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Abstract
Water quality monitoring often forms an integral component of environmental management and reporting activities undertaken by local government authorities.  Monitoring programs can place a considerable demand on resources that are limited; and their continuing utility should be regularly reviewed.  Wollongong City Council has been monitoring water quality at 36 sites within its local government area on an approximately monthly basis since August 2002.  The program was suspended in March 2006 to allow the program to be reviewed against emerging trends in environmental benchmarking.

The review identified several limitations which could potentially also apply to water quality monitoring programs elsewhere.  Firstly, the Wollongong program was initiated to assess water quality for the purpose of protecting certain perceived environmental values but there was no attempt to verify those environmental values for the highly disturbed waterways which were monitored.  The indicators measured were also wide-ranging, some of which appeared unnecessary or unsuitable for enhancing the program’s overall value.  The lack of suitable guidelines for assessing water quality in highly disturbed waterways was another matter of concern.  Guidelines published by ANZECC (2000) are often utilized but they are inappropriate as they have been developed for moderately disturbed areas.  Monitoring programs in highly disturbed areas should be accompanied by efforts to develop locally relevant guidelines.

The limitations identified in the review have been addressed in developing a revised monitoring program and its implementation should provide Wollongong Council with more realistic information on the state of its local waterways.
Introduction 
Water is a precious natural resource.  Water’s unique ability to sustain life and the environment is surpassed by few other substances known to mankind.  Ironically, however, as vital as it is for sustaining life, water itself is highly vulnerable to contamination.  The need to protect water quality to maintain healthy communities and a sustainable environment can not be overemphasized.  Not surprisingly, water quality monitoring programs form an integral component of many environmental management and reporting activities, including those of local government authorities.
Wollongong City Council has been monitoring water quality at 36 sites in 17 catchments across its local government area on an approximately monthly basis since August 2002.  This program, generally known as the Wollongong Wide Water Quality Monitoring Program, was a continuation of the 12 month monitoring undertaken by University of Wollongong students from July 2000 to July 2001.  Whilst the data generated from the Council program has been reported in parts, such as in the annual State of the Environment reports, no attempt had been made to assess the dataset in its entirety or review the utility of the program for providing meaningful information on the state of the local waterways.  Following the last sampling in March 2006, monitoring was suspended to allow the program to be reviewed.  
In any review of a program, it is first necessary to examine the outcomes and achievements of the program against its intended objectives and then determine whether the objectives and the methodology used continue to be relevant for the future.  In the case of a water quality monitoring program, a common objective is to determine whether particular uses or values associated with a water body are supported by its water quality.  These are often referred to as environmental values and can include drinking water supply; protection of aquatic ecosystems, recreational use; provision of visual amenity; agricultural or industrial use.  The environmental values that the Wollongong program was designed to assess were protection of aquatic ecosystems and recreational use.  The program was also expected to establish spatial and temporal trends in water quality.  
This paper presents a summary of the most pertinent outcomes of the review.  A description of the design of the monitoring program and the results obtained is presented and this is followed by a discussion of the major limitations that had to be addressed in developing a more robust monitoring program.  
Monitoring Program Design
Description of Monitoring Sites
Thirty six sites from 23 creeks and lagoons were selected for monitoring.  They ranged from Flanagans Creek in the north to Mullet Creek in the south, providing relatively good coverage of the surface water network in the Wollongong LGA (Fig. 1).  Most of the sites were located in the middle to upper-middle parts of the catchment, and surrounded by a relatively high level of development and urbanization.  Land use has a major influence on catchment water quality and is useful for the interpretation of monitoring data but land use characteristics have not been fully documented for the Wollongong catchments. For this review, zoning patterns from the Wollongong LEP (1990) were instead used to compare likely land use patterns across catchments (Table 1).  For the smaller catchments in the north, the entire catchment zonings were utilized, whereas for the larger southern catchments; only those areas upstream of the sites were included for the information presented in Table 1.  The latter applied to Sites 28 and 29 which are on the upper reaches of American Creek, Sites 31 and 32 which are located in tributaries of the upper Allans Creek, and Sites 32, 33, and 34 along tributaries of upper Mullet Creek.  Table 1 suggests important differences in land use patterns across the study catchments.  Catchment areas in the north of the LGA, for example, still have significant environmental protection areas whilst catchments towards the south are more urbanized.  Almost all catchments, however, have substantial proportions in residential use.
Monitoring Frequency
Sampling was undertaken on 32 occasions and these were not always evenly spaced out over the monitoring period.  For the first 1 ½ years, sampling was undertaken on an almost monthly basis but this later lapsed into a less regular pattern.  In addition, ephemeral sites in the very upper reaches of some creeks (such as Sites 28, 29, 30 and 31) could not be monitored on every occasion and at Site 36, monitoring had to be discontinued after the first 4 sampling events because of site safety risks (M. Fuller, 
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Figure 1:  Location of the 36 sites within the Wollongong Local Government Area

Table 1    Catchment zoning characteristics for the 36 sites of the monitoring program

	Sites
	Catchment
	Catchment Area (ha)
	LEP (1990) Zone (%)

	
	
	
	Non-urban
	Residential
	Commercial
	Industrial
	Special use
	Recreation
	Environmental protection
	Reservation
	Deferred

	1, 2
	Flanagans
	181
	0
	18
	0
	0
	4
	1
	76
	0
	0

	3, 4
	Hewitts
	187
	0
	43
	0
	0
	5
	4
	46
	1
	0

	5
	Woodland
	162
	0
	14
	0
	0.05
	6.5
	1
	75
	3
	0

	6
	Tramway
	51
	0
	53
	0
	21
	7
	10
	5
	4
	0

	7
	Slacky
	285
	0
	26
	0.03
	9
	1
	13
	48
	2
	0

	8
	Whartons
	210
	0
	52
	2
	5
	3
	7
	29
	2
	0

	9, 10
	Collins
	400
	0
	46
	2
	0
	1.5
	4
	45
	2
	0

	11, 12
	Bellambi Gully
	426
	0
	34
	0
	22
	6
	15
	21
	2
	0

	13, 14
	Bellambi Lagoon
	246
	0
	75
	0
	3
	1.5
	17
	2
	1
	0

	15, 16, 17
	Towradgi
	750
	0
	43
	2
	2
	1
	10
	40
	1
	0

	18, 19, 20
	Cabbage tree
	981
	0
	46
	3
	3
	8
	7
	31
	1
	0

	21
	Fairy Lagoon
	1794
	0
	47
	4
	2
	12
	10
	23
	0.5
	0

	22, 23
	Fairy creek
	812
	0
	48
	5.5
	1.4
	15
	14
	14
	0.2
	0

	24, 25
	Byarong Creek
	852
	0
	42
	0.2
	2
	6.5
	7
	42
	0.05
	0

	26
	Tom Thumb lagoon
	16400
	0
	1
	0.01
	10
	83
	5
	0
	0
	0.02

	27
	Garangaty Waterway
	352
	0
	47
	24
	2.4
	6
	16
	0
	1
	1

	28, 29
	Upper American Creek
	899
	14
	31
	0
	0
	1
	3
	50
	0
	0

	30, 31
	Upper Allans Creek
	572
	13
	62
	1
	0
	2
	11
	11
	0
	0

	32, 33, 34
	Upper Mullet Creek and tributaries
	4680
	42
	10
	0.2
	0.5
	1
	2
	44
	0.03
	0

	35
	Brooks Creek
	501
	0
	72
	0.2
	0
	6
	19
	2
	0.2
	0

	36
	Minnegang Creek
	90
	0
	87
	0.4
	0
	0.6
	12
	0.2
	0
	0


Notes:

Non-urban: Zone 1

Residential: Zones 2 (a) + 2(b) + 2(c) + Zone 7(c)

Commercial: Zones 3 (a) + 3 (b) + 3 (c) + 3 (d) + 3 (e)

Industrial: Zones 4 (a) + 4 (b) + 4 (c)

Special use: Zones5

Recreation: Zones 6 (a) + 6 (b) + 6 (c)

Environmental protection: Zone 7(a) + 7(b) + Zones 8 (a) + 8 (b)

Reservation: Zone 9

pers. comm.).  No attempt was made to include weather patterns as a factor in the sampling program but inspection of rainfall records retrospectively shows that 11 of the
32 sampling events followed 10 or 15 mm of rain in the preceding 3 or 7 days and could be considered to be wet weather events.
Sample Collection and Analysis
On-site measurements, sample collection for further laboratory analysis, and sample preservation followed standard water quality monitoring protocol (DEC, 2004).  No sample filtration was performed for any of the parameters and for metals; samples were spiked with nitric acid in the field.  Physical parameters measured included pH, temperature, conductivity, salinity, dissolved oxygen (DO), percentage dissolved oxygen saturation, oxidation-reduction potential (ORP), and suspended solids.  Chemical parameters included total phosphorus, total kjeldahl nitrogen, ammonia and nitrate, with total nitrogen measured on a less regular basis.  Metals included aluminium, arsenic, cadmium, chromium, copper, iron, lead, manganese, mercury, nickel, and zinc.  However, aluminium, cadmium, chromium, mercury and nickel were added to the list in late 2005 and only a limited amount of data was generated for these metals.  Analysis for faecal coliforms was the only microbiological testing performed.  
Data Presentation and Analysis
Box and Whisker plots were prepared for all water quality parameters for which more than 7 data points were available.  Scatter graphs depicting the separation of wet weather data points from dry weather data points were also prepared.  In addition, correlation coefficients were calculated between various water quality parameters, with all sampling occasions combined, on an event by event, and on a site by site basis.  For the site by site basis, water quality parameters were also correlated with rainfall recorded in the 3 days and 7 days preceding the sampling event.  For sites where sufficient data were available, a two factor ANOVA was performed, with season and year of sampling as the two factors.  This was done on a site by site basis as combining sites with different data distribution patterns could lead to site specific trends being missed.  For season, the data were differentiated into two groups (levels) depending on the month of sampling.  Data pertaining to the months between May to about mid-October were grouped together to comprise the cooler or winter period and the rest of the data comprised the warmer or the summer period.  The two levels for year of sampling were the 2002/2003 and the 2005/2006 periods as these two periods were the only ones with sufficient data points to allow separation into two seasons with at least 4 or 5 data points in each season.  The results of these analyses are available in the full review report (WCC, 2006).  
Monitoring Program Results 
Whilst the data generated from the monitoring program could be inspected for spatial or temporal trends, the assessment of water quality for the purpose of protecting the perceived environmental values required the availability of relevant guideline values.  In the absence of locally relevant guidelines, the ANZECC (2000) guidelines for protection of aquatic ecosystems in moderately disturbed areas were utilized as a first check (Table 2).

Table 2  ANZECC (2000) trigger values for some water quality indicators for protection of aquatic ecosystems and recreational contact.

	Indicator
	Lowland Rivers
	Estuaries

	pH
	6.5 to 8.0
	7.0 to 8.5

	Dissolved oxygen saturation (%)
	85 to 110
	80 to 110

	Total Nitrogen (µg/L)
	350
	300

	Nitrate/nitrite (µg/L)
	40
	15

	Ammonia (µg/L)
	20
	15

	Total Phosphorus (µg/L)
	25
	30

	Lead  (µg/L)
	3.4
	4.4

	Copper (µg/L)
	1.4
	1.3

	Arsenic (µg/L)
	24 (III) 13 (V)
	I.D.

	Zinc (µg/L)
	8.0
	15

	Faecal coliform count for primary contact) (cfu/100 mL)
	<150 over bathing season

	Faecal coliform count for secondary contact (cfu/100 mL)
	<1000 over bathing season


Physical Parameters
Box and Whisker plots for physical parameters identified significant differences between sites which could be attributed to site specific or catchment characteristics.    No ANZECC guideline was available for conductivity but lowland rivers in New South Wales are reported to often have conductivity values in the range 200 to 300 µS/cm (ANZECC, 2000).  Almost all sites routinely exceeded this value.  Other indicators that failed to meet guideline values were pH and DO with DO saturation values failing the guideline value a lot more often than pH.  The only sites recording pH values significantly outside the guideline range were those along Bellambi Gully, Towradgi Creek, Garangaty Waterway and upper Mullet Creek where the 75th percentile values ranged from 8.3 to 8.6.  Relatively low DO saturation values were recorded at most sites, suggesting input of high organic loads from the catchments which contributed to oxygen depletion in the water. 
Microbiological Parameters

Faecal coliform results suggested that many of the sites were unsuitable for primary contact recreational activities.   Median faecal coliform counts at sites which had less than 25% compliance for primary contact recreational use ranged from 230 cfu/100 ml at Byarong Creek (downstream site) to 1200 cfu/100 ml at Garangaty Waterway. There was considerable improvement when the sites were assessed for secondary contact recreational use with almost all sites meeting the guideline value on more than 50% of occasions.  
Chemical Parameters
Compliance with the ANZECC guideline values was generally low for total nitrogen, nitrate/nitrite, ammonia, and total phosphorus.  Total nitrogen, nitrate/nitrite and total phosphorus concentrations exceeded their respective ANZECC guideline values by a factor of 3 to 4 at a number of sites, such as at Bellambi Gully and Lagoon, Garangaty Waterway and Mullet Creek.  For ammonia, extraordinarily high values were recorded at Tom Thumb Lagoon, believed to be associated with impacts from an adjacent disused landfill site.  
With metals, copper and zinc concentrations regularly exceeded their respective guideline values.  The metal results however represented the total concentrations in the water rather than the amounts in a dissolved form which would of greater concern from a toxicity perspective.  In addition, the guideline value for copper at about 1 µg/L is very close to the detection limit achievable by many analytical laboratories and there could be significant uncertainties associated with results reported around this level.
Limitations of the Monitoring Program 
The results of the monitoring program suggested that water quality issues in the Wollongong LGA are low dissolved oxygen and high faecal contamination, high nutrient loads and possibly elevated copper and zinc concentrations, making the waterways unsuitable for protection of aquatic ecosystems or recreational use.   Whilst this may not be surprising for waterways located in highly urbanized catchments, caution is necessary in how the monitoring results are interpreted.  
Definition of Environmental Values
The primary objective of any water quality monitoring and assessment program is be to establish whether environmental values associated with a water body are supported and whether management is necessary to restore those environmental values.  The design of the monitoring program and the water quality indicators that are chosen for assessment often depend on the desired environmental value.  Environmental values are those values or uses of water that the community perceives as important for a healthy environment.  As already stated, these values can include:

· Protection of aquatic ecosystems

· Drinking water

· Primary and secondary recreation

· Visual amenity

· Agricultural use (irrigation, livestock and aquaculture)

· Industrial use

· Cultural and spiritual values

One of the issues with the Wollongong program was that environmental values associated with the local creeks and lagoons had not been thoroughly established before the monitoring program was commenced.  Knowledge of the local environment, however, suggests that drinking water and agricultural or industrial use are unlikely to be major environmental values.  A community survey conducted in the Fairy and Towradgi Creek areas (Kelly and Doherty, 2004) suggests that environmental values perceived as important for these waterways are protection of aquatic ecosystems, primary and secondary recreation, and visual amenity.

There is no doubt that local creeks and lagoons represent areas of great visual amenity and this environmental value definitely warrants consideration in the design of a monitoring program.   Recreational use is also important, especially in the lower reaches of the creeks where the water pools to form coastal lagoons.  Water quality indicators relevant to these two environmental values include:

· Faecal coliforms

· Nuisance organisms (e.g. algae, phytoplankton scums)

· Colour

· Clarity

· Surface films

The only indicator from the above list included in the monitoring program was faecal coliforms and whilst this indicator is important for establishing whether water is suitable for primary or secondary recreational use, it is not helpful for establishing visual amenity values.  The monitoring program was therefore limited with regard to visual amenity assessment, the environmental value which is perhaps most commonly attributable to local waterways.  

The majority of the indicators utilized in the monitoring program appear to have been included for the purpose of establishing water quality for the protection of aquatic ecosystems as an environmental value.  However, there is virtually no information on whether valuable ecosystems are present in the highly disturbed waterways that were being monitored.  This information is necessary to justify protection of aquatic ecosystems as an environmental value in the monitoring program.

Determination of Protection Level
The level of protection afforded to a water body should depend on its condition.  ANZECC (2000) suggest that the guideline trigger values used to assess water quality should be suited to the condition of the water body.  Three conditions are identified:

· Ecosystems of high conservation value

· Slightly to moderately disturbed ecosystems

· Highly disturbed ecosystems

ANZECC (2000) provide guideline trigger values for the first two conditions only and recommend that localised guidelines be developed for ecosystems which are present in highly disturbed areas.

The Wollongong waterways represent highly disturbed ecosystems as they are present in highly urbanised areas, receiving road and stormwater runoff which bring in large amounts of litter and other contaminants from the catchments.  Many of the creek channels have been modified or piped and clearing of the riparian areas means that high sediment loads could also be an issue.  For most of these creeks, restoration to a slightly or moderately disturbed status is not realistically achievable and the use of guidelines for a moderate level of disturbance is therefore inappropriate.  The absence of locally relevant guidelines has however necessitated the use of ANZECC (2000) guideline trigger values for slightly to moderately disturbed ecosystems.  This could mean that water quality is being assessed against guidelines that are too stringent.  Clearly, there is a need for development of locally relevant guidelines if water quality in highly disturbed areas is to be monitored and managed.
Site Selection
The number and location of sites selected for monitoring should depend on the questions or objectives of the monitoring program.  If the objective is to determine whether a particular environmental value is being supported, then the monitoring site should ideally be located in that part of the water body which best represents that environmental value.  Alternatively, if the objective is to find a contaminant source, then several sites located in strategic locations should be chosen so that the contamination can be traced to its likely origin.

In this monitoring program, whilst primary and secondary recreational use was one of the environmental values being tested, some creeks were monitored in locations that are not suitable for recreational purposes.  These creeks were monitored mostly in the narrow and minor upper or middle reaches whilst only the lagoonal reaches at the mouth of the waterways are ever likely to be used for recreational purposes.  Poor water quality in the upper to middle reaches does not necessarily mean poor water quality in the lower reaches, particularly as dilution with runoff and other discharges from further downstream can sometimes improve water quality.  Low flows and small water volumes which are characteristic of the upper to middle reaches of the local creeks also means that these reaches are more sensitive to contaminant inputs.

Comparison of creeks and catchments with each other is also difficult because of inconsistency in the location of the sites along the waterways.  Creeks which were monitored in the upper or middle reaches can not be compared with others which were monitored in the lower or lagoon areas only, as catchment discharges and the impact on water quality can vary depending where a waterway is monitored.  
Choice of Indicators and Methods
The indicators selected for monitoring should depend on the prevailing water quality issues.  For protection of aquatic ecosystems in urban streams and creeks, for example, eutrophication and development of anaerobic conditions can be common issues.  Appropriate monitoring indicators would include nutrients, chlorophyll a, and dissolved oxygen.  For recreational use, faecal coliform counts are often used as an indicator.

A whole suite of indicators was measured in the Wollongong program which included a number of physical parameters, nutrients, metals, and faecal coliforms.  Physical parameters are justified because they are necessary to characterise the water and can be obtained easily on-site or in the laboratory.  Nutrients are also useful for assessment of eutrophication potential but the forms measured needed to be rationalised.  Nitrogen was measured in four forms as total nitrogen, total Kjeldahl nitrogen, ammonia and nitrate whilst phosphorus was measured only as total phosphorus.  Both total nitrogen and total Kjeldahl nitrogen was not necessary as total Kjeldahl nitrogen can be obtained from the total nitrogen and nitrate concentrations.  

The inorganic forms of nitrogen (ammonia and nitrate) and phosphorus (orthophosphate) are important as they are more bioavailable and more likely to be important for eutrophication.  Orthophosphate was not included in the monitoring program even though it is often considered to be the limiting nutrient for eutrophication in freshwater environments.  It would be useful to include this species in future monitoring programs.

The reason for including a wide range of metals is not clear but it may have been related to the presence of various metalliferous industries in the Wollongong area and their potential impact on the local environment.  Whilst the results have shown that metals are generally not an issue for water quality, caution is necessary in dismissing them altogether, particularly as metals have a tendency to bind with sedimentary material and be removed with depositing sediments.  This means that metal concentrations can often be fairly high in bottom sediments without being detectable in the overlying water.  This could become an issue for benthic organisms and therefore monitoring of sediments as well as water quality can be a lot more useful than water quality monitoring alone.  
The only metals that frequently exceeded the ANZECC (2000) guidelines were copper and zinc but, again caution is necessary in interpreting these results.  Metals were analysed in unfiltered samples which were acidified and the result obtained from this procedure represents all metals including those bound with fine suspended material rather than only the dissolved form which would be of more concern from a toxicity perspective.  A follow up study is necessary to determine the effect of filtration on metal concentrations at sites where high concentrations were recorded.

Sampling Strategy
The monitoring program was able to establish a high degree of temporal variability in water quality at many sites but the likely causes of this variability could not be determined from the sampling design utilised which was just a random sampling event from month to month.  Clearly, weather patterns such rainfall and season and creek or lagoon entrance condition could have had a major impact and these factors need to be considered in the design of a future monitoring program.  An understanding of the conditions which result in poor water quality can assist in creek management decisions, particularly where access and public health issues are concerned.
Conclusions 
The review of the water quality monitoring program after 4 years of data collection has provided Wollongong City Council the opportunity to assess the utility of the program for on-going environmental management and reporting activities.  The limitations identified as a result of the review have been addressed in developing a revised monitoring program which focuses on ecologically and socially significant parts of the waterways, with a sampling design which will capture the effect of rainfall, season and entrance conditions on water quality.  In addition, guideline values for indicators such as nutrients and metals are being localized to support more realistic and targeted assessment of creek condition.
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