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Stream restoration in urban catchments through redesigning
stormwater systems: looking to the catchment to save the stream
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Abstract. Restoration of streams degraded by urbanization has usually been attempted by en-
hancement of instream habitat or riparian zones. Such restoration approaches are unlikely to sub-
stantially improve instream ecological condition because they do not match the scale of the degrading
process. Recent studies of urban impacts on streams in Melbourne, Australia, on water chemistry,
algal biomass and assemblage composition of diatoms and invertebrates, suggested that the primary
degrading process to streams in many urban areas is effective imperviousness (EI), the proportion
of a catchment covered by impervious surfaces directly connected to the stream by stormwater drain-
age pipes. The direct connection of impervious surfaces to streams means that even small rainfall
events can produce sufficient surface runoff to cause frequent disturbance through regular delivery
of water and pollutants; where impervious surfaces are not directly connected to streams, small
rainfall events are intercepted and infiltrated. We, therefore, identified use of alternative drainage
methods, which maintain a near-natural frequency of surface runoff from the catchment, as the best
approach to stream restoration in urban catchments and then used models of relationships between
14 ecological indicators and EI to determine restoration objectives. Ecological condition, as indicated
by concentrations of water-quality variables, algal biomass, and several measures of diatom and
macroinvertebrate assemblage composition, declined with increasing EI until a threshold was reached
(EI 5 0.01–0.14), beyond which no further degradation was observed. We showed, in a sample catch-
ment, that it is possible to redesign the drainage system to reduce EI to a level at which the models
predict detectable improvement in most ecological indicators. Distributed, low-impact design mea-
sures are required that intercept rainfall from small events and then facilitate its infiltration, evapo-
ration, transpiration, or storage for later in-house use.

Key words: ecological restoration, urban, watershed, stormwater, impervious area, drainage con-
nection, low-impact design, water-sensitive urban design, retrofit.

Degradation of stream ecosystems in urban-
ized catchments remains an increasing problem
worldwide (Paul and Meyer 2001), despite a
growing movement for urban stream restoration
(Riley 1998, Carpenter et al. 2003). The objec-
tives of stream restoration in urban areas are
often presented as a return to a more natural
condition, including improved water quality
and biotic composition. Yet there is often tacit
acceptance that many urban streams are so de-
graded that the probability of realizing such an
objective is low (Carpenter et al. 2003).

Most attempts to restore streams in urbanized
catchments have focused on reach-scale en-
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hancement of physical habitat or reestablish-
ment of riparian vegetation (Brown 2000). Un-
fortunately, ecological effects of such habitat en-
hancement often are not assessed (Davis et al.
2003). In almost all cases where assessments
were done, changes in biotic composition were
small, with only a few taxa colonizing new hab-
itat (Larson et al. 2001, Walsh and Breen 2001,
Purcell et al. 2002, Suren and McMurtrie 2005).
The single study reporting significant improve-
ments in urban stream condition following res-
toration (Strawberry Creek, Berkeley, California;
Charbonneau and Resh 1992) involved actions
beyond the channel, including removal of sew-
age impacts.

We propose that the poor outcomes of resto-
ration projects involving only local-scale habitat
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enhancement result from species recruitment or
persistence being constrained by catchment-
scale impacts. The dominant catchment-scale
impacts on biotic communities of degraded ur-
ban streams are usually associated with urban
stormwater runoff (and, in many cities of the
world with inadequate waste management,
stormwater impacts are compounded by sewage
and industrial pollution) (Walsh 2000). Attempts
at restoration by instream or riparian habitat en-
hancement are, therefore, likely to fail because
they do not match the scale of the restoration
action to that of the constraining impact (Hobbs
and Norton 1996, Lewis et al. 1996, Rabeni and
Sowa 1996). This situation may be more strong-
ly true for urban (cf. rural) catchments because
links between the catchment and the stream are
more pronounced. Conventional design of ur-
ban stormwater drainage systems connect large,
dispersed areas of the catchment directly to re-
ceiving streams by pipes (Walsh 2004). There-
fore, stream restoration may be more effective
in urban catchments, and better matched to the
dominant degrading process, if restoration was
targetted to the stormwater drainage systems of
the catchment rather than the stream itself.

Recent studies of small streams on an urban–
rural gradient in the east of Melbourne, south-
eastern Australia (Hatt et al. 2004, Taylor et al.
2004, Walsh 2004, Walsh et al. 2004, Newall and
Walsh 2005), reported that several water-quality
and biological indicators were strongly correlat-
ed with urban density, as indicated by several
variables correlated with total imperviousness
(TI, the proportion of a catchment covered by
surfaces impermeable to water). For many in-
dicators, much variation independent of TI and
its correlates was explained by drainage con-
nection (DC, the proportion of impervious sur-
faces of a catchment directly connected to
streams by stormwater pipes, Hatt et al. 2004,
Taylor et al. 2004, Walsh 2004, Walsh et al. 2004,
Newall and Walsh 2005). All of these studies
concluded that effective imperviousness (EI, the
product of DC and TI, or the proportion of a
catchment covered by impervious surfaces that
are connected to streams by pipes) was likely to
be a strong predictor of stream ecological con-
dition. If EI is the primary cause of stream deg-
radation, then reduction of EI, either through di-
rect reduction of TI (by removing impervious
surfaces) or reduction of DC, is likely to be an
effective approach to stream restoration. Imper-

vious surfaces are a defining element of urban
land use that are difficult or impossible to re-
move substantially once land is developed
(Beach 2001), although DC may be relatively
easily reduced by retention, detention, and in-
filtration (Victorian Stormwater Committee
1999). However, it is unclear how much reten-
tion or infiltration is required before an imper-
vious surface is disconnected from its receiving
stream.

There were no formal stormwater treatment
measures in any of the catchments of the above
Melbourne studies (Hatt et al. 2004, Taylor et al.
2004, Walsh 2004, Newall and Walsh 2005). Im-
pervious surfaces defined as unconnected in
those studies drained either to surrounding per-
vious surfaces, or to vegetated or earthen swales
and then to streams. The primary hydrological
effect of this type of indirect drainage of imper-
vious surfaces is to intercept water from small
rain events and allow infiltration or evaporation;
interception efficiency would decrease in larger
events. Yet, the importance of DC in explaining
variation in many ecological indicators suggests
that these informal interceptions may have a
strong influence on the ecology of receiving
streams.

Piped drainage systems allow water and as-
sociated pollutants to flow to streams more fre-
quently than under natural conditions because
surface runoff reaches streams, even during
small rain events. We thus assert that the aim
in achieving disconnection of hard surfaces
should be complete retention of runoff from
small rain events for infiltration, evapotranspi-
ration, or reuse. Complete disconnection of an
impervious surface could be achieved if the fre-
quency of runoff from the surface is no greater
than from the same parcel of land in its pre-
urban condition.

We demonstrate the potential and feasibility
of stream restoration through redesign of catch-
ment drainage to reduce DC and thereby EI. We
used the findings from 4 of the Melbourne stud-
ies (Hatt et al. 2004, Taylor et al. 2004, Walsh
2004, Newall and Walsh 2005) to model rela-
tionships between EI and a range of ecological
indicators, from which objectives (for EI reduc-
tion and predicted improvement in ecological
indicators) can be set. Our models were not in-
tended to confirm or test the hypothesis that EI
or DC is the cause of change in each indicator,
as they used the same data from which the hy-
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FIG. 1. Location of 15 study catchments (dashed sections with light shading) on the edge of the Melbourne
metropolitan area (darker shading), southeastern Australia. The central 12 catchments span the Dandenong
Ranges. S 5 Little Stringybark catchment. Black triangles 5 sampling sites.

pothesis was developed. Rather, we used mod-
els in an exploratory sense (Burnham and An-
derson 2002) to set objectives for restoration.
Thus, we used models to ask what reduction in
EI was likely to produce a detectable change in
each indicator assuming that the hypothesis of
DC being the primary degrading process was
true. Last, we assess the feasibility of achieving
such a reduction in EI for a typical suburban
development, using one of the study catchments
as an example.

Methods

Study area

We used data from 4 focal studies (Hatt et al.
2004, Taylor et al. 2004, Walsh 2004, Newall and
Walsh 2005), which were conducted concurrent-
ly at the same sites on 15 first- or second-order
streams with similar riparian cover, draining
catchments of similar area (Fig. 1). No site was
downstream of any other. The sites represented
a rural-to-urban gradient and encompassed as
wide a range of both imperviousness and DC
as possible. We minimized variation in physio-
graphic and climatic conditions by restricting
sites to the Dandenong Ranges and surround-
ing hills. We ensured urban stormwater runoff
was the major anthropogenic impact in the

study streams by selecting only catchments with
urban or forest as primary land uses, and ex-
cluding catchments with intensive agriculture.
We excluded a 16th site (Monbulk Creek) used
by Taylor et al. (2004), Newall and Walsh (2005),
and Walsh (2004) because it was found to re-
ceive untreated graywater (i.e., nontoilet waste-
water) from several properties immediately up-
stream. In addition, we used 1 site (Little
Stringybark Creek, Fig. 1) to assess the feasibil-
ity of retrofitting a catchment’s stormwater
drainage system, and to predict the resulting
change in a range of ecological indicators.

Catchment and instream ecological indicators

We estimated catchment area for each site us-
ing 10-m contours from the Victorian 1:25,000
topographic map series (Land Channel, Govern-
ment of Victoria, Australia: http://www.land.
vic.gov.au/) and local government stormwater
drainage data (Whitehorse City, Monash City,
Knox City, and Yarra Ranges Shire councils). We
estimated TI for catchments using digital road
and local government building area data togeth-
er with aerial orthophotography and ground
truthing across the study area. We estimated
impervious surfaces connected to streams by
their proximity to stormwater drains, allowing
for local topography, and ground-truthed these
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FIG. 2. Impervious surfaces (roofs and roads) and the stormwater drainage system in the upper Little
Stringybark Creek catchment. Roads are classified as sealed or unsealed. Sealed roads and buildings are clas-
sified as connected or unconnected to the stream by stormwater drainage pipes.

estimates (see Taylor et al. 2004). We ground-
truthed TI for Little Stringybark Creek (Fig. 2)
in greater detail, following the earlier studies, by
quantifying in the field the roof, garage, and
driveway areas of 50 randomly selected houses.
We checked drainage connection by confirming
a match between supplied drainage maps and
drain locations in the catchment. As a result, our
TI and EI values for the Little Stringybark Creek
catchment (0.086 and 0.058, respectively) dif-
fered slightly from earlier studies (0.100 and
0.055: Hatt et al. 2004, Taylor et al. 2004, Walsh
2004, Newall and Walsh 2005).

We considered 14 ecological indicators that
were strongly correlated with the rural–urban
gradient and strongly, independently correlated
with DC. For water chemistry, we calculated me-
dian baseflow electrical conductivity (EC), and
median baseflow concentrations of dissolved or-
ganic C (DOC) and filterable reactive P (FRP)
using methods from Hatt et al. (2004). We mod-
elled FRP using only 14 sites because we ex-
cluded an outlier that was probably subject to
non-stormwater impacts (Hatt et al. 2004). For
stream algae and diatoms, we estimated median
chlorophyll a (chl-a) density in February, July,
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and November 2002 using methods from Taylor
et al. (2004). We chose not to use chl-a data from
that study for December 2001 because it was de-
termined for only 10 of the 15 sites. We calcu-
lated the indice biologique diatomées (IBD, Le-
noir and Coste 1996) using methods from Ne-
wall and Walsh (2005). For benthic macroinver-
tebrates, we calculated the number of families
of Ephemeroptera, Plecoptera, and Trichoptera
(EPT), and the biotic index SIGNAL (Chessman
1995) separately for riffle and stream-edge sam-
ples (samples collected in autumn and spring,
and the data from the 2 seasons combined) as
described by Walsh (2004). Determination of
EPT and SIGNAL scores differed from that de-
scribed by Walsh (2004) because we used only
live, field-sorted animals so that derived indi-
cators were consistent with biotic sampling pro-
tocols for the state of Victoria (EPA Victoria
2003).

Compositional similarity of diatom and mac-
roinvertebrate assemblages in the 15 sites dis-
played similar patterns to univariate metrics as-
sessed by Newall and Walsh (2005) and Walsh
(2004), showing a strong correlation with urban
density variables, particularly DC. Thus, we
used principal curves (De’ath 1999) to permit a
univariate assessment of diatom and macroin-
vertebrate compositional similarity (pcurve ver-
sion 0.5–9, a package for R, a language and en-
vironment for statistical computing, version
1.9.1, R Foundation for Statistical Computing,
Vienna, Austria; http://www.R-project.org)
and reduce multivariate space to a single di-
mension. We calculated principal curves using
log(x 1 1) relative abundance diatom data of
Newall and Walsh (2005) and presence–absence
macroinvertebrate data for riffle samples and
edge samples of Walsh (2004). For all 3 curves,
we used the 1st axis of a nonmetric multidimen-
sional scaling derived from Bray–Curtis dis-
tance matrices as a starting order for iterations
(De’ath 1999).

Model selection and parameter estimation

For each ecological indicator, we assessed the
fit of 4 models (described below) using the De-
viance Information Criterion (DIC, Spiegelhalter
et al. 2002). We used a linear regression to mod-
el a monotonic decline in ecological condition
with increasing TI or EI, and a piecewise linear
regression (Toms and Lesperance 2003) to mod-

el a decline in ecological condition with increas-
ing TI or EI to a threshold beyond which no
further degradation occurred. The 4 focal stud-
ies each demonstrated the importance of DC
(Hatt et al. 2004, Taylor et al. 2004, Walsh 2004,
Newall and Walsh 2005), so we expected that EI
would be a better predictor of all indicators than
TI.

We used the WinBUGS Bayesian analysis pro-
gram (version 1.4, the BUGS project; http://
www. mrc-bsu. cam. ac. uk/ bugs/ winbugs/
contents.shtml) to estimate the joint posterior
probability distributions of model parameters
with the data for each indicator (Spiegelhalter et
al. 2003). Bayesian inference is a statistical tool in-
creasingly being used by ecologists, and is advan-
tageous because it includes prior knowledge in
quantitative models and produces posterior prob-
ability distributions that provide a direct measure
of belief about models or parameter estimates (El-
lison 2004). For all models,

Y ; Normal(m , s ),i i i [1]

where Yi was the observed indicator value at
stream i, assumed to be a sample from a nor-
mally distributed population with a true popu-
lation mean m and standard deviation s. The
prior distribution used for s-values was an un-
informative gamma distribution (mean and pre-
cision both 5 0.001). For all indicators, linear
models were of the form:

m 5 a 1 bIi i [2]

where Ii is the imperviousness (EI or TI) for
stream i. Prior probability distributions for a
and b were uninformative normal distributions
with mean 5 0 and precision 5 1026. For chl-a
and for water-quality variables, the piecewise
model was of the form of an increase with a
slope b from a minimum, a, at I 5 0, to a max-
imum g, thus:

a 1 bIim 5 max . [3]i 1 2g

For all other variables, the piecewise model was
of the form of a decrease with a slope b from a
maximum, a, at I 5 0, to a minimum g, thus:

a 2 bIim 5 min . [4]i 1 2g

For piecewise models, the prior distribution for
b was a uniform distribution from 20.1 to 1000,
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and the priors for a and g were uniform distri-
butions within the feasible range for each indi-
cator. Models were run with 3 Markov chains, a
burn-in of 5000 iterations, followed by 5000 it-
erations thinned every 15 (see Spiegelhalter et
al. 2003).

For piecewise models using EI, we also esti-
mated the minimum threshold level of EI at
which each indicator was predicted to 5 g (i.e.,
the minimum EI at which maximum degrada-
tion is predicted). We also estimated posterior
distributions of each indicator for 4 levels of EI:
the current EI of Little Stringybark catchment
(EI 5 0.055), the 2 values of EI achievable if 12
and 15 ha of impervious surfaces in the Little
Stringybark catchment were disconnected (EI 5
0.028 and 0.020, respectively), and the reference
condition (EI 5 0).

Feasibility assessment

To assess the degree of retention required to
achieve disconnection of impervious surfaces in
the Little Stringybark catchment, we first esti-
mated the frequency of surface runoff from a
parcel of naturally forested land of the same
size as a typical residential allotment (600 m2)
not crossed by a drainage line (using the rain-
fall–runoff model of Chiew and McMahon
1999). We then estimated the minimum mean
size of a rain event (in mm/d) required to pro-
duce this surface runoff (using the 1965–1975
rainfall record for station 86234 Croydon, mean
annual rainfall 5 937 mm; Australian Bureau of
Meteorology, Melbourne). We considered an im-
pervious surface disconnected (i.e., noneffective)
if all stormwater runoff from the surface was
retained for infiltration, evapotranspiration, or
reuse from rain events up to this size.

We estimated the frequency of surface runoff
from a connected impervious surface to com-
pare the frequency of runoff between effective
and noneffective impervious surfaces. We esti-
mated runoff to be generated from an imper-
vious surface by rainfall events of .1 mm/d.

We tested the feasibility of reducing EI of a
typical residential allotment of 600 m2 with TI
of 0.5 (200 m2 of roof, 100 m2 of pavement) to 0,
using the MUSIC model (Cooperative Research
Centre for Catchment Hydrology 2003) to sim-
ulate the runoff frequency with low-impact de-
sign (LID) technologies applied at the allotment
scale only. We estimated water demand from

rainwater tanks after Coombes et al. (2003), al-
lowing overflow frequencies to be simulated.

We also investigated the feasibility of discon-
necting 15 ha of impervious surfaces in the Lit-
tle Stringybark catchment without reliance on
treatment within private properties. We gath-
ered information on the drainage system, roads,
roofs, and open space in the catchment to de-
termine the opportunities for measures that
could reduce the runoff frequency to predevel-
opment levels (Fig. 2).

We considered the following options in crea-
tion of retrofit scenarios: rainwater tanks, per-
vious pavements, infiltration wells, infiltration
trenches, buffer strips, grass swales, rain-gar-
dens, infiltration basins, detention basins,
ponds, bioretention systems, and constructed
wetlands (Victorian Stormwater Committee
1999). Selection of appropriate techniques was
based on criteria that considered site conditions
including slope, landslip hazard, soil infiltration
capacity, and depth to groundwater. We also ob-
tained the cadastre (outlining individual prop-
erty parcels), and mapped pavement quality (to
assess the feasibility of retrofitting with porous
pavements), available space along roads (for
swales and bioretention systems), and other
open space (for wetlands and infiltration ba-
sins). We developed alternative retrofit scenarios
and compared their performance against our
criterion of disconnection using MUSIC (Coop-
erative Research Centre for Catchment Hydrol-
ogy 2003).

Results

Relationships between ecological indicators and EI

All ecological indicators assessed showed
strong degradation with increasing EI to a
threshold of maximum degradation (Fig. 3). The
principal curve for diatom assemblages ex-
plained 34% of variance in species composition,
whereas the principal curves for macroinverte-
brates within riffles and edges explained 46 and
31% of the variance in family composition, re-
spectively.

For all but 3 indicators, the best-fit model was
the piecewise regression against EI (Table 1,
Figs 3 and 4). For DOC, a linear regression with
TI was the best fit (Table 1, Fig. 3B) and for chl-
a in February and July, a linear regression with
EI was the best fit (Table 1, Fig. 3D and E, re-
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FIG. 3. Relationships of each of the variables listed in Table 1 with effective imperviousness (EI) in 15 sites
in the east of Melbourne (14 for filterable reactive P [FRP], with outlier excluded). The line of best fit is a
piecewise regression modelling degradation with increasing EI to a threshold beyond which no further deg-
radation is predicted using median parameter estimates. EC 5 electrical conductivity, DOC 5 dissolved organic
C, chl-a 5 chlorophyll a density, PC 5 principal curve, EPT 5 Ephemeroptera, Plecoptera, and Trichoptera,
IBD 5 indice biologique diatomée.



2005] 697STREAM RESTORATION THROUGH CATCHMENT RETROFIT

TABLE 1. Deviance Information Criteria (DIC) for 4 models of each of 3 measures of median baseflow water
quality (as electrical conductivity [EC], dissolved organic C [DOC], and filterable reactive P [FRP]); 3 estimates
of median benthic chlorophyll a density (chl-a) in February, July, and November 2002; 2 indices based on diatom
assemblage composition (as distance on a principal curve [PC]) and indice biologique diatomée [IBD]; and 3
metrics based on macroinvertebrate assemblage composition (as PC, number of families of Ephemeroptera,
Plecoptera and Trichoptera [EPT], and SIGNAL score) measured for riffles and edges. EC, DOC, FRP, and chl-
a data were log-transformed before analysis. The best model as indicated by the minimum DIC for each variable
is shown in bold.

Model

Median baseflow
water quality

EC DOC FRP

Median chl-a
density

Feb Jul Dec

Diatoms

PC IBD

Macroinvertebrates

Riffles

PC EPT
SIG-
NAL

Edges

PC EPT
SIG-
NAL

Piecewise
effective
impervi-
ousness

2.6 2.2 23.7 22.9 24.3 11.1 54.3 63.0 56.6 71.9 26.3 52.9 69.2 12.0

Piecewise
total im-
pervious-
ness

25.7 5.0 16.4 19.2 23.1 37.5 71.3 71.4 76.7 76.3 36.2 60.7 69.4 34.2

Linear ef-
fective
impervi-
ousness

13.5 2.0 8.9 16.5 19.3 15.6 66.9 66.9 59.1 78.5 39.9 78.5 69.6 36.3

Linear total
inper-
viousness

11.6 1.6 9.2 19.0 19.5 17.6 66.8 66.8 60.6 76.9 44.2 76.9 69.6 36.1

FIG. 4. SIGNAL scores for macroinvertebrates in edge habitats plotted against effective imperviousness (EI)
(A) and total imperviousness (TI) (B) as an illustration of the 4 models assessed for goodness of fit (Table 1).
Solid lines are piecewise regressions and dashed lines are linear regressions.
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TABLE 2. Medians and 90% credible intervals of parameters for piecewise regression models of the 14 eco-
logical indicators in relation to effective imperviousness (EI). The parameters a, b, and g are those in equations
3 and 4. The threshold parameter is the value of EI at which the break in the regression is reached. Prior
distributions for a and g were uniform within the range indicated for each variable. Definitions for abbreviations
as in Table 1.

a b g
Prior range
for a and g Threshold

Median baseflow water quality

log10 EC
(mS/cm)

1.9 (1.8, 2.1) 17 (10, 39) 2.7 (2.6, 2.8) 1–4 0.05 (0.02, 0.07)

log10 DOC
(mg/L)

0.3 (0.2, 1.3) 12 (5, 697) 0.7 (0.5, 0.9) 0–2 0.04 (0, 0.08)

log10 FRP
(mg/L)

22.6 (22.8, 22.3) 57 (13, 490) 22 (22.1, 21.8) 23–0 0.01 (0, 0.04)

log10 chl-a density (mg/m2)

Feb
Jul
Nov

0.7 (0.5, 1.3)
0.6 (0.3, 1.5)
0.7 (0.5, 0.8)

19 (7, 779)
37 (7, 864)
19 (12, 44)

1.4 (1.0, 1.6)
1.2 (0.8, 1.6)
1.5 (1.4, 1.7)

0–2
0–2
0–2

0.04 (0, 0.09)
0.02 (0, 0.11)
0.05 (0.02, 0.07)

Diatoms

PC
IBD

5.3 (4.4, 6.2)
15.3 (14.3, 16.4)

2155 (2740, 270)
2231 (2612, 288)

1.1 (0.3, 2.0)
10.5 (9.5, 11.5)

0–10
1–20

0.03 (0.01, 0.06)
0.02 (0.01, 0.05)

Macroinvertebrates: riffles

PC
EPT
SIGNAL

5.1 (4.3, 5.9)
9.2 (7.8, 10.7)
7.1 (6.7, 7.4)

254 (296, 225)
288 (2196, 246)
223 (244, 215)

0.6 (0, 1.6)
0.9 (0.1, 2.8)
3.8 (3.3, 4.5)

0–10
0–20
1–10

0.08 (0.04, 0.17)
0.09 (0.04, 0.16)
0.14 (0.07, 0.22)

Macroinvertebrates: edges

PC
EPT
SIGNAL

6.4 (5.6, 7.3)
7.1 (6, 8.3)
6.7 (6.5, 6.9)

275 (2177, 234)
265 (2260, 229)
231 (240, 221)

1.7 (0.6, 2.9)
1.0 (0.1, 2.9)
4.5 (4.2, 4.7)

0–10
0–20
1–10

0.06 (0.02, 0.14)
0.09 (0.02, 0.20)
0.07 (0.06, 0.10)

spectively). These 3 exceptions were character-
ized by variable, low values for all streams at
near-zero EI and variable, high values for
streams at higher EI. Differences in DICs among
the 4 models for these 3 indicators were small
(Table 1), so we used piecewise regressions
against EI for subsequent analyses on all indi-
cators to have a consistent theoretical basis to
the models.

Threshold EIs for the water-quality indicators,
chl-a density, and diatom assemblage indicators
were generally low (medians 0.01–0.05, Table 2;
Fig. 3M and N), whereas threshold EI values for
macroinvertebrate assemblage indicators were
generally higher (medians 0.06–0.14, Table 2;
Fig. 3G–L). Uncertainty of parameter estimates
(as indicated by the credible limits of the thresh-
old estimate) varied among indicators (Table 2).
Uncertainty was high for the 3 indicators where
the EI piecewise regression was not the best-fit
model (i.e., chl-a in February and July and DOC)

and for edge EPT. Uncertainty was low for EC,
chl-a in November, IBD score, the principal
curve for diatom assemblages, and edge SIG-
NAL score (Table 2).

For EPT and SIGNAL score, for which legis-
lated biological objectives for ecosystem protec-
tion exist, Little Stringybark failed to meet the
biological objectives (Fig. 5). For all models, the
predicted value for EI 5 0 showed little or no
overlap with the distribution of estimates for EI
5 0.055 (current Little Stringybark condition,
Fig. 5). Disconnection of 12 and 15 ha of imper-
vious surfaces from this catchment was predict-
ed to move median estimates of most indicators
closer to the reference condition than the Little
Stringybark condition, although disconnection
of 15 ha was required to result in overlap of
,0.05 of the distribution for almost all indica-
tors (Fig. 5). Even with this level of disconnec-
tion, little change in FRP was predicted (Fig.
5C). The models predicted a high probability of
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Little Stringybark Creek meeting the Victorian
biological objectives for SIGNAL score under ei-
ther disconnection scenario, and a low proba-
bility of meeting the EPT objective. However,
distribution of EPT richness among sites with
near-zero EI (Fig. 5H, K) suggested that the EPT
objectives would not be met for several refer-
ence sites in the data set, even though they ex-
perienced little human impact.

Feasibility assessment

Surface runoff was estimated to occur from a
forested parcel in the Little Stringybark catch-
ment on ;4% of days (mean 5 15 d/y). Such
runoff would be generated by rain events .15
mm/d, which in eastern Melbourne occurs
mostly between August and October. In con-
trast, surface runoff from connected impervious
surfaces was estimated to occur on ;33% of
days (mean 5 120 d/y), and was spread more
evenly over the year.

Many design approaches resulted in surface
runoff from the 600 m2 allotment in the Little
Stringybark catchment on no more than 4% of
days, thereby reducing EI from 0.5 to 0. As an
example, one successful design incorporated a
series of treatments comprising a rainwater
tank, porous pavement, and a rain garden. The
roof area (200 m2) was diverted into a 6 kL rain-
water tank, used for internal nonpotable use
(150 L/d) and garden watering (200 kL/y, with
timing of demand matched to potential evapo-
transpiration). All paved areas (100 m2) used
porous paving with an infiltration capacity of 2
mm/h. Overflow from both the roof area and
porous pavement were directed into a rain-gar-
den (15 m2), with an underlying infiltration ca-
pacity of 2 mm/h, and a maximum ponding
depth of 300 mm. Overflow from the rain-gar-
den was conveyed via a pipe to the conventional
stormwater system (i.e., no estate-scale or down-
stream treatments were assumed).

Scenarios of drainage redesign at the catch-
ment scale relying on end-of-pipe wetlands and
detention ponds failed to maintain the prede-
velopment runoff frequency from 15 ha of im-
pervious surfaces. This criterion was achieved in
several scenarios using more distributed, at-
source approaches. Only dispersed treatments
at the allotment- or street-scale detained the
higher-than-natural runoff depth from imper-

vious areas, for infiltration, evapotranspiration,
or reuse.

Discussion

A conceptual framework of urban stormwater
impacts on streams

We used evidence of the likely importance of
EI as a degrader of streams in urban catchments
to propose a new catchment-based approach to
stream restoration. We argue that the most likely
dominant process degrading stream communi-
ties can be reversed by preventing increased fre-
quency of surface runoff generated by EI during
small to moderate storms (Table 3).

If multiple impervious surfaces were connect-
ed to the stream by stormwater pipes (as is the
traditional approach to stormwater manage-
ment), then runoff from these more frequent,
smaller storms of ,15 mm would be delivered
to the stream as frequent disturbance events.
Such disturbances would result from interac-
tions among physical disturbance and chemical
stressors (Table 3), and could explain the ob-
served changes in macroinvertebrate assem-
blage composition in eastern Melbourne
streams (Walsh 2004, Newall and Walsh 2005),
whereas frequent pulses of high-nutrient water
could explain observed increased biomass of
benthic algae (Taylor et al. 2004).

A secondary effect of increased runoff from
impervious surfaces delivered to the stream by
pipes is the reduction of infiltration and conse-
quent lowering of the water table and base flow.
Leaky water supply and sewerage infrastruc-
ture or urban irrigation may increase urban wa-
ter tables in some areas (Nilsson et al. 2003), but
such effects are likely minor in the eastern
fringe suburbs of Melbourne. Lower water ta-
bles tend to reduce base flow and increase in-
stream retention time of high-nutrient storm in-
puts. In turn, increased retention time, in con-
cert with increased algal growth, can lead to
nocturnal O2 depletion. The direct connection of
impervious surfaces to streams also increases
the risk of toxicity occurring from spills in the
catchment between rain events (Table 3).

If dispersed, small-scale stormwater treat-
ment was applied to intercept rainfall of #15
mm in the urbanized catchment, then instream
impacts resulting from stormwater runoff
would be restricted to larger rain events (Table
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FIG. 5. Posterior distributions (as kernel densities) of variables listed in Table 1 from piecewise regression
models for 4 values of effective imperviousness (EI): the current EI at Stringybark Creek (0.055), the value that
would be achieved through retrofitting 12 ha and 15 ha of impervious surfaces (0.028 and 0.020, respectively),
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TABLE 3. Conceptual framework of stormwater impacts to stream ecosystems, comparing 2 urban retrofit
scenarios and the pre-urban condition. Scenarios are based on a hypothetical stream in the Dandenong Ranges
(rainfall frequencies based on 1965–1975 data for Croydon, Victoria; Australian Bureau of Meteorology, Mel-
bourne, Victoria), with the 2 urban scenarios assuming a total imperviousness .10%. TSS 5 total suspended
solids.

Storm size and
frequency Conventional urban designa Low-impact designb Pre-urban land

No effective rainfall
(,1 mm/d: ;67%
of days)

Low water table, low base flow; high
P and N concentrations; variable,
mostly low turbidity; high pollut-
ant spill risk; high algal biomass,
variable O2; low invertebrate and
fish diversity

Plentiful baseflow of high-quality water fed
by subsurface flows; good quality habitat
supporting diverse biota

Small–moderate rain
events (1–15 mm/
d: ;29% of days)

Moderate to large discharge increase,
possible substratum movement,
and bank erosion; inflow with
high N, P, TSS, and toxicant con-
centrations; loss of sensitive biota
(flow disturbance–toxicant interac-
tions); filamentous algal and dia-
tom growth stimulated

No surface runoff; replenished subsurface-fed
baseflow; negligible physical disturbance
from slightly higher flow

Large rain events
(.15 mm/d: ;4%
of days, mostly in
wet season)

Large flood; major incision and bank
erosion; large inflow of N, P, TSS,
and toxicants; loss of all sensitive
biota; smothering/scouring of al-
gae

Large flood; substra-
tum movement and
bank erosion; in-
flow with high N,
P, TSS, and toxicant
concentrations; loss
of sensitive biota,
but species adapted
to annual flooding
likely to recolonize

High discharge; sub-
stratum movement;
increased N, P, and
TSS concentrations;
temporary loss of
some species, but
those adapted to
annual flooding
will recolonize

a All impervious surfaces drained by pipes or sealed drains directly to stream
b Runoff from impervious surfaces retained up to a 15-mm rain event

←

and EI 5 0 (being equivalent to the posterior distribution of the parameter a). Solid triangle in each panel
indicates the value of the variable observed at Stringybark Creek. Vertical lines in plots for EPT and SIGNAL
indicate the biological objectives for the protection of rivers and streams in Victoria (EPA Victoria 2003). Defi-
nitions for abbreviations as in Fig. 3.

3). Increased catchment TI is likely to cause
higher, more intense flows from larger rain
events than those in the pre-urban state (and
also probably higher pollutant concentrations),
even with the provision of dispersed stormwa-
ter retention and treatment measures. However,
timing of storm events would be consistent with
the pre-urban stream, primarily occurring dur-
ing the wettest part of the year. Thus, ecological
impacts of these larger events may be minor
compared to the impact of frequent disturbanc-
es from small storms in traditionally drained

urban catchments because they are closer to the
frequency and seasonal timing of disturbance to
which lotic biota are adapted (Resh et al. 1988).

Key processes for stream restoration
in urban catchments

Our proposed approach to stream restoration
in urban catchments is consistent with the first
4 key processes identified by Hobbs and Norton
(1996) as essential for successful integration of
ecological restoration into management. Asso-
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ciated with their 1st process, we identified im-
pervious surfaces directly connected to streams
by stormwater pipes (Hatt et al. 2004, Taylor et
al. 2004, Walsh 2004, Newall and Walsh 2005) as
the dominant cause of degradation in streams
of urban catchments.

Associated with Hobbs and Norton’s (1996)
2nd process, we identified the most important el-
ements of alternative drainage design useful in
reversing degradation. We proposed that main-
tenance of a near-natural frequency of surface
runoff should be the critical objective of storm-
water management. Impervious surfaces for
which this objective is achieved can be classified
as unconnected and, thus, should have minimal
impact on receiving streams. This approach is
consistent with stormwater management prior-
ities aimed at maintaining the catchment water
balance at pre-urban levels (Tourbier 1994, Ste-
phens et al. 2002). However, it differs markedly
from commonly applied objectives for stream
protection, such as maximum limits to TI or
minimum limits to forest cover (e.g., Stephens
et al. 2002). We hypothesize that TI can poten-
tially be maintained as long as EI is reduced.

Associated with Hobbs and Norton’s (1996)
3rd process, we determined a range of possible
goals for reestablishing ecological condition in a
sample stream by modelling relationships be-
tween a range of ecological indicators and EI.
By testing several scenarios, we identified the
amount of impervious surfaces requiring dis-
connection (i.e., redesigned to allow interception
of rain events of #15 mm), to produce a de-
tectable improvement in condition as predicted
by the models.

Associated with Hobbs and Norton’s (1996) 4th

process, the range of indicators we assessed
provide easily observable measures of success,
although a fuller assessment of the stream eco-
system is achievable by including measures of
ecological processes (Bunn et al. 1999, Grimm
et al. 2005, Groffman et al. 2005, Meyer et al.
2005).

Hobbs and Norton’s (1996) 5th key process in-
volved development of practical techniques for
implementing restoration goals. Many tech-
niques exist for achieving dispersed retention of
stormwater for infiltration and treatment (e.g.,
Victorian Stormwater Committee 1999). How-
ever, in designing a catchment drainage system,
a balance is required between the extent of re-
use, evapotranspiration, and infiltration. Reuse,

as in the residential allotment retrofit we de-
scribed (where 150 L/d were exported from the
catchment by sanitary sewers) may, if applied
extensively, reduce base flows to receiving
streams. However, such losses may have no ef-
fect on catchment water balance if these losses
are counteracted by reduced evapotranspiration
from forest loss, or water import into the catch-
ment by a reticulated water supply system.

Techniques promoting water infiltration with-
in the catchment should be implemented so that
they maintain stream base flows through sub-
surface flows. However, the choice of infiltration
method should protect values associated with
aquifers and nearby buildings or roads and
avoid risks associated with slope instability. Bio-
filtration systems (Lloyd et al. 2002), in partic-
ular, have great potential to avoid such prob-
lems, while mimicking shallow subsurface
flows and efficiently treating pollutants such as
NO3-N that can be transported through subsur-
face flows. To achieve a near-natural water bal-
ance in the catchment, application of LID tech-
niques will likely involve selecting appropriate
tools at a mix of scales—allotment, streetscape,
precinct and regional—to achieve the required
target.

Final thoughts

The correlational data in our paper cannot
provide strong evidence of causal factors driv-
ing stream degradation in urban catchments.
However, the prevalence of DC as a key factor
explaining a range of ecological indicators sug-
gests a strong potential for ecological restora-
tion of streams through catchment drainage ret-
rofit. The models of relationships between EI
and a range of ecological indicators provide
strong, quantitative hypotheses testable by ex-
perimental manipulation of catchment drainage.
DC (and therefore EI) is a manageable attribute
of urban land, so it is all the more important
that the potential of manipulating EI as a tool
for stream restoration be robustly assessed.

The strong threshold relationship observed in
all ecological indicators suggests that, for
streams in highly impervious catchments and
with high EI, a large disconnection effort would
be required before instream ecological change
would be predicted. However, our assessment of
management options at the allotment scale sug-
gest that the target level of EI 5 0.02 may be
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possible up to TI 5 0.50. Reducing EI to very
low levels is likely to become increasingly dif-
ficult as TI increases .0.50. Nevertheless, these
limitations suggest that stream restoration
through catchment retrofit in most exurban and
many suburban areas in cities of the developed
world (which typically have TI # 0.50; CWP
2003) is possible.

In conclusion, we argue that catchment-scale
stormwater drainage is the constraining factor
for stream restoration in urbanized catchments.
We are not disputing that increasing instream
habitat complexity and riparian vegetation are
important elements of restoration. However, the
effectiveness of such local-scale measures is like-
ly to be limited if EI-related impacts constrain
stream communities. The importance of ripari-
an processes to stream ecological condition, in
particular, may be compromised by the catch-
ment-scale effects of conventional stormwater
drainage (Groffman et al. 2003, Taylor et al.
2004, Walsh 2004). Conversely, recovery of some
ecological indicators such as algal biomass may
be constrained if stormwater impacts are re-
moved without reestablishing riparian vegeta-
tion. The relative efficacy of stream restoration
by drainage retrofit and by local-scale habitat
restoration requires controlled experiments to
better understand interactions across scales.
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