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Abstract

Stormwater control measures, such as raingardens, tanks, or wetlands, are often employed
to mitigate the deleterious effects of urban stormwater drainage on stream ecosystems.
However, performance metrics for control measures, most commonly pollutant-load reduc-
tion, have not permitted prediction of how they will change stream ecosystems downstream.
Stream ecosystem responses have more commonly been predicted by catchment-scale
measures such as effective imperviousness (percentage of catchment with impervious
cover draining to sealed drains). We adapt effective imperviousness, weighting it by a per-
formance metric for stormwater control measures aimed at stream protection, the stream
stormwater impact metric. Weighted effective imperviousness can serve as a predictor of
stream response to stormwater control. We demonstrate its application in a before-after-
control-reference-impact experiment aiming to test if stream health is improved by dispersed
stormwater control measures. Trends in weighted effective imperviousness showed wide
variation in degree of stormwater control achieved in the six experimental sub-catchments,
despite similar effort in implementing control measures across the sub-catchments. Greater
reductions in weighted effective imperviousness (on a log-scale, on which stream response
is predicted) per unit effort were observed in smaller catchments with lower starting effective
imperviousness. While implementation of control measures was sufficient to expect a
stream response in at least two of the experimental sub-catchments, we did not achieve the
reduction in effective imperviousness that we were aiming for. Primary limitations to success
were the lack of available space in these established suburbs, particularly for final control
measures near pipe outlets into streams, and a lack of demand for harvested stormwater.
The use of the continuous variable, weighted effective imperviousness, to measure impact
on streams, and the protracted period of SCM implementation that varied among catch-
ments, required a new approach to modelling “before-after-control-impact” experiments,
which has potentially broader application.
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Introduction

Conventional urban stormwater drainage, delivering runoff from impervious surfaces to
streams and rivers through hydraulically efficient pipes and sealed drains, severely degrades
receiving stream ecosystems. Globally, urban streams are characterized by loss of sensitive spe-
cies and shifts in ecological function [1], which result from alterations to flow regimes, channel
form [2, 3], and water quality [4, 5]. These in-stream changes arise because conventional
stormwater drainage increases the frequency and magnitude of disturbance. The disturbances
experienced by channels and their in-stream biota are both hydraulic, arising from larger,
more frequent high-flow events, and chemical, arising from the complex cocktails of pollutants
associated with impervious runoff [6]. Hydraulic changes also simplify in-stream habitat, by
increasing the capacity of streams to transport sediments [7], causing the loss of habitat fea-
tures such as bars, benches, and woody debris [2].

In part as a response to increased awareness of the deleterious effects of conventional
stormwater drainage to receiving aquatic ecosystems, alternative drainage approaches have
been advocated across many jurisdictions over the last three decades [8]. While the protection
of receiving waters has been a primary objective behind such approaches from the beginning
[e.g. 9, 10], the connection between performance objectives of stormwater control measures
(SCMs) and receiving water response has largely been opaque. Objectives have most com-
monly been set as performance metrics of (annual) pollutant load reduction [from the loads
produced by conventional drainage: e.g. 11-13]. Such metrics fail to address the complexity,
or match the time scales, of the hydrologic and geomorphic stressors to stream ecosystems cre-
ated by urban stormwater runoff [14]. However, even SCM performance metrics that are
explicitly linked to mechanisms of stream degradation [e.g. 15] cannot be easily used to predict
the effects of the SCMs on their receiving stream ecosystem. Such prediction requires integra-
tion of SCM performance metrics with catchment-scale predictors of stream response.

Studies of stream ecosystem response to catchment urbanization have shown a predictable
decline in ecological indicators with increased catchment urban density [16]. Progress in
understanding of mechanisms for this decline has been hampered by a lack of consistency in
catchment metrics used as predictor variables [17]. Total catchment imperviousness (TI, pro-
portion of catchment covered by impervious surfaces) has most commonly been used, but sev-
eral studies have shown that stream degradation is better explained when drainage connection
is accounted for in addition to impervious coverage [16, 18-20]. If we are to understand differ-
ences or similarities in response to degradation of urban streams across regions, let alone the
potential for reversing that degradation, we need consistent metrics of elements of urban infra-
structure that are likely to drive stream ecosystem change. The most important such element is
likely the stormwater drainage system [17].

Effective imperviousness (EI) is the proportion of catchment area covered by effective
impervious surfaces, where “effective’ connotes those surfaces that have an effect on the receiv-
ing stream. This measure arose from Leopold’s [21] demonstration that hydrologic changes in
urban catchments are a function of both imperviousness and the extent of sealed stormwater
drainage. In its simplest formulation, only impervious surfaces with direct connection to
stormwater drainage are considered effective, while those that drain informally to pervious
land are considered to have no effect. Such a formulation of EI was a better predictor of eco-
logical response than T1 in streams of peri-urban eastern Melbourne, Australia, where the
extent and nature of stormwater infrastructure varies within and between catchments, ranging
from informal drainage to surrounding pervious land, to formal pipe networks receiving run-
off from curbed roads and private properties [16]. That EI was a better predictor than 7T in
such a setting provided evidence that conventional drainage of impervious areas has a greater
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impact on stream ecosystems than informal drainage. Impervious surfaces connected to the
drainage system are undoubtedly important contributors to stream degradation given the sub-
stantial changes to catchment hydrologic processes that they cause [17].

However, it does not follow from EI being a better predictor that informally drained imper-
vious surfaces have no effect. While the original formulation of EI made this assumption, a
more parsimonious interpretation of EI being a better predictor of stream degradation than TT
[16], would be that the effect of informally drained surfaces is substantially smaller than that of
conventionally drained surfaces. While small, the effect of an informally drained surface is
likely to depend on the length and nature (e.g. roughness and permeability) of the flow path
between it and the stream. Walsh and Kunapo [18] attempted to account for such variability
by weighting impervious surface areas by their distance to the nearest downstream stormwater
pipe, drain or stream. However, their formulation conflated the probability that an impervious
surface in an area with formal stormwater drainage systems was connected to a stormwater
drain, with the variable effect of informally drained surfaces. These two effects could be sepa-
rated by first identifying those impervious surfaces that are directly connected to the storm-
water drainage network, and then modeling the degree of stormwater retention between
informally drained surfaces and the stream, and weighting their area accordingly (between 1,
if directly connected to conventional drainage, and 0, if draining to surrounding impervious
land without significantly altering hydrologic processes).

A similar logic could be applied to the effects of SCMs. The performance of an SCM could
be used to determine an appropriate weighting of the impervious area upstream of it. Water
fluxes can be modeled through SCMs of known specification, allowing calculation of EI like
that proposed by Walsh, Fletcher [22]. They proposed weighting impervious areas that drain
to SCMs by a metric of overflow frequency, but it is also possible to weight by other aspects of
SCM performance, such as restoration of filtered base flow or reduction in total flow volume
[15, 23]. In this paper we advance the SCM performance metric proposed by Fletcher, Walsh
[23] and Walsh, Fletcher [15] by using it and its subindices to formulate several alternative var-
iants of EI. We advance the proposed approach of Walsh, Fletcher [22], by devising and dem-
onstrating a method for combining performance metrics of complex arrays of SCMs to derive
the catchment EI variants. In considering the effects of SCMs on EI, we advance the approach
of Roy, Rhea [24], who removed impervious area draining to SCMs from EI, regardless of
SCM performance.

We use data from a 19-year experiment of urban stormwater impacts in small-stream
catchments of eastern Melbourne, Australia. The primary aim of the experiment was to test if
intensive application of dispersed SCMs can restore stream hydrology, water quality and ulti-
mately ecological state in receiving streams [15]. The restoration experiment was predicated
on the hypothesis that impervious runoff delivered through conventional drainage systems
was the primary degrading process requiring remediation to permit restoration of the receiv-
ing stream ecosystem. Our study catchments differed in their starting degrees of urban density
and stormwater drainage infrastructure and, over 4 years, we applied different intensities,
extents, and types of stormwater control measures in two experimental catchments. We are
thus able to compare variation of EI variants as catchment-scale indicators of SCM perfor-
mance over time and between catchments.

The study was conceived as a Before- After-Control-Reference-Impact (BACRI) experiment
[15]. The classical approach to Before-After-Control-Impact experiments (and their extension
to include reference sites in addition to control and impact sites) has been to divide samples
into before and after periods to form a binary before-after effect, and to classify reference,
control and experimental/impact sites categorically [25]: the presence of an experimental
impact or intervention is tested by the interaction between the before-after effect and the
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control-impact (-reference) effect. However, such a categorical approach to testing the effect of
SCMs in this experiment is not optimal because of the cumulative nature of SCM implementa-
tion; the continuous nature of EI, which was used to define reference and control catchments;
and the variable degree of intervention. The protracted period of implementing the many dis-
persed SCMs in our study resulted from the logistical complexities of engagement with com-
munities and authorities, and designers, builders and maintainers of the SCMs [15, 26-28].
Long periods of experimental manipulation are likely to be typical of similar endeavours [e.g.
24]. An alternative, but analogous, analytical approach is required to assess the effects of such
continuous, variable interventions.

In this paper, we propose such a modelling approach and use the experiment’s implementa-
tion data and two contrasting simulated response variables to test and validate the model, and
to also assess if the experimental manipulation (SCM implementation) was of a sufficient mag-
nitude to expect a detectable response in the receiving streams. The primary focus of the paper
is reporting and interpreting the implementation data of the experiment, and to propose and
demonstrate new methods for assessing a) the degree of dispersed catchment stormwater run-
off achieved by the SCMs implemented in the experiment, and b) their effect on downstream
waters. Further investigations of stream response will use these data and approaches to assess
the effects of the experiment on hydrologic, water quality and ecological variables measured in
the receiving streams over the period of study. Before reporting and interpreting the SCM
implementation of the experiment, we propose in the following section, a new variant of effec-
tive imperviousness, weighted by a performance metric for stormwater control measures. This
measure will not only aid interpretation of the experiment, but more broadly allow prediction
of how streams respond to stormwater control across catchments.

A new variant of EI

EI as a catchment-scale predictor of stream ecosystem degradation. Walsh, Fletcher
[16] portrayed the degradation in streams of eastern Melbourne as a function of EI, predicted
by a broken-stick model, which was used to estimate a minimum threshold of EI at which deg-
radation was maximal and beyond which further degradation was undetectable (Fig 1). The
non-linear degradation observed in response to EI is also well modeled by exponential decay,
or by a linear model when EI is logarithmically scaled (Fig 1; arguably a logistic curve would be
a more appropriate transformation for the proportional measure, EI, but as the maximum EI
among our catchments was 25%, the simpler log transformation is a good approximation).
Therefore, to assess stream responses to urban development (degradation) and SCM imple-
mentation (restoration), we propose a model of linear response to log;o(EI + 0.1) (with E as a
percentage and the addition 0.1 to permit zero values: Fig 1). The in-stream response variables,
modelled by Walsh, Fletcher [16] and depicted in Fig 1, are important because they corre-
spond to metrics used in legislated objectives for stream ecosystem protection: median filter-
able reactive phosphorus (Fig 1A) is comparable to 75™ percentile total Phosphorus (TP) used
as a water quality objective by Victoria’s State Environment Protection Policy and SIGNAL
score is comparable to SIGNAL2 used for biological objectives [29].

Thus EI can predict attainment of legislated environmental objectives following develop-
ment with conventional stormwater drainage, and if it can be adapted to incorporate SCM per-
formance, also has the potential to predict attainment of objectives as a result of stormwater
management efforts to mitigate impacts.

A stream protection metric of SCM performance. The stream stormwater impact met-
ric, S, estimates the extent to which an SCM mimics the catchment hydrology and water qual-
ity of appropriate reference streams that support good ecological condition. It is the mean of
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Fig 1. Examples of stream ecosystem response variables as a function of effective imperviousness (EI). (A) Median filterable reactive phosphorus (FRP)
concentrations and (B) SIGNAL score (a biotic index). Piecewise regressions [solid black line with 95% confidence intervals in the grey polygon as derived by 16] are
compared to linear regressions against log;o(%EI + 0.1), solid red line with dotted 95% confidence intervals. Five overlapping points in (A) are shown by slight

jittering.

https://doi.org/10.1371/journal.pwat.0000004.9001

four sub-metrics of different aspects of hydrology that can be addressed through SCM design
and that have been posited as the primary drivers of stream degradation by urban stormwater
runoff [14, 15, 23]. To calculate each sub-metric, a hydrologic index (I) for the impervious
area draining to the SCM is modelled (using an average year of rainfall data, in this case
1965-1966) in three potential states:

o u: the impervious area conventionally drained with no SCM;
o m: the impervious area draining to the SCM, modelled based on its specifications;

o n: the area covered by impervious surfaces in its pre-urban state, inferred, in our study, from
the runoff behaviour of nearby vegetated reference catchments.

Within bounds described in S1 Text, each sub-metric is the ratio of the divergence of I from
the pre-urban state with the SCM in place and the divergence of I from the pre-urban state if
the SCM was absent, thus scaling the effect of the SCM between worst (no stormwater control)
and best (target or reference condition) case. Thus:

§ = (1)

where S; is the sub-metric of S based on the hydrologic index I, and the three values of I
denoted by subscripts for three potential states as described above. The derivation and calcula-
tion of the four sub-metrics is described in detail in S1 Text, but briefly:

o Sg, the runoff-frequency sub-metric, assesses how closely the frequency of overflows from
the SCM approaches the frequency of storm flow from the SCM’s catchment before it was
built over (i.e. in its pre-urban, vegetated state);
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o Sp, the filtered-flow-volume sub-metric, assesses how closely the volume of water treated by
the SCM and allowed to drain to the stream at an appropriate rate, matches stream baseflow
generated by the SCM’s catchment in its pre-urban, vegetated state;

* Sy, the water-quality sub-metric, assesses the degree to which concentrations of important
pollutants (TP; total nitrogen, TN; and total suspended solids, TSS) of outflows from the
SCM approach reference condition concentrations;

o Sy, the volume-reduction sub-metric, assesses the degree to which the total volume of water
reaching the stream from the SCM approaches the volume of streamflow generated by the
SCM’s catchment before it was built over (i.e. in its pre-urban, vegetated state).

EI; as a catchment-scale predictor of mitigation of stormwater impacts by SCMs. As S
is a fraction ranging between 0 (perfectly mimicking aspects of the reference catchment flow
regime) and 1 (flow regime from conventional stormwater drainage with no SCMs), it can be
used to weight impervious areas draining to SCMs, leading to a variant of EI that accounts for
mitigation of urban stormwater impacts by SCMs. Thus:

2U(IA; * S;)

Where IA; is the area of the ith of n groups of impervious surfaces in the catchment, weighted
by S;, and CA is the total area of the catchment. For each impervious surface not draining to an
SCM, S = 1, and for each SCM (S <1), all impervious surfaces that drain to it are summed to
calculate IA.

We argue that our calculation of S, by averaging performance metrics that assess mitigation
of putative primary drivers of stream degradation by urban stormwater runoff, provides an
appropriate weighting of EI to predict stream ecosystem response to SCMs. However, it is only
one of many possible ways to weight SCM performance, and alternative weightings can be
heuristic for understanding any shortcomings in SCM performance, if not necessarily predic-
tive of stream response.

For instance, Elj;, assuming all SCMs have no effect (S = 1), and EIjp, assuming all SCMs
perform perfectly [i.e. S = 0, as used by 24], provide bounds against which to assess the overall
performance of SCMs in the catchment as estimated by El. If EIgy and EI are similar (and
non-zero), it shows that most of the catchment’s impervious surfaces remain untreated by
SCMs. If they are strongly different, and El is similar to Elg then most of the SCMs mimic
reference flow and water quality well, and EI weighted by each of the four sub-metrics (Elgg,
EIgr, Elgy, Elgy) indicates which design objectives have contributed most strongly to the per-
formance of EI.

We thus aim to use these catchment-scale measures of SCM performance to report and
interpret the BACRI experiment on the effects of dispersed SCMs. We first describe the experi-
mental design, and methods used to derive estimates of impervious coverage and SCM perfor-
mance that are required to calculate the EI variants. We use the EI variants to assess the degree
to which stormwater was controlled by the SCMs installed during the experiment. Finally, we
propose and test a statistical model for assessing our BACRI experiment using the calculated
EI variants. The proposed model has potentially broader application to other studies with con-
tinuous measures of the “control-reference-impact” effect and a protracted period of impact
(in this case, SCM implementation) that varies between sites.
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Methods and materials
Study catchments and experimental design

The BACRI experimental design described by Walsh, Fletcher [15] comprised seven indepen-
dent catchments of different urban density and drainage connection, located in the Dande-
nong Ranges on the eastern fringe of the Melbourne metropolitan area (Fig 2). The original
design comprised:

o three reference, forested catchments (Sa, Ly, and O], Fig 2), with little or no stormwater
drainage infrastructure;

o three control urban catchments (Br, Fe, and D4), with streams degraded by urban storm-
water drainage; and

« one experimental urban catchment (Little Stringybark Creek, L4, Fig 2), in which storm-
water control measures were implemented progressively from 2009.

In 2012 and 2013, Melbourne Water initiated a parallel program of SCM implementation
in D8, a larger catchment that includes D4 (Dobsons Creek, Fig 2). This new program con-
verted D4 from a control to an experimental catchment. From 2010, the hydrologic and eco-
logical monitoring that had been conducted at the original sites since 2001, were expanded to
include D8, and three sites with independent sub-catchments upstream of L4 (Fig 2). The
resulting 6 experimental catchments (the original L4, plus D4, D8, and the three tributaries
upstream of L4: Ln, Ls, and L1) had different degrees of EI and of SCM implementation, per-
mitting several continuous assessments of intervention effects that were not possible with the
original experimental design, which had just a single experimental site.

This work was completed with the approval of the University of Melbourne’s Human
Research Ethics Committee (HREC No: 0720064), with Parks Victoria research permits
(10007079, 10007127 and 10008347).

Estimation of effective imperviousness variants

Impervious coverage and drainage connection. Methods for impervious coverage esti-
mation are described in detail in S2 Text. Briefly, impervious coverage in the study catchments
was first estimated from 2009 4-band aerial photos and LiDAR data using a semi-automated
method. These impervious coverage estimates were corrected and refined for our study catch-
ments, by ground-truthing, and visual inspection of aerial images from 2009 to 2019 (www.
nearmap.com). This imagery, together with the 2000 and 2004 imagery used in earlier studies
[16, 18], was used to estimate dates of constructions or demolitions of impervious surfaces in
the study catchments (there was no significant urban expansion in any of the catchments over
the study period, but there was some infill urban development). These data were used to map
and date all impervious surfaces in the study catchments from 2000 to 2019.

Connection of impervious surfaces to stormwater drainage was determined for all but two
catchments, over the 19 years of monitoring and working with the catchment communities
[30, 31] and drainage engineers at Yarra Ranges or Knox City councils [27]. For the two
urban, control catchments (Br and Fe, Fig 1), we assumed that 90% of impervious surfaces in
areas serviced by stormwater drainage pipes were connected (the approximate rate of connec-
tion in comparably serviced areas of L1). We outline the method of determining connection in
detail in S2 Text.

SCM specification and modelling. As part of ongoing engagement with the catchment
communities, councils and Melbourne Water, we recorded specifications of all SCMs installed
in the Little Stringybark and Dobsons Creek catchments, together with dates of construction,
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Fig 2. The 11 study sites considered in this paper and their catchments. Sites and catchment boundaries are coloured by their status as
control, experimental or reference. The 7 primary catchments of the original experiment are italicized. Impervious areas in each
catchment are shaded by their connection to the stormwater drainage system in 2019. (Impervious areas outside catchments are not

shown.) Inset maps show the location of the main map (grey rectangle) in Victoria, Australia. (Source: Map created through data and code
available at OSF: https://osf.io/57azq/).
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and where necessary, dates of decommissioning or change in specifications. These SCM data,
together with the impervious coverage data, were structured in a spatial database (see S3 Text
for details).

We adapted the R [32] functions of the ‘environmental benefit’ calculator, which had been
used to assess and fund SCMs in the Little Stringybark catchment (https://tools.thewerg.
unimelb.edu.au/EBcalc/, [23]), to model water fluxes through each SCM. We wrote a series of
functions to iteratively calculate a time series of EI for each study site over the study period
(see 54 Text for details). All dates on which changes (construction or demolition of impervious
surfaces, commission or decommission of SCMs) occurred in the catchment were identified.
For each such date, catchment IA was partitioned into those surfaces draining directly via
stormwater drainage to the stream (and S therefore = 1), and the IA draining to each terminal
SCM (i.e. an SCM draining to the stormwater drainage network rather than to another SCM).
S (and its sub-indices) was calculated for each SCM, accounting for retention and treatment
by any upstream SCMs. From this inventory of IA and S values EIg was calculated for the
catchment by Eq 1. This process was repeated for each date of change to derive a time series of
E

The target volumes used to calculate Spand Sy, were described by Walsh, Fletcher [33] as
ranges of volume to filter and volumes to harvest, which vary as a function of mean annual
rainfall. We calculated the target ranges for the experimental catchments, with a mean annual
rainfall of 956 mm, and compared the respective volumes harvested/lost and filtered for each
catchment. We modelled these volumes given the arrangement of SCMs in each catchment at
the end of the study period, assuming rainfall pattern of the average year that was used to cal-
culate S (1965-1966).

Statistical model

The effect of the SCMs implemented during the project on reaches of receiving streams can be
modelled by separating the putative degrading effect of urban stormwater runoff—which we
term degrd, as measured by log,o(EIs; + 0.1)—, from the putative restorative effect of SCMs,
restr, as measured by AEI; the difference between log;o(EIs; + 0.1) and log;o(EIs + 0.1). Given:

1. aset of sites that span the range of degrd from reference to control condition,

2. experimental sites with beginning condition similar to the control sites, with restr = zero
before, and increasingly negative restr after the commencement of SCM implementation,
and

3. samples of a response variable collected repeatedly at each site for a period before and after
the commencement of SCM implementation,

a model that includes degrd, restr, a time effect, and a random site effect should suffice to
detect any response to reduced restr. To illustrate such a model, we simulated two response
variables, one (y) with no response to SCM implementation, and a second (yI) for which SCM
implementation removed the degrading effect of stormwater runoff (such that the effect of
restr equalled that of degrd). Variation in y and yI were based on median log,;o(FRP) (Fig 1A),
each with the same positive linear relationship with EIg; (slope coefficient = 0.284). y1 was sim-
ilarly positively related restr (same slope as Els;), while y was uncorrelated with restr. To illus-
trate the robustness of the model to external influences over the study period, we also added a
linear trend over time to each of y and y1, that was steeper in sites with greater Elg; (increasing
the mean degrd effect over the study from 0.284 to 0.351). This effect was based on our obser-
vation of increasing wetness during our study period and an increased contribution of
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pervious flows that was more pronounced in control streams than reference streams. Such
effects over time unrelated to the experimental manipulation were observed in a similar exper-
iment [34]. To simplify the example, we excluded L4 and D8 from the model so that all sites
were independent: a full analysis including all sites will require dealing with spatial autocorre-
lation. In summary, if the model accurately assesses the experimental effects from other varia-
tion in the data, it should estimate a degrd effect of 0.351 and a restr effect of 0 for y and of
0.284 for y1. See S5 Text for further details and the code used to simulate the variables and
compile the dataset for analysis.

The following description of the model for y applies equally to y1. We modelled each value
of y in each sample as being drawn from a normal distribution thus:

Yi~ N"rmal(ﬂn ) (3)

where y; is the response variable in the ith of 76 equally spaced samples, y; is the mean estimate
for that sample, and o is the standard deviation of the estimate. We modeled y; in response to
predictors as a hierarchical linear model:

1 = o+ afsite] + Brdegrd, + Byrestr, + B[site]t, + B autoT, (4)

where a is the global intercept; a[site;] is the random variation to that intercept for site j; 8
represents the effect of degrd; B represents the effect of restr (only non-zero in experimental
sites after SCM manipulation had begun); Br[site;] represents the effect of time, t, within the
site j (to account for the possibility that sites differed in their trends over time, separate from
the degrd and restr effects); 5, represents the effect of temporal autocorrelation, autoT, among
samples from each site; a. To derive the temporal autocorrelation variable, we followed an
approach similar to that of Crase, Liedloff [35]: by calculating the residuals of the model with-
out the autocorrelation term, and using the residual value for the preceding time in the same
site. All o and f parameters were drawn from normal distributions with estimated means. We
specified prior distributions of & and all § parameters as diffuse normal distributions (mean 0,
standard deviation 5), and of a[site;] as diffuse normal distributions (mean zero and estimated
standard deviation). Prior distributions for standard deviation of afsite;] and o were half-Cau-
chy distributions (mean 0, scale 2.5). We drew inference from 10,800-12,800 posterior samples
taken from 4 unthinned chains (2,700 per chain without autoT and 3,200 with autoT, having
discarded 1,500 warm-up values of each chain) using the Markov Chain Monte Carlo sampler
implemented in Stan [36].

We ensured the models met the standard diagnostic tests [36], and quantified accuracy by
calculating the correlation coefficient between predicted and observed (simulated) values of y
and y1 for each of the models with an autoT term. Most importantly, we assessed if the models
accurately detected the simulated degrd and restr effects for the variables y and y1: (degrd coef-
ficient 0.35 for both variables, and restr coefficient 0.28 for yI and 0 for ). See S5 Text for fur-
ther details, including all model code.

Finally, to illustrate the application of the model and BACRI experimental design to predict
and portray responses to the experimental SCM implementation, we used the two models to
predict y and y1I at each of the four experimental sites under four scenarios:

a). with Elg as it would have been at the end of the study, had no stormwater control mea-
sures been installed (= Elg;).

b). with EIg as it was at the end of the study, after stormwater control measures were
installed. By contrasting this prediction with a), the effect of the experimental manipula-
tion can be assessed.
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c). with degrd reduced by -1 (i.e. EIs reduced by a factor a 10), to assess potential change
from b) with additional SCM implementation.

d). With zero EI (degrd set to its minimum value, restr set to 0), in the absence of urban
stormwater impacts. Contrasting this prediction to the a), b) and ¢), permits an assess-
ment of the extent to which the experimental SCMs restored y and yI to reference levels.

Results
Spatial and temporal patterns of EI variants

1,029 SCMs in 638 projects were installed in the experimental catchments over the study period
(Table 1). SCM density was similar across the sub-catchments of L4, averaging 7.8 SCM proj-
ects per ha of effective impervious area (EIA, Table 1, Fig 3A). In D8 and its sub-catchment D4,
where greater focus was applied to household stormwater control, there were 18.4 projects per
ha of EIA (Table 1, Fig 3A). Larger-scale SCMs implemented in Ln and Ls resulted in runoff
from 96% and 92% of EIA, respectively, draining to at least one SCM, while in L1 and D4, with
less space available for large-scale SCMs, less than half of EIA drained to an SCM (Fig 3B).

Volumes of impervious runoff filtered or exfiltrated by SCMs were less than the target
range in all sub-catchments except Ln and D8 (Fig 3C, with pink polygon representing the tar-
get range). This was primarily because, except for these two catchments, insufficient EIA
drained to SCMs (Fig 3B), even though filtered volumes tended to be within or close to the tar-
get range for individual SCM projects. In all sub-catchments, the volume of stormwater har-
vested or lost to evapo-transpiration was substantially lower than the target range (Fig 3D),
primarily because we were unable to find sufficient harvesting demand for the water.

Despite similar SCM density (Fig 3A) and effectiveness (Fig 3C and 3D) in each of the
study catchments, the reduction in EI (on a log-scale, which is most appropriate for predicting
stream responses, Fig 1) varied strongly between catchments. Fig 4 shows the trend in 7 vari-
ants of EI over the study period in each of the 6 experimental catchments. Elg;, which assumes
no effect of SCMs, increased slightly in all catchments (with urban growth). All other variants,
which account for SCM effects, reduced over time compared to Elg;.

Likely responses to SCM implementation among the experimental catchments are more
dependent on initial EI and catchment size than on the extent of SCM implementation in the
catchment. For instance, the treatment of 4.4 ha of the 17 ha of EIA in L1 (Table 1) resulted in
very little change in EI, even by the broadest definition of disconnection (EIg, Fig 4D), while
treatment of 8.8 ha of 8.9 ha in the similarly sized Ln catchment resulted in the largest decline

Table 1. Summary statistics for stormwater control in the 6 experimental sub-catchments.

Stormwater control

Number of SCMs

Number of SCM projects

EIA (ha)

Treated EIA (ha)

Runoff volume harvested/lost (ML/y)
Runoff volume filtered (ML/y)

D4 D8 Ln Ls L1 L4
263 451 144 122 252 578
161 266 80 87 162 372
9.0 16.3 9.2 12.9 17.0 45.6
3.6 9.9 8.9 11.9 4.4 27.6
9.0 17.0 15.0 20.0 9.0 49.0
4.0 33.0 21.0 13.0 7.0 45.0

Stormwater control measure (SCM) projects were commissioned as single projects and consisted of one or more SCMs. Note that the counts for D8 include those listed
for its sub-catchment D4, and those for L4 include those for its sub-catchments L1, Ls and Ln. Treated EIA is the effective impervious area draining to one or more

SCMs. The estimates of runoff volume harvested or lost, and volume filtered, are modelled volumes given the arrangement of SCMs in each catchment at the end of the

study period assuming rainfall pattern of the average year that was used to calculate S (1965-1966).

https://doi.org/10.1371/journal.pwat.0000004.t001
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Fig 3. Stormwater control spread and effectiveness in each of the 6 experimental sub-catchments. (A) Number of SCM projects
per ha of effective impervious area (EIA). (B) Percentage of EIA that drains to at least one SCM. (C) Percentage of impervious runoff
harvested or lost to evapo-transpiration in SCMs. (D) Percentage of impervious runoff filtered through SCM:s or to soil. In (C) and
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these sub-catchments contain other sub-catchments. D4 is part of D8, and L1, Ln and Ls are part of L4: see Fig 2.

https://doi.org/10.1371/journal.pwat.0000004.9g003

in all variants of EI (Fig 4C), while treatment of 3.7 of the 8.9 ha of EIA in D4 (catchment area
~4 times larger than L1 and Ln) resulted in only minor declines in EI (Fig 4A and 4B).

EI, indicates the extent to which impervious areas drain to any sort of SCM, while Eg;
indicates growth in EI in the absence of SCMs. In all cases, EI variants accounting for the per-
formance of SCMs falls between these two extremes. In most catchments El, was the closest
to Elgy, suggesting good performance in water quality treatment. [The model assumes optimal
water quality for exfiltrated flows, and high quality of flows through filtration systems, based
on reported performance: 37, 38]. Elgy declined the least in all sub-catchments, indicative of
our inability to reduce flow volumes adequately. Elgr and Elgy fell between the two extremes,
suggesting moderate success of installed SCMs in restoring filtered flows and in reducing the
frequency of uncontrolled runoff. EIs, as the average of the four sub-metrics, was usually of a
similar value to Elgp and Elgp.

The extent to which these observed declines in EI match differences between control and
reference sites can be best illustrated and interpreted by separating the degrading (degrd) effects
of urban growth and urban stormwater runoff in each site, as indicated by EIs; (Fig 5A), from
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Fig 5. Time series of predictors of effects of urban stormwater runoff and control in the 11 study catchments. (A) degrd: log;o(x + 0.1)-transformed
effective imperviousness assuming no stormwater control (Els;). (B) restr, or AEI, the change in log;o(x + 0.1)-transformed EI weighted by the stormwater
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control (C) sub-catchments, three reference (R) sub-catchments and the six experimental sub-catchments, indicated by code (see Fig 2). Note all control and
reference values in panels B and C equal 0.

https://doi.org/10.1371/journal.pwat.0000004.9005
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the restorative (restr) effect of installed SCMs, which can be indicated by the (log-) differences
between EIg and Els;, AEIg (Fig 5B). Similarly, AEI, can be calculated by the (log-) differences
between Elg; and EI, (Fig 5C).

EIj; in the 6 experimental catchments ranged from the high of L1, with similar EI, to the
most urban control (Br) to the low of D8, with EI;; just higher than the most urban reference
site, Sa (Fig 5A). Although there was a small amount of growth in EIj; over the study period, it
was small compared to the intersite variation in Elg;. The effect of SCMs in the experimental
catchments as measured by reduction in Elg varied from near zero to half an order of magni-
tude in the case of Ln (Fig 5B). Reductions in Elgy were larger again (Fig 5C).

Statistical model for assessing stream response

The models of y and y1 predicted the observed (simulated) data well (R = 0.97 for both models,
see S5 Text), affording confidence in the models’ estimates of treatment effects. The estimated
degrd effect was 0.35 (95% credible intervals 0.34, 0.36) in both models, equivalent to the
known mean effect in the simulated data. The estimates for the restr effects matched the
known effects for the simulated data: for y, the mean estimated restr coefficient was 0.01 (95%
credible intervals -0.05, 0.07), which did not differ from the simulated restr effect of 0, and for
y1, the mean estimated restr coefficient was 0.29 (95% credible intervals 0.24, 0.36), which did
not differ from the simulated restr effect of 0.28 (Fig 6A and 6C). The experimental design and
model structure thus permit accurate detection of changes in response to restr in experimental
sites, even in the context of varying temporal trends among the study sites.

Fig 6B and 6D show model predictions for y and y1, respectively, under the four scenarios
that aim to illustrate responses to the SCM implementation in experimental catchments, rela-
tive to predicted levels in control and reference sites.

The degree of stormwater control achieved in the experiment, as estimated by restr, was suf-
ficient to detect a decrease in yI in Ln, Ls, and perhaps D4, but not in L1 (red vs orange points
in Fig 6D). The model also predicted that, even if EI5 could be reduced ten-fold (i.e. restr
(AEI) = -1), yI would remain somewhat higher than the reference state in all cases (light
green vs dark green points in Fig 6D).

Discussion

The stream stormwater impact metric, S, advances on the dominant approach to estimating
SCM performance by measures of pollutant load reduction compared to untreated stormwater
runoff [e.g. 11-13]. Its use in EIg advances the assessment of catchment-scale effects of SCMs,
permitting a more informative assessment than previous studies, which have assumed a uni-
form effect of dispersed SCMs across catchments [24, 39]. The use of EI variants as continuous
predictor variables to assess the effects of our experiment advances categorical approaches to
before-after-control-impact assessment of dispersed SCMs [e.g. 24].

The formulation of S is consistent with the principles of stormwater management for
stream protection proposed by Walsh, Booth [14]. By scaling each of its sub-metrics between
untreated stormwater runoff and a reference or target condition, it accounts for natural varia-
tion in stream function across regions. This attribute of S meets the first principle: the setting
of a target state for the stream to be protected. The filtered flow and water quality sub-metrics
address the third principle: to deliver flows in a quality and flow regime that mimic predevel-
opment hydrologic processes. The runoff frequency sub-metric addresses the fourth principle:
SCMs should prevent untreated flows to streams in all but rare, large storms. The volume
reduction sub-metric (in concert with the other sub-metrics) addresses the second principle:
to mimic the predevelopment water balance.
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bars) percentile credible intervals.

https://doi.org/10.1371/journal.pwat.0000004.g006

The fifth principle of Walsh, Booth [14]—that SCMs should be applied to all impervious
surfaces in the catchment of the target stream—extends beyond the performance of individual
SCMs. It was founded on the observation that small areas of connected impervious surfaces in
a catchment potentially have a large influence on stream degradation, as evidenced by the
non-linear response of stream ecosystems to EI (Fig 1). EIg provides a link between SCM per-
formance and responses of stream ecosystems at the catchment scale. The small reductions in
EIs in catchments where we were unable to intercept runoff from most impervious surfaces
demonstrate the importance and challenge of this principle. It was only in Ln, the catchment
in which we were able to intercept runoff from almost 100% of impervious surfaces in the

catchment that substantial reduction in EIg was achieved.
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Our aim in designing and implementing SCMs in the experimental catchments was to max-
imise environmental benefit [sensu 15], and thus minimise S, given a limited budget, and
other limitations arising from working in an established suburban catchment. The resulting
reductions in EIg were small in most sub-catchments, indicating that the ultimate goal of
the experiment—to reduce stormwater runoff impacts sufficiently to restore the receiving
creeks—has not yet been achieved. In the following section we discuss reasons for target reduc-
tions in S not being fully realised. We then consider the form of statistical model required to
assess stream responses to the protracted and variable changes in EI that were achieved in this
and similar experiments, which has potentially broader applications to studies of similar
design.

Assessing the success of the experimental intervention using patterns in the
EI variants

The area of impervious surfaces draining to SCMs was substantially less than our objective
[principle 1 of 14] in all experimental catchments except Ln and Ls (as indicated by Ely, Fig
3). An optimal outcome would have been to fund as many dispersed treatments as possible in
the catchment, with a final SCM near the outlet of pipes opening to the stream, to permit treat-
ment of runoff from missed impervious surfaces, and to improve the cumulative performance
of upstream SCMs.

Despite several campaigns of community engagement, which overcame many barriers to
community participation, SCMs were installed on only 28% of the private properties with
drainage connection in the L4 catchment [26; but this number grew to 30% in the following 4
years, because of a planning provision placed on the catchment, 40]. Two engagement rounds
in the D8 catchment achieved SCMs on 46% of the connected properties. Treatment of every
property in catchments such as ours is unlikely to be achievable because there will always be a
limit to community engagement and acceptance. Furthermore, appropriate space for SCMs
was not available to treat all impervious surfaces on many of the properties that registered
interest in the project. Similarly, although 100s of dispersed raingardens were installed to cap-
ture runoff from roads of the experimental catchments, space was limited in many cases, leav-
ing large areas of road untreated. In most cases, there will be limits to the ability of dispersed
SCMs to meet the objective of intercepting runoff from all impervious surfaces. We thus
aimed to also install, wherever possible, SCMs at the end of pipes, near where they enter the
stream. However, we were hampered by a lack of space near pipe outlets. Even in Ln and Ls,
space at the end of several large pipes was limited and we resorted to SCMs that captured and
filtered little more than the first 1-2 mm of runoff.

Ultimately the lack of space was a function of past planning decisions that did not reserve
public space along drainage lines. Indeed, in much of the catchment, many large council
stormwater drainage pipes, and the streams themselves, flow through private land. As a result,
many of the large end-of-pipe SCMs that we installed were on private land, with the coopera-
tion of owners [26, 27]. We posit that the limiting space we encountered in our experimental
catchments, both in upland areas and at the end of pipes, is likely to be typical of many subur-
ban landscapes, posing a significant challenge for stormwater retrofits aiming to restore
degraded streams. Even with the long-term growth in SCM numbers that is likely as a result of
the planning provision for the Little Stringybark Creek catchment [40], the lack of space at the
end of pipes for final treatments will remain a barrier to restoration without the strategic pur-
chase of small areas of low-lying land for SCMs.

The SCMs that were installed as part of the experiment varied widely in performance
(range of § 0.01-0.89 in L4, and 0.30-0.96 in D4), underlining the utility of EI for ensuring a
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comparable measure of experimental effect within our study, and with other studies. The tem-
poral and inter-site patterns of AEIg (Fig 5B), weighted by SCM performance, differed substan-
tially from AEIy, (Fig 5C), which weights all SCMs uniformly, as did Roy, Rhea [24] and
Loperfido, Noe [39]. Optimal performance of individual SCMs, as measured by S, required a
combination of harvesting and loss of at least 55% of impervious runoff (Fig 3D), and retaining
and filtering of 19-45% (Fig 3C) to achieve a low frequency of uncontrolled flow to the stream.
Some infiltration systems performed poorly for Elgr because they filtered too much water (61
systems in L4, 7 in D8). However, at the catchment scale, infiltration volumes were lower than
optimal because of the lack of SCM coverage, and the local excess infiltration from these SCMs
improved performance at the catchment-scale. However, to achieve near-full SCM coverage
without exceeding infiltration targets, substantially greater harvesting and loss of impervious
runoff than we achieved will be required to avoid more widespread infiltration excess.

Water demand was enough to meet the volume reduction target of 55% in 157 SCM proj-
ects in L4 and 34 in D8. All of these projects harvested runoff for domestic uses from relatively
small areas: roofs of < 625 m” (80% < 270 m*). Two projects harvested water for large
demands from larger areas, but were of limited influence at the catchment scale. Tanks and
treatment systems receiving runoff from the entire 0.33 ha of impervious area of the catch-
ment’s petrol station provide 96% of its car wash’s 1.8 ML/y demand. Despite this large
demand, the harvested water only accounted for 50% of the runoff generated by the station’s
impervious area, and S for this project was 0.15. The influence of this high-performing project
was ultimately small, as the petrol station’s impervious area constituted only 2.5% of the effec-
tive impervious surfaces in the Ls catchment. The largest-scale harvesting scheme collected
runoff from a large educational precinct in the Ln catchment with 2.9 ha of impervious sur-
faces providing 58% of the toilet-flushing demands of the precinct’s schools, and the dry-
weather irrigation demand of its playing fields, which totalled ~6 ML/y. However, this large
harvesting volume, constituted only 21% of the runoff generated by its impervious catchment.
Despite some SCM projects achieving the volume reduction target, generally roof runoff on
private properties produced more water than the property’s demand. Furthermore, the lack of
SCM coverage meant no runoff was harvested from 65% of the L4 catchment’s roofs, and very
little from paved surfaces and roads, which make up 41% of the catchments’ impervious area.

The opportunity for augmentation of water supply to protect streams such as our experi-
mental streams is large [33], but without an urban water management policy that prioritises
harvesting of stormwater, stream protection remains challenging. Despite these shortcomings
of the experimental implementation of SCMs, the range of reductions of EIy among the experi-
mental catchments provides a framework with potential for assessing the efficacy of storm-
water control for stream protection.

Statistical model for BACRI experiments

The trial of simulated variables with known contrasting responses to reduction in EIg con-
firmed the effectiveness of the proposed model to assess stream response to SCM implementa-
tion. It also confirmed that the level of control achieved in the experiment should be sufficient
to detect responses, at least if the magnitude of responses are close to the magnitude of degra-
dation from stormwater runoff, and sample replication is similar to our simulation. It is
unlikely that any variation over time unrelated to changes in EI in our study sites would be as
pronounced as the linear increases we simulated in y and y1. If change over time unrelated to
change in EIg was small, then sensitivity of analyses for real response data is likely to be greater.
The temporal autocorrelation term (autoT, Eq 3) was not different from zero for our simulated
data, but it is feasible that real response data may have less of a time effect and more of a
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temporal autocorrelation effect. Some response variables are likely to warrant further predictor
variables in the model. For instance, contaminant concentrations and the ability of SCMs to
reduce stormwater concentrations are both likely to be a function of antecedent rainfall, sug-
gesting the addition of a rainfall variable is warranted, together with interactions between
degrd and rainfall, and restr and rainfall.

Restoration trajectories of degraded ecosystem are highly uncertain [41], but the reverse of
the degradation trajectory provides the most optimistic expectation of any restoration effort. If
we reduce EIg through implementation of SCMs, we would, at best, expect to see a 1:1 reversal
of the degradation trend, as modelled by the simulated variable yI (Fig 6C). If the restoration
response (estimated by the restr coefficient in the model) is smaller than the degradation
response (the degrd coefficient), the model should still detect a response, but with a smaller
coefficient for restr than for degrd (this was the case in our simulated data, but it was because
we increased the degrd effect over time). It is also feasible that a discrepancy between coefti-
cients for restr and degrd could mean that the averaging of the four sub-metrics comprising S
does not adequately represent the impact of urban stormwater runoff. Such a possibility could
be explored by investigating responses to the variants of EI (Fig 3). Lags in response to resto-
ration are also likely [41]. Such lags could be explored through lagging the restr predictor.

The model structure we have used provides an analysis analogous to the various conven-
tional approaches to Before-After-Control-Impact analyses [see review by 25]. The categorical
‘Control-Impact(-Reference)’ effect is equivalent to the continuous degrd effect, as a measure
of the putative impact driving differences between catchments. The interaction between the
‘Before- After’ effect and the ‘Control-Impact(-Reference)’ effect, which provides the inference
of an ‘impact’ effect is equivalent to the restr effect, because the only cases when it is non-zero
are experimental (‘Impact’) catchments at times after experimental SCM installation has
begun. An ‘Impact’ effect is thus inferred by a restr effect in the same direction as the degrd
effect. This statistical approach using continuous measures of impact is likely to have broader
application in assessing other protracted impacts or management interventions such as the
effects of re-vegetation.

Conclusion

In this paper, we described the design and implementation of a catchment-scale BACRI exper-
iment testing the effects on stream ecosystems of dispersed urban stormwater control in 6
experimental catchments. To assess the expected effect of SCMs installed in the experimental
catchments, we developed a new variant of EI, weighted by S, a performance metric for SCMs.
By integrating a catchment scale predictor of stream response with a measure of SCM perfor-
mance, EI has potential broader application for assessing and predicting the cumulative
effects of SCMs at catchment-scale across regions.

We also proposed, tested and validated a modelling approach for assessing BACRI experi-
ments such as ours, which have necessarily protracted and varied degrees of intervention in
the experimental sites. Validating the model demonstrated that our experimental design and
manipulation were likely to be sufficient to detect stream responses to the SCMs implemented
in the project. However, the performance and spatial extent of SCMs installed were insufficient
to meet the ultimate goal of the experiment of restoring the streams of the experimental
catchments.

While the implementation of SCMs across our experimental catchments did not achieve
the reduction in EIg that was originally aimed, the barriers we encountered provide important
lessons for how urban planning and urban water management need to change for the protec-
tion and restoration of stream ecosystems. Stormwater control is likely to require control
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measures at multiple scales, including at the scale of individual properties (e.g. rainwater
tanks, raingardens), on streetscapes (e.g. street-tree pits, raingardens), and at the end of pipes
(e.g. large-scale harvesting systems, biofiltration systems, wetlands) as a final treatment before
receiving streams. As a result, the reservation of (at least) small areas along flow lines as public
open space for stormwater interception at the planning stage is required. Stormwater control
measures will provide greater protection to stream ecosystems if they mimic the pre-develop-
ment water balance [14]. To achieve such an aim, substantial demand for stormwater is
required, and such demands are only likely to be met by urban water governance that places a
priority on stormwater harvesting and use.

Despite the project’s SCM implementation being insufficient to elicit complete restoration
of the receiving streams, our statistical modelling of simulated data suggests that the experi-
mental intervention was likely to be large enough to detect in-stream responses, and therefore
enough to test the broader hypothesis that impervious runoff delivered through conventional
drainage systems was the primary degrading process requiring remediation to permit restora-
tion of the receiving stream ecosystem. We have monitored hydrologic, water quality and eco-
logical variables in the receiving streams over the period of study, and future studies will
report on those in-stream responses.
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