Abstract: Restoration of ecological structure and function of urban streams probably requires catchment-scale
modification of drainage infrastructure, but such catchment-scale restoration attempts and their assessment are
rare. They require stream ecologists to embrace the interdisciplinary challenges of studying the social–ecological
systems that are urban catchments. We designed and monitored a catchment-scale experiment that involved the
retrofit of urban stormwater infrastructure throughout an urban catchment to restore more natural hydrology,
water quality, and consequently, ecological condition in the receiving stream. We worked with government au-
thorities and the catchment community (residents and property owners) over several years to fund and imple-
ment 289 stormwater retention systems. The length of the project allowed adaptation of the experimental design
to expand the project’s breadth and of retention-system design to match community needs and catchment con-
text. Planning provisions are particularly important for such an experiment to ensure that the effect of dispersed
experimental treatments is not countered by creation of new connected impervious areas elsewhere in the catch-
ment. Catchment-scale experiments can help to transform policy and practice, but their success requires sub-
stantial effort and time to build trust among the numerous, diverse stakeholders of human-dominated urban
ecosystems. Researchers need to be prepared to adopt an adaptive approach to the implementation of such ex-
periments and to play the lead role in seeking funds for the implementation of the on-ground works necessary to
underpin the experiment.
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The influence of catchment land use on the ecological
structure and function of streams (Allan 2004) is arguably
greatest in urban catchments, where stormwater drainage
connects impervious surfaces throughout catchments di-
rectly to streams (Walsh et al. 2005a). Urban stormwater
runoff delivered through conventional drainage systems
is a primary degrader of urban stream ecosystems (Walsh
et al. 2005b, Wenger et al. 2009). With increasing aware-
ness of stormwater runoff as a degrading process, invest-
ment in stormwater management approaches aimed at
environmental protection has grown. These new approaches
aim to reduce pollutant loads and to restore more natural
flow regimes (Burns et al. 2012). For streams, flow-regime
alteration by urban stormwater runoff (increased high-flow
frequency and total flow volume, and reduced baseflow

contributions) probably is as important a stressor as the
pollution it carries (Walsh et al. 2012).

The design and spatial arrangement of stormwater
control measures (SCMs) dispersed throughout catch-
ments for improving both water-quality and flow regimes
is a field in its infancy (Burns et al. 2012). The potential
for such technologies to protect stream ecosystems remains
untested (Roy et al. 2008). Thus, the need for catchment-
scale experimental trials of dispersed SCMs designed for
the protection and restoration of stream health is urgent.

We instigated a catchment-scale experiment to test
whether new SCM technologies applied across an urban
area encompassing the catchment of a small stream (Lit-
tle Stringybark Creek [LSC]; Fig. 1A, B) could adequately
alter flow- and water-quality regimes to elicit change in
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in-stream ecological condition. The scale of the experi-
ment has required a broader approach than is typical of
stream ecological studies, and our study became a long-
term social–ecological study (Collins et al. 2011). As de-
scribed in other papers in this BRIDGES cluster, the ex-
perimental framework drove changes in behaviors of the
catchment community (residents and property owners:
Bos and Brown 2015), local government practices (Burns
et al. 2015), and planning regulations (Prosser et al. 2015).
In this paper, we describe the challenges for researchers
embarking on such a large, public experiment, including
how the experimental design required adaptation in re-
sponse to the long period of project development and im-
plementation. Our primary goal is to identify important
lessons for researchers planning to conduct similar catch-
ment experiments.

HYPOTHESIS FORMULATION
AND EXPERIMENTAL DESIGN

We hypothesized that the primary limitation to eco-
logical structure and function in streams draining urban
catchments was the combined effect of hydrologic and
water-quality perturbations resulting from urban storm-
water runoff delivered through constructed drainage sys-

tems (Walsh et al. 2005a). To test this hypothesis, we
developed design objectives for stormwater retention from
impervious surfaces (Table 1; Walsh et al. 2012) with the
goal of mimicking the hydrology of nearby forested catch-
ments that support streams in good ecological condition.

The 1st objective was to reduce the frequency and mag-
nitude of polluted high flows from impervious surfaces
by ensuring that SCMs had sufficient retention capacity to
avoid overflow of untreated water in ∼95% of rain events
(Walsh et al. 2009). The 2nd and 3rd objectives were to re-
store the quantity and quality of base flows lost by the
construction of impervious surfaces (Hamel et al. 2013).
The 4th objective (reduction of runoff volume; Table 1)
required substantial harvesting of storm water for internal
uses (e.g., toilet flushing, hot water, laundry) or irrigation
of open space to allow evapotranspiration losses. This ob-
jective was of least direct ecological importance, but we
emphasize it because addressing the large increase in run-
off volume was central to achieving the other objectives
(Walsh et al. 2012).

These objectives can in theory be met by stormwater
infiltration and harvesting systems built to treat impervi-
ous surface runoff at any scale from catchments up to the
size of the largest subcatchment flowing to the stream
requiring protection. However, SCMs at this largest scale

Figure 1. A.—Detail of the Little Stringybark Creek (LSC) catchment showing locations of impervious surfaces, catchments of
stormwater control measures (SCMs; 237 installed by residents—5 installed independently of the project—and 58 installed by Yarra
Ranges Council), and monitoring sites. All small- and some large-scale SCMs reduced storm flows through infiltration, harvesting, or
evapotranspiration. Large-scale SCMs identified as ‘for WQ’ (water quality) are designed to provide filtration of base flows and small
storm events and treat runoff from 2 large pipes. B.—The LSC (experimental) catchment and 3 control and 3 reference catchments,
with impervious areas shown (gray).
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(end-of-subcatchment) are rarely able to meet the objec-
tives in practice because of inadequate space to store large
flow volumes (Burns et al. 2012). Thus, to restore a de-
graded stream in an existing urban catchment, SCMs are
required at a range of catchment sizes, from part of a sin-
gle building (∼102 m2) to all roofs and roads in the catch-
ment of an upland drainage line (∼104 m2). Achieving such
a multiscale outcome in the LSC catchment required en-
gagement and collaboration with many catchment stake-
holder groups: residents, businesses, the local government
authority responsible for roads and drainage (Yarra Ranges
Council [council]), and the regional authority responsible
for the management of streams (MelbourneWater [MW]).

We selected LSC as the experimental catchment be-
cause it is degraded ecologically (we hypothesize as a result
of urban stormwater runoff), but its connected impervious
area is small enough to make tractable the number and
extent of SCM retrofit works required to bring about an
ecological response (Walsh et al. 2005a). The upper 2 km2

of the catchment is a typical suburban mix of residential
housing at a range of densities and commercial, educa-
tional, and industrial precincts, whereas the downstream
catchment is predominantly low-density, rural–residential
land (Fig. 1A). The typical urban form in the developed
part of the catchment is important because a goal of the
project was to demonstrate the feasibility of stormwater
retention for stream protection in urban areas.

We designed the experiment as an extension of a
Beyond-BACI (Before-After-Control-Impact: Stewart-Oaten
et al. 1986, Underwood 1991) design. In addition to com-
paring ecological patterns in the ‘impact’ stream (LSC) with
those in equally degraded urban control streams, we in-
cluded a comparison to reference streams in forested catch-
ments that are not affected by urban stormwater runoff.
This Before-After–Control-Reference-Impact (BACRI) de-
sign allows control for differential responses to factors,
such as climate, between control and reference streams.
We selected 3 reference and 3 control streams to compare
with LSC (Fig. 1B) from sites monitored in a study that
generated the primary hypothesis of the project (Walsh
et al. 2005a). We have monitored these 7 streams since
2001 with some interruptions (Fig. 2) for water quality
(using the methods of Hatt et al. 2004), algal biomass (Tay-
lor et al. 2004) and assemblage composition (Newall and
Walsh 2005), macroinvertebrate assemblage composition
(Walsh 2004), and since 2011, leaf-breakdown rates (Im-
berger et al. 2008).

Prior to SCM installation in the LSC catchment, these
indicators (Fig. 3A–D) varied within the ranges of the con-
trol streams, which demonstrated consistently poorer con-
dition than the reference streams. These data suggest that
the BACRI design provides a strong basis for inferring
changes in ecological indicators from their current de-
graded state and, more importantly, an objective assess-

Table 1. Calculation of and rationale behind the environmental benefit index: primary mechanisms by which urban stormwater
degrades streams, the design objective for stormwater control measures (SCMs) to mitigate each effect, and the subindex used to
estimate attainment of each objective. The index equals the mean of the 4 subindices. Perfect attainment of objectives for a 100-m2

impervious surface would equal an environmental benefit score of 1. A = the impervious catchment of the SCM (m2), R = runoff
frequency, FV = filtered volume, V = runoff volume. In each subindex, the objective takes 3 inferred values denoted by subscripts:
u = the urban state without SCM, m = the urban state mitigated by the SCMs, n = the pre-urban state (2 pre-urban values for FV:
forest or pasture). For further information on calculation of the indices see Walsh et al. (2010). TSS = total suspended solids.

Effect of urban stormwater runoff Objective for mitigation Environmental benefit subindex

Increased frequency and magnitude
of high flows carrying pollutants;
dry-weather spills of pollutants
on impervious surfaces reaching
streams

Minimize frequency of unfiltered
runoff from impervious surfaces
to streams

ð1−max Rm−Rn
Ru−Rn

; 0
� �

ÞA=100

Reduced contribution to base flows Restore volume and pattern of
filtered base flows lost by the
construction of impervious
surfaces (to between inferred
pre-urban forest and pasture
base flow; Zhang et al. 2001)

If FVm < FV f orest ;
FVm

FV f orest

� �
A=100

If FVm > FVpasture;

maxð0; 1− FVm−FVpasture

FV f orest

� �
ÞA=100

Else,A/100

Poor dry-weather water quality
resulting from reduced base
flows and dry-weather
drainage inputs

Contaminant concentrations
of filtered flows meet national
water-quality standards
(ANZECC and ARMCANZ 2000)

Mean of ð1−max ½X�m−½X�n
½X�u−½X�n ; 0

� �
ÞA=100

for each of [X ] = median concentration
of P, N, and TSS

Increased total volume of runoff Reduce total runoff volume from
impervious surfaces to the
pre-urban streamflow volume

ð1−max
Vm−Vn

Vu−Vn
; 0

� �
ÞA=100
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ment of the magnitude of that change toward values ob-
served in reference streams. The installation of SCMs to a
level we hypothesized sufficient to change ecological
indicators, took 4 y (Fig. 2). No change in ecological in-
dicators had been observed by early 2014 (Fig. 3A–D), with
the exception of P concentrations, which suggest a shift
from levels comparable to control streams to levels simi-
lar to reference streams (Fig. 3A). We do not present sta-
tistical analysis of these results because a longer period of
monitoring is required for a robust inference of effect.

The long period of project development and experi-
mental manipulation has permitted an expansion of the
monitoring program and has provided a complementary
analysis to the BACRI experiment. Since 2010 we have
monitored the same variables in 3 tributaries of LSC (each
with a catchment area of ∼1 km2 [Fig. 1A] and each with
different levels of urbanization and potential for SCM im-
plementation). Data from these additional sites, together
with the main LSC sampling site ∼1 km downstream, per-

Figure 3. Sample of ecological indicators monitored in Little
Stringybark Creek (LSC), 3 control streams, and 3 reference
streams. A.—Total P, collected and analyzed using the methods
of Hatt et al. (2004). Narrow lines show measured data, whereas
thick lines are smoothed spline curves (df = 10) to illustrate the
trend of a shift in LSC away from control stream concentra-
tions and toward those of reference streams. B.—DIAR, a dia-
tom assemblage index (Chessman et al. 2007), collected using
the methods of Newall and Walsh (2005). C.—Median benthic
algal biomass (chlorophyll [Chl] a collected and measured us-
ing the methods of Taylor et al. 2004). D.—Stream Inverte-
brate Grade Number Average Level (SIGNAL), a macro-
invertebrate assemblage index (Chessman 1995), collected
using the methods of Walsh (2004).

Figure 2. Timeline of the Little Stringybark Creek (LSC)
project. Ecological, water-quality, and hydrographic variables
were monitored with interruptions since 2001. Incomplete
depth-logger records provide some hydrographic information
prior to 2010, after which intensive campaigns to improve
hydrographic rating tables resulted in more reliable data. The
same variables were monitored in each of the 3 tributaries of
LSC from 2010. Three rounds of community engagement
began the installation of stormwater control measures (SCMs)
on private properties in 2009, followed by SCMs built and
maintained by Yarra Ranges Council in 2011. The 3 polygons
portray the cumulative increase in impervious area treated by
SCMs. In 2013, 2 systems designed to filter low flows only were
installed at the end of 2 large pipes (SCMs for water quality).
The 3 polygons overlap because the catchments of larger
systems contain some smaller-scale systems.
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mit a comparison of stream responses to varying degrees
of stormwater retention.

We obtained funding for research associated with our
monitoring programs, but our greater challenge was to
obtain sufficient funding to implement the stormwater re-
tention works to test our hypothesis. Such funding is of
a different class than the funding that is more familiar to
researchers, and seeking it required broader engagement
with natural-resource management authorities, and collab-
orations outside our disciplines.

SEEKING FUNDING FOR WORKS
We began our search for works funding in 2005 after

a scoping study of works required (Lloyd 2004), which
estimated a total cost of AU$3 million (2004 dollars). We
approached MW, which had recently underwritten a
smaller-scale paired-catchment study of stormwater re-
tention in a greenfield development (Lloyd et al. 2002).
After several meetings over several years with staff across
various levels of the organization, we remained unsuccess-
ful. The primary reason for rejection was that investing
such a large amount in a single, small catchment would be
politically unacceptable given MW’s region-wide respon-
sibility (Prosser et al. 2015).

We first gained funding for works in 2008, for a
smaller-scale pilot without a primary focus on the health
of the stream, from the Victorian Water Trust, which pro-
moted water conservation. The pilot was proposed as an
economic experiment using a reverse auction to encour-
age the installation of rainwater tanks and bioretention
systems (Fletcher et al. 2011). MW and the Water Trust
contributed AU$300,000 to the 54 SCM projects that were
built on private properties in the pilot.

This pilot was the catalyst for greater interest in the
project, initially from MW, which in 2010 allocated a fur-
ther AU$1 million for works using an alternative auction
process. This AU$1 million permitted us to apply success-

fully for Australian federal (Caring for our Country Invest-
ment Fund, AU$800,000) and Victorian state government
(Stormwater and Urban Water Recycling Fund, AU$1 mil-
lion) schemes that required matching funds. Thus, by 2011,
we had raised sufficient funds to implement the catchment
works we had scoped in 2004.

IMPLEMENTING WORKS
The implementation of the conceptual plans of Lloyd

(2004) required flexibility and innovation to maximize
stormwater retention in the varied contexts of properties
and streetscapes in the catchment. The extended period of
project implementation permitted an evolution of SCM
designs over time.We financed SCMs on 231 private prop-
erties through 3 rounds of community engagement, each
using a different market-based instrument (Table 2, Fig. 2;
Bos and Brown 2015) to select the best-value projects. The
reverse auctions of the 1st and 2nd rounds (Bos and Brown
2015, Nemes et al. 2015) determined the maximum price
for SCMs implemented on private properties in the 3rd

round and for 58 SCMs constructed by council (Table 2).
To allow an objective assessment of the value of com-

peting SCMs, we derived a scalable index of environmen-
tal benefit of stormwater retention systems. In Round 1,
we used an index that was biased towards water conser-
vation (a condition of our initial funding), but then re-
vised the index to measure the degree to which each
of the 4 design objectives (Table 1) were met by SCMs,
scaled so that the perfect attainment of all 4 objectives for
runoff from 100 m2 of impervious surface = 1 (Fletcher
et al. 2011). This index became the ‘commodity’ that each
SCM potentially supplied, against which the cost could be
assessed.

Almost all SCMs on private properties included rain-
water tanks plumbed to internal household uses (at least
toilet, usually laundry, and often hot water), with only
6 householders opting for a rain garden (vegetated infil-

Table 2. Types of stormwater control measures (SCMs) installed on private properties during each of the
3 rounds of community engagement in the Little Stringybark Creek project (Bos and Brown 2015) and those
installed by Yarra Ranges Council (Burns et al. 2015). Two hundred thirty-seven property systems on
231 properties are listed. Six properties installed SCMs in >1 round.

SCM type Round 1 Round 2 Round 3 Council

Rainwater tank only 41 21 1 –

Tank + rain garden 1 2 1 2

Tank + infiltration system 10 36 3 –

Tank + passive irrigation to garden – 13 68 –

Tank + baseflow trickle to stormwater – 2 36 9

Rain garden only 2 – – 39

Infiltration system only – – – 6

Low-flow water quality (WQ) filtration system – – – 2

Volume 34 September 2015 | 1165

This content downloaded from 128.250.004.114 on February 15, 2016 22:17:19 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).



tration system) (Table 2, Fig. 4B). To promote greater use
of infiltration, we first encouraged the use of simpler sub-
lawn infiltration systems. We increasingly encouraged (af-
ter several successful trials) rainwater tanks with a dedi-
cated volume for trickle-release to conventional gardens
(Table 2, Fig. 4B; Burns et al. 2014). Such systems were
cheaper to install than infiltration systems and allowed
greater flexibility in space-constrained sites (Bos and Brown
2015).

The first SCMs constructed by council were large rain
gardens draining 103–104 m2 of impervious surface, in-
tercepting council drainage pipes. The largest project we
funded was an 800-kL harvesting scheme draining 2.3 ha
of impervious area. The tanks overflowed to a series of
rain gardens and provided irrigation for adjacent sports
fields in summer, and trickled to a swale to mimic base-
flow in winter. Council constructed (after successful trials)
30 small, minimal-design rain-garden systems that receive
runoff from sections of roads through curb-cuts (Fig. 4A;
Burns et al. 2015). We also constructed 2 filtration systems
to deal with poor dry-weather water quality from large
pipes in the catchment (Table 2, Council SCMs for water
quality in Fig. 1A). The use of cost-per-environmental-
benefit-unit to evaluate potential projects ensured optimal
selection of projects (Bos and Brown 2015), treating run-
off from as much impervious area as possible.

A review of progress in 2011, after 2 y of implement-
ing works, showed that we had installed SCMs intercept-
ing runoff from ∼5 ha of impervious surfaces. However,
a revision of catchment impervious coverage data revealed
that ∼5 ha of new impervious surfaces had been con-
structed and connected to the stormwater drainage net-
work since our first assessment in 2001 (Fig. 2). The
realization that the progress of our works was being coun-
tered by new developments resulted in a valuable col-

laboration with council and MW. Together, we established
a special planning provision to ensure new developments
meet the LSC project’s stormwater runoff objectives (Ross-
Rakesh et al. 2012, Prosser et al. 2015).

ACHIEVEMENTS AND LESSONS
The goal of the LSC project is to test whether new

SCM technologies dispersed across a catchment result in
restoration of the ecological structure and function of a
degraded urban stream. To date, this question remains
unresolved. Most SCM implementation was achieved in
July 2012–October 2013 (Fig. 2), and improvements to
water quality were observed in October 2013–April 2014
(Fig. 3A). The rate and trajectory of ecological recovery in
streams following removal or mitigation of stressors re-
mains uncertain (Lake et al. 2007), but responses proba-
bly will span multiple years.

Our experiment was designed to manipulate the hy-
drology and water quality of runoff from impervious sur-
faces to a level beyond both common practice and local
best-practice standards. Such a requirement led to 2 im-
portant consequences that should be planned for in other
experiments designed to test the effects of management
treatments that exceed standard practice. First, the SCMs
that we implemented were necessarily innovative and re-
quired adaptation of designs to the catchment’s infrastruc-
ture context and the needs of residents, while minimizing
maintenance requirements. Critical to achieving these aims
was a team of engineers skilled in SCM design, concerted
efforts to engage residents on whose properties systems
were built (Bos and Brown 2015), and council engineers
who constructed and maintained public SCMs (Burns et al.
2015). This observation points to the need to take an adap-
tive approach. We modified the design of systems as we

Figure 4. A.—A small infiltration system on a street curb in the Little Stringybark Creek (LSC) catchment. Stormwater flowing
along the gutter is directed preferentially into the system by a curb cut. B.—A typical domestic harvesting system with primary tank
for internal and external uses and overflow tank set for year-round passive irrigation of garden (most passive-irrigation designs are a
single tank with a slow leak at a proportion of the tank volume).

1166 | A catchment-scale experiment C. J. Walsh et al.

This content downloaded from 128.250.004.114 on February 15, 2016 22:17:19 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).



learned more about system performance, maintenance re-
quirements, and public acceptance.

A 2nd important lesson was the need to control new
development in the catchment, which has the potential to
undermine the aims of such a trial. The special planning
provision developed for the LSC catchment is being con-
sidered a trial of future urban water-policy directions by
MW, and the project has been used as an exemplar by
the state government (Department of Environment and
Primary Industries 2013).

The project’s ability to transform the policy and prac-
tice of government authorities (Burns et al. 2015, Prosser
et al. 2015), along with community awareness and be-
haviors (Bos and Brown 2015), suggests that catchment-
scale experiments are potentially powerful tools for short-
ening the gap between scientific discovery and on-ground
implementation. The success of such large-scale, multi-
stakeholder endeavors rests on the successful building of
relationships and trust, a conclusion echoing those of
others who have sought to bridge scientific research and
riverine management (e.g., Cullen 1990, Tomlinson and
Davis 2010, Webb et al. 2010). Authors of such studies
have often emphasized frictions between scientists and
policy makers in building collaborations. Our collabora-
tions have not been without difficulties, but the problems
raised by urban stormwater present the possibility of mu-
tual benefits to humans (provision of a water resource)
and the environment (stream protection), rather than
trade-offs (Walsh et al. 2012). Despite the potential for
co-benefits, the challenges of building fruitful collabora-
tion across many stakeholders to conduct a catchment-
scale experiment in a human-dominated landscape remain.
As evidenced in the following papers (Bos and Brown 2015,
Burns et al. 2015, Prosser et al. 2015), building of trust is
critical and takes time, ongoing work, and maintenance.
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