Is it possible to have high frequent flow disturbance and high stream health?
Results from a field survey in northern Sydney.
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ABSTRACT
A study was undertaken to assess the relationship between Effective Imperviousness (EI) and
stream health using Hornsby Council’s existing extensive monitoring data. The 15 year data set
ranges from bushland reference streams with an EI of zero, to heavily urbanised streams with very
high EI. The data set also includes both water quality and biological parameters. EI was, in general,
a reasonable predictor of the rapid deterioration of stream health as EI increased from 0 to 5%.
However it was observed that selective streams in Hornsby Local Government Area (LGA) had a
relatively high level of stream resilience which was correlated to the increase in distance from the
last significant directly connected stormwater input. It is often suggested that stream health recovers
downstream in waterways due to the in-stream processes of ‘disconnection’ attenuating frequent
flows through in-stream infiltration. However, field investigations have shown that the streams
investigated were unlikely to be attenuating frequent flows. This study found that some streams
which are likely to have high frequent flow disturbance also have high stream health demonstrating
a level of stream resilience. The paper postulates as to the reasons for this observation.

INTRODUCTION
Empirical research has consistently found that urbanisation has major impacts on stream
ecosystems. These changes included elevated concentrations of pollutants, hydrologic changes
including larger more frequent events and reduced baseflows, altered channel morphology including
increasing channel width and increases in scouring and reduced biotic richness (Walsh et. al.
2005a). Meyer (2005) has referred to this ecological degradation of urban streams as the urban
stream syndrome.
In the late 1990s researchers (for example see Booth and Jackson, 1997) investigated effective
impervious (EI) as a predictor of urban stream health. The basic principle of EI as a predictor of
stream health is that impervious areas which are directly connected to streams by pipes or sealed
drains are likely to be having a detrimental impact on ecosystem health (see Walsh et al. 2004).
Significant research was also undertaken in Melbourne in the 2000s by the CRC for Freshwater
Ecology (CRCFE). Monitoring of fifteen streams in Melbourne for stream health included
indicators such as water quality parameters, macroinvertebrates, diatom indicators and algal
biomass (Walsh et al. 2004). It was found that EI was able to explain stream health better than other
indicators such as total impervious, unsealed road density, septic tank density or catchment area
(see for example Hatt et. al. 2004, Taylor et. al. 2004; Walsh et. al. 2004; and Newall and Walsh
2005). This research led to the development of a model of urban stream health (Walsh, 2005b).
This model postulates that stream health declines linearly with increases in EI from 0% to 5%-10%
at which point stream health has reached a threshold at which maximum degradation has occurred
and stream health is routinely poor beyond 5-10% EI. Based on these results it has been concluded
that only a very small part of a catchment needs to be developed and conventionally drained before
an urban stream is severely degraded.
A study was undertaken in Hornsby LGA, in Sydney’s north, to investigate the relationships
between relevant indicators and EI to Council’s extensive 15 year monitoring data set (refer to

Knights and Beharrell, 2011 for further details). This key data included both water quality,
macroinvertebrate and diatom data. Twenty-two catchments had data suitable for analysis and the
catchments had landuses ranging from bushland reference sites to rural, residential and industrial
land uses. Land use was determined using Council land use zoning and impervious areas was
determined using GIS data and direct connection was determined using a combination of Council’s
stormwater asset database for evidence of direct connection, Google Street View and limited site
visits.
Results for TP from this study are shown in Figure 1 and show some significant divergence from
the model developed by Walsh et. al (2004b, 2005b). A suggested line of best fit (red line) of the
standard theory of EI is included in the figure. From this figure it is clear that the relationship
between EI and TP shows significant scatter. There is no obvious rapid deterioration of stream
health with increasing small amounts of EI followed by a flat line of no further deterioration with
larger increases in EI. It should also be noted that the pattern of results was similar for a wide range
of parameters investigated for the study including TSS, TN, DO, faecal coliforms and temperature.
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Figure 1: Effective Impervious vs TP (Knights and Beharrell, 2011)
5.50
5.00

5

Signal 2 Score

4.50

R

4.00

4

3.50

3

2B
3.00

2A

5

2.50

1

2.00
0%

5%

10%

15%

20%

25%

30%

35%

40%

45%

50%

55%

60%

65%

70%

75%

80%

85%

Effective Impervious

Figure 2: Effective Impervious vs Signal (Knights and Beharrell, 2011) (note that
macroinvertebrate sampling was not undertaken for Site 52, Calna Creek)
Further interrogation of the results showed a consistent pattern in the data based on the sampling
site location and catchments. The catchments of a number of streams were classified into groups to

explain the pattern in the data. These groups were relatively consistent in relation to the extent of
catchment development, location of monitoring site in relation to outfall and water quality results.
The identified groups are shown in Table 1. Note that all catchments are sewered with the exception
of the group 5 sites 42, 63, 49, 80 and the reference sites 37, 118.
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Table 1: Stream characterization (based on Knights and Beharrell, 2011)
Description
Sampling sites and
Monitoring distance from
(relative EI (%))
last stormwater connection
Heavily urbanised
10(62), 12(67), 13(80)
less than 100m
Moderately urbanized,
5(44), 8(41), 23(43)
less than 100m
minor stream length
Lowly urbanized, minor
6(19), 62(24) 64(12)
50 to 400m
stream length
Moderate stream length
4(33), 52(32)
750 to 1000m
Major stream length
39(10)
More than 2000m
Very low EI Streams (<3%) 2(0.5),42(4),63(0.2),80(2)
Varies
Forested Catchments
37,118
No connections

The objective of this study was to identify for those streams in groups 3 and 4 (Berowra Creek, Site
4, Calna Creek, Site 52, and Joe Crafts Creek, Site 39) which had better health than streams with
similar or lower EI:
 whether frequent flow disturbance was occurring in these streams in small to moderate rain
events
 the potential processes which might be occurring in these streams which leads to better
stream health
These three streams were chosen for further investigation because they had a relatively long
distance between the last direct urban stormwater connection and the monitoring point and a
number of the stream health indictors showed that they had significantly better stream health than
creeks with similar, or even lower, EI.

METHODS
To further investigate the three streams a geomorphological and riparian zone assessment was
undertaken. To better understand the profile of the stream channel and its morphology a long
section profile was developed for each stream. Field investigations were also undertaken, traversing
the length of each of the three creeks and tributaries. The field investigations were used to gain a
better understanding of the stream morphology, bed substrate, riparian zone, hyporheic zone and
channel vegetation.
Further investigation of the biological stream health data was also undertaken. Algal diatoms and
aquatic macroinvertebrates have both been shown to be responsive indicators of stream ecosystem
‘health’ and also to degradation from urban stormwater impacts (e.g. Walsh, 2004; Newall and
Walsh, 2005). Species-level algal diatoms and family-level macroinvertebrate data collected for 5
years from 2002 to 2007 were assessed, with additional reference sites in 2011. Statistical analysis
of the very large data sets was undertaken using multivariate data analysis. Non-metric
multidimensional scaling (MDS) produced two-dimensional plots of samples using square-root
transformed data (based on the Bray-Curtis dissimilarity measure). Samples were grouped prior to
any analysis according to degree of urban development in the catchment and distance from the last
stormwater connection (see Table 1). The Analysis of Similarities (ANOSIM) statistical procedure
tested for the degree of ecological similarity (or difference) was undertaken for pairwise
comparison of each of the groups for both algal diatoms and macroinvertebrate data to determine if

there was statistical difference between the groupings (Table 1) of streams. ANOSIM calculate two
statistics. It calculates the R statistic which is the degree of community similarity (the proportion of
species or families shared) between a pair of groups. Secondly it calculates the statistical
significance of community differences between a pair of groups, expressed as a probability value. In
addition to groups 1, 2a, 2b, 3 and 4 (see Table 1) two other groups were also added to the analysis.
Group 5 comprised three low EI% streams (<3% EI) and Group R is a non-urban reference stream
with supplementary diatom and macroinvertebrate data collected from eight reference waterways in
2011 (all had 0% EI). Group 1 samples represent the most urbanised streams.

RESULTS
The diatom and macroinvertebrate data (and ANOSIM testing) showed that there were major
ecological differences apparent. The greatest (and statistically highly significant) ecological
differences according to the R statistic (diatoms=0.995, macroinvertebrates=0.840) were between
the highly urbanised catchments (group 1) and the 0%EI reference catchments (Reference samples).
The difference between algal diatom species assemblages at the reference samples and all other
groups is evident in (Figure 3) the cluster of reference site diatom samples well away from all other
sites in Figure 3. This result was statistically highly significant. The ecological differences are much
more subtle for the macroinvertebrate data (Figure 3) and the higher stress value of 0.26 indicates
that the ecological patterns may be more complex than the Figure 3 ordination indicates. Biological
data shows that Joe Crafts Creek (Group 4) and Berowra Creek & Calna Creek (Group 3) are
ecologically statistically different (R-statistic diatoms=0.645, macroinvertebrates=0.463) and are
intermediate between the reference and highly urbanised groups. For algal diatoms, they are much
more similar to the highly urbanised sites than the reference sites (Figure 3). Biological results show
that macroinvertebrates and algal diatoms are responding differently in all catchments with any
level of urban development compared to reference stream samples. The three streams featured in
this study are ecologically different to the most urbanised Hornsby streams and also to the nonurban reference stream samples.
.

Figure 3: Diatoms (left) and Macroinvertebrate (right) MDS plots. See Table 1 for groups
The three streams, Berowra Creek, Calna Creek and Joe Crafts Creek have some similarities
including, being located on Hawkesbury-sandstone and having residential development on the
upper ridges of the catchment, while draining into bushland and National Park in the lower reaches.
Further detail descriptions of stream characteristics can be seen in Table 2.

Table 2: Stream characteristics identified through field investigation.
Creek Location

Longitudinal
profile

Stream Morphology

Berowra
(Upper)
Site 4 (Group 3)
Fig 8 and 9
West of Hornsby
CBD. Tidal in its
lower reaches and
drains into
Hawkesbury
River

Drains through gently
sloping terrain in its
upper reaches. Then
gentler slopes through
a large incised
floodplain with
surrounding vegetated
ridges

Calna
Site 52 (Group
3)
Fig 6 and 7
North of Hornsby
CBD. Drains into
the Lyrebird
Creek then into
the tidal reaches
of Berowra
Creek.

Drains through
moderately steep
sandstone terrain in its
upper reaches. Then
through gentler slopes
to a flatter floodplain
with varying widths.

Joe Crafts
Site 39 (Group
4)
Fig 4 and 5
North of Hornsby
CBD. Drains into
the tidal reaches
of Berowra
Creek, through
Muogamara NR

Drains through steep
Hawkesbury
sandstone terrain into
flatter sandy
floodplains at the
lower reaches.

Upper Reaches: The very upper reaches of Berowra Creek (up to
approximately 500m) are steep and dominated by sandstone bedrock and
large boulders on the channel bed with steep eroded banks. The upper
reaches from 500-1500 m are dominated by wider shallow, flatter
sections located in a defined floodplain and overflow bank of 10 to 20m
with cobbles and pebbles armouring the bed and channel vegetation (B1).
There is plentiful evidence of overbank flow through the vegetation
(including flood runnels, organic and anthropogenic litter on the bank
vegetation). The channel contains long series of pools and riffles
controlled by large woody debris and bedrock outcrops.
Tributaries: In the upper reaches of Berowra Creek, a major tributary,
there was a 300m long series of artificial and modified natural ponds and
wetlands. In the upper reaches of Tedbury Creek there was a 100 m long
stretch of melaleuca grove with a wide braided channels with melaleucas
located in the braided channel.
Lower Reaches: As the gradients reduced the sediments also included
sands and large sand banks particularly on the inner banks at channel
bends. Downstream of chainage 2000m after a junction of three major
tributaries of Berowra Creek the channel morphology changes into a
reasonably wide stream (greater than 10m wide in many locations) with
gentle grades (less than 1.5%).The channel in these sections contains
regions of wide sand banks (B4) and gradually incises with the channel
banks becoming deeper and in a number of occasions the channel bank is
constrained by bedrock. Along these sections larger deeper pools occur
and are created by bedrock outcrops occasionally and large woody
debris. In sections of shallow gradients fine sediments are deposited.
Upper reaches: Dominated by a steep narrow channel with a series of
cascades, typically 5-10m in height at the most upper reaches of the
stream (C1) before grading down to a moderately steep section which
was armoured with bedrock or large rocks and in a number of isolated
locations short sections of shallow pools dominated by gravelly and
pebbly sediments (C2).
Lower reaches: From chainage 600-2100m the stream is dominated by a
wider channel with long shallow pools and riffles within a floodplain of
width varying from the 20-50m. The pools were formed by both large
woody debris and bedrock formations. As the grades flattened out
sediment changed from coarser particles to coarse sand (C3). While there
was no vegetation within the channel, vegetation lined the shallow banks
and in a number of locations extensive root mats extended into the creek
(C4).
Organic debris and litter was evident in the riparian vegetation. In the
main tributary of Calna Creek the small baseflow was wholly within the
hyporheic zone for approximately 75m.
Upper reaches: Dominated by steep channels with numerous small
cascades. Eroded to bed rock and the banks in this section are steep and
almost vertical (J1 and J2). Almost no sediment in the channel due to the
gradients and velocity of flows.
Lower reaches: Also constrained by bedrock. Numerous boulders and
rock platforms within the creek (J3 and J4). Very few pools or sediment
in the stream until chainage 1500m and beyond when the slopes drop to
2% or less.
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140

B1
1

130

B4

Elevation (mAHD)

120

B2

2

110

B3

B3

100

3

B2

90

B1
B4

80

4

70
60
0

250

500

750

1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000
Chainage (m )

Figure 8: Longitudinal Profile of Berowra Creek (red point
denotes sampling location)
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Figure 4: Longitudinal Profile of Joe Crafts Creek and
Catchment Aerial (red point denotes sampling location)
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Figure 6: Longitudinal Profile of Calna Creek (red point
denotes sampling location)
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DISCUSSION
It is clear from both analysis of physical/chemical water quality indicators and biological indicators
of stream health that there is a difference in stream health between those urban streams which have
opportunities to recovery and those streams that do not. A number of factors may be influencing
stream recovery; including distance from last stormwater connection, in-stream attributes and
processes, riparian and catchment cover and natural resilience.
In-stream nutrient cycling
Field observations, as outlined in detail above, clearly showed a number of stream processes and
attributes which can account for the nutrient uptake longitudinally within these streams. These
observed processes include sediment deposition within pools (Figure 9, B3&B4) and vegetation
filtering of flows, particularly in larger events when flows over top the stream bank. Hyporheic
flows filtering stormwater were also observed, most obviously in Calna Creek (see Table 2) where
the stream flow entirely infiltrated into the sub-surface and reappeared 75m downstream as surface
flow. The field observations also verified that the conditions for uptake of nutrients by biofilms,
vegetation (Figure 7, C3&C4) and stream microbes was also present and is therefore likely to be
occurring.
In-stream nutrient cycling has been demonstrated by a number of researchers. Bernhardt et. al.
(2003) studied the impact of an extreme ice storm on a stream in northern US. The loss of extensive
tree canopy caused increased export of nitrate, which was ameliorated rapidly with distance
downstream from the damaged watershed. It was speculated that algae, and large woody debris
were partially responsible for the in-stream processing. Peterson et. al. (2001) undertook a Nitrogen
tracer study in small streams in the US which found that ammonium was removed from the stream
within a few ten to hundreds of meters and nitrate was removed but travelled a distance 5 to 10
times as long. A large study on 72 streams across multiple climatic and land use conditions
(Mulholland et al, 2008) found that streams were able to assimilate N and that higher nitrate
concentrations increases the nitrate uptake. This study found that part of the removal occurs through
denitrification in anoxic zones in the streambed ranging from a mean of 16% for all streams and
more than 43% for 25% of all streams. Biotic assimilation and storage in organic (usually
particulate) form on the streambed were also important in the removal of nitrates. A study by Meyer
et. al. (2005) added ammonia and phosphate to 6 different streams with different urban impervious
areas (from 1% to 46% impervious area) and found that while nutrient uptake occurred it decreased
as urbanisation increased. It was argued that this was primarily related to the reduction in fine
benthic organic matter in urbanised streams. Findlay (2010) noted the key role that stream
microbes, which occur in or on all surfaces and voids in streams, play in transforming nutrient .
There is clear evidence that they remove nutrients from the water column due to the lack of nutrient
content in organic litter.
The stream processes and attributes, as outlined in the various literature studies above, able to
reduce nutrients in streams include large woody debris, algae, biotic assimilation, storage in
particulate organic forms on the streambed, and fine benthic organic matter were all present in the
three stream Hornsby streams. Hence it is likely that these processes are contributing to reductions
in nutrient concentrations.
Dilution
It should be noted, however, that dilution could also be reducing nutrient concentrations within
these streams and cannot be discounted without undertaking mass flux balances. Dilutions could
occur through two processes



Inflow into the stream, particularly during dry weather, of groundwater from the forested
catchment areas. This natural inflow could be amplified in these streams by a combination
of topography (ridge-slope-gully formations), sandy soils and shallow bedrock.
 Potable water leakage. Jonasson et al (2011) found that baseflows in streams in Sydney’s
north can potentially be comprised of 50% potable water.
Further investigation of these processes needs to be undertaken to confirm these processes.
Recovery or resilience?
The phenomena we are observing in these streams maybe as a result of resilience rather that
recovery. These creeks have a number of attributes which potentially provide natural resilience to
land use changes within the catchment. These attributes include the:
 Channel substrate which is naturally eroded to bedrock. The bedrock substrate prevents
incision of many channels (although not channel widening) (Figure 5, J1-J4)
 Shallow bedrock may also help maintain natural groundwater levels, which in turn would
help ensure that riparian zones continue to provide their important function as nitrogen
“sinks” (Groffman 2002) and ensures that riparian groundwater levels are not reduced due to
channel incision
 Continuous longitudinal riparian zones and forest cover which provide shading, energy
sources to the stream food web and habitat such as woody debris (Figure 9, B1&B2, Figure
7, C3&C4).
 Wide continuous riparian buffers which buffer and reduce edge effects and encroachment on
the riparian zone of adjacent land uses (Figure 7, C3&C4)
The natural resilience of these creeks is a key factor in providing high value habitat such as pools
and riffles, large woody debris and benthic zones which allows for greater diversity of flora and
fauna and thus higher stream health. This is reflected in Figure 3 with the differentiation between
the macroinvertebrate and algal diatom ecological results for those streams with major stream
lengths downstream of urban areas (e.g. Group 4) and those streams which do not (Group 1, 2a, 2b
and 3). Macroinvertebrates are known to be responsive to habitat as well as water quality. The
differences in Figure 3 are less apparent for diatoms, perhaps partly reflecting their reputation for
higher sensitivity to subtle water quality differences. It is also plausible that ecosystems have
evolved to adapt to these environments due to high runoff from catchments with significant
amounts of surface bedrock and extremely shallow sandy soils which generate surface runoff in a
large number of rainfall events.
How important is Frequent Flow Reduction?
Within the streams there was little evidence of significant amelioration of runoff volume occurring
from small frequent rainfall events. It is unlikely that in these streams small urban runoff events are
being infiltrated within the stream, particularly in the steeper headwaters where the streams are
dominated by bedrock. The bedrock of the stream reaches, particularly in Joe Crafts Creek (Figure
5, J1-J4) but dominant in all streams, does not provide significant reduction in flow volumes from
small rainfall events and thus these streams are likely to have frequent flow ‘disturbance’, although
the peak flows are likely to be attenuated along the reaches of the stream thereby reducing the
potential for stream power longitudinally along the stream.
Hence while field observations showed that there were likely to be stream processes which explain
the in-stream nutrient cycling and high value habitat, there was little evidence of complete removal
of flow volume from small to medium rainfall events in these streams. It is postulated by Walsh et
al (2004b, 2005b, 2010) that one of the key differences between urban streams and forested streams
is the frequent flow disturbance during small to medium rainfall events and that therefore to manage
stream health the impacts of these storm events need to be addressed. Walsh et al (2010) identified

“the critical elements of the hydrograph that are likely to be the primary driers of urban stream
degradation… a primary objective of stormwater management is therefore the retention of as much
stormwater flows in the catchment as possible to reduce the frequency of piped flows as close to the
pre-urban frequency as possible”. The catchment management implications of this has been to
design devices which are able to reduce urban runoff back to pre-development runoff and restore
baseflows (for e.g. see Walsh 2005b and Fletcher 2011).
However the field observations undertaken in this study show that a number of urbanised streams
with relatively high stream health are unlikely to meet these criteria. Field observations showed that
there was little evidence of frequent flow volumes being significantly reduced. Wet weather site
visits to Joe Crafts Creek (for example see Figure 4) showed that there was significant runoff within
Joe Crafts Creek after small rainfall events (rainfall events less than 5mm). In these creeks
stormwater pipes discharge directly to the creeks and onto bedrock channels. These small to
moderate events are conveyed efficiently along the stream channel.
Hence the results of this study suggest that high stream health may be able to be achieved in streams
with specific attributes without significant frequent flow volume reduction. It may be sufficient to
treat stormwater runoff, reduce peak flows and reduce the stream power to a level that the creek can
withstand without reducing urban runoff volumes. The result of this study suggest that it may be
possible for management processes including treatment of flows, reduction of stream erosion forces
due to runoff, maintenance of habitat and riparian zones without flow volume reduction to restore
and/or protect stream health in some cases. The implications for stream protection objectives and
catchment management are important and further work needs to be undertaken to verify whether
flow reduction is a critical component of stream health in all catchments and which catchment
typologies that this should apply.

CONCLUSIONS
This study has found that selective streams in Hornsby LGA with relatively high level of EI had
indicators of good stream health which in some cases were similar to reference streams in the
region. This resilience was strongly correlated to the increase in distance from the last significant
directly connected stormwater input. The field investigations of these streams found that these
stream were unlikely to have significant flow volume reductions due to frequent small to moderate
rainfall events due to the geomorphology of the streams. Hence this study found that some streams
which are likely to have high frequent flow disturbance also have high stream health demonstrating
a high level of stream resilience.
Both the continuous and wide riparian zone and forested cover and stream nutrient cycling and
stream morphology are likely to be key factors explaining the resilience of these streams to the
negative impacts of urbanisation in a catchment. To help prioritise the scale, location, and nature of
management actions for urban stream protection, conceptual models need to be developed which
adequately incorporate the key catchment and stream processes, including riparian cover, geology,
and stream morphology.
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