Synthesis of evidence to support the Scientific
Consensus Statement on Water Quality in the
Great Barrier Reef

Prepared by Jon Brodie, Jim Binney, Katharina Fabricius, lain Gordon, Ove Hoegh-
Guldberg, Heather Hunter, Peter O’Reagain, Richard Pearson, Mick Quirk, Peter
Thorburn, Jane Waterhouse, lan Webster and Scott Wilkinson

October 2008

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef 1



Table of Contents

TabIE OF CONTENTS ..ottt bbbttt sb bbb eneas 2
= 7= 108 1 | (o] U1 o SRR 3
TE TASKIOICE ...ttt et e e s e te e st e e seesbeeneenneenteeneesreennens 4
1 8 oo 18 [od £ o] o ISR PPR P TRRTRRN 6
Part A: Review the 2003 statement and update it by reviewing available scientific
VL0 (=T oSSR P PP P PP P PRPROR 7
1 Review scientific evidence for a decline in the quality of water that discharges from the
catchments into the GBR ............oooiiiiii e e 7
2 Review scientific evidence for the presence, nature and extent of land-derived
contaminants in GBR WALETS .............oooiiiiiiiiiiii et 14
3 Review scientific evidence for causal relationships between water quality change and
€COSYSIEM NEAItN......coiiiiiiiiiiie e e e 25
4 Review existing scientific evidence for a decline in the quality of water in GBR
catchment waterways leading to reduced instream ecosystem health............c..cccceeeenennin. 33
5 Review scientific evidence for the effectiveness of current or proposed management
intervention in solving the problem.............cccviiriiieiiiieciie e 39
6 Discussing the implications of confounding influences including climate change and
MAJOr 1aN0 USE CRANGE........ociiiieeeieeeee ettt ere e nas 49
Part B: Evaluate current research, and advise on capabilities, gaps and priority research
1= 0 TSPV PR PRSPPI 52
1 Assess water quality IMPACES........c..cuevuiiiieiieeeeeeee ettt 53
2 Quantify acceptable levels of POHULION .........ccooooviiiiiiicececeeeeee e 55
3 Locate and quantify the sources of POHULION .........c..ooovviiiieiiiiiieee e, 55
4 ldentifying management practices to reduce pollution from key sources....................... 58
5 Assess the effectiveness of actions to reduce polHUtION ............c.ccoeevieiiiiiiiciiceeee, 60
] (=] =] ol PRSP ORTROPRPN 63

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef 2



Background

A consensus statement of the current understanding of Great Barrier Reef (GBR) water
quality science is being prepared to underpin the future direction of the Reef Water Quality
Protection Plan (Reef Plan) and to guide future investment is Reef Plan activities. The
preparation of the statement is being led by the Reef Water Quality Partnership (RWQP) with
support from the Chair of the Reef Plan Intergovernmental Operations Committee and the
RWQP Management Committee.

Terms of Reference

The Terms of Reference for the statement, prepared by the RWQP Support Team and Reef
Plan Secretariat, and reviewed by the RWQP Scientific Advisory Panel are provided below.

Purpose

It is proposed to review the “Summary Statement of the Reef Science Panel regarding water
quality in and adjacent to the Great Barrier Reef”, in a contemporary context. This statement,
which was produced by technical experts in 2002, supported the development of the Reef
Plan. Given that it is nearing the halfway mark of the 10-year plan, it is considered timely to
review and, where appropriate, update the statement to support the reinvigoration of Reef
Plan and guide future investment in Reef Plan priority activities.

Tasks
Review the 2002 statement and update it by:
1. Reviewing scientific evidence for:
1.1. a decline in the quality of water that discharges from the catchments into the Great
Barrier Reef;
1.2. a decline in the quality of water in GBR catchment waterways leading to reduced
instream ecosystem health;
1.3. the presence, nature and extent of land-derived contaminants in Reef waters;
1.4. causal relationships between water quality change and ecosystem health; and
1.5. the effectiveness of current or proposed management intervention in solving the
problem and the social and economic impediments to uptake.

2. Evaluating current research, and advising on capabilities, gaps and priority research needs,
to:
2.1. assess water quality impacts;
2.2. quantify acceptable levels of pollution;
2.3. locate and quantify the sources of pollution;
2.4. reduce pollution from key sources; and
2.5. assess the effectiveness of actions to reduce pollution.

3. Discussing the implications of confounding influences including climate change.

The wording of the above Terms of Reference have been slightly modified by the Taskforce,
in consultation with the Reef Plan Secretariat.

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef 3



The Taskforce

A taskforce has been convened to prepare the Consensus Statement and includes:

Contributor

Title
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Expertise
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Principal Research
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Research

Water Quality and
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Additional Contributors:
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Apologies have been received from the following individuals that were approached to

participate:
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e Miles Furnas (AIMS — Marine water quality and oceanography)
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Disclaimers

Notes: The following terms are defined for the purposes of this discussion paper:
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Contaminant — is any material that can be detected in water at above ‘natural’
concentrations.

Pollutant — When a contaminant is at concentrations known to cause environmental harm.
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Introduction

The establishment of the Reef Water Quality Protection Plan (Reef Plan — Anon, 2003) by the
Australian and Queensland Governments was supported by a body of evidence showing a
decline in water quality on the Great Barrier Reef (GBR). Efforts to review this evidence
included Williams (2002), Williams et al., (2002) and the Great Barrier Reef Protection
Interdepartmental Committee Science Panel (2003). The latter document was a
comprehensive review of the evidence available at the time, prepared by a taskforce of experts
led by Dr Jo Baker.

As the Reef Plan approaches its 5-year (half-way) mark there is recognition of the need to
improve the effectiveness of its delivery, particularly through improved partnership
arrangements and a clear focus on land management actions. In November 2007, the Labor
party released an election policy document proposing funding of $200 million over 5 years for
a Reef Rescue program “to tackle climate change and improve water quality in the Great
Barrier Reef”. This package includes substantial funding ($146 million) for a Water Quality
Grants Scheme, and supporting monitoring, reporting and research programs, with additional
funding to build partnerships. This package will constitute Commonwealth Government
investment over the next 5 years for addressing GBR water quality improvement targets.
There is a need to focus investment in GBR water quality in a way that demonstrates a
tangible return on investment for government agencies, regional NRM bodies and industry
groups over the life of the Reef Rescue policy.

Since 2003, there have been significant advances in the knowledge to support implementation
of the Reef Plan. It is timely to synthesise this knowledge and reach consensus on current
understanding of the system to support the reinvigoration of Reef Plan and guide future
investment in Reef Plan priority activities.This discussion paper provides a synthesis of
current knowledge against a set of Terms of Reference defined by the Reef Water Quality
Partnership Scientific Advisory Panel and the Reef Plan Secretariat. It reviews the “Summary
Statement of the Reef Science Panel regarding water quality in and adjacent to the Great
Barrier Reef”, in a contemporary context and, where appropriate, updates the statement.

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef 6



Part A: Review the 2003 statement and update it by reviewing available
scientific evidence

1 Review scientific evidence for a decline in the quality of water that
discharges from the catchments into the GBR

Conclusion: Water discharged from rivers to the GBR continues to be of poor water quality
in many locations

The quality of waters entering the GBR from its river systems and groundwater is highly
variable both spatially and temporally across the region. Natural catchment characteristics
(e.g., geology, climate) and anthropogenic activities (e.g., land use, land and water
management) both strongly influence water quality, including the concentrations and loads of
land-derived materials transported from the catchment to the GBR lagoon. Excessive levels
of suspended sediment and nutrients (nitrogen and phosphorus) are of concern, as well as the
presence of pesticide residues or other substances that do not occur naturally in the
environment. These pose a risk to the health of aquatic ecosystems both within the catchment
and in the GBR.

Evidence suggests that concentrations and loads of suspended sediment and nutrients have
increased substantially with catchment development, although the magnitude of the increases
compared with natural conditions is not precisely known. Contemporary land uses differ in
their export rates of these contaminants, and there are marked cross-regional differences,
particularly between the Wet and Dry Tropics. Emerging results from long-term monitoring
indicates increasing trends in nitrogen concentrations in two river systems. The widespread
presence of certain herbicide residues in both surface waters and groundwater is further
evidence of a decline in water quality.

1A Lines of evidence:

- 1.1 Pesticide residues, particularly herbicides, are present in surface and
groundwater in many locations in the catchments — these substances do not occur
naturally in the environment.

- 1.2 Concentrations of nitrate and nitrite are elevated in groundwater in areas
under intensive agriculture — a portion of this groundwater is believed to enter the
coastal waters.

- 1.3 River loads of nutrients, sediments and pesticides are higher than in pre-
European times — inferred from changes in land use and estimated through monitoring
and modelling, although with significant uncertainty (in models and monitoring). Long-
term datasets in the Tully River show upward trends in concentrations of particulate
nitrogen and nitrate from 1987 to 2001.

- 1.4 Concentrations of contaminants in waterways are related to specific forms of
land use — monitoring and modelling identify the main sources of nutrients, sediments
and pesticides, and show strong regional differences. Evidence includes:

- Nitrogen —A strong relationship exists between the areas of nitrogen-fertilised land
use in a catchment and the mean nitrate concentration during high flow conditions,
implicating fertiliser residues as the source of nitrate. Elevated stream concentrations
of nitrate indicate fertiliser application above plant requirements in sugar cane and
bananas.

- Phosphorus — Elevated concentrations of dissolved inorganic phosphorus are also
related to fertiliser application above plant requirements in intensive cropping and to
locally specific soil characteristics.
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- Sediment — Most sediment originates from grazing lands of the dry and sub-tropics.
The influence of land use on sediment loads is now well known at a regional scale
but more work is required to identify sources at finer scales, due to variability
associated with hillslope, streambank and gully erosion within individual
catchments.

- Pesticides — Concentrations in waterways are highest in areas of intensive
agricultural activity including sugarcane and cotton.

- 1.5 The priority source areas of contaminants are now relatively well known for

GBR catchments

- Analysis of data on fertiliser use, loss potential and transport has ranked fertilised
agricultural areas of the coastal Wet Tropics and Mackay Whitsunday as the hot-
spot areas for nutrients (mainly nitrogen) that pose the greatest risk to GBR reefs.

- In the Dry Tropics, high suspended sediment concentrations in streams are
associated with rangeland grazing and locally specific catchment characteristics,
whereas sediment fluxes are relatively low from cropping land uses due to
improvements in management practices over the last 20 years.

- In the Wet Tropics sediment fluxes are comparatively lower due to high vegetation
cover maintained throughout the year from high and year round rainfall and different
land management practices from Dry Tropics regions within industries such as beef
grazing.

- Urban development sites can be local high impact sources of suspended sediment.

- Of the herbicide residues most commonly found in surface waters in the GBR
region, diuron, atrazine, ametryn, hexazinone derive largely from areas of sugarcane
cultivation, while tebuthiuron is derived from rangeland beef grazing areas.

1B The evidence base

1.1 Pesticide residues, particularly herbicides, are present in surface and groundwater
in many locations

The presence of pesticide residues, especially herbicides, is widespread in waterbodies of the
GBR region, including streams, wetlands, estuaries, coastal and reefal waters (e.g., Hunter et
al., 2001; Packett et al., 2005; Rohde et al., 2006a, 2008; Faithful et al., 2007; Lewis et al.,
2007). Residues commonly detected include atrazine, diuron, ametryn, hexazinone and
tebuthiuron. Although most of the concentrations are very low, these substances would not
have been present at all before agricultural development of the catchments. The leaking of
these chemicals from cane paddocks has been confirmed by paddock scale studies throughout
the GBR catchment including Bundaberg (Stork et al., 2008) and the lower Burdekin (Ham,
2006; 2007). Atrazine residues have been found in the groundwater of many regions including
the lower Burdekin (Bauld, 1994), Mackay (Baskeran et al., 2002), Bundaberg (Bauld, 1994)
and Bowen (Baskeran et al., 2001). Where this water is used for drinking water supplies, the
detection of atrazine means that the water fails to meet ANZECC requirements for drinking
water.

1.2 Concentrations of nitrate and nitrite are elevated in groundwater in areas under
intensive agriculture

High concentrations of nitrogen have been found in groundwaters of many regions, and these
have been linked to fertiliser sources (Weier, 1999; Thorburn et al., 2003a). The final fate of
the elevated nitrate concentrations found in groundwater is still uncertain (e.g. in the Burdekin
delta refer to Thayalakumaran et al., 2008). Drainage of nitrate below the root zone in sugar
cane in the Johnstone catchment has been shown to produce a nitrate ‘bulge’ below the
surface (Rasiah and Armour, 2001; Rasiah et al., 2003a) and it has also been shown that this
nitrate is likely to move laterally in subsoil to adjacent streams and rivers (Rasiah et al.,
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2003b). However, a high degree of uncertainty exists in the role of groundwater transported
contaminants (especially nitrate) in material transport from paddocks to coastal waters.

1.3 River loads of nutrients, sediments and pesticides are higher than in pre-European
times

Evidence of changes in river concentrations of contaminants over recent decades is only
available for a few rivers. The most complete long-term monitoring data set is from the Tully
River (Mitchell et al., 2001; 2007) where particulate nitrogen concentrations increased by
100% and DIN concentrations by 16% between 1987 to 2000. This occurred during a period
of increasing fertiliser use in the catchment, although a direct cause-effect association has not
been established. Further, an increase in ammonia and phosphorus in the Daintree River over
the period 1994 — 2000 was measured by Cox et al., (2005).

It is to difficult to pick up short- or medium-term trends in water quality at large scales due to
climate variability and inherent difficulties in logistics associated with monitoring at the right
spatial and temporal scales. See also discussion in Section 5.7.

Changes in loads and concentrations of suspended sediment and the various forms of nitrogen
and phosphorus since European settlement have been estimated using models such as SedNet
and ANNEX (Brodie et al., 2003; Cogle et al., 2006) and other models (eg. Furnas, 2003).
The models have incorporated water quality data collected from sites with extensive
agricultural and urban land uses and compared to data from areas with little or no
development (Brodie and Mitchell, 2005). The SedNet and ANNEX model group has been
widely used at the catchment and sub-catchment scale for the entire GBR catchment area and
has also been repeated and developed for regional catchments (e.g. Brodie et al., 2003; Cogle
et al., 2006; Armour et al., 2007; Kinsey-Henderson and Sherman, 2007; Dougall et al.,
2006) to predict sediment and nutrient generation, transport and delivery to the GBR lagoon;
and at small subcatchment scales to determine sources and sinks of sediment at a scale
suitable for grazing land management (Kinsey-Henderson et al 2005; Bartley et al., 2006;
2007a; 2007b). In some cases estimates have been supported by comparison to monitoring
results (Fentie et al., 2005; Armour et al., 2007; Mitchell et al., 2007a; Sherman et al., 2007).
Results from such modelling studies indicate that in many rivers, suspended sediment loads
(and hence mean concentrations) may have increased by a factor of 5-10 since European
settlement, and loads of total nitrogen and total phosphorus, by factors of 2—5, and 2—10,
respectively. These models also indicate that nitrate loads in these rivers may have increased
twenty-fold over the same period (Armour et al., 2007). However, it is important to note the
very high levels of uncertainty that are unavoidably associated with these types of estimates.
Use of a different modelling approach may thus produce a contrasting set of estimates,
depending on model assumptions, spatial resolution, and availability of data to feed into the
models. This is highlighted by results for the Johnstone catchment, where a catchment model
and a purpose-designed monitoring data set were used (Hunter and Walton, 2008) which
suggested considerably lower increases in suspended sediment and nutrient loads since
European settlement than those reported above (e.g., an increase in suspended sediment loads
by a factor of 1.4 and nitrate loads by a factor of six).

Steps in the transport pathway have now been better quantified, for example, studies on
bedload storage have shown that sand-sized sediment may take decades to be transported to
the river (Bartley et al., 2007a). Estimates of overbank flow in the Tully catchment have
shown that 43-50% of the sediment load and 35-46% of the nutrient load is from the river
channel of the floodplain (Wallace et al., in press; Karim et al., 2008) and the dynamics of
dissolved organic nitrogen are now also being considered (Wallace et al., in press; Wallace et
al., 2007) and reported (Hunter and Walton, 2008).
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1.4 Concentrations of contaminants in waterways are related to specific forms of land
use

The sources of contaminants are now relatively well known for the GBR catchments.

Current knowledge is based largely on information derived from modelling (e.g., using
SedNet), with some of the model results supported by monitoring data. Large, detailed
catchment-specific studies, like the monitoring/modelling of the Johnstone catchment (Hunter
and Walton, 2008) remain the exception, but results from monitoring programs now
underway should enable similar detailed modelling to be carried out in the future for several
other catchments.

Nitrogen

On average, around 50% of the total nitrogen loads transported annually in catchment
waterways is associated with the suspended sediment fraction (Bramley and Roth, 2002;
O’Reagain et al., 2005; Bainbridge et al., 2007; Faithful et al., 2007; Hunter and Walton,
2008; Rhode et al., 2008), which is associated predominantly with soil erosion processes.
The remainder is present in various dissolved forms. Most dissolved inorganic nitrogen
(DIN, primarily nitrate) in streams that drain cropping areas is considered to come from
fertiliser residues (Rohde et al., 2006a; Faithful et al., 2007; Hunter and Walton, 2008) with
90% of the DIN attributed to this source in the Tully/Murray Region (Mitchell et al., 2006;
Armour et al., 2007). A strong relationship exists between the area of fertilised land use in a
catchment and the mean nitrate concentration in high flow conditions proving that the source
of nitrate is fertiliser residues (eg. Mitchell et al., 2006; Pearson and Stork, 2007); this is
shown in Figure 1 (Mitchell et al., 2006). However, it is worth noting that results from
monitoring and modelling in the Wet Tropics (Johnstone catchment) have shown areas of
non-sewered residential development to have the highest nitrate export rates of all land uses,
on a unit area basis (Hunter and Walton, 2008). This may be locally important within the
catchment, even if of lesser significance for the catchment as a whole, due to the relatively
small proportion of the total catchment occupied by this land use. Associations between land
use or land management and concentrations of other forms of nitrogen are less clear. The
strong influence of climatic variability on annual loads of nitrogen (and other constituents)
exported highlights the potential challenges to be faced in detecting with confidence any
future reduction in loads associated with the adoption of improved land management
practices.
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Figure 1. Relationship between fertiliser-additive land use and average (mean) nitrate concentration.
Sourced from Mitchell et al.,, 2006; Green symbols are AIMS-BSES data from wet-season; Blue
symbols represent wet-season data from Faithful et al., (2007)- (Cane sub-catchment) and Faithful et
al. (2006)- (Farm 2148 - 80% bananas; Farm 0204 — 95% sugarcane; Tully R., Euramo).

In the Tully catchment where sugar cane production makes up only 13% of the catchment
land use, 76% of the dissolved inorganic nitrogen discharged from the Tully River comes
from sugar fertiliser losses; whilst some 85% is generated from sugar and bananas combined
(Armour et al., 2007). Similarly, in the Johnstone catchment, sugar cane and bananas account
for 75% of nitrate exported from the catchment (Hunter and Walton, 2008).

Increases in nitrogen concentrations in the Tully and South Johnston Rivers have also been
associated with sugarcane production (Mitchell et al. 2001; 2007; Hunter and Walton, 2008).
Large amounts (up to 1,000’s kg/ha) of nitrogen have also been found in subsoils in the
Bundaberg (Keating et al., 1996), Innisfail (Rasiah et al., 2003) and Babinda (Meier et al.
2006) regions. High concentrations of N have been found in groundwaters of many regions,
and these have been linked to fertiliser sources (Thorburn et al., 2003a). Nitrogen (N)
fertiliser management practices in sugarcane crops are consistent with these results on the
presence of nitrogen in sugarcane areas. Rates of nitrogen fertiliser applications increased
dramatically since the mid 1970’s, and substantially more nitrogen fertiliser has been applied
to sugarcane crops than removed from the cropped lands in either harvested cane or trash that
was burnt. The difference between the nitrogen fertiliser applied and that removed is called
the ‘N surplus’, which is an indicator of potential losses of nitrogen to the environment.
Across the whole sugarcane industry, nitrogen surpluses have been in the order of 1 kg N/ t
cane since the early 1980’s (Thorburn et al., 2003b). Thus for a crop yielding 80 t/ha, N
surpluses are likely to be in the order of 80 kg/ha. Expressed at a regional scale, in a region
producing 7 Mt of sugarcane per year (e.g. the Wet Tropics), there could be around 7,000 t of
surplus nitrogen annually. Reductions in nitrogen fertiliser use has occurred in some regions
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over the past five to 10 years, but yields have also declined so nitrogen surpluses are still
around 70 kg/ha (Thorburn et al., 2007). Thus the evidence of high stream concentrations of
nitrogen in areas of sugarcane production described above in not unexpected.

While not studied as extensively, the situation is similar in some important horticultural crops.
Nitrogen surplus is in the order of 200 kg/ha for bananas (Weier, 1994; Moody and Aitken,
1996; Prove et al., 1997) although this has been reduced in recent years due to better fertiliser
management regimes for bananas (Armour et al., 2006, 2007b), and 100 kg/ha for capsicums
(Moody and Aitken, 1996). Not surprisingly, large amounts (~200 kg/ha) of N have been
found in subsoils following small crops in the Bundaberg region (Weier and Haines, 1998).

Phosphorus

Typically, most of the total phosphorus load in catchment waterways is associated with the
suspended sediment fraction (and thus soil erosion processes), with <20% occurring in
dissolved forms (e.g., Bainbridge et al., 2007; Faithful et al., 2007; Hunter and Walton,
2008). However, there are exceptions (e.g., the Mackay region), where relatively high
concentrations and loads of dissolved phosphorus may occur, probably related to locally-
specific soil characteristics (Bloesch and Rayment, 2006; Rhode et al., 2008). The
downstream fate of phosphorus sorbed onto suspended sediment is dependent on
environmental conditions (e.g., pH, salinity, dissolved oxygen concentrations) as well as the
geochemical properties of the sediment are still poorly understood. In certain situations the
phosphorus may be de-sorbed and released into the water column, as reported by McCulloch
et al (2003) for anoxic sediment offshore from the Johnstone catchment.

Sediments

In the Dry Tropics, high suspended sediment concentrations in streams derive from rangeland
grazing and urban development sites (Bainbridge et al., 2006a; 2006b; Rohde et al., 2006a)
whereas sediment fluxes are relatively low from cropping land uses (especially sugarcane
cultivation) due to improvements in management practices over the last 20 years (e.g.
minimum tillage and trash blanketing in cane) (Rayment, 2003; Bainbridge et al., 2006b;
Rohde et al., 2006a; Faithful et al., 2007). In the Wet Tropics (Johnstone catchment),
sediment fluxes from grazing areas are low due to high vegetation cover maintained
throughout the year, with sediment export rates similar to those from areas of native
rainforest. By contrast, fluxes from cropping areas (sugarcane and bananas) in this catchment
are around 3—4 times higher than those from areas of native rainforest (Hunter and Walton,
2008). Urban development sites can also be local high impact sources of suspended sediment.

Field studies in the Burdekin region (Virginia Park Station, Meadowvale Station and the
Bowen catchment) have shown that river sediment and particulate nutrient concentrations in
grazed areas are 2-5 times those in environmentally comparable non-grazed areas (Townsville
Field Training Area managed by the Defence Department) (Post et al., 2006a, 2006b). It is
probable that hillslope and gully erosion are both major sources in the Dry Tropics, with bank
erosion generally a smaller source of eroded sediment (Bartley et al., 2007¢). Roth (2004) and
Hawdon et al., (2008) have demonstrated evidence of changed hillslope hydrology in grazed
rangelands that resulted in increased runoff. Further work showed that patches bare of
vegetation are particularly prone to erosion, resulting in high hillslope sediment yields
(Bartley et al 2007b, Bastin et al., 2008). Improved monitoring techniques are now available
to measure landscape leakiness and patchiness with respect to runoff and sediment (Abbott
and Corfield, 2006).

There is reasonable understanding of spatial variation in the contribution of sediments and
nutrients at the whole of GBR scale (McKergow et al 2005a, b), which indicates that spatially
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targeted remediation will achieve greater reductions than a blanket approach (Wilkinson,
2008). However, considerable uncertainty still exists in the relative source contributions
within individual river catchments; for example different SedNet runs in the Fitzroy basin
have had a 30% range (uncertainty) in the predicted contribution of hillslope erosion
(Wilkinson, 2008). In addition, there is limited knowledge on the relative importance of gully
erosion compared to hillslope erosion in rangeland grazing, the primary causes of gully
erosion in the landscape and the most effective remedial management practices to stabilise
new and existing gullies. Broad assumptions are currently made in the sediment transport
models on gully extent and behaviour leading to significant uncertainty in modelled
predictions in some locations (Bartley et al., 2007b; Herr and Kuhnert, 2007).

Sediment particle sizes influence delivery rates and system lags in delivery (i.e., different
rates of delivery for sand versus silt versus clay). Lags vary from short (a few days) for clay
to much longer timeframes (years) for silt and decadal timeframes for sand (Bartley 2007b;
Bainbridge et al., 2007). Different particle sizes are important components of different
ecosystems, e.g., sand is important elements of river bed environments and beaches, while
clay provides substratum for mangrove communities.

Pesticides

The herbicide residues most commonly found in surface waters in the GBR region (diuron,
atrazine, ametryn, hexazinone) derive largely from areas of sugarcane cultivation (Rohde et
al., 2006a; Faithful et al., 2007; Lewis et al., 2007a) and for atrazine from cropping relatively
specific to the Fitzroy (Packett et al., 2005). At a local scale, diuron residues may also be
associated with its use as an anti-foulant on boats (e.g., in marinas). Residues of tebuthiuron
are associated primarily with the use of this product (Graslan) in grazing lands for woody
weed control (Bainbridge et al., 2007).

The capacity to predict contaminant loads through combined monitoring and modelling
approaches is discussed further in Section 5.7.

Other

Other sources of contaminants that may be of concern to water quality in the GBR include
disturbance of coastal areas and generation of acid sulphate soils (ASS) (Powell and Martens,
2005; http://www.nrw.qld.gov.au/land/ass/index.html). In recognition of these potential issues
the NRW has recently completed distribution mapping of ASS in Queensland.

1.5 The priority source areas of contaminants are now relatively well known for GBR
catchments

Several initiatives have attempted to identify the priority source areas of contaminants in
GBR catchments; examples are described below. Further discussion of priority areas for
management intervention is included in Section 5.

Analysis of data on fertiliser use, loss potential and transport in the Nutrient Management
Zones project (Brodie, 2007) has ranked fertilised agricultural areas of the coastal Wet
Tropics and Mackay Whitsunday as the hot-spot areas for nutrients (mainly nitrogen) that
pose the greatest risk to GBR reefs.

In the Dry Tropics, high suspended sediment concentrations in streams derive from rangeland
grazing, locally specific catchment characteristics and urban development sites, whereas
sediment fluxes are relatively low from cropping land uses due to improvements in
management practices over the last 20 years (refer also to Section 5.1). Projects have also
identified catchment ‘hotspots’ for sediment delivery (erosion). For example, a modelling
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study on the Burdekin ranked the east Burdekin, Bowen River and NW Burdekin sub-
catchments as areas of highest delivery (Brodie et al., 2003; Fentie et al., 2006; Kinsey-
Henderson et al., 2007). This analysis has been confirmed to some extent by monitoring
studies which have identified very high concentrations of suspended sediment from the
Burdekin sub-catchments Bowen River, Dry River and Camel Creek (Bainbridge et al.,
2007). In the Fitzroy catchment, modelled estimates suggest a significant proportion of the
fine sediment delivered by the river to the estuary and coastal marine environment is derived
from the basaltic soils of the western catchment (Douglas et al., 2005; Smith et al., 2006).

1C Key uncertainties related to decline in water quality and sources of pollutants

The following points summarise the key uncertainties associated with knowledge related to
the decline in water quality and the sources of contaminants.

- Due to time lags in system response and relatively short term monitoring information,
estimates of contaminant loads generated by model predictions are subject to large
uncertainties. Refinement of model approaches that predict contaminant loads by
incorporating finer temporal resolution, characterisation of hydrological processes,
nutrient speciation and better techniques for quantifying uncertainty is required.

- There is a need to review and integrate land-based modelling of sediment sources in the
dry tropical catchments. In particular, the relative importance of gully erosion compared
to hillslope erosion, the primary cause of gully erosion in the landscape and the most
effective remedial management practices to stabilise new and existing gullies requires
further work. Broad assumptions are currently made in the sediment transport models on
gully extent and behaviour leading to significant uncertainty in modelled predictions in
some locations.

- Identify major drivers, both natural (soils and geology, elevation and rainfall intensity
and duration) and/or anthropogenic (land management such as stocking rates, fencing
and spelling and resultant ground cover), of suspended sediment concentrations from
different dry tropical sub-catchments (e.g. Burdekin and Fitzroy Rivers). Developing
load models using available data has potential to identify the effect of climate and land
management on loads.

- Knowledge of the residence times of different particle size fractions of suspended
sediments transported through catchments and the implications and timescales for
sediment delivery to the GBR lagoon.

- A high degree of uncertainty exists in the role of groundwater transported contaminants
(especially nitrate) from paddock to coastal waters.

2 Review scientific evidence for the presence, nature and extent of land-
derived contaminants in GBR waters

Conclusion: Land derived contaminants, including suspended sediments, nutrients and
pesticides are present in the GBR at concentrations likely to cause environmental harm

Advances in monitoring and modelling techniques in recent years have enabled greater
understanding of the presence, nature and extent of land derived contaminants in GBR waters.
Satellite imagery technology has enabled observation of the extent of flood plumes to
distances substantially further than was previously understood. Recent efforts to collate long
term water quality data have identified some trends in water quality with strong regional
differences, and it is now clear that the presence of pesticides in GBR waters is widespread.

Coral cores have been demonstrated as a useful indicator of changes in the delivery of
contaminants to the GBR and records show strong correlation of increases in contaminants
with introduction of cattle and intensive fertiliser use.
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2A Lines of evidence:

2.1 Contaminants are dispersed widely within the GBR — remote sensing
demonstrates the transport of river plume derived dissolved matter across and along the
GBR lagoon, through the reef matrix and out to the Coral Sea. Particulate matter is
dispersed less widely and tends to be trapped and deposited inshore.

2.2 Pesticides are present in the GBR — pesticide residues, especially herbicides, are
detected in many GBR waters. Pesticides at biologically active concentrations have been
found up to 60 km offshore in the wet season and in low but detectable concentrations in
the dry season.

2.3 Contaminants may have long residency times in the GBR lagoon — most
sediment is trapped near the coast and hence has decadal residence times in the GBR
lagoon. Dissolved nutrients are dispersed more rapidly may be trapped in the lagoon by
biological uptake and persist in this particulate form for years; most pesticide residues
have short residence times (at most a few years) due to their chemical breakdown.

2.4 Large river discharge events (‘floods’) in the wet season are the major delivery
mechanism of land-derived contaminants to the GBR — in GBR waters,
concentrations of dissolved inorganic nitrogen (nitrate, ammonium), suspended
sediment and dissolved inorganic phosphorus are many times higher in flood plumes
than in non-flood waters.

2.5 Correlations exist between river discharged material and GBR lagoon water
quality — phytoplankton biomass and pesticide concentrations in the GBR lagoon are
directly correlated with river nutrient and pesticide loads, respectively. In inshore
waters, long term mean chlorophyll concentrations are high to the south compared to
north of Port Douglas, coinciding with more intense land use south of Port Douglas.
Offshore chlorophyll concentrations are similar south and north of Port Douglas,
suggesting that the pattern is not due to latitudinal differences. Limited evidence exists
for a relationship between regional turbidity and river suspended sediment discharge.
2.6 Temporal changes are observed in contaminants in GBR waters — evidence of
temporal change in contaminants in GBR waters is limited due to the small number of
long-term monitoring programs, however, some examples include:

- Evidence for increasing concentrations of suspended sediments, dissolved organic
nitrogen and dissolved organic phosphorus in Cairns lagoonal waters between
1989 and 2005 (the only long-term water quality monitoring program in the GBR
lagoon).

- At Low Isles, water clarity (measured by Secchi disc transparency) is now half the
value it was in 1928. However the validity of this comparison is reduced as only
two data sets are used for this assessment with little data in between 1928 and the
early 1990s.

- Coral cores record large increases in the delivery of suspended sediment and
nutrients to the GBR, following the introduction of cattle and fertiliser to the
catchments since the 1860s.

2B The evidence base

2.1 Contaminants are dispersed widely within the GBR

The large increase in the availability of new satellite remote sensing platforms (e.g. MODIS,
MERIS, ASTER, SPOT-5, QUICKBIRD, IKONOS, SEAWIFS) added to existing platforms
(LANDSAT, AVHRR) allows to track flood plume dispersal in the GBR lagoon on a daily
basis. The use of such images combined with traditional concurrent surface vessel sampling
and image analysis for parameters such as suspended sediments and chlorophyll a (A. Dekker,
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pers comm.) allows to quantify the spatial extent of exposure of GBR reefs and other
ecosystems (Brodie et al., 2006; Rohde et al., 2006a; Brodie et al., 2007a).

Figure 2 shows how remote sensing images can be used to support evidence of material
transport in flood events. Of particular note in Figure 2a, is the presence in 2007 of an algal
bloom and the presence of CDOM derived from Burdekin and Wet Tropics river runoff
dispersing completely across the mid and outer shelf reefs of the GBR between Townsville
and Port Douglas and well into the Coral Sea (Brodie et al 2007a). Figure 2b shows the high
sedimentation area near the mouth of the Burdekin River in 2005 where most of the
suspended sediment drops out. This area, and the plume generally, is affected by wind over a
48 hour period. Figure 2c shows a plume extending offshore and to the north associated with
Fitzroy River discharge in a 1 in x year event in 2008; the movement of the body of
discoloured water initially northwards and then to the south requires further explanation.
Figure 2d shows the extensive algal bloom off nutrient-rich Mackay Whitsunday Rivers in
2005.

It is believed that only a small proportion (perhaps 5%) of the suspended sediment load of
major rivers is transported large distances in the marine environment during major discharge
events (evident from satellite images and flood plume monitoring). Limited knowledge exists
on the specific origin in catchments of this small, but high risk, component and how geology,
soil type and land management practices interact to produce this presumably fine-grained,
washload (non-settling) suspended sediment. Areas of catchments producing this component
of the suspended sediment load will be of high management priority. Further discussion of the
correlation between river discharge water quality and GBR lagoon water quality is included in
Section 2.5.

Marine water quality monitoring is undertaken as part of the Reef Plan Marine Monitoring
Program established in 2004 and led by the Great Barrier Reef Marine Park Authority
(GBRMPA). Monitoring at inshore sites includes: collection of water column nutrients and
suspended sediment concentration data around inshore reefs during the wet and dry seasons;
deployment of automated long-term water quality loggers at several regional locations;
sampling of pesticides in the water column at >10 inshore reef and island sites; collection of
chlorophyll a samples in the water column at more than 50 sites from Cape York to the
Burnett Mary regions; and monitoring of seawater temperature using continuous loggers at 28
sites (Prange et al., 2007). Some of these tasks are assisted by community groups and tourism
operators. A flood plume monitoring program was also initiated in 2007 to measure water
quality conditions in flood plumes in as many regions as possible. Remote sensing techniques
to measure chlorophyll, turbidity, colour dissolved organic matter and temperature are also
being developed under the program.

Models have been developed to estimate the exposure of Great Barrier Reef inner-shelf reefs
to terrestrial runoff using ratings of volume and frequency of discharge from major rivers, the
predominant distribution of river plumes in GBR waters, loads of riverine contaminants, and
distance of reefs to river mouths (Devlin et al., 2003; Maughan et al., 2008). Coastal and
island areas at high risk of exposure to terrestrial runoff were identified adjacent to the Wet
Tropics region, from Tully to north of Cairns, and in the Whitsunday region. This model has
a number of limitations, for example, it assume single, average river discharge events and
does not deal with temporal dynamics; and it only assessed coral reefs as exposed ecosystems.
The model is currently the only available marine exposure analysis that covers the entire GBR
and is a useful representation of the spatial extent of the coastal areas that are likely to be
regularly exposed to land runoff. However, the model did not consider the consequences of
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this exposure, for example to coral reefs, which should be part of a complete risk assessment.
Research findings that could contribute to a future risk assessment are included in Section 3.

C D

Figure 2. Satellite images of the GBR coast in flood conditions in a) Burdekin and Wet Tropics Rivers
in 2007 (MODIS image, 13 February 2007: CSIRO) b) Burdekin River in 2005 (MODIS image, 28 and
29 January 2005: CSIRO), c) Fitzroy River in 2008 (MODIS image, 22 February 2008: ACTFR) and d)
Mackay Whitsunday Rivers in 2005 (Landsat (7) image, 2005: NRW).

2.2 Pesticides are present in the GBR

As most of the pesticides of concern to marine ecosystems mix conservatively during flood
plumes, the concentration in marine waters is closely related to the concentration discharged
from the river (Rhode et al., 2006). Pesticides have recently been recognised as a greater
potential threat to GBR ecosystems (mangroves, wetland plant communities, seagrass, coral
reefs, phytoplankton communities) than was realised before 2003. Pesticide residues,
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especially herbicides, are ubiquitous in many GBR region waterbodies including streams,
wetlands, estuaries, coastal and reefal waters (e.g. Packett et al., 2005; Rohde et al., 2006a;
Faithful et al., 2007; Lewis et al., 2007). In marine waters, residues at biologically active
concentrations have been found up to 60 km offshore (Rohde et al., 2006a) in the wet season

and in low but detectable concentrations in the dry season (Shaw and Muller, 2005; Prange et
al., 2007).

2.3 Contaminants may have long residency times in the GBR lagoon

The GBR Lagoon is a system that receives contaminant inputs, moves these around, stores
some of it by burying it or incorporating it into living matter, transforms some of the material
and ultimately exports the remainder. Our understanding and ability to model transport
processes including currents and mixing which are responsible for transporting contaminants
is relatively well understood (Webster et al., 2008a). Hydrodynamic models have been
developed on the scale of the GBR Lagoon to predict water movement (Legrand et al., 2006;
Lambrechts et al., in press) and investigate the fate of flood plumes (King et al., 2002) and to
examine exchange times through the year (Luick et al., 2007). Most sediment is trapped near
the coast (Orpin et al., 2004; Devlin and Brodie, 2005) and hence has decadal residence times
in the GBR lagoon. Dissolved nutrients are dispersed more rapidly and may be trapped in the
lagoon by biological uptake and persist in this particulate form for years (Furnas et al., 2005).
Most pesticide residues have short residence times (at most a few years) due to their chemical
breakdown (Haynes et al., 2000).

Smaller-scale hydrodynamic models have been used to estimate current transport and mixing
of contaminants in Keppel Bay (Herzfeld et al., 2006). Cross-shelf mixing which is important
to move contaminants from the coast out to mid-shelf reefs has been measured indirectly
using radium isotopes (Hancock et al., 2006) and salinity (Wang et al., 2007).

Hydrodynamic modelling of the GBR Lagoon has recently been reviewed in a study of the
adequacy of existing receiving water models for the GBR (Webster et al., 2008a). It was
concluded that whilst hydrodynamic modelling is in a moderately advanced stage, the
applications of fine-sediment and biogeochemical models are much more limited. These latter
models are more complex and much more difficult to calibrate and verify than hydrodynamic
models. Process studies are needed to support their development as well as data collection
strategies that can be used for calibration and validation. Studies and analyses designed to
address these issue are required to understand both the acute and chronic impacts of
contaminants on the GBR Lagoon and how reducing catchment loads might provide benefit to
the biogeochemical and ecological function of the GBR.

2.4 Large river discharge events (‘floods’) are the major delivery mechanism of land-
derived contaminants to the GBR

The highest concentrations of land-based contaminants are found in GBR waters during flood
plume events. Concentrations of dissolved inorganic nitrogen (nitrate, ammonium), suspended
sediment, dissolved inorganic phosphorus are found at levels many times those in non-flood
conditions, including upwelling offshore waters (Devlin et al., 2001; Furnas, 2003; Devlin
and Brodie, 2005; Rohde et al., 2006a, 2008; Packett, 2007) and many times the
concentrations which would have occurred in these river plumes before catchment
development. Pesticide residues, especially herbicides, are almost ubiquitous in GBR
estuaries, coastal and reefal waters (e.g. Packett et al., 2005; Rohde et al., 2006a; 2008;
Faithful et al., 2007; Lewis et al., 2007). In marine waters, residues at biologically active
concentrations have been found up to 60 km offshore (Rohde et al., 2006a; 2008) in the wet
season flood plume conditions.
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Most of the sediment discharged from rivers, especially the coarser fraction, is deposited and
trapped on the shelf close to the river mouth. This has been clearly shown for the Fitzroy
River (Bostock et al., 2007; Ryan et al., 2007) and the Burdekin River (Orpin et al., 2004).
Subsequently to deposition, sediment is resuspended by tidal and wind driven currents and
carried northward by the long shore current and eventually trapped in northward facing bays
(Lambeck and Woolfe, 2000). However, a small proportion (13%) of riverine sediment output
is delivered across the shelf to the Coral Sea (Queensland Trough) (Francis et al., 2007).

2.5 Correlations exist between river discharged material and GBR lagoon water quality
Nutrient loads can be related to chlorophyll concentrations in marine waters. Results from
chlorophyll a monitoring in the GBR lagoon show that chlorophyll a is currently (1991 —
2006) low (mean 0.2 ug/L) in Cape York inshore waters and higher (0.3 — 0.7 ug/L) in central
and southern GBR inshore waters (Brodie et al., 2007b). The assumption is that inshore
central and southern waters have increased in chlorophyll concentrations due to enhanced
nutrient inputs from a position similar to Cape York waters more than 100 years ago.
Offshore concentrations of chlorophyll also vary from south to north but insufficient evidence
exists to indicate that this is directly related to terrestrial influence over external factors such
as upwelling, currents and tidal mixing.

Water quality data from the GBR lagoon have been spatially analysed and integrated into a
series of maps (De’ath, 2005; De’ath and Fabricius, 2008), which are being made available
through the Marine and Tropical Science Research Facility (MTSRF) Risk Resilience and
Response Atlas. The maps show the spatial distribution of mean concentrations of all major
water quality parameters, indicating distinct areas of long term elevated concentrations of
particular parameters (Figure 3 showing particulate nitrogen distributions, and Figure 4
showing spatial distribution of water quality variables across the 6 NRM regions).
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Figure 3. Map of the spatial distribution of particulate nitrogen in the GBR (De’ath and Fabricius,
2008).
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Figure 4. Map of the spatial distribution of water quality variables across the 6 NRM regions, for
coastal ( 0 - 0.1 relative distance across), inshore (0.1 - 0.4 relative distance across), and offshore
waters (0.4 — 1.0 relative distance across) (from De’ath and Fabricius, 2008). The colour ramp
represents Secchi disk depth, the pie charts the mean values for each of the 18 NRM x cross-shelf
regions of: chl = chlorophyll, Secchi = Secchi disk depth, SS = suspended solids, pn = particulate
nitrogen, and pp = particulate phosphorus. Of note are the high concentrations of ss, pn and pp in the
Burdekin and Wet Tropics regions, and the high chlorophyll values in the Burnett Mary region and the

low values in the coastal regions of Cape York.
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The fate of nutrients following the cessation of flood plumes is not clear cut. High DIN
concentrations in plumes are associated with elevated phytoplankton concentrations
(Wooldridge et al., 2006; Devlin and Brodie, 2005). What is less well understood is how the
discharge of nutrients might cause a chronic impact on inshore reefs. Dissolved nutrients will
be carried and mixed by currents, but some will fuel the growth of sessile organisms such as
micro- and macroalgae and so be retained by the system. Nutrients associated with particles
will follow dynamics of settling, resuspension, burial, and diagenesis processes which might
ultimately release these nutrients in forms suitable for plant growth. Measurements in Keppel
Bay suggest that ~1/3 of the input particulate nitrogen and phosphorus is buried in sediments
presumably in refractory form (Radke et al., 2006). Further, the biogeochemical modelling
work in Keppel Bay (Robson et al., 2006) suggested a significant missing source of
bioavailable nitrogen was necessary in Keppel Bay in order to close the budget of this
nutrient. Laboratory experiments on sediment cores collected from the bay suggest that the
source may have been benthic nitrification (Radke et al., 2006). For phosphorus, river inputs
appear to be retained close to the coast in the central GBR and phosphorus inputs due to
upwelling events are a greater contribution to shelf phosphorus budgets than local river inputs
over an average year (Monbet et al., 2007).

Recent research by Wallace et al., (2007) has raised also questions regarding the fate of the
dissolved organic nitrogen (DON) fraction of the nitrogen load from agriculturally developed
catchments of the GBR catchment area. DON was previously considered to be relatively
refractory and non-bioavailable on a very limited theoretical basis. However DON is a large
component of the nitrogen load in many rivers and the degree of its bioavailability will be a
critical factor in assessing the risk to both fresh and marine ecosystems from nitrogen driven
eutrophication. In addition the bio-availability of particulate nitrogen and phosphorus needs
to be further investigated in the GBR catchments and lagoon.

Fine sediments introduced to the Lagoon by flood events undergo cycles of settling and
resuspension by the winds and tides and can be dispersed far from the river mouth. Larcombe
and Woolfe (1999) argue that chronic turbidity at coral reefs due to suspension of fine
sediments by tides and winds will not be significantly affected by changes in sediment inputs
due to catchment management since the sediments pool in the Lagoon is large. Measurements
in Keppel Bay (Radke et al. 2006) suggest that there is a relationship between turbidity and
river discharge of sediment suspended associated with flood events. In the mouth of the
Fitzroy Estuary where suspended sediment concentrations show a strong tidal cycle, these
concentrations are higher in the period following riverine inputs than later in the year when
riverine inputs have ceased for 6 months. It would appear that freshly introduced sediments
are more readily suspendable. After a while, much of this suspendable sediment moves into
zones where it is less readily suspended such as in northern facing bays or in the tidal creeks.
Fine-sediment transport is very difficult to model effectively. This question as to whether
increased suspended sediment loads from increased erosion from agricultural and urban
development in major rivers lead to increased regional turbidity generated by resuspension in
inshore areas of the GBR lagoon (with depths generally less than 10m) is also being examined
in a current MTSRF research program. Initial results from the Tully and Burdekin regions
suggest there is a period of increased turbidity for several months following each flood plume
event (Wolanski et al., 2008).

Pesticide concentrations in plume waters are directly correlated to pesticide concentrations in
river discharge as the main process affecting plume concentrations is dilution. This notion is
best supported by the information on mixing curves investigated in the Mackay Whitsunday
region (Rohde et al., 2006).
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2.6 Temporal changes are observed in contaminants in GBR waters

Increasing concentrations of suspended sediment (TSS), dissolved organic nitrogen (DON)
and dissolved organic phosphorus (DOP) are evident in the only long term repeated sampling
program in the GBR lagoon for nutrients — the Cairns transect of Miles Furnas (AIMS).
Concentrations of TSS increased from 1.6 to 3.7 mg/L, DOP from 1.1 to 16 ug/L and DON
from 68 to 91 ug/L in the period 1989 to 2005 (Furnas et al., 2005). At Low Isles, Secchi disc
transparency has almost halved from 11 in 1928 (during a 1-year study by the British
Museum field expedition), to 6 m during current measurements (Wolanski et al., 2004).

The use of coral cores to show the presence of a ‘terrestrial signal’ in the GBR and hence
changes in the delivery of materials from the land to the GBR with catchment development
are now well established. For example, the ratio of barium to calcium in corals offshore from
the Burdekin River indicated a five- to tenfold increase in suspended sediment loads
following European settlement of the Burdekin catchment. This has been interpreted as
indicating a large increase in erosion and delivery of suspended sediment to the mouth of the
Burdekin River where the barium adsorbed onto the sediment desorbs and is taken up by the
coral. The barium replaces calcium in the coral structure, resulting in an altered ratio of Ba/Ca
indicative of a land based influence (McCulloch et al., 2003a; Lewis et al., 2007b). Other
metals including yttrium and manganese which are used as indicators of erosion and land
settlement also show changed concentration in coral cores after 1860 (Lewis et al., 2007b).
Figure 5 shows an example of results from Magnetic Island in the Burdekin region.

Additional proxies in coral cores of past water quality conditions are currently being
developed (Alibert et al., 2003; Wyndham et al., 2004; Sinclair, 2005; Marion et al., 2005).
Changes in the amount of water discharged due to vegetation change/loss and soil compaction
in catchments have also been investigated using coral cores, and some dispute currently exists
over the interpretation of this record (McCulloch, 2004; Lough, 2007).

Increases in nitrogen delivery, up to four-fold, have also been demonstrated from coral cores
off Mackay associated with increasing fertiliser use for sugarcane cultivation in the Mackay
region (Jupiter et al., 2007; Marion, 2007).
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Figure 5. Mn and Y concentrations in the coral core from 1813-1986. Yttrium concentration, like Ba is
interpreted to be an erosion indicator, steadily increasing after 1860-70. Manganese defines a different
history. Elevated Mn concentrations coincide with major land settlement in the Burdekin catchment.
The initial Mn spike in 1855-1856 is related to the establishment of the first sheep run in the southern
Burdekin catchment. The peak Mn concentration coincides with the end of the American Civil War and
the climax of rapid expansion of the sheep industry in the Burdekin catchment. The second major Mn
peak in 1883-1884 coincides with and may thus be related to the expansion of the cattle industry or
the beginning of the sugar cane industry on the lower Burdekin catchment. The return of Mn
concentrations to pre-1850 levels coincides with the Federation Drought, which decimated sheep and
cattle numbers throughout the catchment. An increase in Mn after WWII may be related to the further
development of the cattle industry. Reproducibility of Mn by our method is shown for the (slightly
heterogeneous) G.S.J. coral standard JCp-1. Also shown for comparison, are average and standard
deviation of Mn in a mid-Holocene coral recovered from Nelly Bay, Magnetic Island.

2C Key uncertainties related to presence, nature and extent

The following points summarise the key uncertainties associated with knowledge related to
the presence, nature and extent of land derived contaminants in the GBR.

- Our conceptual and quantitative understanding of the transport and fate of nutrients and
sediments is highly imperfect, particularly during non-flood times.

- Hydrodynamic models of the GBR Lagoon are moderately advanced, but models of the
transport and fate of fine sediments and biogeochemical models are much more limited.
Process studies as well as data collection strategies that can be used for calibration and
validation are needed to support their development. Current models need to link end of
river to specific reef locations.

- Satellite images and flood plume monitoring suggest that some suspended sediment is
transported over large distances in the marine environment during major discharge
events. However knowledge is limited of the specific origin of this presumably fine-
grained, washload (non-settling) suspended sediment, and how geology, soil type and
land management practices interact to produce it.
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- While all terrigenous sediments and pesticides are land-derived, some of the dissolved
nutrients are sourced from deepwater upwelling and from nitrogen fixing blue-green
algae. Improved nutrient budgets are needed to quantify the relative contributions of all
sources.

- Processes beyond gauging stations are poorly understood i.e. what is entering the
coastal/estuarine interface and material transformation in estuaries.

- It is unclear whether increased suspended sediment loads due to increased erosion from
agricultural and urban development in major rivers leads to increased regional turbidity
from resuspension in inshore areas of the GBR lagoon.

- Improved availability of high frequency, low cost data through the application of
innovative monitoring techniques such as remote sensing will enable more
comprehensive assessment of the presence and extent of contaminants in the GBR.

3 Review scientific evidence for causal relationships between water quality
change and ecosystem health

Conclusion: There is strengthened evidence of the causal relationship between water
quality and coastal and marine ecosystem health

Our understanding of the effects of land-sourced contaminants on GBR species and
ecosystems has been expanded enormously in the period since 2003. However, the size of the
system and its temporal variability means that ‘representative’ monitoring and measurement
of conditions in the water column and of ecosystem condition is difficult. The impacts of
water quality on corals have been demonstrated through laboratory and field studies and data
synthesis and integration has enabled the development of trigger values / thresholds of corals
to water quality parameters. Knowledge related to the impacts of water quality on seagrasses
has been synthesised. Efforts to understand the synergistic effects of multiple stressors on
corals and seagrasses have commenced. However, the complexity of the relationship between
nutrient enrichment, coral reef decline, macroalgal proliferation, grazing fish abundance (and
other grazers) still prevents there being a clear consensus view on these relationships.

3A Lines of evidence:

- 3.1 Seagrass — There is evidence of decline in seagrass health with increasing
concentrations of herbicides. The effects of nutrient enrichment, turbidity, increased
temperature and synergistic effects are still poorly understood, especially for sub-tidal
and deep-water seagrass beds.

- 3.2 Coral reefs — The impacts of water quality on corals has been demonstrated through
both field studies and laboratory experiments. Field studies have shown that:

- Macroalgae increase and coral richness declines with increasing turbidity and
chlorophyll in the GBR (Lat 12 - 24° S).

- Links between nutrient enrichment and crown-of-thorns starfish population
outbreaks are now well supported. Both the GBR and other reefs off high islands
exposed to terrestrial nutrient enrichment, and northern Pacific systems exposed to
non-anthropogenic nutrients show increased propensities for outbreaks of crown-
of-thorns starfish.

- Coral reef development diminishes along a water quality gradient in the
Whitsunday Islands. Changes include the decline in the depth limit for coral
growth from 25 m to 5 m water depth and a 3-fold decline in the density of young
corals, while the density of coral-boring macro-bioeroders increases 5-fold and
macroalgal cover increases 6-fold along this water quality gradient;

- Coral cores from reefs off Mackay show that increasing exposure to nitrogen from
the Pioneer River is correlated with poor reef condition and high macroalgal cover;
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- Inshore reefs off the Wet Tropics have lower coral and octocoral diversity than
would be expected from their latitudinal location; and

Laboratory studies have shown that:

- Stress and mortality in corals exposed to sedimentation increases with increasing
organic content of the sediment;

- Coral calcification decreases with elevated phosphate concentrations;

- The presence of muddy marine snow (aggregates of planktonic organic matter and
fine sediment) increases sedimentation stress and mortality in coral recruits;

- Many pesticides found in the GBR exert detrimental effects on zooxanthellae
photosynthesis and coral reproduction at trace concentrations; and

- There are negative synergistic effects between herbicides and sediments on
crustose coralline algae which are essential successful coral recruitment.

- 3.3 Mangroves — There is conflicting evidence concerning the cause of mangrove
dieback in the Mackay region. Early research attributed an association with diuron, but
affected mangroves have recovered despite diuron levels remaining high at some sites.
This suggests that the complexities of cause and effect relationships for such diebacks
are yet to be fully resolved.

3B The evidence base

3.1 Seagrass

The distribution and growth of seagrasses is dependent on a variety of factors such as
temperature, salinity, nutrient availability, substratum characteristics, and underwater light
availability (turbidity). Terrigenous runoff, physical disturbance, low light and low nutrients,
respectively, are the main drivers of each of the four seagrass habitat types found in
Queensland, and changes to any or all of these factors may cause seagrass decline (Waycott et
al., 2005).

The most common cause of seagrass loss is the reduction of light availability due to chronic
increases in dissolved nutrients which leads to proliferation of algae thereby reducing the
amount of light reaching the seagrass (e.g. phytoplankton, macroalgae or algal epiphytes on
seagrass leaves and stems), or chronic and pulsed increases in suspended sediments and
particles leading to increased turbidity (Schaffelke et al., 2005). In addition, changes of
sediment characteristics may also play a critical role in seagrasses loss (Mellors et al., 2005).

Herbicides (principally diuron) have been found in coastal and intertidal seagrasses adjacent
to catchments with high agricultural use at levels shown to adversely affect seagrass
productivity (McMahon et al., 2005; Haynes et al, 2000). For example, diuron toxicity trials
on three tropical seagrass species (Halophila ovalis, Cymodocea serrulata and Zostera
capricorni) using Pulse-Amplitude-Modulated (PAM) fluorometry indicated that
environmentally relevant levels of diuron (0.1-1.0 pg/l) exhibited some degree of toxicity to
one or more of the tested seagrass species (Haynes et al., 2000). These are comparable with
diuron concentrations detected in several GBR regions (Prange et al., 2007). Seagrasses are
known to accumulate heavy metals, but appear to be moderately resistant to the direct effects
of metals. However, the fauna associated with seagrass meadows is considered to be highly
sensitive to metal exposure (Ward, 1989).

The effects of nutrients on GBR seagrass health have proved more complex to understand but
it is now clear that the effects are different to those shown for temperate seagrass and the
threat from increased nutrients may be less in tropical cases (Mellors et al., 2005; Schaffelke
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et al., 2005; Waycott et al., 2005). To date, no major decline in seagrass abundance in the
GBR region has been recorded or attributed directly to increased nutrient availability, though
localised declines have occurred in the Whitsunday and Hervey Bay areas In both cases light
deprivation was implicated, by (i) algal overgrowth caused by nutrient enrichment from
sewage effluent (Campbell and McKenzie, 2001) and (ii) smothering by settling particles and
high suspended particle load from flood plumes (Preen et al., 1995; Longstaff and Dennison,
1999).. The presence of high or low concentrations of nutrients in the environment is one of
the stressors on seagrass survival. Field research to date in the GBR suggests that nutrients do
not have a negative effect on seagrass growth and distribution, as reported in temperate
regions (Mellors et al., 2005). In contrary, Udy et al., (1999) observed an increase in seagrass
cover at Green Island between 1936 and 1994, and attributed this increase to a net increase in
the total nutrient pool available over 50 years of gradual build-up of nutrients in the Cairns
region. Recent data on seagrass tissue nutrient content (Halophila ovalis) collated by Mellors
(2003) and Mellors et al., (2005) in Cleveland Bay shows an increase in tissue nutrients over
a 25 year period which circumstantially reflects increases in fertiliser usage in the adjacent
Burdekin catchment.

Direct effects of higher nutrient availability on seagrass have been observed in laboratory
experiments. Moderate levels of nitrate additions (3.5 to 7.0 pM) promoted the decline of the
temperate seagrass species Zostera marina (Burkholder et al., 1992; Short et al., 1995).
Increased levels of ammonia (1.85-5.41 puM) and phosphate (0.22—0.50 uM) lead to a
reduction in shoot density and biomass of Z. marina (Short et al., 1995). The concentrations
measured in water samples taken in flood plumes have consistently recorded elevated
dissolved inorganic nitrogen concentrations of 0.6 to 10 uM and phosphate levels of 0.13 to
1.98 uM (Brodie and Mitchell, 1992; Steven et al., 1996; Brodie and Furnas, 1996; Devlin et
al., 2001). These nutrient levels have remained high in the inshore lagoon for periods of
several days to weeks. Approximate ranges for (non-flood) inshore water nutrient
concentrations have been measured between non-detectable and 2 pM for dissolved inorganic
nitrogen (predominantly ammonia) and non-detectable and 0.2 uM for phosphate (Furnas et
al., 1995; Brodie and Furnas 1996; Devlin et al., 1997).

Other studies have shown that in the GBR seagrass growth is limited by nitrogen (Udy et al.,
1999; Mellors, 2003). Both studies assessed the response of seagrass to enhanced nutrient
levels and saw a response to both nitrogen and phosphorus but nitrogen was the primary
limiting element. Thus at present seagrasses have the capacity to absorb additional nutrients
enhancing their growth and it would appear that the current nutrient loadings in the GBR have
not yet reached critical levels for seagrasses. However, the limits of the ability of seagrasses
to continue to absorb nutrients is not known and additional experiments on interactions
between sedimentation, nutrients, light and temperature as other important drivers of plant
growth are required. In addition, nutrient analyses have been conducted primarily on the
smaller more ephemeral species. Larger more persistent species may be more sensitive to
additional nutrients in this region and this should be assessed (CRC Reef Consortium, 2005).

The Reef Plan Marine Monitoring Program includes a seagrass monitoring component, which
involves monitoring of intertidal seagrass meadows at 14 sites along the GBR coast for
percent cover, species composition, reproductive health (through seedbank monitoring) and
seagrass tissue nutrient status. Seagrass surveys are undertaken at the end of winter in October
and following the wet season in April. Additional information is also collected on sediment
pesticide and absorbed nutrient concentrations within seagrass meadows and seagrass tissue
nutrients (Prange et al., 2007). This task is assisted by the community-based Seagrass-Watch
programme (Www.seagrasswatch.org).
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3.2 Corals

Corals and water quality - Field studies

Strong links between coral reef health and water quality conditions have been shown at local
scales (reviewed in Fabricius, 2005), at regional scales (van Woesik et al., 1999, Fabricius et
al., 2005), and recently at a GBR-wide scale (De’ath and Fabricius, 2008). The effects of
corals have been most frequently studied, and effects of water quality on coral reproduction
have been reported repeatedly. However, abundances of a range of other reef associated
organisms have also been shown to change along water quality gradients. Figure 6
summarises the results of a review of existing reef studies from around the world to identify
the main effects of nutrient and sediment related parameters on key coral reef organism
groups. The data suggest that nutrient enrichment can lead to macroalgal dominance if light
levels are sufficient, but lead to a dominance by heterotrophic filter feeders if light becomes a
limiting factor for macroalgae (Johannes et al., 1983; Birkeland, 1988). It also shows that
crustose coralline algae, which are essential settlement substratum for coral larvae, are
negatively related to sedimentation (Fabricius and De’ath, 2001), as later confirmed by
laboratory experiments (Harrington et al., 2005).

Studies where the predicted ecological effects of poor water quality (elevated delivery and/or
concentrations of suspended sediment, nutrients or pesticides) have been borne out in the field
in the GBR include:

a) Deepest depth of coral growth reduced from 25 m to 5 m depth, the number of young
corals decreased 3-fold, the density of coral-boring macro-bioeroders increased 5-fold
and macroalgal cover increased 6-fold along a water quality gradient in the
Whitsundays (Cooper and Fabricius, 2007, Fabricius et al., 2008, Cooper et al., 2008).

b) Poor reef condition correlated with poor water quality conditions in Wet Tropics
inshore reefs compared to reefs in similar physical locations near Cape York but
which have good water quality (Fabricius et al., 2005).

c) A sag in coral biodiversity in the region between Townsville and Cooktown correlated
with poor water quality conditions in this area (Devantier et al., 2006);

d) Links between nutrient enrichment and crown of thorns starfish population outbreaks
are now well supported in both anthropogenically enriched systems such as the GBR
(Brodie et al., 2005) and naturally enriched systems such as the northern Pacific
(Houk et al., 2007).

e) Reduced coral reef development in a water quality gradient through the Whitsunday
Island group (van Woesik et al., 1999).

f) A raft of physiological changes in corals have documented along a water quality
gradient in the Whitsunday Island group (Cooper and Fabricius, 2007). These sub-
lethal changes are now being developed into a bioindicator system to investigate
changes in the water quality conditions and ecological status of inshore coral reefs.

g) The species composition of foraminifera (the ration between large, symbiont bearing
and small, heterotrophic foraminifera) is being developed into a bioindicator system
for the GBR. The FORAM metric, previously developed for coral reefs in the
Caribbean, shows a relationship with water quality conditions along the Whitsunday
water quality gradient (Uthicke et al., 2006; Uthicke and Nobes, 2007).

h) The delivery of nitrogen from the Pioneer River to coastal reefs in the Mackay area as
shown through coral core records is correlated with poor reef condition in areas of
higher nitrogen delivery and a high proportion of macroalgal cover (Jupiter et al.,
2007).
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Figure 6. Effects of the four main parameters of terrestrial runoff on organisms that interact with
corals. High abundances crustose coralline algae as settlement substrata promote coral populations,
whereas high abundances of the other groups are assumed to negatively affect coral populations. The
arrows indicate the relative strength and direction of the response (arrows pointing up or down =
increasing or decreasing, thick arrow = strong, medium = moderate, thin = weak effect); a dash
indicates that a response is unlikely; empty cells indicate that insufficient data are available. From
Fabricius (2005).

While pollution effects on coral reefs at local scales are well understood, links at regional
scales between increasing sediment and nutrient loads in rivers, and the broadscale
degradation of coral reefs, have been more difficult to demonstrate (Fabricius and De’ath,
2004). This is due to a lack of large-scale historic data and the confounding effects of other
disturbances such as bleaching, cyclones, fishing pressure and outbreaks of the coral eating
COTS, and is further complicated by the naturally high variability in monsoonal river flood
events. In addition, the relationship between macroalgal proliferation, nutrient enrichment and
the abundances of grazers (fishes and invertebrates) is complex and far from understood, and
subject to scientific debate (McCook, 1999; McCook et al., 2001; Bellwood et al., 2006;
Hughes et al., 2005; Littler et al., 2006). The full extent of organism responses are poorly
understood, as each of the numerous inshore species has its own tolerance limit at every life
stage, and interactions between the organisms add to the complexity.

However, recently, relationships between data sets of water quality, and macroalgal cover and
the richness of hard corals and phototrophic and heterotrophic octocorals were investigated at
a GBR-wide scale (De’ath and Fabricius, 2008). The study showed that the four biotic
indicators chosen are significantly related to GBR water quality. Macroalgae increased and
hard coral richness and the richness of phototrophic octocorals declined with increasing
turbidity and chlorophyll, after cross-shelf and long-shore effects were statistically removed
(Figure 7). Heterotrophic octocorals slightly benefited from high turbidity. Mean annual
values of >10 m Secchi depth and <0.45 g L-1 chlorophyll were associated with low
macroalgal cover and high richness of phototrophic octocorals and hard corals. The study
suggested these values to be useful water quality guideline values. These guidelines are
presently exceeded on 650 of the 2800 gazetted reefs of the GBR. The models showed that
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compliance with these guideline values, e.g. by minimizing agricultural runoff, would likely
reduce macroalgal cover by ~50% and increase hard coral and octocoral richness by 40% and
70%, respectively, on these 650 reefs. GBRMPA is in the process of refining the existing
water quality guidelines that have previously been developed for 3 GBR regions (Moss et al.,
2005; De’ath and Fabricius, 2008; GBRMPA, 2008).
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Figure 7. Relationship of macroalgal cover, and the taxonomic richness of hard corals, phototrophic
and heterotrophic octocorals (soft corals and sea fans with and without zooxanthellae, respectively),
along gradients in water clarity (measured as Secchi disk depth) and chlorophyll, whilst also
controlling for relative distance across and along the shelf (From De’ath and Fabricius 2008).
Substantial increases in macroalgal cover and losses in coral biodiversity are being observed at <10 m
Secchi disk depth, and >0.45 ug L™ chlorophyll. The red lines show the proposed water quality
guideline values (10 m Secchi disk depth, and 0.45 ug L™ chlorophyll).

This synthesised information could support the completion of a comprehensive risk
assessment for the ecosystems of the GBR which should include consideration of the relative
risk of different contaminants to GBR ecosystems. Currently the risk modelling (such as
Maughan et al., 2008) assumes that all contaminants of concern are of equal risk which is
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clearly not the case. This lack of knowledge prevents prioritisation of management options
for each of the individual contaminants in the catchments, or at a cross regional scale. To
conduct a meaningful prioritisation, knowledge of the degree of deviation from some assumed
‘natural’ condition and elevation above trigger values / thresholds, plus potential
consequences of such enrichment need to be understood. Currently contaminant management
is prioritised on the basis of deviation from assumed ‘natural’ only.

In terms of ongoing monitoring of coral reef health, the Reef Plan Marine Monitoring
Program includes an inshore reef monitoring component. Annual underwater photographic
surveys are undertaken along transects established at 35 inshore reef sites. These surveys are
an effective way of monitoring benthic cover and reef community demographics. Coral
settlement rates are also measured after the annual coral spawning (using settlement plates) in
the Wet Tropics, Burdekin, Mackay-Whitsunday and Fitzroy regions. Adult corals can
tolerate poorer levels of water quality than new coral recruits, thus one of the ways in which
water quality is likely to impact reef communities is through an effect on coral reproduction
and recruitment (Prange et al., 2007).

Corals and water quality — Laboratory studies

A number of ecotoxicology-style experiments exist to investigate the effects of various
contaminants on selected target organism groups. Such studies include the investigation of
nutrients on corals (Koop et al., 2001) and of sedimentation stress on corals (Philipp and
Fabricius, 2003). Herbicides found in GBR waters have biological effects on coral
zooxanthellae at concentrations below 1 pg/L (e.g. Jones and Kerswell, 2003; Jones et al.,
2003; Jones, 2005; Negri et al., 2005; Markley et al., 2007; Cantin et al., 2007). The long-
term effect on ecosystem performance of the continuous presence of such residues is not
known, but evidence is emerging that some pesticides not only affect the photosynthesis of
the endosymbionts but also coral reproduction (Jones, 2005; Negri et al., 2005; Markley et
al., 2007; Cantin et al., 2007). Lastly, first evidence is emerging that the existence of
synergistic effects may have to be carefully considered in estimates of tolerance thresholds
(and hence water quality targets). For example, sedimentation effects on crustose coralline
algae are significantly worsened when trace concentrations of herbicides occur in the
sediments (Harrington et al., 2005). Other studies have demonstrates that sedimentation
effects on corals worsen with increasing organic enrichment of the sediments (Weber et al.,
2007), and with enrichment with marine snow (Fabricius et al., 2003; Wolanski et al., 2003b).

Though considerable knowledge has been gained from single species exposure experiments in
the laboratory, it is important to relate such laboratory studies to field settings and ecosystem
responses. Detailed surveys at relatively fine taxonomic resolution, when cautiously
interpreted in the context of available biophysical environmental data and biological
knowledge of key species, can provide important information on the health and status of
inshore coral reefs (Fabricius et al., 2005; Devantier et al., 2006), and laboratory experiments
may then be used to investigate causal relationships between water quality and the patterns
observed in the field.

Recently, several conceptual models have been developed to articulate known relationships to
better underpin monitoring programs and form the basis for numerical modelling (Prange,
2007; Webster et al., 2008a); Haynes et al., 2007; Fabricius, 2007).

3.3 Mangroves

The responses of marine plants (mangroves, seagrass and macroalgae) to changes in water
quality in the GBR is reviewed in Schaffelke et al., (2005). The limited information of these
responses limits the ability to make conclusions about responses across community types,
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however, there are clear indications that declining water quality negatively affects GBR
macrophytes. In addition, loss or disturbance of habitat-building macrophytes such as
mangroves and seagrasses has serious downstream effects for coastal water quality due to
their capacity to assimilate nutrients and to consolidate sediments.

Mangrove responses to nutrients are complex, with examples of both enhanced growth and
associated dieback found in locations outside of the GBR (eg. Laegdsgaard and Morton,
1998; EPA, 1998). As with the nuisance algae, nutrients enhance growth of mangrove plants.
This has been demonstrated in nutrient enrichment experiments, which also showed that
nitrogen and phosphorus were growth-limiting differently at lower and higher intertidal
positions (Boto and Wellington, 1984). Nutrients derived from sewage discharge can be
beneficial for growth and productivity of mangroves (Clough et al., 1983). However, under
high nutrient demand other chemicals, such as herbicides, may be taken up at greater rates
along with extra nutrients (Duke et al., 2003a). This synergistic effect of increased nutrients
has resulted in the increased phytotoxicity of specific herbicides (Hatzios and Penner, 1982).
High nutrient levels may also alter faunal communities which might affect the vulnerable
trophic links between mangrove trees and fauna (Robertson et al., 1992).

Increased sediment loads in runoff from catchments affect mangrove distributions within
estuaries as well as water quality (Duke et al., 2003b). In recent decades, there have been
unprecedented gains in mangrove areas at the mouths of at least four GBR river estuaries,
Trinity Inlet (Duke and Wolanski, 2001), Johnstone River (Russell and Hales, 1994), Pioneer
River (Duke and Wolanski, 2001) and Fitzroy River (Duke et al., 2003b). Although these
rivers occupy a broad range of climatic and geographic conditions, they each have
characteristic and significant new mangrove stands. At the mouth of the Fitzroy River, the
area of mangroves had been relatively constant for a century but increased rapidly after the
1970s. The increases were correlated with concurrent human activities including increased
clearing of vegetation in the catchment, which increased sediment loads in runoff, and the
construction of a major river barrage, which reduced river flows and flushing.

An unusual species-specific dieback of Avicennia marina has been observed in the Mackay
region since the mid 1990s (Duke and Bell, 2005; Duke et al., 2005 ). By 2002, it was
estimated that 97% of the A. marina trees in the Pioneer River estuary were affected by
moderate to severe dieback (Duke et al., 2003). Laboratory studies have shown that
mangroves are sensitive to the root application of atrazine, diuron and ametryn (Photosystem
IT inhibiting herbicides) and Avicennia marina is more sensitive than other mangroves tested
(Bell and Duke, 2005). Although the Mackay dieback was associated with the levels of diuron
and other herbicides present in mangrove sediments and porewater, and in stream/drain
waters flowing into mangrove areas (Duke and Bell 2005), two recent surveys of mangrove
communities in the Pioneer River estuary have shown an overall improvement in the health of
A. marina although herbicide levels in sediments and pore water have remained high at some
sites (Wake, 2008).

The dieback has also been attributed to sedimentation (Kirkwood and Dowling, 2002).

These findings indicate that the causes of such diebacks requires further investigation and the
complexities of cause and effect relationships are yet to be fully resolved.
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3C Key uncertainties related to causal relationships between water quality and
ecosystem health

The following points summarise the key uncertainties associated with knowledge related to
the causal relationships between water quality change and ecosystem health.

- While a limited number of models exist that attempt to link marine ecosystem health to
end of catchment loads, further development is required to assess the influence of
catchment management actions on GBR health in a comprehensive way as a matter of
urgency.

- Synergistic effects of contaminants and external influences on GBR ecosystems.

- Definition of acceptable/desired thresholds for key indicators i.e. coral, seagrass and
biodiversity.

- Drivers of seagrass change and health, in particular the influence of declining water
quality, especially nutrients and turbidity.

- The specific impacts of pesticides (particularly herbicides) on the GBR ecosystems.
Presently there is a lack of toxicity data for organisms specific to the GBR. Much of the
current research has been focused particularly on corals with comparatively little data on
mangroves, seagrass and micro-organisms. In addition, the synergistic effects of
mixtures of pesticides are relatively unknown, as well as the effects of long-term
exposure.

- Understanding the response of estuarine systems to floods and the role of the coastal
floodplain.

- Knowledge of the response of the GBR ecosystem to different events in different areas,
and the ability to recover. Understanding the implications of combined scale and
frequency of disturbance to GBR ecosystems.

- The relative risks to GBR ecosystems of individual terrestrial-sourced contaminants.

- The complexity of the relationship between nutrient enrichment, coral reef decline,
macroalgal proliferation and abundances of grazing fishes (and other grazers) still
prevents there being a clear consensus view on this specific relationship.

4 Review existing scientific evidence for a decline in the quality of water in
GBR catchment waterways leading to reduced instream ecosystem health

Conclusion: The health of freshwater ecosystems is impaired by agricultural land use,
hydrological change, riparian degradation and weed infestation

Waterways of the GBR catchment include streams that drain forested uplands and the
cultivated tablelands of the wet tropics, intermittent dry-land streams, lowland rivers and
estuaries, and the lagoons and swamps of the floodplains. In the wet tropics, most systems
are perennial, but in the dry tropics, streams and wetlands may be intermittent, and even large
rivers may contract to isolated waterholes in the dry season.

Our understanding of the ecosystem health of GBR waterways has been greatly enhanced by
recent reports on wet tropics streams (Arthington and Pearson, 2007and chapters therein) and
floodplain waterways (Pearson et al., 2005), and on the riverine waterholes and floodplains of
the dry tropics (e.g., Perna and Burrows, 2005). The GBR catchments support high
biodiversity and many endemic species of freshwater fish (Pusey et al., 2004), some of the
highest diversity of freshwater invertebrates in the world (Pearson et al., 1986; Vinson and
Hawkins, 2003; Pearson, 2005), and many species of aquatic plants (Mackay et al., 2007).

While the diversity of information on catchment freshwater health is increasing, much work is
unpublished. Recent reviews on within-catchment water quality and ecosystem health have
focussed on the wet tropics (e.g., Pearson and Stork, 2007; Connolly et al., 2007a, b; Faithful
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et al., 2006); there has been less work on the dry tropics, highlighting an important
information gap, although reports on the Burdekin and the Fitzroy systems are advancing our
understanding of those systems.

4A Lines of evidence:

- 4.1 Priority factors affecting instream ecosystem health are riparian vegetation
condition, aquatic and riparian weed prevalence, vegetation removal and habitat
loss - these factors have been shown to be more important factors reducing instream
ecosystem health than water quality per se.

- 4.2 Concentrations of nutrients in fresh waters in many catchments are
proportional to the area of land under agriculture — elevated nutrient inputs from
agricultural sources are known to contribute to enhanced weed growth, vegetation
change and associated changes in instream community structure.

- 4.3 Agricultural development has led to substantial damage to riparian and
wetland health in many catchments - these influences have negative consequential
effects on water quality and hence detrimental effects on instream biota.

- 4.4 Concentrations of pesticides in waterways are highest in areas of intensive
agricultural activity - the implications of elevated pesticide concentrations for
community structure in freshwater ecosystems are potentially severe but our knowledge
is incomplete.

- 4.5 The condition of riverine waterholes in the Dry Tropics is largely determined
by cattle access — cattle contaminate and disturb the waterholes causing deoxygenation
from excretia, increased turbidity, and consequent loss of biodiversity.

- 4.6 The condition and biodiversity of floodplain waterways are adversely affected
by irrigation inputs and drainage — sediments, nutrients from fertilisers and organic
material have been shown to lead to oxygen depletion, enhanced weed growth, turbidity
and hence biodiversity loss.

4B The evidence base

4.1 Priority factors affecting instream ecosystem health are riparian vegetation
condition, aquatic and riparian weed prevalence, vegetation removal and habitat loss
As described in Section 1, water quality conditions in the GBR catchments in runoff events
are reasonably well documented; water quality in the catchments through the non-event
periods is much less well documented. It is this ambient or chronic water quality that is of
greatest importance to the ecology of the rivers and wetlands, as opposed to the short-term
events that appear to drive water quality in coastal waters. The relative importance of
ambient inputs to coastal ecosystem processes is also not known.

However, the most serious factors affecting health in wet tropics streams and wetlands are
changes to habitats, including invasion by exotic weeds and loss of riparian vegetation, which
can cause major changes to waterway morphology, habitat complexity, food availability, gas
exchange with the atmosphere and, therefore, biodiversity. Organic effluents have been
shown to cause fish kills and a major decrease in biodiversity as a result of oxygen depletion;
and deposition of fine sediments derived from agriculture and other sources reduce
biodiversity in streams.

The multitude of human impacts that might affect catchment and GBR health is summarised
in Figure 8. The most important of these potential impacts is land clearing (Pearson and
Stork, 2007). However, in the wet tropics, there is little available land left to clear, so the
issue is more one of management of cleared land. Changing land use is a growing concern
because, as climate changes and as the economics of particular crops changes, new land uses
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may bring problems that have not yet been experienced. Even the change in sugarcane
harvesting, from the old method of burning first to remove trash, to the current approach of
green cane harvesting, had unpredicted impacts: leaving the trash on the land had the major
benefits of retaining organic material, removing smoke impacts and protecting the soil against
erosion; but the interaction of rainfall with trash can produce organic pollution in streams,
leading to fish kills. Fine-scale land and water management can alleviate such problems.

‘ Human influences ‘
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Clearing of vegetation
increases sediment and
nutrient input

Water infrastructure prevents
connectivity, severely alters
flows, affects water quality
and biological processes

Irrigation alters flows in
wetlands

Weed infestation reduces
connectivity and water quality |[~——_

Agriculture, grazing and
urban development add
substantially to natural
sediment and nutrient loads

Connectivity halted by water
management activities —
weirs, drop-boards, culverts,

etc

Agrichemicals boost nutrients
and add poisons

7

~

77777,,,,,,‘ Perennial flows sustain high

— wetlands and reef
_— Wetlands of different

g character provide habitat for

. numerous fish and prawns
Reef wat . tant Floods carry materials into

€€l walers receive constan coastal waters, influencing
enhanced input of chemicals "
" N water quality

and sediment, with huge
pulse during floods

Some resilience of reefs, sea
grasses, etc., up to thresholds, yet
to be determined

‘ Natural processes ‘

Rainfall and cloud capture
| feed pristine streams

biodiversity in streams

Riparian vegetation shades stream,
— | protects banks, input organic
material and provides habitat

Downstream change as stream widens
and deepens, with increasing instream
plants, and more fish species

Many small streams and
ground water drain floodplain
and smaller catchments

Stream water quality
maintained by local
processes

Seasonal floods replenish
extensive wetlands

—{ Groundwater sustains
permanent wetlands
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between stream, estuary,

Figure 8. Outline of processes from catchment to reef (from Pearson and Stork 2007).

Long-term turbidity in the water often caused by loss of riparian vegetation or cattle access,
such as occurs in the Burdekin River Dam (Lake Dalrymple) and in the river downstream,
may have a long-term detrimental effect on normal processes. Moreover, if that suspended
material settles to the substrate it can have major effects on benthic habitats and organisms, by
clogging substrate interstices and microhabitats, and smothering plants and small animals
(e.g. Connolly and Pearson, 2007).

Organic inputs to aquatic systems, such as effluents from sewage works or dairies, typically
cause oxygen depletion through bacterial respiration of organic materials, with subsequent
loss of hypoxia-intolerant species of invertebrates and fish. In the wet tropics, sugar mill
effluents were once the main source of problems (Pearson and Penridge, 1987), but there has
been substantial effort to remove or clean up discharges to waterways.

Disturbance of riverbanks also occurs by access of feral animals include pigs that can severely
disturb the sediments and benthic fauna of shallow wetlands, and also several species of fish,
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e.g. Tilapia (Webb, 2006). In the wet tropics, of major concern are tilapia (Oreochromis
mossambicus) and other related cichlid fishes of African origin which, it is feared, might
displace native species (Burrows, 2004). Currently it appears that introduced fishes do
especially well in disturbed habitats, but are not yet implicated in displacement of natives in
more pristine systems (Webb, 2003).

The dynamics of oxygen (and, incidentally, pH) in catchment waterways are complex, and
dependent on a range of natural and human-influenced variables (Pearson et al., 2003).
Natural oxygen status can best be achieved by maintaining riparian zones, curtailing weed
growth; by preventing the input of nutrients; and by removing blockages to flow. While the
tropical Australian invertebrate and fish fauna appear very resilient to low dissolved oxygen
status (Pearson et al., 2003; Connolly et al., 2004), their tolerance thresholds can be breached,
as evidenced by the occasional fish kills that occur in floodplain waterways. Prolonged high
sediment levels reduce diversity and abundance of stream biota such as fishes (Hortle and
Pearson, 1990).

4.2 Concentrations of nutrients in fresh waters in many catchments are proportional to
the area of land under agriculture

The concentrations of dissolved nutrients in stream water correlates with the proportion of
agricultural landuse in the catchments (e.g. Dillon and Kirchner, 1975; Smart et al., 1985;
Jordan et al., 1997). Although streams are well flushed in wet tropics waterways, nutrient
supplements from fertilizers are reflected by algal productivity and consequent changes in the
fauna. In many disturbed streams the effects of increased nutrients are exacerbated because
the clearing of riparian vegetation increases light levels and encourages vigorous growth of
invasive weeds and the in-stream growth of algae and larger plants.

For example, water hyacinth (Eichornia crassipes) and salvinia (Salvinia molesta) are two
plants introduced for their ornamental values, but which have become major weeds in the
GBR catchment waterways. They infest lagoons and slow-flowing waterways, eventually
covering the whole water body in a thick mat that blocks out light and prevents gas exchange,
rendering the waterway hypoxic and uninhabitable for native plants, fish and other animals.
This growth is accelerated by increased nutrient input. In the wet tropics the major weed
problem is para grass (Brachiaria mutica), which grows in profusion wherever there is
sufficient light and appropriate substrate. Its growth is enhanced by nutrients in the water. It
now infests most minor drainage channels, small streams and river banks. It is a severe
impediment to normal drainage, and has substantial effects on the morphology of waterways
(Bunn et al., 1998).

Pearson and Penridge (1987) found high abundances of macroinvertebrates below the outfall
of a sugar mill in the wet tropics. They associated the increase in macroinvertebrate
production with high levels of nutrients and organic matter in mill effluent. In experiments
using artificial stream channels on the bank of a first order rainforest stream Pearson and
Connolly (2000) were able to increase macroinvertebrate abundance by 75%.

Aquatic macroinvertebrates offer a time-integrated sample of environmental conditions over
their lifetime (weeks to years) and consequently have been regularly used as indicators of
water quality and ecosystem health (Rosenberg and Resh, 1993). They are numerous and
ubiquitous, occurring in nearly all water bodies and are easily sampled using cheap, readily
available equipment, making them ideal for this purpose. The aquatic macroinvertebrates are
typically diverse, with different species having specific requirements for biophysical
conditions. As a consequence, their distributions follow natural gradients in environmental
conditions and they have been shown to respond to changes in water quality and physical
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parameters associated with anthropogenic disturbance (Connolly and Pearson, 2004). For
example, they have been demonstrated to be sensitive to changes in water chemistry,
including dissolved oxygen concentration (e.g. Connolly et al., 2004), pH (e.g. Rutt et al,.
1990), salinity (e.g. Metzeling, 1993) and to be vulnerable to toxic contaminants such as
insecticides (e.g. Liess, 1994; Shultz and Liess, 1995). They have also been shown to respond
to organic pollution (e.g. Pearson and Penridge, 1987) and nutrient enrichment (e.g. Pearson
and Connolly, 2000). The clearing of riparian vegetation and increases in sedimentation have
also been shown to be detrimental to macroinvertebrate assemblages (e.g. Ryan, 1991;
Connolly and Pearson, 2007; Harrison et al., 2008).

4.3 Agricultural development has led to substantial damage to riparian and wetland
health in many catchments

Various estimates of loss of freshwater wetlands in developed catchments along the GBR
coast range between 70-90% (Environmental Protection Agency, 1999) while the condition of
the remaining 10-30% range from moderate to no value as fisheries resources (Veitch and
Sawynok, 2005). The most significant reason for the reduction in the value of remaining
wetlands to fisheries is changed catchment hydrology resulting in loss of connectivity, habitat
modification, poor water quality and poor habitat quality. Wetland loss affects species whose
lifecycle includes a marine phase (Veitch and Sawynok, 2005).

Floodplain lagoons are affected by inputs of nutrients (from fertilizers) that promote aquatic
plant growth, and consequent nocturnal oxygen depletion and loss of biodiversity. Floodplain
lagoons are also affected by inputs of organic materials (e.g. cane field wastes) that promote
bacterial production and further oxygen depletion.

The loss of riparian vegetation in the GBR catchments is documented throughout Queensland
in the Statewide Landcover and Trees Study (SLATS) (eg. QNRW, 2007), and at a local or
regional scale through specific, mostly short term, assessments. Natural riparian (riverbank)
vegetation in GBR catchment typically includes forest trees, shrubs and, with sufficient light
penetration, some grasses and herbs. Where drainage is poor, species that are tolerant of
waterlogging may dominate. The benefits of riparian vegetation to normal ecosystem
function are well documented (e.g. Pusey and Arthington, 2003). They include: habitat and
habitat corridors for terrestrial animals and plants; habitat for semi-aquatic animals; shade;
filtration mechanisms; organic inputs; bank stability; instream habitat via roots and snags;
basking sites for reptiles; etc. In the past, farmers were often encouraged to clear land right
up to the river banks. It is now acknowledged that this policy was ill-conceived as the lost
amenity values greatly outweighed the value of the land exposed. Despite broad acceptance
of this assessment, restoration of riparian zones is only occurring very slowly.

As part of the Queensland Wetlands Programme established in 2003 under the Reef Plan,
Queensland’s wetlands have been mapped digitally by building on existing information,
including water body mapping derived from satellite imagery, regional ecosystem mapping
and a springs database (EPA, 2005). Wetlands have been classified according to a range of
criteria, including the type of ecological system (riverine, estuarine etc), their degree of water
permanency, and salinity. The result is a consistent wetland map at a scale of 1:100,000, with
finer detail in some parts of Queensland (mainly coastal regions) where appropriate mapping
data exists. A wetland inventory is also being developed to describe the listing and storage of

wetland information from a range of sources including tenure, climate, population, land use
and field data.
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4.4 Concentrations of pesticides in waterways are highest in areas of intensive
agricultural activity

Some monitoring of pesticide concentrations has been done in the wet tropics that shows that
the concentrations of pesticides in waterways are highest in areas of intensive agricultural
activity (e.g. Bainbridge et al., 2006a) but there is very little information on the impacts of
pesticides on native biota (exceptions include Kevan and Pearson, 1993). Clearly our
understanding of the fate and impacts of pesticides is a major knowledge gap that needs
addressing.

Weeds such as paragrass which become a nuisance to farmers as a result of accelerated
growth through increased nutrient availability, are often managed by mechanical or chemical
means. This results in direct pesticide application to waterways. The implications of these
applications for instream or downstream ecosystem health have not been adequately
investigated.

4.5 The condition of riverine waterholes in the dry tropics is largely determined by
cattle access

The condition of riverine waterholes reflects their local surroundings. In the dry tropics, the
condition of riverine waterholes is largely determined by the availability of access to cattle,
which contaminate and greatly disturb remnant and refugial ecosystems, causing, among
other things, deoxygenation and consequent loss of biodiversity (Burrows, 2003).

4.6 The condition and biodiversity of floodplain waterways are adversely affected by
irrigation inputs and drainage

Condition and biodiversity of floodplain waterholes are affected by irrigation inputs and
drainage, particularly sediments, nutrients from fertilisers and organic material, which lead to
oxygen depletion and biodiversity loss (Burrows and Butler, 2007).

4C Key uncertainties related to reduced instream health

The following points summarise the key uncertainties associated with knowledge related to
decline in the quality of water in GBR catchment waterways leading to reduced instream
ecosystem health.

- Understanding of the fate and impacts of pesticides in freshwater ecosystems.

- Quantitative assessment of the different requirements for catchment management for
improved instream health.

- The greatest influence on streams and wetlands is caused by the ambient concentrations
in the non-flood periods. The short, sharp flush of material in the flood periods have
little influence on streams and wetlands, but produce the bulk of materials reaching the
GBR; it is the regular supply of nutrients that occurs through the year on which weed
growth (for example) is dependent. Those weeds are detrimental to instream health,
smothering natural habitats, exacerbating hypoxic conditions and creating barriers to
dispersal, but may provide an excellent filter, reducing contaminants being delivered to
the GBR. This hiatus needs to be explicitly assessed and quantified. It is possible, for
example, that these beneficial effects of weeds are short-lived, as they are over-run by
wet season floods.
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5 Review scientific evidence for the effectiveness of current or proposed
management intervention in solving the problem

Conclusion: Current management interventions are not effectively solving the problem

Knowledge related to the effectiveness of management interventions has moved forward in
the last 5 years but there are still significant gaps that hinder the capacity to identify the
priorities for investment and provide confidence in their likely water quality outcomes. The
Water Quality Improvement Plans (WQIPs) in the GBR have provided a substantial driver to
improve the availability and accessibility of this information, and in defining which practices
are most appropriate in certain locations for the most efficient biophysical, social and
economic outcomes.

Despite regional collaborative efforts between industry, research, Government and the
regional NRM bodies to develop Best Management Practices (BMP) for the major industries
(sugarcane, grazing and horticulture) within the GBR catchments, there is still a lack of
quantitative evidence linking these BMP’s with water quality benefits to downstream
waterbodies. The linkage between the adoption of BMP’s and resultant improvements in
water quality in a quantitative sense is unknown, and an understanding of the time frames that
changes in water quality be detected at different scales (i.e. paddock to sub-catchment
monitoring).

There has been a small body of relevant social and economic research undertaken to inform
the management of the GBR; evaluations of the existing social and economic research already
undertaken in the GBR relating to water quality have indicated that the research is relatively
limited. In addition, much of the research and development has often not been well integrated
with physical research and development, or does not provide a comprehensive understanding
of the social and economic issues across the GBR.

5A Lines of evidence:

- 5.1 Priority contaminants for intervention are known for Water Quality
Improvement Plan areas — there is improved regional understanding of management
practices associated with the presence of contaminants in waterways, including
knowledge of variability in risks across and within catchments and industries. However,
prioritisation between the regions and between industries at a GBR-wide scale is
lacking.

- 5.2 Arange of measures for managing sediment, nutrient and pesticide loss are
available for implementation across industries and across regions in the GBR
catchments — agricultural industry land management systems such as Grazing Land
Management and fertiliser efficiency techniques are established.

- 5.3 Quantification of water quality outcomes of management practices is
inadequate - management systems believed to be effective (based on limited
information) are known for the sugar cane and grazing industries and some of these
incorporate potential win-win benefits (e.g. ‘6 Easy Steps’ nutrient management system
in sugarcane), although to variable degrees across regions and industries; less
information is available for many of the regions’ diverse horticultural industries.

- 5.4 There are many social and economic impediments to the implementation of
management interventions — there are multiple economic and social impediments to
the implementation of changes of management practices aimed at reducing contaminant
loads to the GBR. While win-win scenarios exist for some management interventions
such as the ‘6 Easy Steps’ nutrient management system in sugarcane, many practices
involve net costs to producers, particularly in the shorter term. Economic and social

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef 39



impediments to practice change vary between regions, complicating the design of
policies to achieve practice change.

- 5.5 Knowledge of the effectiveness of restoration techniques is insufficient to guide
investment - the effectiveness of riparian vegetation and wetlands as potential filters of
sediments, nutrients and pesticides is known for some cropping locations, but is limited
for grazing areas. The system understanding that is required to prioritise investment into
riparian and wetland rehabilitation, taking into account social and economic factors, is
extremely limited. Potential lags in system responses to management interventions are
beginning to be quantified.

- 5.6 Targets have been set at regional scales based on best available science but
GBR wide targets are lacking — targets for management actions, end of catchment
loads and resource condition have been set through the GBR Water Quality
Improvement Plans. The targets are thus far more robust than previously set but still
require modification in the light of new information. However, no targets have been set
at the GBR scale which would allow trade offs in management actions across the GBR
region to be considered.

- 5.7 The capacity to measure effectiveness of management interventions has
improved — several major monitoring and modelling partnerships have been established
to measure water quality condition in the GBR catchments including the Short Term
Modelling Project led by NRW, and the Reef Plan catchment and marine monitoring
programs. Integration of these programs at the GBR paddock, to catchment to reef
scales is lacking.

5B The evidence base

5.1 Priority contaminants for intervention are known for WQIP areas

Substantial variability exists in the biophysical, social and economic characteristics across the
GBR catchments which influences the suitability and application of management priorities. A
priority for recent research has been identification of the primary sources of terrestrial
contaminant runoff to the GBR through more detailed regional assessments to target
management interventions; the outcomes of these assessments is addressed in Sections 1.4
and 1.5. The most recent information has largely been generated through the WQIP process
undertaken for 17 of the 35 major river catchments in the GBR region. For example, in the
most of the Burdekin and Fitzroy catchments where grazing is the predominant land use,
sediment is identified as the contaminant of greatest concern (Burdekin WQIP - Mitchell et
al., 2007a; Fitzroy — Johnston, 2006), whilst in the Tully catchment within the Wet Tropics
where intensive sugar cane and banana cropping is dominant, nitrogen and pesticides are the
key concern (Tully WQIP — Kroon, 2008). Nutrients and pesticides are also of greatest
concern in the lower Burdekin catchments (Mitchell et al., 2007a) and Mackay Whitsunday
region (Drewry et al., 2008) where land use is dominated by intensive cropping,
predominantly sugarcane. The Burnett-Baffle catchments incorporate a range of land uses
including intensive cropping and grazing; the WQIP process has identified sediments,
nutrients and pesticides as important contaminants. The Black Ross WQIP is dominated by
urban land uses where nutrients, pesticides, sediments and heavy metals are of concern.

Improved management techniques in intensive wet tropic areas have already reduced
sediment generation through practices such as minimum tillage and green cane trash
blanketing (Prove, et al., 1996; Rayment, 2003), although there remain relatively minor
sediment issues in horticultural crops such as bananas. Substantial issues still exist for
sediment management in grazing lands.
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The focus for sediment control and reduction of erosion associated with rangeland grazing is
in the Burdekin and Fitzroy catchments, and to a lesser extent catchments in the Cape York
and Burnett regions and upper parts of the Wet Tropics catchments (Joo et al., 2005; Brodie et
al., 2003; Furnas, 2003; Cogle et al., 2006). Hillslope, streambank and gully erosion
dominate sediment delivery processes, although further studies are required to demonstrate
predominant erosion mechanisms in the catchments. Particulate nutrients are also sourced
from soil erosion in grazing lands and can therefore be managed through soil erosion control.

Dissolved inorganic nutrients are largely associated with fertiliser application in intensive
cropping industries. For the GBR region as a whole, management of these nutrient losses is
essentially about reducing fertiliser losses from sugar cane and to a lesser extent, horticulture
(but noting that horticulture may be of major importance in some catchments).

Herbicides are mostly derived from sugar cane applications (Rohde et al., 2006) with some
contributions from cropping in the Fitzroy catchment (Packett et al., 2005), and woody weed
control in grazing lands.

5.2 A range of measures for managing sediment, nutrient and pesticide loss are
available for implementation across industries and across regions in the GBR
catchments

The principles for effective management of sediment, nutrient and pesticide generation are
well known and these are incorporated into management practices being implemented across
the GBR catchments. However, large uncertainties exist regarding their profitability and short
and long term impacts of implementation upon industries. Examples of methods designed and
currently applied for targeting specific problems are provided below.

There are several schemes available for managing fertiliser application in the intensive
cropping industries and these have been examined on a regional basis for each WQIP (e.g.
Roebeling and Webster, 2007; Thorburn et al., 2008). Examples include “6 Easy Steps”
(Shroeder et al., 2005) where cane farmers are encouraged to follow a series of steps that
tailor the fertiliser application rate to the plant and soil requirements, and has benefits for
productivity such as reduced fertiliser application. Thorburn et al. (2003b) developed the N-
Replacement system and this system has been trialled in several sugar areas within the GBR
catchments (Thorburn et al., 2007; Webster et al., 2008b). Field trials been positive,
suggesting the assumptions behind the system are often valid. The main assumption is that
soil nitrogen stores can buffer the difference between the amount of nitrogen needed by the
crop and the amount of nitrogen fertiliser applied. For example, if the yield of the coming
crop was larger than that of the previous crop, additional nitrogen requirements would be
supplied from soil nitrogen stores. Conversely these nitrogen stores would be “topped up”
when a small crop followed a large one. This assumption means the concept of a ‘target
yield’, e.g. used in programs such as 6 Easy Steps, is no longer necessary in determining
fertiliser rates. Target yields are generally related to possible production, not actual
production, and so can be a significant drives of high fertiliser application rates (relative to
actual production) and high fertiliser and high fertiliser surpluses (Beaudoin et al., 2005). The
success of the N Replacement system is a potential saving in nitrogen fertiliser applications of
up to 40 %, and a reduction in the overall nitrogen surplus across the whole sugarcane
industry of up to 60 %. The N-Replacement research is currently in the ‘proof-of-concept’
phase and plans are underway for developing the concept into a practical management system.

However in contrast to recent developments for sugar cane, little consideration has been given
so far to similarly update fertiliser and other management practices for most of the region’s
horticultural industries. A review of fertility management in horticulture and associated
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environmental issues (Hunter and Eldershaw, 1993) provides information and priorities for
improving fertiliser and pesticide management in these industries across Queensland,
including the GBR region. This review should be updated and its recommendations
implemented so that up-to-date information is available on optimal fertiliser and pesticide
management practices for horticultural industries in the region. In addition, the information
needs to be provided for each industry and should take into account cross-regional differences
(e.g., in production systems and climate).

Sediment control in the grazing industry is guided by the industry led initiative, Grazing Land
Management, or ‘GLM’. This initiative has developed regionally specific best management
practices (‘BMPs’). As with practices for fertiliser management, each region has also
conducted an assessment of management practices suitable for reducing sediment runoff in
priority catchments, for example, BMPs for grazing in the Burdekin are assessed and
prioritised in Coughlin et al., (2007). Sediment control in these areas requires increased
vegetation cover, as well as improved pasture condition and soil health to retain water,
sediments and nutrients on the land (Nelder, 2006; Gordon, 2007). In principle this means
applying the appropriate utilisation rates of vegetation through better management of stocking
rate (particularly in regard to rainfall variability), wet season spelling to improve pasture
condition, forage budgeting to ensure cover levels are adequate from year to year and
preventing selective overgrazing of preferred areas in the landscape (Chilcott et al., 2003;
Gordon and Nelson, 2007). However, recent unpublished work by Bartley et al., (2007¢)
suggests that the majority of the sediments flowing into the creeks and rivers come from
streambank and gully erosion which will sometimes need engineering solutions like contour
banks or ripping ( as opposed to retaining walls or sediment traps) and fencing riparian and
gullied areas to provide reduced grazing pressure, rather than changes in grazing land
management. Current practices largely address hillslope erosion and further work is required
on management and restoration techniques for gully erosion.

There are also other means of addressing sediment runoff in grazing lands. Maintaining soil
health, for example through reduced stocking pressure, is also identified as an important
contribution to improving soil infiltration, and therefore, reducing surface water runoff and
sediment loss (Dawes-Gromadzki, 2005). The importance of off-stream watering as a means
of reducing cattle impact on waterholes and lagoons has also been demonstrated by Burrows
2003. However, there has been little work on managing grazing in riparian areas (with the
exception of fencing) and direct management is unlikely to be financially viable in extensive
grazing areas. On-going research (field experiments and modelling) is required regarding the
influence of variable groundcover levels and patterns for major landscapes within each region,
and improved understanding of the impact of significant flood events on sediment loads and
defining the threshold of various management practices in these events is necessary to
identify the best sediment management practices for water quality outcomes.

Herbicide management is focused on better and more effective delivery techniques which

reduce losses and integrated pest management programs focused on reducing use. Current
practices include zonal application and the use of hooded sprayers, and the replacement of
residual herbicides such as diuron by other less residual herbicides such as glyphosate.

There are some examples of incidental interventions that have had benefit to water quality
outcomes, such as green cane trash blanketing which while introduced to improve harvesting
and organic carbon content of soils, had the incidental benefit of reducing soil erosion. A
second example is evident with fertliser application rates as fertiliser prices have risen in the
last 10 years at a time of reducing cane prices, fertiliser application rates have reduced.
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5.3 Quantification of water quality outcomes of management practices is inadequate
Whilst water quality outcomes are expected from the implementation of the management
practices outlined above, there is limited evidence of measured water quality outcomes from
particular practices in particular locations.

A major limitation in detecting improvements in practices and measurable outcomes in GBR
ecosystem health is the ability to detect the signal of change in the system. This noise in the
signal is due to system variability, natural occurrence of sediments and nutrients in the system
and limitations of the capacity to monitor and model material transport and fate. A good
example of demonstrated time lags in system response to management changes is recorded in
the Tully catchment. The Tully catchment is the least variable river in the GBR catchments,
and yet very large changes in fertiliser use (increases) took 14 years to be manifest as
increasing nitrogen levels in the lower Tully River to a statistically robust trend (Mitchell et
al., 2001, 2006). This highlights the importance of the need for innovative monitoring and
modelling techniques, and an improved understanding of the system dynamics to inform
management decisions. These issues are also discussed in Section 1.

The response of the system to these land management changes is significantly influenced by
system dynamics, depending on the contaminant and catchment systems. The major
influences are summarised below (Waterhouse et al., in press).

o Sediment control mechanisms and targets in large catchments like the Burdekin are
likely to encounter long lag times in the system, depending on the soil and flow
characteristics, and the time for riparian vegetation to grow. However, fine sediments
such as clays which present the highest risk to GBR ecosystems, experience the least
system lags in transport. In addition, the variability in the systems in terms of
hydrology (decadal events) and climate mean that responses in the system are likely to
be in decadal time scales (Lewis et al., 2007; Bartley et al., 2007).

e Fertiliser management in intensively cropped areas such as the Wet Tropics and the
Mackay Whitsunday Region will also experience significant lag times in system
response because of the sugar crop cycles (6-7 years) and storage in soil and
groundwater stores. Responses are likely to be multiple years, ie. 5 to 10 years. Lags
in groundwater transport and sub-surface transport (Rasiah et al., in prep; Rasiah et
al., 2007; Armour et al., 2006) and floodplain trapping (Wallace et al., in press; Karim
et al., 2008; McJannet, 2007) also have a significant influence on the system.

e Herbicide management is expected to be characterised by limited time lags because
most of the herbicides of concern have half lives less than 1 year (eg. 50 days).
Significant reductions in loads are expected to be evident within 2 years of practice
change involving reductions in use and loss. Changes in the presence of herbicides due
to improved practices are also easier to identify in the system as they are not present
naturally, generating a clearer signal related to practice change.

Whilst vegetation management through maintenance or rehabilitation of vegetated areas is
considered to be a beneficial practice for water quality outcomes, direct measurements of long
term outcomes are difficult to find. However, vegetation management in Queensland is
probably one of the few examples of documented evidence of the effectiveness of a
management action in Queensland through introduction of the Vegetation Management Act in
1999. The legislation restricted the amount of tree clearing that could be undertaken on
freehold and leasehold land. Figures from the Statewide Landcover and Trees Study (SLATS)
showed the statewide average annual rate for clearing of woody vegetation in 2004/05 was
351,000 hectares. This is 27% lower than in 2003/04 (482,000 ha) and 54% lower than the
peak measured clearing rate in 1999/2000 (758,000 ha). Reductions in clearing of more
environmentally significant remnant woody vegetation are even greater — 35%, down from
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267,000 ha in 2003/04 to 172,000 ha in 2004/05 (Department of Natural Resources and
Water, 2007). These figures demonstrate the effectiveness of the introduction of the
legislation and in the short term, assumptions are made about the outcomes in terms of water
quality and biodiversity values.

5.4 There are many social and economic impediments to the implementation of
management interventions

Similarly to the variability in the physical impacts on loads from practice change across and
within industries of the GBR, there is significant evidence of variability in the economic and
social characteristics of regions across the GBR, between sectors, and often within sectors
within regions. This variation applies to both industries contributing to loads with the
catchments such as grazing, sugar and horticulture (MJA, 2008a; Greiner et al., 2003) and
industries that are largely within receiving environments such as tourism and recreational
fishing (Access Economics, 2007; Campbell and Murphy, 2005; MJA, 2008b). This
variability in social and economic makeup further complicates the measurement of the
effectiveness of proposed management interventions. While the understanding of cost
effectiveness of alternative management interventions is still relatively rudimentary, it is
generally better understood in grazing and sugar environments (Rolfe et al 2007, Donaghy et
al., 2007, Roebeling, 2006; Roebeling et al., 2004, 2007; Alam et al., 2006). For example,
Roebeling et al., (2007) analysed the water quality efficacy and the economic dynamics of
management practices in the Tully-Murray catchment. Based on the proposition that regional
(i.e. private and social) benefits are maximised where marginal private costs equal marginal
social benefits, the studies showed that the cost-structure around BMPs is such that a certain
level of improvement in water quality can be made at no cost (e.g. for sugar - a 25% to 40%
gain depending on adoption of new fertiliser practices) but beyond that point, costs for water
quality improvement rise sharply. It showed that the current BMPs do not yet balance both
production and environmental goals. In addition, the spatial arrangement of industries in the
catchment was not optimal for improved water quality outcomes. Subsidies, incentives and/or
regulations will be needed to provide the business case for industries to develop and
implement improved management practice settings and to guide spatial change in this, and
many other GBR catchment locations.

There are significant barriers to the adoption of practices that could materially reduce loads
into GBR catchments. These barriers are economic such as the private cost of changing
practices and social such as attitudes towards particular practices, skills required and attitudes
towards risk (Cary et al., 2001; Preston et al., 2007; Donaghy et al., 2007). These constraints
are often not well understood. Because of the multiple types of constraints to change and the
variability of the constraints between managers, a number of regulatory, suasive and
economic tools are being used to address water quality in the GBR, with the use of market-
based instruments providing significant opportunities as they specifically integrate bio-
physical and economic information (revealed by managers) of the benefit, costs and cost-
effectiveness of alternative management interventions (MJA, 2008a).

There has been a small body of relevant social and economic research undertaken to inform
planning and management of water quality in the GBR (e.g. Windle and Rolfe, 2006; Hug and
Larson, 2006; Larson and Stone-Jovicich, 2008; Larson, in press), although many of the
studies have been regionally specific including socio and economic assessments completed to
support water quality planning in the Tully Murray catchments (Bohnet et al., 2007; Larson,
2006, 2007), Burdekin region (Greiner et al., 2003; Greiner and Hall, 2006; Greiner et al.,
2006), Mackay Whitsunday (Strahan, 2007) and Fitzroy (Preston et al., 2007). These studies
have highlighted the substantial variability in the socio economic characteristics of the GBR
catchment that ultimately influence the choice of management interventions for water quality
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outcomes. Integrating targeted social and economic analysis and research into the
implementation of the Reef Plan should provide significant improvements in the
understanding of the cost effectiveness of alternative management interventions (including
variability) and the impediments to change over time.

The Reef Plan Marine Monitoring Program includes a socio-economic component. This
involves reporting on: market values of GBR industries and their inputs to regional
economies; patterns of human use of the GBR particularly non-commercial recreational
activities, tourism and commercial fishing; and community and visitor perceptions of, and
satisfaction with, GBR health (Prange et al., 2007).

A suitable indicator for assessing the performance of management interventions is the
adoption rates of various practices and tracking extension efforts by Region and industry. At
this stage, limited effort has been made to benchmark these indicators (with some exceptions
at a regional scale). This is a critical information need to inform the evaluation of Reef Rescue
Plan investments.

5.5 Knowledge of the effectiveness of restoration techniques is insufficient to guide
investment

Rehabilitation of riparian zones and wetlands and management in extensive grazing lands is
considered a priority activity for improving water quality, particularly focussed on the
function of these areas as filters of sediment, nutrients and pesticides. Rehabilitation is not an
economic option for vast areas in the rangelands - these riparian areas still need to be
managed under grazing (Coughlin et al., 2007). Large areas of riparian forest have been
cleared over the last 30 years in the Burdekin (Lymburner and Dowe, 2006) and over the last
50 years in the Fitzroy (Lymburner, 2001).

From a management perspective, resources for rehabilitation are best directed to those parts of
the catchment where they can have greatest effect, recognizing that the functions and
capabilities of riparian and wetland areas may differ depending on their position in the
landscape (Hunter and Hairsine, 2002). For example, where hillslopes drain directly into
streams without the presence of a floodplain, the riparian zone will act to reduce sediment
loads and associated contaminants carried by overland flow. In smaller, frequently ephemeral
streams the emphasis is on filtering of overland flow. In larger streams riparian vegetation has
a major role in stabilising stream banks. Similarly, remedial management should target
riparian areas where shallow groundwater discharge of nitrate occurs, most likely in small to
medium sized streams (Hunter et al., 2006). Careful management may be required to ensure
these areas retain this capability and don’t themselves become contaminant sources; for
example, as shown for phosphorus in constructed wetlands in the Burdekin region (Hunter
and Hairsine, 2002).

In general, scientific knowledge of these riparian and wetland buffering functions in cropping
situations or in wetter more intensive environments is relatively well developed and the
principles have now been incorporated into software that enables assessment of alternative
management scenarios and identification of optimal locations for rehabilitation. For example,
the Riparian Nitrogen Model (RNM) (Rassam et al., 2008) enables users to identify sub-
catchments and stream reaches where rehabilitation is likely to have greatest effect in
reducing downstream nitrate concentrations, and it can also indicate the optimal buffer width
required. The RNM has been successfully applied in the Tully catchment. A Riparian
Particulate Model (RPM) has similarly been developed (Newham et al., 2005). It is also clear
that in wet tropics catchments that it is best to have a mixture of grass and trees to trap
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overland flow of fine particulate matter rather than just trees (McKergow et al., 2004a,
2004b).

The lack of locally-relevant data sets is a significant limitation to reducing the uncertainty of
these model outputs. At a systems level, there is currently only a limited capability to
optimise prioritisation of sites for rehabilitation, not only from a biophysical perspective but
also taking into account social and economic factors.

Despite the very considerable efforts made in riparian rehabilitation, both in the GBR region
and elsewhere, there have been very few attempts to quantify the benefits of these
investments in terms of improved water quality downstream. Long-term monitoring studies
are needed at a sufficiently large (e.g., sub-catchment) scale to demonstrate that such benefits
can be achieved following rehabilitation. However, some local examples of monitoring
effectiveness of wetland systems do exist for example in the Burdekin catchment (Burrows
and Butler, 2007) and the Tully catchment (McJannet, 2007). Recent research by McJannet
and others in the Tully catchment indicates that further investigation is required to
substantiate preliminary data showing the filter function that wetland systems provide in a wet
tropical floodplain environment.

5.6 Targets have been set at regional scales based on best available science but GBR
wide targets are lacking

In the last 3 years, targets have been set for management actions and resource condition to
support water quality management in the Douglas, Tully-Murray, Burdekin, Black-Ross,
Mackay Whitsunday, Fitzroy and Burnett-Baffle catchments, mostly through the WQIP
process. A consistent approach, reflected in Figure 9, has been adopted across the regions and
significant advances have been made in the rigour of the target setting process than earlier
efforts (eg. Brodie et al., 2001).

- Describe management actions for
environmental flow objectives for
estuaries

and climate change

- Understanding impacts of future growth

Identify source contributions of
pollutant loads

Timing for attainment and maintenance

of WQO's

Water quality objectives End-of-catchment Water quality objectives
based on achievable |:> water quality load <:| based on ecosystem
management scenarios target health responses
Relevant WQIP Tasks:
- Identify critical sources and key pollutants - |dentify total loads to achieve WQO'’s - Determine current receiving water
- Describe management actions to achieve - |dentify current estimated pollutant quality condition
maximum reduction in pollutant loads loads - Determine risk of impact by key

pollutants

- Determine environmental Values
and WQO's for receiving waters

- Describe nutrient cycling processes

Figure 9: Water quality target setting within the GBR and relevant tasks within the WQIPs.

However, as a result of the limitations in monitoring and modelling capacity referred to in
Sections 1 and 3, water quality targets are presently largely driven by an understanding of
what is achievable water quality change within current land use systems and practices. The
environmental tradeoffs in this decision have not yet received much attention because of the
low confidence in our understanding of what is actually being discharged from catchments
and how this relates to requirements to sustain healthy GBR ecosystems. The implications for
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ecosystems of not meeting targets, and the lag time to change practices and realise water
quality benefits for the target adopted, have high levels of uncertainty.

This is most apparent in the marine environment, where relationships between water quality
parameters and the resilience of GBR ecosystems is still emerging (refer to Section 3). The
establishment of the GBRMPA Water Quality Guidelines (2008) and the supporting science
documentation (De’ath and Fabricius, 2008) provide a substantial advancement towards
setting marine water quality targets, however, considerable work is required to define and
measure desired water quality outcomes in the relatively short policy timeframes.

5.6 The capacity to measure effectiveness of management interventions has improved
Catchment and marine water quality monitoring programs have commenced in priority
catchments of the GBR as part of the Reef Plan arrangements. Catchment and end of
catchment load water quality monitoring is led by NRW in collaboration with Regional NRM
bodies in 31 locations with a focus on sampling in major runoff events, when these exports
predominantly occur (Hunter and Walton 2008). A number of monitoring programs are
undertaken at regional levels to support NRM planning and Water Quality Improvement Plans
(WQIPs), with comprehensive programs established in the Burdekin (eg. Bainbridge et al.,
2007), Mackay Whitsunday (e.g. Rohde et al., 2008) and Fitzroy (eg. Packett et al., 2005)
catchments for event monitoring. Many of these programs encourage community
participation. The ecological risks associated with pesticide use in GBR catchments are
currently being assessed and a monitoring program developed for high risk waterways by
QNRW. Marine water quality monitoring is undertaken as part of the Reef Plan Marine
Monitoring Program led by the Great Barrier Reef Marine Park Authority (GBRMPA)
(Prange et al., 2007) described in Sections 2.1, 3.1 and 3.2. A comprehensive overview of the
location and extent of water quality monitoring currently undertaken in the GBR catchments
is provided in Queensland Department of Natural Resources and Water (2008a).

Estimates of the loads of contaminants discharged to the GBR that are not captured in existing
monitoring programs due to inadequacy of sampling sites and methods have been made in a
number of catchments. In the Tully catchment Wallace et al., (in press) showed that a large
proportion of the total load of suspended sediment and nitrogen was present in waters in
overbank flow on the floodplain and this was not included in load calculation made at Euramo
(the lowest gauging station) in the river channel. Similarly it is clear that much of the nitrate
lost from sugarcane fertiliser in the lower Burdekin reaches the GBR via small stream
discharge and possibly groundwater discharge and is thus not included in loads measured at
Home Hill in the Burdekin River (Brodie et al., 2008). Similar ‘missing’ loads are obvious in
Mackay-Whitsunday region through small stream discharge (Rohde et al., 2008) and are
likely in other regions. Similarly, there is poor understanding of the role of, or impact of,
discharges of contaminants from the coastal floodplain in dry season conditions. These
chronic discharges are likely to include natural stream discharge and drainage from irrigation.

SedNet modelling predicts that high levels of suspended sediment trapping will occur in dams
such as the Burdekin Falls Dam (Fentie et al., 2006) and the Paradise Dam (Henry and Marsh,
2006). This has significant implications for management of different parts of the catchment
when considering overall sediment delivery, for example, management could be targeted in
catchments areas below the dam wall. However, recent studies using monitoring data suggest
that trapping in the Burdekin Falls Dam is lower than modelled (average 60% instead of the
modelled 80%) (Lewis et al., 2008) and therefore careful consideration is required regarding
location of management efforts.
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Much of the modelling performed to date has provided information on annual-average
conditions based on long-term datasets and this type of modelling will continue to have its
place (e.g., for assessing likely impacts of alternative planning/management options).
However, the priority now is to develop more dynamic water quality models to analyse the
large monitoring datasets being developed for several major catchments of the GBR (Bartley
et al., 2007b). The aims of such monitoring programs are to identify the sources of
contaminants and to detect changes in contaminant concentrations and loads with time, in
response to changes in land-management practices. Teasing out from the dataset the effects
of changed land management is challenging particularly in large complex catchments, where
many factors, including climate change, co-determine water quality (Grayson, 2007). Models
have to be calibrated with locally relevant data to interpret the monitoring data (e.g., Hunter
and Walton, 2008). Even so, because of the complexities and sizes of catchments involved
and the inevitable limitations of the models, it may not prove possible to detect trends in the
monitoring data over the short-to-medium term. Model estimates that upscale from paddock-
to catchment scales are required to indicate the likely water quality improvements associated
with changed management practices, even if these can not be confirmed through monitoring
at that time. The time lags for trends to be detected in the monitoring data likely vary
between contaminants and between catchments, depending on factors such as the dominant
transport pathways and transformation processes, the presence of contaminant sinks (stores)
and the spatial distribution and extent of practice adoption. Field validation of modelled
increases to sediment and nutrient yields is required using additional and more direct proxies
(perhaps sediment dating, review of fertiliser application tonnages).

Improved understanding of the uncertainties associated with existing catchment transport
modelling tools has been an important component of recent research, with the limitations
summarised by Post et al., (2007) and Wilkinson et al., (2008). For example, sediment tracing
work underway in the Bowen River indicates much more gully erosion is occurring than
model predictions, (Wilkinson, 2008); illustrating the need for broader data collection on
erosion rates and model validation. Limited gully mapping is an important source of model
uncertainty in the Burdekin (Kuhnert et al., 2007) and the Fitzroy (Dougall et al., 2006)
catchments.

A comprehensive overview of the location and extent of water quality modelling activity
undertaken in the GBR catchments to support Reef Plan planning and implementation is
provided in Queensland Department of Natural Resources and Water (2008b).

A number of models are under development that can assist in predicting the biophysical,
social and economic outcomes of various policy interventions, and therefore, assist in
assessing management effectiveness. For example, the ‘SEPIA’ model (Single Entity Policy
Impact Assessment Model) is being tested in the Burdekin, Tully and Mossman catchments,
and uses a range of input data including biophysical characteristics, economic drivers and
landholder typologies to determine the probable outcome of a set of policy options (Smajgl et
al., 2008), however further model validation is required. Bayesian approaches are also being
used to combine various land use and economic scenarios for GBR water quality and climate
change outcomes (Wooldridge, 2007), and to guide managers in prioritising investment
(Lynam et al., in review).

5C Key uncertainties related to management effectiveness

Key uncertainties related to the effectiveness of current or proposed management intervention
in solving the problem include:
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- Predictions of the efficacy and efficiency of management interventions exist but
quantitative assessments based on field measurements are generally limited.

- Validation of effective and profitable management practices for the GBR region’s
agricultural industries, especially horticulture and grazing, including environmental,
social and economic perspectives.

- Capability to determine the relative importance of the location of the works in the
landscape in terms of material delivery.

- The relative importance of the type of groundcover maintained in grazing lands to
minimise sediment loss, and the efficiency of different groundcovers in managing
hillslope erosion (ie. ‘natural’ cover of trees and shrubs or savannah, compared to
pasture).

- Impact of different grazing management practices on health and functioning of riparian
areas in extensive grazing lands, and management of riparian areas especially with
regard to grazing and spelling.

- The biophysical and economic effectiveness of gully erosion remediation and
management measures to reduce gully sediment yields.

- The impact of woody weeds (e.g. rubber vine) and the use of fire to control weeds on
sediment loss.

- Socio economic benchmarking of the current adoption rates, extension efforts and
industry culture by Region and commodity.

- Development of a specific metric for each sector group (e.g. grazing) aimed at
measuring outcomes from actions to allow comparisons across sectors.

- Understanding the drivers that will lead land managers to change practices for water
quality improvement.

- It is to difficult to pick up short- or medium-term trends in water quality at large scales
due to climate variability and inherent difficulties in logistics associated with monitoring
at the right spatial and temporal scales. Further work is required to design and resource
optimal monitoring and modelling programs in GBR catchments.

- Quantification of the downstream benefits of management change/ restoration efforts
and the return on investment to land holders and funders, at appropriate temporal and
spatial scales.

- Quantification of the function of wetlands and riparian vegetation as filters for land
based materials in different locations.

6 Discussing the implications of confounding influences including climate
change and major land use change

Conclusion: Climate change and major land use change will have confounding influences
on GBR health

Comparisons of the degree of reef degradation and stage and severity of human activity for
the GBR compared to other global reef systems shows that although the GBR is in relatively
good condition, it is by no means pristine and some way along the path to the degradation
seen in many other reef systems (Pandolfi et al., 2003; Brodie et al., 2007a; Bruno and Selig,
2007). The complexities between the impacts of water quality stresses compared to other
stresses such as climate change (bleaching, ocean acidification) and fishing/harvesting and
their interaction are yet to be resolved. The current paradigm considers that a major
correlation exists between acute coral mortality following catastrophic events such as
cyclones, crown of thorns outbreaks and bleaching mortality, and lack of coral recovery in
poor water quality conditions. In good water quality conditions the coral recovers quickly, in
poor water quality conditions coral recovery is slow or non-existent due to lack of recruits,
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poor juvenile survivorship and competition from other benthic organisms such as macroalgae
and filter feeders.

The following section provides an overview of the current knowledge related to the
implications of confounding influences on the GBR, with an emphasis on the primary
confounding influences related to GBR water quality, climate change and major land use
change.

Climate change, water quality and GBR health

The present state of knowledge about the vulnerability of GBR species and habitats to climate
change has been reviewed in detail (Johnson and Marshall 2007). Predicted changes in the
climate both globally and for the GBR are an increase in the frequency of extreme weather
events including heat periods and cold snaps, more intense cyclones, and more frequent
droughts alternating with severe flood. Overall, the changing climate as observed and/or
predicted within the GBR region will therefore increase the frequency with which coral reefs
are being disturbed:

- Increasing concentrations of CO; in the atmosphere also lead to a reduction in the pH of
the seawater, a phenomenon termed ‘ocean acidification’. Ocean acidification reduces
the ability of corals and other calcifying organisms to grow, and diminishes the capacity
of coral reefs to withstand erosion (Guinotte and Fabry, 2008).

- Chronically warmer waters lead to changes in growth rates, altered food availability and
ecological functions in most species groups and GBR ecosystems. Periods of extreme
seawater temperatures (unusually high or low) lead to coral bleaching and to a greater
susceptibility to diseases. It is also likely that ecotoxicological effects e.g, from
herbicide exposure are more severe when organisms are already stressed from high
temperatures.

- Increased rainfall variability and intensity of weather events (droughts, floods etc) will
make land management more difficult and increase the risk of soil erosion and loss,
thereby resulting in increased loads of contaminants into the GBR lagoon. Droughts lead
to reduced vegetation cover, making soils more prone to erode and wash into the ocean
during floods. The nutrient injection from drought-breaking floods have been associated
with the initiation of primary outbreaks of crown-of-thorns starfish (Birkeland, 1982;
Brodie et al., 2005). Changing hydrology may have severe effects on catchment water
quality.

- Storm energy increases with the cube of wind speed and some forms of storm damage
(e.g., the dislodgement of large massive corals) are only observed at cyclone categories
3 or higher (Fabricius et al., 2008). Therefore a predicted increase in the intensity of
cyclones (Webster et al. 2005; Hoyos et al. 2006; Kossin et al. 2007) will likely lead to
a greater frequency of severe reef damage at regional scales.

Successful coral reproduction and recruitment is needed to compensate for the predicted
increase in coral mortality from bleaching events, cyclones, floods, and crown-of-thorns
outbreaks. Good water quality is essential for successful coral reproduction and the survival
of coral recruits on inshore reefs, and for keeping macroalgal cover low (reviewed in
Fabricius, 2005; Wooldridge et al., 2006; and De’ath and Fabricius, 2008). Protecting the
reefs against high levels of nutrients, sediments and pesticides is therefore considered
essential to facilitate resilience during climate change.

Another confounding influence is overfishing. Numerous studies have shown the important
role of fishes in structuring benthic assemblages. Fishes strongly influence the balance
between macroalgal and coral cover (eg., Hughes et al 1994). Recent research has shown that
fish densities increases once reefs are being closed to fishing, clearly demonstrating that the
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densities of some targeted fish species are reduced way below ‘pristine’ levels in many parts
of the GBR (Russ et al., 2008). Although herbivorous fishes do not tend to be taken on the
GBR, studies have shown that the removal of top predators can alter trophic structures in
ecosystems (Graham et al., 2003), and such flow-on effects are poorly understood. This has
been shown to influence the rate at which coral reefs recover after beaching events (Hughes et
al., 2007).

Major land use change

Given the potential climate change scenarios and associated pressure for industries to seek
alternative and viable ventures, major land use change in the GBR catchments is possible,
which is likely to have implications for the amount of contaminants discharged to the GBR. A
number of scenarios can be considered to be probable in the current settings, although longer
term scenarios (eg. to 2050) are highly uncertain but have been attempted by Bohnet et al.,
(2008; In press). Likely examples and the projected consequences (based on per hectare
measure, not overall land area) are estimated below.

Scenario Loss of sediment, nutrients, and pesticides
A shift from:

- fertilised cropping to another fertilised crop Moderate change

- fertilised cropping to grazing, forestry or reserve  Large change, generally reduced

- grazing or forest to fertilised cropping Large change, generally increased

Projections are available regarding biofuel industries and indicate that they are not likely to
grow substantially in terms of first generation biofuels. Peak oil and escalating petroleum
prices are likely to have significant impacts on the land use and management of the GBR
which will present both challenges and opportunities to managing water quality.

The most significant management implication of these scenarios is the short term planning
approaches that typify the management systems relevant to GBR water quality. Longer term
projections such as those piloted by Bohnet et al. (2008) must be incorporated into planning.

Given the uncertainties associated with the long term impacts of water quality on the GBR in
combination with the confounding influences described above, the knowledge base to support
management needs to be revisited on at least a 5 yearly cycle. It is recommended that this
discussion paper is updated in 2013 which coincides with the completion of the current
planning cycle of the Reef Plan and the regional water quality plans. .
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Part B: Evaluate current research, and advise on capabilities, gaps and
priority research needs

The current gaps and key uncertainties related to water quality in the GBR have been
highlighted in each of the Terms of Reference addressed above. However, there are also
several issues that are relevant to whole of system understanding that have not been covered.
Recent assessments of the critical gaps in knowledge to support Reef Plan (eg. Ferrier, 2007)
highlight that integration of the science is key to addressing the complexities and uncertainties
of the GBR system. The present approach of delivering components of the knowledge,
without an overarching effort to collate, synthesise and integrate this knowledge, is likely to
continue to fail to meet management needs. Currently coordination and integration of Reef
Plan science is in a parlous state. Inadequate management of the large GBR water quality
science budget has led to implementation of ad hoc projects, that are generally not
coordinated or based on rational priorities, has resulted in information that is rarely integrated
into knowledge or communicated to management. Establishment of a central point of science
coordination is required as a matter of urgency to enable science investment to support and
guide Reef Plan implementation.

Of utmost importance, integration of the science for Reef Plan is the key to informing
management decisions, and requires additional skills in conceptual and quantitative design
and interrogation that go beyond traditional fields of expertise. An integrated approach is
required to understand the whole system that results in GBR water quality, and includes
relationships:

» Within and across catchments to the GBR, so that the linkages between catchment
actions and GBR health, and within the components of the system (e.g. between water
quality and coral health), can be quantified,

« Between biophysical, social and economic dimensions of the system so that realistic
targets and implementation strategies can be developed and assessed; and

o Across scales, so that the sum of catchment and regional activities can be assessed to
determine whether the existing and proposed activities are sufficient to achieve the
Reef Plan goal.

Further discussion of an approach to address these issues is provided in Eberhard et al.,
(2008). The process of establishing a pilot Reef Water Quality Report Card in 2006-2008
(Vandergragt et al., 2008) demonstrated the challenges of providing an integrated assessment
to inform management at a GBR scale where science coordination is lacking.

Conclusion: Effective science coordination to collate, synthesise and integrate disparate
knowledge across disciplines is urgently needed.

This section provides the following information for each of the areas of research identified in
the Terms of Reference:
1. Overview of the current major research projects. This is (not intended to provide an
exhaustive listing but highlight key projects that were initiated or completed since 2003;
2. Commentary on the adequacy of the existing research and capability; and
3. Identification of priority research needs.
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1 Assess water quality impacts

Current Major Research Projects

Project / Leader

Primary objectives

MTSRF Project 3.7.1: Marine
and estuarine indicators and
thresholds of concern

Katharina Fabricius, AIMS

MTSRF Project 3.7.2:
Connectivity and risk: tracing
materials from the upper
catchment to the reef

Jon Brodie, ACTFR

MTSRF Project 3.7.3:
Freshwater indicators and
thresholds of concern

Richard Pearson, JCU
Angela Arthington, Griffith
University

Reef Plan Marine Monitoring
Program

Multiple Providers, led by
GBRMPA

Coordination: Joelle Prange,
RRRC

Assessing the impacts of

To determine dose-response relationships and thresholds of potential
concern for contaminant exposure of selected bioindicators; provide a
better understanding of the significance of such thresholds for reef
water quality and ecosystem condition.

Progress the development of a composite indicator system to interpret
water quality monitoring data and their link to ecosystem condition,
and to improve estimates of river contaminant loads from discharge
concentrations.

Further information:
http://www.rrrc.org.au/mtsrf/theme_3/project 3 7 1.html

To characterise and obtain a distinct ‘fingerprint' of the fine sediments
(mud fraction) and dissolved materials entering the marine
environment using their isotopic and elemental properties, and link
these to their sources in the major terrestrial catchments.

Examines historical changes in the delivery of terrestrial materials,
from the major river systems in the Townsville and Cairns regions, to
the marine environment using coral and sediment cores.

Determine the transport mechanism, residences time and fate of
terrigenous sediments, nutrients and pesticides in the inshore and
mid-reef regions of the GBR, and develop and apply new
technologies to specifically trace pathways of the key nutrient
elements phosphorus and nitrogen from the terrestrial catchments,
through estuaries, to inshore coastal zones and to the mid-reef of the
Great Barrier Reef.

Further information:
http://www.rrrc.org.au/mtsrf/theme_3/project 3 7 2.html

To develop physical, chemical and ecological indicators of freshwater
ecosystem health in the Wet and Dry Tropics.

The identification of thresholds of potential concern relating to land
use, water quality, riparian condition, habitat and food web structure in
freshwater ecosystems of the Wet and Dry Tropics.

Further information:
http://www.rrrc.org.au/mtsrf/theme_3/project 3 7 3.html

To assist in the assessment of the long-term effectiveness of the Reef
Plan in reversing the decline in GBR water quality, through four sub-
programmes: River mouth water quality monitoring, inshore marine
water quality monitoring, marine biological monitoring, and socio-
economic monitoring.

Marine biological monitoring includes monitoring benthic cover (algae,
hard and soft corals), taxonomic composition and coral demographics
(the size classes of corals). Coral settlement rates are also measured
at reefs in 3 regions. Intertidal seagrass meadows are monitored for
percent cover, species composition, reproductive health and seagrass
tissue nutrient status. This task is assisted by the community-based
Seagrass-Watch programme (www.seagrasswatch.org).

Further information:
http://www.gbrmpa.gov.au/corp_site/key issues/water quality/marine_m

onitoring
To assess the effects of:
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Project / Leader Primary objectives

pesticides on marine - the herbicide diuron on the early life history stages of coral;

ecosystems - chronic herbicide exposure on reproductive output of reef-building
corals;

Andrew Negri, AIMS - herbicides on photosynthesis and growth of tropical estuarine

microalgae; and
- insecticides and a fungicide at multiple coral life stages.

Further information: Negri et al., (2005); Magnusson et al., (2008);
Markey et al., (2007); Cantin et al., (2007)

CRC Catchment to Reef - To develop new tools to assess and monitor the health of catchments

Program - Complete and aquatic systems in both the Wet Tropics and GBR World Heritage
Areas.

Multiple Providers, coordinated - The tools will enable land managers to mitigate the effects of human

by CRC Reef and Rainforest activities on water quality.

CRC - The three-year, $3$5 millon project is now complete and is a joint

initiative by CRC Reef and Rainforest CRC.

Further information:
http://www.reef.crc.org.au/research/catchment_to_reef/C2Rresearch.htm

National Action Plan Water - To assess salinity and water quality impacts on Queensland freshwater
Quality Program: Water quality ecosystems.

impacts on ecosystem health _ _ o

(WQO6) - Complete Further information: http://www.wgonline.info/index.html

Multiple Providers

Adequacy of existing research and capability:

Substantial progress has been made on indicator development and assessment of marine
water quality impacts since 2003.

Long term funding commitments are required to continue to assess water quality impacts
and confounding influences.

Very limited research connections between catchment activities and reef impacts.

Most of the research has occurred at single geographic scale and is therefore addressing
components of the system rather than connections between them.

Priority needs:

Development of a marine and estuarine material transport and biogeochemical model
coupled with a detailed hydrodynamic and eco-physiological model for the GBR for
improved understanding of the relationship between management actions and Reef
ecosystem response.

Investigation of the impacts of synergistic effects of influences on GBR ecosystem health
including land based contaminants, climate change and other external drivers.

Improvement in understanding of the interactions of pesticides in GBR catchment and
marine ecosystems.

Further development of understanding of cause and effect relationships between water
quality and ecosystem health in freshwater ecosystems including quantitative assessment
of the different requirements for catchment management for improved instream health.
Understanding the response of estuarine systems to floods and the role of the coastal
floodplain.

The complexity of the relationship between nutrient enrichment, coral reef decline,
macroalgal proliferation and abundances of grazing fishes (and other grazers) still
prevents there being a clear consensus view on this specific relationship.
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2 Quantify acceptable levels of pollution

Current major research projects

Many of the projects listed in 1 also attempt to quantify acceptable levels of pollution in
determining water quality impacts.

Project / Leader Primary objectives

GBRMPA Water Quality Guidelines - Provides technical background information and statistical data

development project analysis for defining improved water quality guideline trigger
values for the GBR Water Quality Guidelines.

Glenn De’ath and Katharina - Presents spatial and seasonal characterisation of water quality

Fabricius, AIMS conditions in the NRM regions, spatial characterisation of proxies

used for reef ecosystem health, assesses relationships between
water quality and reef ecosystem health, suggests trigger values
for water quality to protect ecosystem health and assesses
predicted improvement in ecosystem health if the trigger values
are implemented.

Further information: Refer to De’ath and Fabricius (2008)

Adequacy of existing research and capability:

- Targeted research on thresholds of concern for freshwater and marine ecosystems has
commenced as part of the MTSRF program.

- Data integration has occurred for the first time to support the development of water
quality guidelines.

- Substantial progress in last 12 months with publication of the report Water Quality of the
Great Barrier Reef: Distributions, effects on Reef biota and trigger values for the
protection of ecosystem health, (De’ath and Fabricius 2008) to support the establishment
of GBR Water Quality Guidelines (GBRMPA, 2008).

- Additional capability is required on statistical integration of datasets.

Priority needs:

- Referalso to 2.1.

- Completion of a risk assessment of the relative importance of sediments, nutrients and
pesticides to marine ecosystems at a regional scale.

- Definition of acceptable/desired thresholds for key indicators i.e. coral, seagrass and
biodiversity.

- Knowledge of the response of the GBR ecosystem to different events in different areas,
and the ability to recover. Understanding the implications of combined scale and
frequency of disturbance to GBR ecosystems.

3 Locate and quantify the sources of pollution

Current major research projects

Many of the projects listed in 5 regarding assessments of the effectiveness of management
practices also provide information relevant to locating and quantifying sources of pollution.

Project / Leader Primary objectives
NRW 15 End of Catchment Load - The ultimate goal of the program is to assess the effectiveness of
monitoring program management actions on reducing contaminant loads.

- Involves load monitoring at 31 sites in ten priority (high-risk)
David Roberts, NRW catchments — the Normanby, Barron, Johnstone, Tully, Herbert,

Burdekin, O’'Connell, Pioneer, Fitzroy and Burnett.
- Proposes a combination of water quality monitoring and
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Project / Leader

Primary objectives

Tully WQIP

David Haynes, Terrain NRM

Sediment and nutrient transport on
the Tully floodplain

Jim Wallace, CSIRO

MTSRF Project 3.7.2: Connectivity
and risk: tracing materials from the
upper catchment to the reef

Jon Brodie, ACTFR
Burdekin WQIP

lan Dight, Burdekin Dry Tropics
NRM

Burdekin Rangeland Condition
Monitoring project

Bob Karfs, DPIF; Brett Abbott,
CSIRO

Black-Ross WQIP

Chris Manning, Townsville Regional

Council
Mackay Whitsunday WQIP

Will Higham, Mackay Whitsunday
NRM

modelling activities: monitoring of current condition of various
scales within each catchment; determination of differences in
measured water quality over time using various water quality and
other climate and remote sensing information (modelling);
determination of the long-term annual average relative
contributions to water quality within each catchment; and
determination of the level of land use change and the relative
changes in water quality these different land use management
options have had on a sub-catchment and catchment scale,
compared to climatic and catchment condition variability
influences (modelling).

Further information:
http://www.reefplan.gld.gov.au/whosinvolved/activities_monitoring_lo
ads.shtm

Various monitoring programs designed to assess contaminant
sources and resource condition.

Further information:; Kroon, (2008); Terrain NRM (2008)
http://www.terrain.org.au/index.php?option=com_content&task=view
&id=141&Itemid=52

- The project describes measurements of sediment and nutrient
concentrations in flood waters on the Tully and Murray
floodplains, including overbank flow.

- The concentrations of contaminants during floods are also
assessed and compared to those recorded during channelised
flow. The findings have potentially significant implications for
future contaminant load monitoring and reporting programs.

Further information: Wallace et al. (in press); Karim et al. (2008)
- See description in (1) above. Includes assessments in the Tully,
Burdekin and Mackay Whitsunday regions.

Further information:

http://www.rrrc.org.au/mtsrf/theme 3/project 3 7 2.html

Various monitoring programs designed to assess contaminant
sources and resource condition including: event monitoring; current
condition of regional water bodies; current condition and extent of
riparian vegetation and wetlands, and their effectiveness in trapping
contaminants; fate of contaminants in the GBR; and pesticide
investigations in the Lower Burdekin.

Further information; http://www.bdtnrm.org.au/cci/monitoring/

- The program identifies D condition lands in the Burdekin
Rangelands using remote sensing and rapid assessment ground-
truthing.

- The project has also identified areas that are at risk of slipping
into D condition, and this information will be used by BDTNRM to
prioritise areas for future on-ground projects.

Further information: http://www.bdtnrm.org.au/projects/nap0024.html
Various monitoring programs designed to assess contaminant
sources and resource condition.

Further information; http://www.creektocoral.org/cci/element2.html
Various monitoring programs designed to assess contaminant
sources and resource condition as part of the Healthy Waterways
Integrated Monitoring Program.
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Project / Leader

Primary objectives

Fitzroy Regional NRM Plan

Nathan Johnston, Fitzroy Basin
Association

Burnett-Baffle WQIP
Sandra Grinter, Burnett Mary NRM

DEWHA Project 9: Remote-sensing
of GBR Waters to assist
performance monitoring of Water
Quality Improvement Plans in Far
North Queensland

Vittorio Brando, CSIRO

Reef Plan Nutrient Management
Zones project (D8)

Rebecca Paine, Department of
Primary Industries and Fisheries

NRW QScape Modelling Initiative

Ken Brooks, Department of Natural
Resources and Water

National Action Plan Water Quality
Program: Modelling landscape
processes, management impacts
and catchment loads (WQO03) -
Complete

Multiple Providers

Further information: http://www.mwnrm.org.au/programs/
Various monitoring programs designed to assess contaminant
sources and resource condition.

Further information:
http://www.fba.org.au/programs/regional_water_quality _monitoring
and_reporting.html;
http://www.fba.org.au/programs/priority_neighbourhood_catchments
_water_quality_monitoring_program.html

Various monitoring programs designed to assess contaminant
sources and resource condition.

Further information: http://www.bmrg.org.au/index.php

- To assist GBR WQIPs by providing remote sensing capability to
monitor chlorophyll, suspended sediment, water clarity and the
colour dissolved organic matter. Involves the continued
development of regionally appropriate algorithms for accurately
reporting these parameters and the development of methods of
reporting the information in ways useful to WQIP reporting and
adaptive implementation.

Further information: Vittorio.Brando@csiro.au

- Nutrient Management Zones (NMZs) are geographical areas
identified as high risk in terms of nutrient loss to waterways. By
identifying NMZs, effort and assistance to improve nutrient
management on farms can be focused to improve the quality of
water entering waterways and the GBR lagoon.

Further information: Brodie (2007);
http://www.reefplan.gld.gov.au/library/pdf/D8_FAQs.pdf

- The QScape project seeks to improve knowledge of how changes
in land use, land management and climate affect land condition,
water quality and ecosystem health, and additionally to contribute
associated research products to other land, vegetation and water
resources research.

- QScape is virtual in organisation, integrating expertise from
across existing NRW NRSc and regional science, with some
direct supplementation of new remote sensing and modelling
staff. QScape seeks to provide a flexible series of modular
components for a variety of uses.

Further information: Ken.Brooks@nrw.qgld.gov.au
- To use spatial and temporal models to provide regions with user-
friendly outputs related to landscape processes and the impacts

of management practices on water quality.

Further information: http://www.wgonline.info/index.html

Adequacy of existing research and capability:
- Immense improvements in last 5-6 years through targeted monitoring and modelling

programs in many catchments.

- Lack of whole of GBR approach for all contaminants even though knowledge may be
adequate at some WQIP scales or across GBR catchments for a single contaminant (eg.

Nutrient Management Zones).
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- Inconsistent information across regions and land uses.
- Long term efforts are required.

Priority needs:

- Refinement of model approaches that predict contaminant loads by incorporating finer
temporal resolution, characterisation of hydrological processes, nutrient speciation and
better techniques for quantifying uncertainty.

- Determination of the relative contributions of surface run-off and groundwater to loads
and consideration of the role of groundwater transported contaminants (especially nitrate)
from paddock to coastal waters.

- Investigation of the relative importance of gully erosion compared to hillslope erosion and
whether targeted management is required, including review and integration of land-based
modelling of sediment sources in the dry tropical catchments.

- Identification of major drivers of suspended sediment concentrations, both natural and/or
anthropogenic, from different dry tropical sub-catchments, and identification of the
specific origin of fine-grained, washload (non-settling) suspended sediment that may be
transported large distances offshore.

- Improved nutrient budgets are needed to quantify the relative contributions of all sources
in GBR waters; while all terrigenous sediments and pesticides are land-derived, some of
the dissolved nutrients are sourced from deepwater upwelling and from nitrogen fixing
blue-green algae.

- Understanding of the relationship between increased suspended sediment loads caused by
increased erosion from agricultural and urban development in major rivers and increased
regional turbidity from resuspension in inshore areas of the GBR lagoon.

- Improved conceptual and quantitative understanding of the transport and fate of nutrients
and sediments in the GBR, particularly during non-flood times, through the development
of process studies and implementation of supporting monitoring strategies.

- Analysis of the function of the coastal/estuarine interface in contaminant transport and
transformation.

- Further development of high frequency, low cost data through the application of
innovative monitoring techniques such as remote sensing to enable more comprehensive
assessment of the presence and extent of contaminants in the GBR.

4 ldentifying management practices to reduce pollution from key sources

Current major research projects
Refer also to 5 regarding assessing management effectiveness.

Project / Leader Primary objectives

DEWHA Project 11: The Model - To make available to producers and management agencies

Farms Project: Systematic model farming enterprises that demonstrate the economic and

implementation of nutrient and GBR water quality benefits of new generation farming systems,

sediment source controls on wet and where those farming systems incorporating all applicable BMP

dry tropical cane-farms and the development of new and evolving technologies, over a
full sugarcane production cycle (3 — 5 Years). Case study areas —

Multiple providers, led by Adam lower Burdekin and Tully.

West, Department of Primary

Industries and Fisheries Further information: Adam.West@dpi.qld.gov.au

Wambiana grazing management: - Compare grazing management strategies under variable rainfall

Impact of grazing strategies and conditions.

variable rainfall on pasture - Demonstrate the benefits of sustainable management of grazing
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composition

Peter O’'Reagain, DPIF

Improved environmental outcomes
and profitability through innovative
management of nitrogen (SRDC
project CSE011; SRDC component
complete)

Peter Thorburn, CSIRO

Adopting systems approaches to
water and nutrient management for
future cane production in the
Burdekin (CSE012) — Complete
2008

Multiple providers, funded by SRDC

Sustainable grazing for a healthy
Burdekin catchment — Complete
2006 (MLA project NBP.314)

Multiple providers, led by David Post,

CSIRO and Peter O’'Reagain, DPIF

Accelerated adoption of best-practice

nutrient management — Complete
2008

Multiple providers, funded by SRDC,
led by Bernard Schroeder, BSES

lands through trial of variable stocking rates and measurement of
pasture condition, biodiversity, soil condition and surface runoff
water quality.

Further information:
http://savanna.cdu.edu.au/publications/savanna_links_issue33.html|?
tid=250863

- To test approaches to reduce nitrogen fertiliser application in
sugar cane industry and to trial the N-Replacement concept.

- The project involved on-farm experiments from the wet tropics of
Queensland to northern New South Wales, covering a range of
soil types and cane varieties.

- Further validation of the approach is underway in GBR
catchments.

Further information: http://www.csiro.au/files/files/pjdh.pdf; Thorburn
et al. (2003a, b; 2007),
http://www.srdc.gov.au/ProjectReports/ViewReports.aspx?ProjectNo
=CSEO011

- To develop of a range of proven farm management options for
improved water, nutrient and crop management that will maintain
or increase profitability, whilst controlling rising water tables,
reducing the risk of irrigation-induced salinity and improving off-
farm water quality.

- Carry out assessments of the economic feasibility of the proven
farm management options within the context of future water
pricing and water allocation scenarios in the Lower Burdekin.

- Establish industry reference sites with grower participation to
provide robust benchmarks and to assist in the dissemination of
project learnings.

Further information:

http://www.srdc.gov.au/ProjectReports/ViewReports.aspx?ProjectNo

=CSE012

- To implement grazing land best management practices (full wet
season spelling and forage budgeting) on Virginia Park Station in
the Burdekin catchment in order to examine the impact of these
practices on land condition recovery, landscape health and the
consequent leakiness of water, sediment, and nutrients both from
the hillslope and the catchment.

Further information: Post et al., 2006
http://www.clw.csiro.au/publications/science/2006/sr62-06.pdf

- To improve on-farm profitability (reducing fertiliser costs by
$60/ha or 65 c/t of cane) and ensure greater environmental
accountability and responsibility through accelerated adoption of
integrated nutrient management.

- Improve knowledge of the constraints to the adoption of best-
practice nutrient management using grower surveys.

- Develop a Soil Capability and Management Package (SCAMP)
for improving on-farm management decision making and facilitate
the use of nutrient management plans at block and farm scales
and the implementation of soil / site specific fertiliser applications
using a participative approach.

- Assess the risks of on- and off-site impacts of land management
practices using vulnerability maps at catchment scale.

- Demonstrate the benefits of best nutrient management practices
with on-farm strip trials.
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Further information:
http://www.srdc.gov.au/ProjectReports/ViewReports.aspx?ProjectNo

=BSS268
Sustainable Agriculture State-level - AgSIP was a state-level investment program of the National
Investment Program (AgSIP) — Action Plan for Salinity and Water Quality. The program ran from
various projects — Complete 2007 August 2004 until June 2007.

- To develop new processes, tools and frameworks to facilitate
Multiple Providers agricultural practice change where needed in order to help

regional NRM groups design, refine, deliver and review their
regional investment strategies and natural resource management
plans.

- Involved looking at existing practices, developing new
recommended practices where needed, filling data gaps,
designing integrated landscape monitoring systems, and
developing better training and decision-support tools across
cotton, cane grazing and horticulture industries.

Adequacy of existing research and capability:

- Substantial improvements in the last 5 years.

- WQIPs are the first attempt to really target ‘key contaminants’ in a restricted area.
Established qualitatively good practices but quantitative assessments are inadequate.

- Qrazing land management practices will successfully deal with hillslope erosion, while
riparian vegetation management is able to minimise streambank erosion, but practices
related to management of gully erosion requires further investigation.

Priority needs:

- Completion of robust triple bottom line evaluations of current and proposed management
actions as a basis to design more cost efficient management interventions in the future.

- Development of new land management practices for improved water quality outcomes.

- Investigation of the social/economic/institutional aspects of delivering practice change.

- Establishment of capability to determine the relative importance of the location of the
works in the landscape in terms of material delivery.

- Assessment of the relative importance of the type of groundcover maintained in grazing
lands to minimise sediment loss, and the efficiency of different groundcovers in managing
hillslope erosion (ie. ‘natural’ cover of trees and shrubs or savannah, compared to
pasture).

- Development and testing of sustainable grazing and fire management guidelines for
riparian and frontage country in the extensive dry rangelands.

5 Assess the effectiveness of actions to reduce pollution

Current major research projects

Refer also to 4 regarding identification of management practices, many of these projects test
the effectiveness of the actions.

Project / Leader Primary objectives

DEWHA Project 4.2: Implementing - To target components of the Douglas Shire Fertiliser
agricultural source controls through Management Strategy and the Douglas Shire Cane Drain
accredited Farm Management management Strategy as identified in the Douglas WQIP. These
Systems in the Mossman Mill District and other BMPs will be implemented and monitored.

Peter Bradley, Terrain NRM Further information; peter.bradley@DSC.qld.gov.au
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Douglas WQIP Fertiliser
management trials

Tony Webster, CSIRO
Mackay Whitsunday management
practices (rainfall simulator)

experiment

Ken Rohde, Department of Natural
Resources and Water

Wetland filter function

David McJannet, CSIRO

MTSRF Project 3.7.5: Socio-
economic constraints to and
incentives for the adoption of land
use and management options for
water quality

Martijn van Grieken, CSIRO

Case study applications of a Single
Entity Policy Impact Assessment
model

Alex Smajgl, CSIRO

DEWHA Project 6: Decision Support
Tools for Nutrient Management in
Tropical Horticulture

Phil Moody, NRW

- To test variable nitrogen fertiliser application rates in sugar cane
in Mossman and assess the water quality and economic benefits.

Further information: Tony.Webster@csiro.au

- To assess sediment, nutrient and herbicide runoff from
canefarming practices in the Mackay Whitsunday region: a field-
based rainfall simulation study of management practices

Further information: Masters et al., 2008

- To develop a detailed understanding of the potential for wetlands
on the Tully-Murray floodplain to regulate and filter agricultural
runoff before it drains to the GBR lagoon.

Further information: http://csiro.au/science/ps3ox.html; McJannet

(2007)

- Evaluate the socio-economic constraints to and risks associated
with the adoption of land use and management options for water
quality improvement at the private and social level.

- Identify and assess instruments that are most cost-effective in
promoting the adoption of these ‘best’ land use and management
options by community embedded agents in rural and urban areas
in North Queensland’s catchments.

Further information:

http://www.rrrc.org.au/mtsrf/theme_3/project 3 7 5.html

- The SEPIA (Single Entity Policy Impact Assessment) model
simulates land-use decision making enacted by agents involved
in agricultural production. The current application includes sugar
cane, tree fruit, and beef cattle (grazing) producers, and is
applied in the Douglas Shire, Burdekin region and Tully
catchments.

Further information:
http://www.csiro.au/news/newsletters/0411_water/storyl.htm

- Reduce nutrient loadings to the GBR by working with producer
reference groups and industry associations in the Johnstone,
Tully and Don/Burdekin catchments to develop science-based
tools for improved nutrient management in tropical horticulture.

Further information: phil.moody@nrw.qld.gov.au

Adequacy of existing research and capability:
- Significant gaps in quantitative knowledge of the effectiveness of practices — rudimentary

knowledge across practices.

- Substantial uncertainty between the relationship of improved water quality at a paddock
scale, reduced loads and the effect on the GBR, and therefore, uncertainty in exact target
setting to achieve specific GBR outcomes.

- Limited investigation of the tradeoffs (if any) between BMPs, profitability and
production, especially in extensive grazing lands.

- Major opportunity to measure the effectiveness of improvements through Reef Rescue

investment.
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Priority needs:

Establishment of a GBR-wide initiative to effectively validate management practices
across land uses in the GBR catchments, including the efficacy of practices in regionally
specific applications, from the perspective of water quality outcomes and profitability.
Establishment of modelling and monitoring systems that quantify the responses of the
catchment socio-ecological system to management interventions.

Commencement of a GBR-wide monitoring program to undertake socio economic
benchmarking of the current adoption rates, extension efforts and industry culture by
Region and commodity.

Development of a specific metric for each sector group (e.g. grazing) aimed at measuring
outcomes from actions to allow comparisons across sectors.

Assessment of the drivers that will lead land managers to change practices for water
quality improvement.

Investigation of the design of optimal monitoring and modelling programs in GBR
catchments that enable detection of short- or medium-term trends in water quality at large
spatial and temporal scales.

Quantification of the downstream benefits of management change/ restoration efforts and
the return on investment to land holders and funders, at appropriate temporal and spatial
scales.

Quantification of the function of wetlands and riparian vegetation as filters for land based
materials in different locations.

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef 62



References

Access Economics, 2007. Measuring the Economic & Financial Value of the Great Barrier
Reef Marine Park, 2005-06. Report for the Great Barrier Reef Park Marine Authority,
February 2007.

Alam, K., Rolfe, J. and Donaghy, P. 2006. Economic and social impact assessment of water
quality improvement. Australasian Journal of Regional Studies, 12(1) 85-101.

Alibert, C., Kinsley, L., Fallon, S.J., McCulloch, M.T., Berkelmans, R. and McAllister, F.
2003. Source of trace element variability in Great Barrier Reef corals affected by the
Burdekin flood plumes. Geochimica et Cosmochimica Acta, 67: 231-246.

ANON, 2003. The State of Queensland and Commonwealth of Australia. Reef Water Quality
Protection Plan for catchments adjacent to the Great Barrier Reef World Heritage Area.
Queensland Department of Premier and Cabinet, Brisbane.
http://www.reefplan.qld.gov.au/about/rwqpp.shtm

Armour, J.D., Hateley, L.R. and Pitt, G.L. 2007a. Improved SedNet and Annex modelling of
the Tully-Murray catchment. A report prepared for the Tully Water Quality Improvement
Plan. Department of Natural Resources and Water, Mareeba. 27 pp.

Armour, J.D., Daniells, J.W. and Lindsay, S. 2007b. Improved phosphorus fertiliser
management of bananas. A report prepared for the Tully Water Quality Improvement Plan.
Department of Natural Resources and Water, Mareeba. 7 pp.

Armour, J.D., Rasiah, V., Brodie, J. and Cogle, A.L. 2006. Nitrogen loss in sub-surface
drainage from bananas in tropical north Queensland. Second Australasian Hydrogeology
Research Conference. Adelaide.

Arthington A.H. and Pearson R.G. (Editors) 2007. Biological Indicators of Ecosystem Health
in Wet Tropics Streams. Catchment to Reef Program — a joint program of the CRC Reef
and Rainforest CRC, Queensland.

Arthington, A., Pearson, R., Connolly, N., Kennard, M., Loong, D., Mackay, S., Pearson, B.
and Pusey, B. 2007. Biological Indicators of Ecosystem Health in Wet Tropics Streams.
Edited A. Arthington and R. Pearson.

Bainbridge, Z., Lewis, S. and Brodie, J. 2007. Sediment and nutrient exports for the Burdekin
River catchment, NQ: A comparison of monitoring and modelling data. Submitted to:
MODSIM 2007International Congress on Modelling and Simulation.Modelling and
Simulation Society of Australia and New Zealand, 10-13th December 2007.

Bainbridge, Z., Brodie, J., Lewis, S., Faithful, J., Duncan, I., Furnas, M. and Post, D., 2006a.
Event based Water Quality Monitoring in the Burdekin Dry Tropics Region: 2004/2005
Wet Season. ACTFR Report No. 06/01 for BDTNRM. ACTFR, JCU, Townsville. 83 pp.

Bainbridge, Z., Lewis, S., Brodie, J., Faithful, J., Maughan, M., Post, D., O’Reagain, P.,
Bartley, R., Ross, S., Schaffelke, B., McShane, T. and Baynes, L. 2006b. Monitoring of

sediments and nutrients in the Burdekin Dry Tropics region: 2005/2006 wet season.
ACTEFR Report No. 06/13 for BDTNRM. ACTFR, JCU, Townsville. 97pp.

Bartley, R., Hawdon, A., Post, D.A. and Roth, C.H. 2007a. A sediment budget for a grazed
semi-arid catchment in the Burdekin Basin, Australia. Geomorphology 87: 302-321.

Bartley, R. Post, D. Kinsey-Henderson, A. and Hawdon, A. 2007b. Sediment budgets in
catchments draining to the Great Barrier Reef: the balance between modelling and
monitoring. 5Sth Australian Stream Management Conference, Albury, Australia, p. 13-18.

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef 63



Bartley, R., Corfield, J., Hawdon, A.A., Abbott, B., Keen, R.A., and Gordon, 1. 2007c.
Grazing impacts on cover, water, sediment and nutrient loss in the Upper Burdekin
catchment (2006/07). Client Report to Meat and Livestock Australia, November 2007.

Baskeran, S., Brodie, R.S., Budd, K.L. and Plazinska, A.J. 2001. Assessment of groundwater
quality and origin of saline groundwater in the coastal aquifers f Bowen area, north
Queensland. Bureau of Rural Sciences, Department of Agriculture, Fisheries and Forestry,
Canberra.

Baskeran, S., Budd, K.L., Larsen, R.M. and Bauld, J. 2002. A groundwater quality assessment
of the lower Pioneer catchment, Queensland. Bureau of Rural Sciences, Department of
Agriculture, Fisheries and Forestry, Canberra.

Bastin, G., Abbott, B. and Chewings, V. 2008. Validating a Remotely Sensed Index of
Landscape Leakiness in the Burdekin Dry Tropics, Queensland. Report for the Reef
Catchment Systems Project, CSIRO Water for a Healthy Country Flagship.

Bauld, J. 1994. Groundwater quality in irrigation areas of Australia: Interactions of
Agriculture and Hydrogeology. In Water Down Under 1994, vol 2, Adelaide, 21-25
November 1994 pp 423-28.

Beaudoin, N., Saad, J.K., Van Laethem, C., Machet, J.M., Maucorps, J. and Mary, B. (2005).
Nitrate leaching in intensive agriculture in Northern France: Effect of farming practices,
soils and crop rotations. Agri. Ecosys and Environ., 111: 292-310.

Bell, A.M. and Duke, N.C. 2005. Effects of photosystem II inhibiting herbicides on
mangroves- preliminary toxicology trails. Marine Pollution Bulletin, 51: 297-307.

Bellwood, D.R., Hoey, A.S., Ackerman, J.L. and Depczynski, M. 2006. Coral bleaching, reef
fish community phase shifts and the resilience of coral reefs. Global Change Biology
12(9): 1587-1594.

Birkeland, C. 1982. Terrestrial runoff as a cause of outbreaks of Acanthaster planci
(Echinodermata: Asteroidea). Marine Biology 69 (2), 175-185.

Birkeland, C., 1988. Geographic comparisons of coral-reef community processes. In: Choat,
J.H. et al. (Eds.), Proceedings of the Sixth International Coral Reef Symposium,
Townsville (Australia), pp. 211-220.

Bloesch, P.M. and Rayment G.E. 2006. Phosphorus fertilitiy assessment of intensively farmed
areas of catchments draining to the Great Barrier Reef World Heritage Area; 2: Potential of
soils to release soluble phosphorus. Communications in Soil Science and Plant Analysis 37
2265-2276.

Bohnet, I., Kinjun, C., Haug, K., Kroon, F., Sydes, D., Pert, P. and Roberts, B. 2007.
Community uses and values of waters in the Tully-Murray catchment. Final Report for
FNQ NRM Ltd, CSIRO Sustainable Ecosystems, Atherton, 57 pp.

Bohnet, 1., Bohensky, E., Gambley, C. and Waterhouse, J. 2008. Future Scenarios for the
Great Barrier Reef catchment. CSIRO: Water for a Healthy Country National Research
Flagship. May 2008.

Bohnet, I., Brodie, J. and Bartley, R. In press. Assessing water quality of community defined
land use change scenarios for the Douglas Shire, Far North Queensland. Chapter in:
Landscape Analysis and Visualisation: Spatial Models for Natural Resource Management
and Planning, Springer-Verlag.

Bostock, H.C., Brooke, B.P., Ryan, D.A., Hancock, G., Pietsch, T., Packett, R., Harle, K.
2007. Holocene and modern sediment storage in the subtropical macrotidal Fitzroy River
estuary, Southeast Queensland. Sedimentary Geology, 201 (3), p.321-340.

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef 64


http://www.scirus.com/srsapp/sciruslink?src=sd&url=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%3F_ob%3DGatewayURL%26_origin%3DScienceSearch%26_method%3DcitationSearch%26_piikey%3DS0037073807002023%26_version%3D1%26_returnURL%3Dhttp%253A%252F%252Fwww.scirus.com%252Fsrsapp%252Fsearch%253Fq%253DBostock%252BFitzroy%252BRiver%2526t%253Dall%2526sort%253D0%2526drill%253Dyes%2526p%253D0%26md5%3D6e1d790673b20573dcffedcfe94735bb
http://www.scirus.com/srsapp/sciruslink?src=sd&url=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%3F_ob%3DGatewayURL%26_origin%3DScienceSearch%26_method%3DcitationSearch%26_piikey%3DS0037073807002023%26_version%3D1%26_returnURL%3Dhttp%253A%252F%252Fwww.scirus.com%252Fsrsapp%252Fsearch%253Fq%253DBostock%252BFitzroy%252BRiver%2526t%253Dall%2526sort%253D0%2526drill%253Dyes%2526p%253D0%26md5%3D6e1d790673b20573dcffedcfe94735bb

Bramley, R. and Roth, C. 2002. Land-use effects on water quality in an intensively
management catchment in the Australian humid tropics. Marine and Freshwater Research,
53:931-940.

Brodie, J. 2007. Nutrient management zones in the Great Barrier Reef catchment: a decision
system for zone selection Nutrient management zones (NMZ) technical report. ACTFR
Report No. 06/07.

Brodie, J.E. and Furnas, M. 1996. Cyclones, river flood plumes and natural water quality
extremes in the central Great Barrier Reef. In: Downstream Effects of Land Use, H.M.
Hunter, A.G. Eyles and G.E. Rayment (Eds.), QNRM, Brisbane. pp. 367-375.

Brodie, J.E. and Mitchell, A.W. 1992. ‘Nutrient composition of the January (1991). Fitzroy
River flood plume’, pp. 56—74 in Workshop on the Impacts of Flooding, ed. G. T. Byron,
Workshop Series No. 17, Great Barrier Reef Marine Park Authority, Townsville.

Brodie, J.E. and Mitchell, A.W. 2005. Nutrients in Australian tropical rivers: changes with
agricultural development and implications for receiving environments. Marine and
Freshwater Research, 56(3): 279-302.

Brodie, J., Bainbridge, Z. and others, 2008. Water Quality Targets for the Burdekin WQIP.
Australian Centre for Marine and Tropical Freshwater Research Report No. 08/05, James
Cook University, Townsville.Brodie, J., Furnas, M., Ghonim, S., Haynes, D., Mitchell, A.,
Morris, S., Waterhouse, J., Yorkston, H., Audas, D., Lowe, D. and Ryan, M. 2001. Great
Barrier Reef catchment water quality action plan. Great Barrier Reef Marine Park
Authority, Townsville, 116p.

Brodie, J., Dekker, A.G., Brando, V.E., Masters, B., Faithful, J., Noble, R. and Rohde, K.,
2006. Extent and duration of the algal bloom in the Great Barrier Reef Lagoon following
river discharge events in the Mackay Whitsunday Region, Australia. In: Proceedings of the
13th Australasian Remote Sensing and Photogrammetry Conference: Earth Observation -
from Science to Solutions. Canberra, November, 2006.

Brodie. J., Fabricius, K., De’ath, G. and Okaji, K. 2005. Are increased nutrient inputs
responsible for more outbreaks of crown-of-thorns starfish? An appraisal of the evidence.
Marine Pollution Bulletin, 51: 266-278.

Brodie, J., McKergow, L.A. Prosser, [.P., Furnas, M., Hughes, A.O. and Hunter, H. 2003.
Sources of sediment and nutrient exports to the Great Barrier Reef World Heritage Area.
Australian Centre for Marine and Tropical Freshwater Research Report No. 03/11, James
Cook University, Townsville.

Brodie, J., McCulloch, Lewis, S. and Bainbridge, Z. 2007a. MTSRF Milestone Report for
Project 3.7.2 Connectivity and Risk — tracing materials from the upper catchment to the
Reef. Report to the RRRC, June 2007.

Brodie, J. De’ath, G. Devlin, M. Furnas, M. Wright, M. 2007b. Spatial and temporal pattern
of near-surface chlorophyll a in the Great Barrier Reef lagoon. Marine and Freshwater
Research, 58: 342-353. http://www.rrrc.org.au/publications/downloads/project-372-Final-
Milestone-Report-June-2007.pdf.

Bruno, J. and Selig, E. 2007. Regional decline of coral cover in the Indo-Pacific: timing,
extent and sub-regional comparisons. PLoOSONE, 8.

Burrows D.W. 2003. Livestock management in streams and wetlands: examples from the
Burdekin Catchment, North Queensland In: B. Myers, M. McKaige, P. Whitehead and M.
Douglas (eds.): Wise Use of Wetlands in Northern Australia: Grazing Management in
Wetlands and Riparian Habitats. Proceedings of a Workshop Held in Darwin, Northern
Territory 2-4 October 2001. Centre for Tropical Wetlands Management, Northern
Territory University, Darwin, 17-19.

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef 65


http://www.actfr.jcu.edu.au/Staff/StaffPDFs/Brodie%20et%20al%2013%20th%20ARSPC.pdf
http://www.actfr.jcu.edu.au/Staff/StaffPDFs/Brodie%20et%20al%2013%20th%20ARSPC.pdf

Burrows, D. and Butler, B. 2007. Determining end-point goals and effective strategies for
rehabilitation of coastal wetlands: examples from the Burdekin River, north Queensland.
In: Proceedings of the 5th Australian Stream Management Conference. Australian rivers:
making a difference. Eds.Wilson, A.L., Dehaan, R.L., Watts, R.J., Page, K.J., Bowmer,
K.H., & Curtis, A. Charles Sturt University, Thurgoona, New South Wales.

Bunn, S. E., Davies, P. M., Kellaway, D. M. & Prosser, 1. P. 1998. Influence of invasive
macrophytes on channel morphology and hydrology in an open tropical lowland stream,
and potential control by riparian shading. Freshwater Biology, 39:171-178.

Burkholder, J., Mason, K. and Glascow, H. 1992. ‘Water-column nitrate enrichment promotes
decline of eelgrass Zostera marina: evidence from seasonal mesocosm experiments’.
Marine Ecology Progress Series, 81: 163—178.

Campbell, S.J. and McKenzie, L.J. 2004. Flood related loss and recovery of intertidal seagrass
meadows in southern Queensland, Australia. Estuarine, Coastal and Shelf Science 60: 477
—490.

Cantin, N.E., Negri, A.P., and Willis, B.L. 2007. Photoinhibition from chronic herbicide
exposure reduces reproductive output of reef-building corals. Marine Ecology Progress
Series, 344, 81-93.

Campbell, D. and Murphy, J., 2005. The 2000-01 National Recreational Fishing Survey:
Economic Report, Department of Agriculture, Fisheries and Forestry, June.

Cary, J., Webb, T. and Barr, N. 2001. The adoption of sustainable practices: some new
insights. An analysis of drivers and constraints for the adoption of sustainable practices
derived from research, Land and Water Australia, Canberra.

Chilcott, C.R., McCallum, B.S., Quirk, M.F. and Paton, C.J. (2003) Grazing Land
Management Education Package Workshop Notes — Burdekin. Meat and Livestock
Australia Limited, Sydney, Australia.

Cogle, A.L., Carroll, C. and Sherman, B.S. 2006. The use of SedNet and ANNEX to guide
GBR catchment sediment and nutrient target setting. QNRMO06138. Department of Natural
Resources Mines and Water, Brisbane.

Connolly N.M. and Pearson, R.G. 2007. Resistance to experimental sedimentation by a
tropical stream macroinvertebrate assemblage. Hydrobiologia (in press).

Connolly N.M. and Pearson RG. 2004. Impacts of forest conversion on the ecology of streams
in the humid tropics. In: Bonnell M, Bruijnzeel LA. eds. Forests, Water and People in the
Humid Tropics: Past, Present and Future Hydrological Research for Integrated Land and
Water Management. Cambridge University Press, Cambridge, UK pp. 811-835

Connolly N.M., Christidis F., McKie B., Boyero L. and Pearson RG, 2007a. Diversity of
invertebrates in Wet Tropics streams: patterns and processes. Chapter 10 in Stork N.E and
Turton S. eds. Living in a Dynamic Tropical Forest Landscape. Blackwells Publishing (in
press).

Connolly N.M., Pearson B.A., Loong D., Maughan M. and Pearson R.G. 2007b. Hydrology,
Geomorphology and Water Quality of Four Wet Tropics Streams with Contrasting Land-
use Management. Chapter 2 in Arthington, A.H. and R. G. Pearson eds. Final Report Task
3, Catchment to Reef Research Program, Cooperative Research Centre for Rainforest
Ecology and Management and Cooperative Research Centre for the Great Barrier Reef (in
press).

Connolly, N.M., Crossland, M.R. and Pearson, R.G. 2004. Effect of low dissolved oxygen on
survival, emergence and drift in tropical stream macroinvertebrate communities. J. North
American Benthological Society 23: 251-270

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef 66



Cooper, T.F. and Fabricius, K.E. 2007. Coral-based indicators of changes in water quality on
nearshore coral reefs of the Great Barrier Reef. Report to the Australian Government’s
Marine and Tropical Sciences Research Facility (MTSRF): 29 pp.

Cooper, T., De'ath, G., Fabricius, K.E. and Lough, J.M. 2008. Declining coral calcification in
massive Porites in two nearshore regions of the northern Great Barrier Reef. Global
Change Biology 14: 529-538.

Cox, M.E., Moss, A. and Smyth, G.K. 2005. Water quality condition and trend in North
Queensland waterways. Marine Pollution Bulletin 51 89-98.

Coughlin, T., O’Reagain, P., Nelson, B., Butler, B.M. and Burrows, D.W. 2007. Grazing
Land Best Management Practices (BMPs) Draft Guidelines. Burdekin Dry Tropics NRM,
Townsville.

CRC Reef Consortium 2005.Report on Status and Trends of Water Quality and Ecosystem
Health in the Great Barrier Reef World Heritage Area: September 2005. A report to the
Great Barrier Reef Marine Park Authority, CRC Reef Research, Townsville.

Dawes-Gromadzki, T. 2005. Bugs beneath the surface: the functional significance of soil
macro-invertebrates to landscape health in Australia's tropical savannas. Insect Science 12
(4),307-312.

De’ath, G. 2005. Water Quality Monitoring: from river to reef. Report to the Great Barrier
Reef Marine Park Authority, CRC Reef Research, Townsville, 108 pp.

De’ath, G. and Fabricius, K. 2008. Water Quality of the Great Barrier Reef: Distributions,
Effects on Reef biota and Trigger Values for Conservation of Ecosystem Health. Report to
the GBRMPA and published by the GBRMPA Townsville Qld.

DeVantier, L., De’ath, G., Turak, E., Done, T. Fabricius, K. (2006). Species richness and
community structure of reef-building corals on the nearshore Great Barrier Reef. Coral
Reefs, 25: 329-340.

Devlin, M. and Brodie, J. 2005. Terrestrial discharge into the Great Barrier Reef Lagoon:
nutrient behaviour in coastal waters. Marine Pollution Bulletin 51: 9-22.

Devlin, M.J., Lourey, M.J. and Sweatman, H. 1997. Water quality, in Long-Term Monitoring
of the Great Barrier Reef Status Report 2, ed. H. Sweatman, Australian Institute of Marine
Science, Townsville.

Devlin, M., Waterhouse, J., Taylor, J. and Brodie, J. (2001). Flood plumes in the Great
Barrier Reef: spatial and temporal patterns in composition and distribution. GBRMPA
Research Publication No. 68. Great Barrier Reef Marine Park Authority, Townsville,
Australia.

Devlin, M., Brodie, J., Waterhouse, J., Mitchell, A., Audas, D. and Haynes, D. 2003.
Exposure of Great Barrier Reef inner-shelf reefs to river-borne contaminants. Proceedings
of the 2nd National Conference on Aquatic Environments: Sustaining Our Aquatic
Environments- Implementing Solutions. 20-23 November 2001, Townsville. CD-ROM,
Queensland Department of Natural Resources and Mines, Brisbane.

Dillon, P.J. and Kirchner, W.B. 1975. The effects of geology and land use on the export of
phosphorus from watersheds. Water Research 9(2) 135-148. February 1975.

Donaghy, P., Rolfe. J. and Gaffney. J. 2007. Unravelling the economic and environmental
tradeoffs of reducing sediment movement from grazed pastures. Paper presented to the
51st AARES Conference. Queenstown.

Dougall, C., Packett, B., Carroll, C., Sherman, B.S., Read, A., Chen, Y. and Brodie, J. 2006.
Sediment and nutrient modelling in the Fitzroy NRM region. Volume 5. In: The use of
SedNet and ANNEX models to guide GBR catchment sediment and nutrient target setting.

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef 67



Ed A.L Cogle, C. Carroll and B.S. Sherman. Department of Natural Resources Mines and
Water, Brisbane. QNRMO06138.

Dougall, C., Searle, R. and Sherman, B.S. 2006. Uncertainty and limitations. In: Overview
and Great Barrier Reef outcomes, Volume 1. In: Editors Cogle, A.L., Carroll, C., Sherman,
B.S. The use of SedNet and ANNEX models to guide GBR catchment sediment and
nutrient target setting. Department of Natural Resources Mines and Water, Brisbane.

Douglas, G., Ford, P., Palmer, M., Noble, R., Packett, R. 2005. Identification of sediment
sources in the Fitzroy River basin and estuary, Queensland, Australia. CRC for Coastal
Zone and Estuary and Waterway Management Technical Report No. 13.
http://www.coastal.crc.org.au/Publications/index.html.

Drewry, J., Higham, W., Mitchell, C., Rohde, K., Masters, B. and Galea, L. 2008. Water
quality improvement plan. Turning environmental values into water quality objectives and
targets. Mackay Whitsunday Natural Resource Management Group.

Duke, N.C. and Bell, A.M. 2005. Herbicides implicated as the cause of serious mangrove
dieback in the Mackay region, NE Australia — serious implications for marine plant
habitats of the Great Barrier Reef World Heritage Area. Marine Pollution Bulletin 51: 308-
324.

Duke, N.C., Bell, A.M., Pederson, D.K., Roelfsema, C.M., and Bengtson-Nash, S. 2005.
Herbicides implicated as the cause of severe mangrove dieback in the Mackay region, NE
Australia: consequences for marine plant habitats of the Great Barrier Reef World Heritage
Area Marine Pollution Bulletin 51: 308-324

Duke, N.C., Bell, A.M., Pedersen, D.K., Roelfsema, C.M., Godson, L.M., Zahmel, K.N.,
MacKenzie, J. and Bengston-Nash, S. 2003a. Mackay mangrove dieback. Investigations in
2002 with recommendations for further research, monitoring and management. Final
Report to Queensland Fisheries Service, Northern Region (DPI) and the Community of
Mackay Region. Centre for Marine Studies, The University of Queensland: Brisbane.
http://www.marine.uq.edu.au/marbot/significantfindings/mangrovedieback.htm.

Duke, N.C., Lawn, T., Roelfsema, C.M., Phinn, S., Zahmel, K.N., Pedersen, D.K., Harris, C.,
Steggles, N., Tack, C., 2003b. Assessing historical change in coastal environments. Port
Curtis, Fitzroy River Estuary and Moreton Bay regions. Final Report to the CRC for
Coastal Zone Estuary and Waterway Management. Historical Coastlines Project, Marine
Botany Group, Centre for Marine Studies, The University of Queensland, Brisbane.
http://www.coastal.crc.org.au/Publications/Historical Coastlines.html.

Duke, N.C., Wolanski, E., 2001. Muddy coastal waters and depletedmangrove coastlines—
depleted seagrass and coral reefs. In: Wolanski, E. (Ed.), Oceanographic Processes of
Coral Reefs. Physical and Biology Links in the Great Barrier Reef. CRC Press LLC,
Washington, DC, pp. 77-91.

Eberhard, R., Waterhouse, J., Robinson, C., Taylor, B., Hart, B., Parslow, J. and Grayson, R.
2008. Adaptive Management Strategies for Great Barrier Reef Water Quality Improvement

Plans. Report to the Department of the Environment, Water, Heritage and the Arts, May
2008.

EPA (Environment Protection Authority), 1998. State of the environment report for south
Australia 1998—summary report. Prepared in cooperation with the Department for
Environment, Heritage and Aboriginal Affairs. Environment Reporting Unit, Adelaide.

Environmental Protection Agency 1999. State of the Environment Queensland. Queensland
Environmental Protection Agency, Brisbane.

Environmental Protection Agency 2005. Wetland Mapping and Classification Methodology —
Overall Framework — A Method to Provide Baseline Mapping and Classification for

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef 68


http://www.marine.uq.edu.au/marbot/significantfindings/mangrovedieback.htm

Wetlands in Queensland, Version 1.2, Queensland Government, Brisbane. ISBN 0 9757
344 6 6.

Fabricius, K.E. and De’ath, G., 2001. Biodiversity on the Great Barrier Reef: large-scale
patterns and turbidity-related local loss of soft coral taxa. In: Wolanski, E. (Ed.),
Oceanographic Processes of Coral Reefs: Physical and Biological Links in the Great
Barrier Reef. CRC Press, London, pp. 127-144.

Fabricius, K. and De’ath, G. 2004. Identifying ecological change and its causes: a case study
on coral reefs. Ecological Applications, 14: 1448-1465.

Fabricius, K.E. 2005. Effects of terrestrial runoff on the ecology of corals and coral reefs:
Review and synthesis. Marine Pollution Bulletin 50: 125-146.

Fabricius, K.E., Wild, C., Wolanski, E. and Abele, D. 2003. Effects of transparent
exopolymer particles, muddy sediments and muddy marine snow on the survival of hard
coral recruits. Estuarine, Coastal and Shelf Science 57: 613-621.

Fabricius, K.E., De’ath, G., McCook, L.J., Turak, E., Williams, D. 2005. Coral, algae and fish
communities on inshore reefs of the Great Barrier Reef: Ecological gradients along water
quality gradients. Marine Pollution Bulletin 51: 384-398.

Fabricius, K.E. (2007). Conceptual Model of the effects of terrestrial runoff on the ecology of
corals and coral reefs of the GBR. Report to the Australian Government’s Marine and
Tropical Sciences Research Facility (MTSRF): 24 pp.

Fabricius, K.E., De’ath, G., Poutinen, M.L., Done, T., Cooper, T.F. and Burgess, S.C. (2008).
Disturbance gradients on inshore and offshore coral reefs caused by a severe tropical
cyclone. Limnology and Oceanography 53: 690-704.

Faithful, J.W., Brodie, J., Hooper, A., Leahy, P., Henry, G., Finlayson, W. and Green, D.
2006. Plot-Scale Runoff of nutrients and sediments under Varying Management Regimes
on banana and cane farms in the Wet Tropics, Queensland, Australia. A Report to Task 1,
Catchment to Reef Project. ACTFR Report No 05/03. ACTFR, James Cook University,
Townsville, 37 pp.

Faithful, J., Liessmann, L., Brodie, J., Ledee, E., Sydes, D., Maughan, M. 2007. Water
quality characteristics of water draining different land uses in the Tully/Murray rivers
region. ACTFR Report No. 06/25 for the Tully/Murray CCI, ACTFR, James Cook
University, Townsville, 28 pp.

Faithful, J., Brodie, J., Armstrong, C., Frayne, P. and Bubb, K. 2005. Water quality of runoff
draining from pine plantation, native forest and agricultural crops in the Whitfield Creek
catchment, located in the Wet Tropics of north Queensland. ACTFR Report 05/02.
ACTFR, James Cook University, Townsville.

Fentie, B., Joo, M., Yu, B., Hunter, H., Marsh, N., Carroll, C. and Dougall, C. 2005.
Comparison of Mean Annual Suspended Loads Estimated By The SedNet Model And
Rating Curves In The Fitzroy Catchment, Australia. In: MODSIM 2005 International
Congress on Modelling and Simulation. Eds. Zerger, A. and Argent, R.M. Modelling and
Simulation Society of Australia and New Zealand, December 2005, pp. 170-176. ISBN: 0-
9758400-2-9.

Fentie, B., Duncan, 1., Sherman, B.S., Read, A., Chen, Y., Brodie, J. and Cogle, A.L. 2006.
Sediment and nutrient modelling in the Burdekin NRM region. Volume 3. In: The use of
SedNet and ANNEX models to guide GBR catchment sediment and nutrient target setting.
Ed A.L Cogle, C. Carroll and B.S. Sherman. Department of Natural Resources Mines and
Water, Brisbane. QNRMO06138.

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef 69



Ferrier, R.C., 2007. Science challenges to support diffuse pollution management in the Great
Barrier Reef. CSIRO: Water for a Healthy Country National Research Flagship.

Francis, J.M., Dunbar, G.B., Dickens, G.R., Sutherland, I.A. and Droxler, A.W. 2007.
Siliciclastic sediment across the North Queensland margin (Australia): A Holocene
perspective on reciprocal versus coeval deposition in tropical mixed siliciclastic-carbonate
systems. Journal of Sedimentary Research 77 572-586.

Furnas, M.J. 2003. Catchments and Corals: Terrestrial Runoff to the Great Barrier Reef.
Australian Institute of Marine Science and Reef CRC, Townsville.

Furnas, M., Mitchell, A., Skuza, M. Brodie, J. 2005. The other 90 percent: phytoplankton
responses to enhanced nutrient availability in the Great Barrier Reef lagoon. Marine
Pollution Bulletin, 51: 253-265.

Furnas, M.J., Mitchell, A.W. and Skuza, M. 1995. Nitrogen and phosphorus budgets for the
central Great Barrier Reef. Research Report No. 36, Great Barrier Reef Marine Park
Authority, Townsville.

Gordon, I.J. 2007. Linking land with the ocean: Feedbacks in socio-ecological systems in the
Great Barrier Reef catchments. Hydrobiologia 591(1). 25-33.

Gordon, I.J. and Nelson, B. 2007. Reef Safe Beef: Environmentally sensitive livestock
management for the grazing lands of the Great Barrier Reef catchments. In: Swain, D.L.,
Charmley, E., Steel, J.W. & Coffey, S.G. (eds) Redesigning Animal Agriculture; the
Challenge of the 21st Century. Pp. 171-184. CABI Publishing, Wallingford, UK.

Graham NAJ, Evans RD and Russ GR (2003) The effects of marine reserve protection on the

trophic relationships of reef fishes on the Great Barrier Reef. Environmental Conservation
30(2):200-208.

Grayson, R. 2007. Data analysis and modelling requirements for water quality loads
monitoring: Great Barrier Reef Water Quality Protection Plan (Action I5). Department of
Natural Resources and Water, Natural Resource Sciences, Water Quality Processes Unit.
ISBN 1-7417-2451-6.

Great Barrier Reef Protection Interdepartmental Committee Science Panel (2003). A report on
the study of land-sourced pollutants and their impacts on water quality in and adjacent to
the Great Barrier Reef. Report to the Intergovernmental Steering Committee Great Barrier
Reef Water Quality Action Plan, 187 pp. Available at
http://www.premiers.qld.gov.au/about/reefwater.pdf (viewed 29/03/04).

Great Barrier Reef Marine Park Authority 2008. Water Quality Guidelines for the Great
Barrier Reef Marine Park. GBRMPA.

Greiner, R. and Hall, N. 2006. Social, Economic, Cultural and Environmental Values of
Streams and Wetlands in the Burdekin Dry Tropics Region. Burdekin Dry Tropics NRM:
Townsville. 107pp.

Greiner, R., Herr, A., Larson, S. 2006. Literature review of relevant socio-economic
information available for the Northern Planning Area. Department of the Environment and
Heritage, Canberra.

Greiner, R., Stoeckl, N., Stokes, C., Herr, A., Bachmaier, J. 2003. Natural resource
management in the Burdekin Dry Tropics: social and economic issues, a report for the
Burdekin Dry Tropics NRM Board, CSIRO, Townsville.

Guinotte, J.M. and Fabry, V.J. 2008. Ocean acidification and its potential effects on marine
ecosystems. Annals of the New York Academy of Sciences 1134: 320-342.

Ham, G. 2006. Nutrients and pesticides in surface drainage water from irrigated sugarcane.
Final Report SRDC Project BSS 122. SD06007.

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef 70


http://www.premiers.qld.gov.au/about/reefwater.pdf

Ham, G. 2007. Water quality of the inflows/outflows of the Barratta Creek system,
Proceedings of the Australian Society of Sugar Cane Technologists 29 149-166.

Hancock, G.J., Webster, I.T., and Stieglitz, T.C. (2006) Horizontal mixing of Great Barrier
Reef waters: Offshore diffusivity determined from radium isotope distribution. Journal of
Geophysical Research, 111, C12019, doi:10.1029/2006JJC003608.

Harrington, L., Fabricius, K., Eaglesham, G., Negri, A. 2005. Synergistic effects of diuron
and sedimentation on photosynthesis and survival of crustose coralline algae. Marine
Pollution Bulletin, 51: 415-427.

Harrison, E.T., Norris, R.H. and Wilkinson, S.N., 2008. Can a catchment-scale sediment
model be related to an indicator of river health? Hydrobiologia, doi:10.1007/s10750-007-
9175-1.

Hatzios, K.K. and Penner, D. 1982. Metabolism of Herbicides in Higher Plants. Burgess
Publishing Company, Minnesota.

Hawdon, A., Keen, R., Post, D., Wilkinson, S., 2008. Managing runoff from grazing lands.
Proceedings of 15th Biennial Conference, Charters Towers. Australian Rangelands
Society.

Haynes, D., Ralph, P., Prange, J. and Dennison, B. 2000. The impact of the herbicide diuron

on photosynthesis in three species of tropical seagrass. Marine Pollution Bulletin 41, 288-
293.

Haynes, D., Brodie, J., Waterhouse, J., Bainbridge, Z., Bass, D. and Hart, B. 2007.
Assessment of the water quality and ecosystem health of the Great Barrier Reef
(Australia), Part I: Conceptual models. Environmental Management 40; 993-1003.

Henry, N. and Marsh, N. 2006. Modelling of sediment and nutrient transport: Burnett
Catchment. Environmental Protection Agency, March 2006.

Herr, A. and Kuhnert, P. 2007. Asessment of unvertainty in Great Barrier Reef catchment
models. Water Science and Technology 56 181-186.

Herzfeld, M., Andrewartha, J.R., Sakov, P., Webster, 1. (2006) Numerical Hydrodynamic
Modelling of the Fitzroy Estuary. Report 38 to CRC for Coastal Zone, Estuary and
Waterway Management, Indooroopilly.
http://www.ozcoasts.org.au/search_data/crc_rpts.jsp

Hortle, K.R. and Pearson, R.G. 1990. The fauna of the Annan River, north Queensland, with
reference to the effects of tin mining. I. Fishes. Aust. J. Mar. Freshwat. Res., 41:677-694.

Houk, P., Bograd, S. and van Woesik, R. 2007. The transition zone chlorophyll front can
trigger Acanthaster planci outbreaks in the Pacific Ocean: Historical confirmation. J. of
Oceanography, 63: 149-154.

Hoyos, C.D., Agudelo, P.A., Webster, P.J. and Curry, J.A. (2006). Deconvolution of the
Factors Contributing to the Increase in Global Hurricane Intensity. Science, 312, 94-97.

Hug, B. and Larson, S. 2006. Socio-economic profile of the Great Barrier Reef region,
CSIRO Water for a Healthy Country National Research Flaghip Report, CSIRO, Canberra,
42 pp http://www.csiro.au/csiro/content/file/pfkk,,.html

Hughes, T. P. 1994. Catastrophes, phase-shifts, and large-scale degradation of a Caribbean
coral reef. Science 265: 1547-1551.

Hughes, T.P., Bellwood, D.R., Folke, C., Steneck, R.S. and Wilson, J. 2005. New paradigms
for supporting the resilience of marine ecosystems. Trends Ecol. Evol. 20: 380-386.

Hughes, T.P., Rodrigues, M.J., Bellwood, D.R., Ceccerelli, D., Hoegh-Guldberg, O.,
McCook, L., Moltchaniwskyj, N., Pratchett, M.S., Steneck, R.S. and Willis, B.L. 2007.

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef 71


http://www.csiro.au/csiro/content/file/pfkk,,.html

Regime-shifts, herbivory and the resilience of coral reefs to climate change. Current
Biology 17: 360-365.

Hunter, H., Fellows, C., Rassam, D., DeHayr, R., Pagendam, D., Conway, C., Bloesch, P.,
and Beard, N. 2006. Managing riparian lands to improve water quality: optimising nitrate
removal via denitrification. Technical Report no. 57, Cooperative Research Centre for
Coastal Zone, Estuary and Waterway Management, Indooroopilly.
http://www.coastal.crc.org.au/Publications/download-57Riparian.asp

Hunter, H.M. and Hairsine, P.B. 2002. Riparian and wetland buffers for water quality
protection, Proc. 2™ national conference on Aquatic Environments: Sustaining Our
Aquatic Environments — Implementing Solutions, Townsville, Australia, 20-23 November,
2001.

Hunter, H.M. and Walton, R.S. 2008. Land-use effects on fluxes of suspended sediment,

nitrogen and phosphorus from a river catchment of the Great Barrier Reef, Australia. J.
Hydrology 356, 131-146.

Hunter, H.M., Sologinkin, S.J., Choy, S.C., Hooper, A.R., Allen, W.S. and Raymond, M.A.A.
2001, Water Management in the Johnstone Basin, final report, Natural Heritage Trust
project no. 952194, Department of Natural Resources and Mines, Brisbane.

Hunter, M.N. and Eldershaw, V.J. 1993. Editors, Nutrition in Horticulture; Proceedings
workshop, Gatton, Queensland, 4-6 May 1993. Department of Primary Industries, QDPI
Publ. No. QC94003.

Johnson, J.E. and Marshall, P.A. (editors) 2007. Climate Change and the Great Barrier Reef.
Great Barrier Reef Marine Park Authority and Australian Greenhouse Office, Australia.

Johnston, N. 2006. Progress on the water quality target setting and monitoring process.
Fitzroy Basin Association. http://www.fba.org.au/programs/downloads/FBA-progress-on-
target-setting-and-monitoringprocess-2006.pdf

Jones, R. 2005. The ecotoxicological effects of photosystem II herbicides on corals. Marine
Pollution Bulletin, 51: 495-506.

Jones, R.J. and Kerswell, A.P. 2003. Phytotoxicity of photosystem II (PSII) herbicides to
coral. Marine Ecology Progress Series, 261: 149-159.

Jones, R.J. Miiller, J. Haynes, D. Schreiber, U. 2003. Effects of herbicides diuron and
atrazine on corals of the Great Barrier Reef, Australia. Marine Ecology Progress Series,
251: 153-167.

Joo, M., Yu, B., Fentie, B., Carroll, C., 2005. Estimation of long-term sediment loads in the
Fitzroy catchment, Queensland, Australia. In: MODSIM 2005, International Congress on
Modelling and Simulation. Modelling and Simulation Society of Australia and New
Zealand, 1133-1139.

Jupiter, S.D., Marion, G.S., McCulloch, M.T. and Hoegh-Guldberg, O. 2007. Long-term
changes to Mackay Whitsunday water quality and connectivity between terrestrial,
mangrove, and coral reef ecosystems: Clues from coral proxies and remote sensing
records. ARC Centre of Excellence for Coral Reef Research, Brisbane, Australia.

Kapitzke, I.R. 2007. Multipurpose design for fish passage at road crossings on a north
Queensland stream. Australian Journal of Multi-disciplinary Engineering, Institution of
Engineers Australia.

Karim, F., Wallace, J., Henderson, A. and Wilkinson, S. (2008). Assessment of sediment and
nutrient transport across the Tully-Murray floodplain using the SedNet and ANNEX
models. CSIRO Land and Water Science Report, July 2008. An initial study as a part of

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef 72


http://www.coastal.crc.org.au/Publications/download-57Riparian.asp

the Marine and Tropical Science Research Facility (MTSRF) Project 3.7.4: Wetlands and
floodplains: connectivity and hydro-ecological function.

King, B., McAllister, F., and Done, T. 2002. Modelling the impact of the Burdekin, Herbert,
Tully and Johnstone River plumes on the Central Great Barrier Reef. CRC Reef Research
Centre Technical Report No. 44, CRC Reef Research Centre, Townsville.

Keating, B.A., Bauld, J., Hillier, J., Ellis, R., Weier, K.L., Sunners, F. and Connell, D. 1996.
Leaching of nutrients and pesticides to Queensland groundwaters. In: Hunter, H.M., Eyles,
A.G., Rayment, G.E. (eds), Downstream effects of land use. Queensland Department of
Natural Resources, pp 151-163.

Kevan, S.D. and R.G. Pearson, 1993. Toxicity of Diquat pulse exposure to the tropical
freshwater shrimp Caridina nilotica Atyidae. Bull. Env. Contam. Toxicol., 51:564-567.

Kinsey-Henderson, A. and Sherman, B. 2007. SedNet loads reported in the Meat and
Livestock Australia Burdekin SedNet Model for selected sites. CSIRO Land and Water
Client Report for BDTNRM CCI.

Kinsey-Henderson, A.E., Post, D.A. and Prosser, [.P. 2005. Modelling sources of sediment at
sub-catchment scale: An example from the Burdekin catchment, North Queensland,
Australia. Mathematics and Computers in Simulation Second Special Issue: Selected
papers of the MSSANZ/IMACS 15th Biennial Conference on Modeling and Simulation,
14-17 July 2003, vol. 69, 1-2, pp. 90-102.

Kinsey-Henderson, A., Sherman, B., Bartley, R., 2007. Improved SedNet Modelling of
Grazing Lands in the Burdekin Catchment. Science Report 63/07, CSIRO Land and Water.
http://www.clw.csiro.au/publications/science/2007/sr63-07.pdf.

Kirkwood, A. and Dowling, R., 2003. Investigation of Mangrove Dieback in the Pioneer
River Estuary, Mackay. A report prepared for the Sugar Research Development
Corporation, August 2002.

Koop, K., Booth, D., Broadbent, A., Brodie, J., Bucher, D., Capone, D., Coll, J., Dennison,
W., Erdmann, M., Harrison, P., Hoegh-Guldberg, O., Hutchings, P., Jones, G.B., Larkum,
A W.D., O'Nell, J., Steven, A., Tentori, E., Ward, S., Williamson, J. and Yellowlees, D.
2001. ENCORE: The effect of nutrient enrichment on coral reefs. Synthesis of results and
conclusions. Marine Pollution Bulletin 42: 91-120.

Kossin, J.P., Knapp, K.R., Vimont, D.J., Murnane, R.J. and Harper, B.A., 2007. A globally
consistent reanalysis of hurricane variability and trends. Geophysical Research Letters, 34,
L04815, doi:10.1029/2006GL028836.

Kroon, F. 2008. Draft Tully Water Quality Improvement Plan. Report to Terrain NRM,
CSIRO Water for a Healthy Country.

Kuhnert, P., Henderson, A., Herr, A., 2007. Incorporating uncertainty in gully erosion
mapping using the random forests modelling approach. Water for a Healthy Country
Flagship report, CSIRO, Brisbane, 38 pp.

Laegdsgaard, P. and Morton, R., 1998. Assessment of health, viability and sustainability of
the mangrove community at Luggage Point. Report by WBMOceanics Australia to the
Brisbane City Council, Brisbane.

Lambeck, A. and Woolfe, K.J. 2000. Composition and textural variability along the 10m
isobath, Great Barrier Reef: evidence for pervasive northward sediment transport,
Australian Journal of Earth Sciences 47 (2000), pp. 327-335.

Lambrechts, J., Hanert, E., Deleersnijder E., Bernard, P.E., Legat, V., Remacle, J.F., and
Wolanski E., (in press). A multi-scale model of the hydrodynamics of the whole Great
Barrier Reef. Estuarine, Coastal and Shelf Science. In press.

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef 73



Larcombe, P. and Woolfe, K.J. 1999. Increased sediment supply to the Great Barrier Reef will
not increase sediment accumulation at most coral reefs. Coral Reefs, 18: 163-169.

Larson, S. In press. Communicating stakeholder priorities in the Great Barrier Reef region.
Journal of Society and Natural Resources, accepted for publication in November 2007.

Larson S. 2006. Cardwell Shire: Socio-economic profile. CSIRO: Water for a Healthy
Country National Research Flagship. 32 pp.

Larson, S. 2007. Wellbeing and Livelihoods Survey of Cardwell Shire: Report for the
Community. CSIRO: Water for a Healthy Country National Research Flagship, Canberra,
February 2007.

Larson, S. and Stone-Jovicich, S. 2008. Community perceptions of water quality and current
institutional arrangements in the Great Barrier Reef region of Australia. IWRA World
Water Congress, Montpallier, France, September 1-4, 2008. Book and CD of proceedings.

Legrand, S., Deleersnijder, E., Hanert, E., Legat, V., Wolanski, E. (2006). High-resolution,
unstructured meshes for hydrodynamic models of the Great Barrier Reef, Australia.
Estuarine, Coastal and Shelf Science 68, 36-46.

Lewis, S., Davis, A., Brodie, J., Bainbridge, Z., McConnell, V. and Maughan, M. 2007a.
Pesticides in the lower Burdekin and Don River catchments. ACTFR Report No. 07/05.
ACTFR, James Cook University, Townsville. 52 pp.

Lewis, S. Shields, G. Kamber, B. Lough, J. 2007b. A multi-trace element coral record of
land-use changes in the Burdekin River catchment, NE Australia. Palacogeograpahy,
Palaeoclimatology, Palaeoecology, 246: 471-487.

Lewis, S., Brodie, J. and McCulloch, M. 2008. Report on 2006 and 2007 wet season Burdekin
high flow sampling with first estimates of the trapping efficiency of the Burdekin Falls
Dam. Report to the Marine and Tropical Science Research Facility (MTSRF), Milestone
Report June 2007.

Leiss, M. 1994. Pesticide impact on macroinvertebrate communities of running waters in
agricultural ecosystems. Verh. International Verein. Limonology 25, 2060-2062.

Littler, M.M., D.S. Littler and B.L. Brooks. 2006. Harmful algae on tropical coral reefs:
bottom-up eutrophication and top-down herbivory. Harmful Algae 5: 1-23.

Longstaff, B.J. and Dennison, W.C. 1999. Seagrass survival during pulsed turbidity events:
the effects of light deprivation on the seagrasses Halodule pinifolia and Halophila ovalis.
Aquatic Botany 65, 105-121.

Lough, J.JM. 2007. Tropical river flow and rainfall reconstructions from coral luminescence:
Great Barrier Reef, Australia. Paleoceanography, 22: PA2218.

Luick, J.L., Mason, L., Hardy, T., and Furnas, M.J. 2007. Circulation in the Great Barrier
Reef Lagoon using numerical tracers and in situ data. Continental Shelf Research, 27: 757-
778

Lymburner L. and Dowe J. 2006. A component of the Coastal Catchments Initiative Report:
Assessing the condition of riparian vegetation in the Burdekin catchment using satellite
imagery and field surveys. ACTFR report no. 06/21, Australian Centre for Tropical
Freshwater Research, James Cook University, Townsville.

Lymburner, L. 2001. Estimating riparian vegetation functions in the Nogoa catchment of the
Fitzroy river basin using remote sensing and spatial analysis. Confirmation Report.
Department of Civil and Environmental Engineering University of Melbourne and CRC
Catchment Hydrology CSIRO Land and Water.

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef 74


http://www.actfr.jcu.edu.au/idc/groups/public/documents/technical_report/jcudev_015431.pdf

Lynam, T.J.P., Higham, W., Drewry, J. and Mitchell, C. (In review). Variable resolution,
adaptive modelling for adaptive water quality management in the Great Barrier Reef
region, Australia. Environmental Modelling and Software.

Mackay, S.J., James, C.S. and Arthington, A.H. 2007. Aquatic macrophytes as indicators of
catchment land-use and water quality in wet tropics streams. Chapter 3 in Arthington,
A.H. and R. G. Pearson eds. Final Report Task 3, Catchment to Reef Research Program,
Cooperative Research Centre for Rainforest Ecology and Management and Cooperative
Research Centre for the Great Barrier Reef (in press).

Magnusson, M., Heimann, K. and Negri, A.P. 2008. Comparative effects of herbicides on
photosynthesis and growth of tropical estuarine microalgae. Marine Pollution Bulletin 56,
1545-1552.

Marion, G.S. 2007. The nitrogen isotopic composition of the organic matrices of coral
skeletons: A proxy for historical nitrogen provenance in tropical coastal oceans.
Unpublished PhD thesis, Centre for Marine Studies, University of Queensland.

Marion, G.S., R.B. Dunbar, and D.A. Mucciarone, Kremer, J.M., Lansing, S., and A.
Arthawiguna, 2005, Coral skeletal d15N reveals isotopic traces of an agricultural
revolution, Marine Pollution Bulletin, 50, 931-944.

Markey, K.L. Baird, A.H. Humphrey, C. and Negri, A.P. 2007. Insecticides and a fungicide
affect multiple coral life stages. Marine Ecology Progress Series, 330: 127-137.

Marsden Jacob Associates, 2008a. The economic and social impacts of protecting
environmental values in Great Barrier Reef catchment waterways and the reef lagoon.
Phase One: framework, cross regional and policy issues. A report prepared by Marsden
Jacob Associates for the Queensland Environmental Protection Agency.

Marsden Jacob Associates, 2008b. The recreational dive and snorkeling industry in the Great
Barrier Reef: profile, economic contribution, risks and opportunities. A report prepared by
Marsden Jacob Associates for the Great Barrier Reef Marine Park Authority.

Masters, B., Rohde, K., Gurner, N., Higham, W. and Drewry, J. 2008. Sediment, nutrient and
herbicide runoff from canefarming practices in the Mackay Whitsunday region: a field-
based rainfall simulation study of management practices. Queensland Department of
Natural Resources and Water for the Mackay Whitsunday Natural Resource Management
Group, Australia.

Maughan, M., Brodie, J. and Waterhouse, J. 2008. Reef Exposure model for the Great Barrier
Reef Lagoon. DRAFT ACTFR Report No. 07/19, January 2008.

McCook, L.J. 1999. Macroalgae, nutrients and phase shifts on coral reefs: scientific issues
and management consequences for the Great Barrier Reef. Coral Reefs 18(4), 357-367.

McCook, L.J., Jompa, J. and Diaz-Pulido, G. 2001. Competition between corals and algae on
coral reefs: a review of evidence and mechanisms. Coral Reefs 19:400-417.

McCulloch 2004 — veg losses and coral cores

McCulloch, M.T. Fallon, S. Wyndham, T. Hendy, E. Lough, J. Barnes, D. 2003. Coral
record of increased sediment flux to the inner Great Barrier Reef since European
settlement. Nature, 421: 727-730.

MclJannet, D.L. 2007. Towards an understanding of the filter function of tropical wetlands:
Lessons from temperate locations, development of a conceptual model and design of a
field monitoring strategy. Water for a Healthy Country Tropical Wetlands Report, CSIRO:
Water for a Healthy Country Flagship, Canberra, 26 pp.

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef 75



McKergow, L.A., Prosser, I.P., Grayson, R.B. and Heiner, D. 2004a. Performance of grass
and rainforest riparian buffers in the wet tropics, Far North Queensland. 1. Riparian
hydrology. Australian Journal of Soil Research 42(4): 473-484.

McKergow, L.A., Prosser, I.P., Grayson, R.B. and Heiner, D. 2004b. Performance of grass
and rainforest riparian buffers on banana plantations, far north Queensland. 2. Water
quality. Australian Journal of Soil Research 42(4): 485-498.

McKergow, L.A. Prosser, [.P. Hughes, A.O. Brodie, J. 2005a. Sources of sediment to the
Great Barrier Reef World Heritage Area. Marine Pollution Bulletin, 51: 200-211.

McKergow, L.A. Prosser, [.P. Hughes, A.O. Brodie, J. 2005b. Regional scale nutrient
modelling: exports to the Great Barrier Reef World Heritage Area. Marine Pollution
Bulletin, 51: 186-189.

McMahon, K., Bengtson Nash, S., Eaglesham, G., Miiller, J.F., Duke, N. C. and Winderlich,
S. 2005. Herbicide contamination and the potential impact to seagrass meadows in Hervey
Bay, Queensland, Australia. Marine Pollution Bulletin 51: 325-334.

Meier E.A., Thorburn P.J., Wegener M.K. and Basford K.E. (2006). The availability of
nitrogen from sugarcane trash on contrasting soils in the wet tropics of North Queensland.
Nutrient Cycling in Agroecosystems, 75:101-114.

Mellors, J. 2003. Sediment and nutrient dynamics in coastal intertidal seagrass of north
eastern tropical Australia. PhD Thesis, James Cook University. 278 pp. Available from
<www.jcu.edu.au>.

Mellors, J.E., Waycott, M. and Marsh, H. (2005). Variation in biogeochemical parameters
across intertidal seagrass meadows in the central Great Barrier Reef region. Marine
Pollution Bulletin 51: 335-342.

Metzeling, L., 1993. Benthic macroinvertebrates community structure in streams of different
salinities. Australian Journal of Marine and Freshwater Research 44, 335-351.

Mitchell, A., Lewis, S., Brodie, J., Bainbridge, Z. and Maughan, M. 2007a. Water quality
issues in the Burdekin Region. ACTFR Report 07/03 for the BDTNRM CCI. ACTFR,
JCU, Townsville. 60pp.

Mitchell A., Brodie J. and Faithful J.W., 2007b. Testing simple sediment and nutrient
methods for landholder use. In Pearson R.G. ed. Water quality issues in the wet tropics —
report on the Catchment to Reef studies. James Cook University (in press).

Mitchell, A., Reghenzani, J., Furnas, M., Brodie, J. and Lewis, S. 2006. Nutrients and
suspended sediments in the Tully River: Spatial and temporal trends. ACTFR Report. No.
06/10 for FNQNRM Tully CCI. ACTFR, James Cook University. Townsville. 115 pp.

Mitchell, A., Reghenzani, J. and Furnas, M. 2001. Nitrogen levels in the Tully River- a long-
term view. Water Science and Technology, 43: 99-105.

Moody, P.W. and Aitken R.L. (1006). Fertiliser management is tropical horticulture: Is it
sustainable? In: Stephenson R.A. and Winks C.W., Challenges for horticulture in the
tropics. Proceedings of the third Australian Society of Horticultural Science and the first
Australian Macadamia Society Research Conference, Gold Coast, August 1996.

Monbet, Ph., Brunskill, G.J., Zagorskis, 1. and Pfitzner, J. (2007). Phosphorus speciation in
the sediment and mass balance for the central region of the Great Barrier Reef continental.
Geochimica et Cosmochimica Acta, 71 (11), p.2762-2779.

Moss, A., Brodie, J. and Furnas, M. 2005. Water Quality Guidelines for the Great Barrier
Reef World Heritage Area: A basis for development and preliminary values. In:
Hutchings,P.A., Haynes, D. (Eds.),Proceedings of Catchment to Reef: Water Quality
Issues in the Great Barrier Reef Region Conference. Marine Pollution Bulletin 51:76-88.

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef 76


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VB5-4BN0H3P-6&_user=2322062&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_version=1&_urlVersion=0&_userid=2322062&md5=2105b0b12a4616a262f6358f774801a8#bbib37#bbib37
http://www.scirus.com/srsapp/sciruslink?src=sd&url=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%3F_ob%3DGatewayURL%26_origin%3DScienceSearch%26_method%3DcitationSearch%26_piikey%3DS0016703707001640%26_version%3D1%26_returnURL%3Dhttp%253A%252F%252Fwww.scirus.com%252Fsrsapp%252Fsearch%253Fq%253DMonbet%252Bgreat%252Bbarrier%252Breef%2526t%253Dall%2526sort%253D0%2526drill%253Dyes%2526p%253D0%26md5%3D95b10be6d99d5a81820a24a63884271a
http://www.scirus.com/srsapp/sciruslink?src=sd&url=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%3F_ob%3DGatewayURL%26_origin%3DScienceSearch%26_method%3DcitationSearch%26_piikey%3DS0016703707001640%26_version%3D1%26_returnURL%3Dhttp%253A%252F%252Fwww.scirus.com%252Fsrsapp%252Fsearch%253Fq%253DMonbet%252Bgreat%252Bbarrier%252Breef%2526t%253Dall%2526sort%253D0%2526drill%253Dyes%2526p%253D0%26md5%3D95b10be6d99d5a81820a24a63884271a
http://www.scirus.com/srsapp/sciruslink?src=sd&url=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%3F_ob%3DGatewayURL%26_origin%3DScienceSearch%26_method%3DcitationSearch%26_piikey%3DS0016703707001640%26_version%3D1%26_returnURL%3Dhttp%253A%252F%252Fwww.scirus.com%252Fsrsapp%252Fsearch%253Fq%253DMonbet%252Bgreat%252Bbarrier%252Breef%2526t%253Dall%2526sort%253D0%2526drill%253Dyes%2526p%253D0%26md5%3D95b10be6d99d5a81820a24a63884271a

Negri, A. Vollhardt, C. Humphrey, C. Heyward, A. Jones, R. Eaglesham, G. Fabricius, K.
2005. Effects of the herbicide diuron on the early life history stages of coral. Marine
Pollution Bulletin, 51: 370-383.

Neldner, J. 2006. Why is vegetation condition important to government? A case study from
Queensland. Ecological Management & Restoration 7:S5-S7, 2006.

Newham, LTH, Rutherford, JC & Croke, BFW. 2005. A conceptual model of particulate
trapping in riparian buffers, CSIRO Land and Water Technical Report 21/05. CSIRO Land
and Water, Canberra, 58 pp. http://www.clw.csiro.au/publications/technical2005/tr21-05.pdf

Okelsrud A and Pearson R.G. 2007. Acute and post-exposure effects of ammonia toxicity to
juvenile barramundi Lates calcarifer [Bloch]. Archives of Environmental Contamination
and Toxicology.

O'Reagain, P.J., Brodie, J., Fraser, G., Bushell, J.J., Holloway, C.H., Faithful J.W., and
Haynes, D. 2005. Nutrient loss and water quality under extensive grazing in the upper
Burdekin river catchment, North Queensland. Marine Pollution Bulletin, 51: 37-50.

Orpin, A.R. Brunskill, G.J. Zagorskis, . Woolfe, K.J. 2004. Patterns of mixed siliciclastic-
carbonate sedimentation adjacent to a large dry-tropics river on the central Great Barrier
reef shelf, Australia. Australian Journal of Earth Sciences, 51: 665-683.

Packett, R. 2007. A mouthful of mud: the fate of contaminants from the Fitzroy River,
Queensland, Australia and implications for reef water policy. In: Proceedings of the 5th
Australian Stream Management Conference. Australian rivers: making a difference.
Eds.Wilson, A.L., Dehaan, R.L., Watts, R.J., Page, K.J., Bowmer, K.H., & Curtis, A.
Charles Sturt University, Thurgoona, New South Wales.

Packett, R., Ford, P.W. and Noble, B. 2005. Overview of the delivery of pesticides to the
Fitzroy Estuary and persistent organic pollutants in the food chain. In: Fitzroy in Focus:
Coastal science for the Fitzroy region. Eds. Noble, B., Bell, A., Verwey, P. and Tilden, J.
Coastal CRC for Coastal Zone, Estuary and Waterway Management. Indooroopilly,
Brisbane.

Pandolfi, J.M., Bradbury, R.H., Sala, E., Hughes, T.P. et al. 2003. Global trajectories of the
long-term decline of coral reef ecosystems. Science, 301: 955-958.

Pearson, R.G. 2005. Biodiversity of the freshwater fauna of the Wet Tropics region of north-
eastern Australia: patterns and possible determinants. Pages 470-485 In E. Bermingham, C.
W. Dick, and C. Moritz Eds. Tropical Rain Forests: Past, Present and Future. University of
Chicago Press, Chicago and London. 1004 pp.

Pearson, R.G. and Penridge, L.K., 1992. An Ecological Survey of Selected Rivers in Queens-
land. James Cook University of North Queensland, Townsville, 2nd ed., 234pp.

Pearson, R.G. and Penridge, L. K. 1987. The effects of pollution by organic sugar mill
effluent on the macro-invertebrates of a stream in tropical Queensland, Australia. Journal
of Environmental Management, 24: 205-215.

Pearson R.G., Crossland M., Butler B. and Manwaring, S. 2003. Effects of cane-field
drainage on the ecology of tropical waterways. 3 volumes, 39+76+81 pp. Report on SRDC
projects JCUO16 & JCUO024 Australian Centre for Tropical Freshwater Research Report
No. 3/04-1-3

Pearson R.G. and Connolly N.M., 2000. Nutrient enhancement, food quality and community
dynamics in a tropical rainforest stream. Freshwater Biology 43:31-42.

Pearson, R.G. and Stork, N.E. 2007. Catchment to Reef: Water Quality and Ecosystem Health
In Tropical Streams. Chapter 45 in Stork N and Turton S eds. Living in a Dynamic
Tropical Forest Landscape. Blackwells Publishing in press — acc. 9/2/07.

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef 77


http://www.clw.csiro.au/publications/technical2005/tr21-05.pdf

Pearson, R.G., Benson, L.J. and Smith, R.E.W. 1986. Diversity and Abundance of the Fauna
in Yuccabine Creek, a Tropical Rainforest Stream. In: de Deckker P, Williams WD. eds.
Limnology in Australia, CSIRO, Melbourne, pp. 329-342.

Perna, C. and Burrows, D. E. 2005. Improved dissolved oxygen status following removal of
exotic weed mats in important fish habitat lagoons of the tropical Burdekin River
floodplain, Australia. Marine Pollution Bulletin, 51: 138 -148.

Philipp, E. and Fabricius, K. 2003. Photophysiological stress in scleractinian corals in
response to short-term sedimentation. Journal of Experimental Marine Biology and
Ecology, 287: 57-78.

Post, D.A., Loong, D., Dowe, J., Hodgen, M., Keen, R., Hawdon, A., Burrows, D. and
Faithful, J. 2006a. Ecological monitoring of the Townsville field training area (TFTA)
2005/06 [commercial-in-confidence], CSIRO Land and Water and ACTFR Client Report,
November 2006, CSIRO, Canberra, 261 pp.

Post, D.A., Bartley, R., Corfield, J., Nelson, B., Kinsey-Henderson, A., Hawdon, A., Gordon,
L., Abbott, B., Berthelsen, S., Hodgen, M., Keen, R., Kemei, J., Vleeshouwer, J., MacLeod,
N., and Webb, M. 2006b. Sustainable Grazing for a Healthy Burdekin Catchment. Report
to the Meat and Livestock Australia. CSIRO Land and Water Science Report 62/06
December 2006.

Post, D.A., Waterhouse, J., Grundy, M. and Cook, F. 2007. The Past, Present and Future of
Sediment and Nutrient Modelling in GBR Catchments. CSIRO: Water for a Healthy
Country National Research Flagship.

Powell, B. and Martens, M. 2005. A review of acid sulphate soil impacts, actions and policies
that impact on water quality in Great Barrier Reef catchments, including a case study on
remediation at East Trinity. Marine Pollution Bulletin, 51(1-4) pp 149-164.

Prange, J., 2007. A compilation of conceptual models representing the water quality dynamics
in the GBR catchments and lagoon. Great Barrier Reef Marine Park Authority.

Prange, J., Haynes, D. Schaffelke, B. and Waterhouse, J. 2007. Great Barrier Reef Water
Quality Protection Plan (Reef Plan) Annual Marine Monitoring Report. Reporting on data
available from December 2004 to April 2006. Great Barrier Reef Marine Park Authority,
Townsville.

Preen, A.R., Lee Long, W.J. and Coles, R.G. 1995. Flood and cyclone related loss, and partial
recovery, of more than 1000 km2 of seagrasses in Hervey Bay, Queensland, Australia.
Aquatic Botany 52:3-17.

Preston. R, Lawson. P. and Darbas. T. 2007. Landholder practices, attitudes, constraints and
opportunities for change in the Fitzroy Basin Region.

Productivity Commission 2003. Industries, Land Use and Water Quality in the Great Barrier
Reef Catchment. Research Report, Australian Government Productivity Commission,
Canberra, Australia.

Prove, B.G., Moody, P.W. and Reghenzani, J.R. 1997. LWRRDC Final Report (SRC1) -
Nutrient balances and transport from agricultural land and rainforest lands: a case study in
the Johnstone River catchment.

Pusey, B.J. and Arthington, AH. 2003. Importance of the riparian zone to the conservation
and management of freshwater fish: a review. Marine and Freshwater Research, 54: 1-16.

Pusey, B.J., Kennard, M.J. and Arthington, A.H. 2007. Freshwater fish as indicators of
ecosystem health in wet tropics streams. Chapter 2 in Arthington, A.H. and R. G. Pearson
eds. Final Report Task 3, Catchment to Reef Research Program, Cooperative Research

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef 78



Centre for Rainforest Ecology and Management and Cooperative Research Centre for the
Great Barrier Reef.

Pusey, B.J., Kennard, M.J. and Arthington, A.H. 2004. Freshwater Fishes of North-Eastern
Australia. CSIRO Publishing, Melbourne. 684pp.

Queensland Department of Natural Resources and Water (2007). Land cover change in
Queensland 2004-2005: a Statewide Landcover and Trees Study (SLATS) Report, Feb,
2007. Department of Natural Resources and Water, Brisbane.

Queensland Department of Natural Resources and Water 2008a. Water quality monitoring for
the Great Barrier Reef catchment and lagoon, June 2008. Report for the Reef Water
Quality Partnership. Queensland Department of Natural Resources and Water, Brisbane.

Queensland Department of Natural Resources and Water 2008b. Water quality modelling for
the Great Barrier Reef catchment and lagoon, June 2008. Report for the Reef Water
Quality Partnership. Queensland Department of Natural Resources and Water, Brisbane.

Radke, L.C., Ford, P.W., Webster, I.T., Atkinson, 1., Oubelkheir, K. 2006. Keppel Bay:
Physical Processes and Biogeochemical Functioning. Report 34 to CRC for Coastal Zone,
Estuary and Waterway Management, Indooroopilly.
http://www.ozcoasts.org.au/search_data/crc_rpts.jsp

Rasiah, V., Armour, J. and Cogle, L. In prep. Is there any association between hydrochemistry
of lysimeter water, fluctuating groundwater and drain water under cropping in a wet
tropical catchment? Department of Natural Resourcs and Water, Mareeba.

Rasiah, V., Armour, J.D. and Cogle, A.L. 2007. Statistical characterisation of groundwater
dynamics during rainy season in highly weathered regolith. Hydrological Processes, (in
press).

Rasiah, V. and Armour, J. 2001. Nitrate accumulation under cropping in the Ferrosols of far
North Queensland wet tropics. Australian Journal of Soil Research 39, 329-341.

Rasiah, V., Armour, J.D., Menzies, N.W., Heiner, D.H., Donn, M.J., Mahendrarajah, S.
2003a. Nitrate retention under sugar cane in wet tropical Queensland deep soil profiles.
Australian Journal of Soil Research 41(6), 1145-1161.

Rasiah, V., Armour, J.D. and Yamamoto, T., Mahendrarajah, S. and Heiner, D.H. 2003b.
Nitrate dynamics in shallow groundwater and the potential for transport to off-site
waterbodies. Water Air and Soil Pollution 147(1-4) 183-202.

Rassam, D.W., Pagendam, D., and Hunter, H. 2008. Conceptualisation and application of
models for groundwater — surface water interactions and nitrate attenuation potential in
riparian zones. Environmental Modelling and Software, 23: 859-875.

Rayment, G.E. 2003. Water quality in sugar catchments in Queensland. Water Science and
Technology, 48 (7): 35-47.

Robertson, A.I., Alongi, D.M., Boto, K.G., 1992. Food chains and carbon fluxes. In:
Robertson, A L., Alongi, D.M. (Eds.), Tropical Mangrove Ecosystems. American
Geophysical Union, Washington, DC, pp. 293-326.

Robson, B.J., Rosebrock, U., Webster, I.T., Herzfeld, M., Margvelashvili, N. 2006.
Biogeochemical modelling and nitrogen budgets for the Fitzroy Estuary and Keppel Bay.
Report 40 to CRC for Coastal Zone, Estuary and Waterway Management, Indooroopilly.
http://www.ozcoasts.org.au/search_data/crc_rpts.jsp

Roebeling, P.C., 2006. Efficiency in Great Barrier Reef water pollution control: a case study
for the Douglas Shire. Natural Resource Modeling 19(4): 539-556.

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef 79


http://www.ozcoasts.org.au/search_data/crc_rpts.jsp

Roebeling, P.C. and Webster, A.J. 2007. Review of current and future best-management-
practices for sugarcane, horticulture, grazing and forestry industries in the Tully-Murray
catchment. Report to FNQ-NRM Ltd, CSIRO Sustainable Ecosystems, Townsville,
Australia. 58 pp.

Roebeling, P.C., Webster, A.J., Biggs, J. and Thorburn, P. 2007. Financial-economic analysis
of current best-management-practices for sugarcane, horticulture, grazing and forestry
industries in the Tully-Murray catchment. Report to MTSRF and FNQNRM, CSIRO
Sustainable Ecosystems, Townsville, Australia. 48 pp.

Roebeling, P.C., Smith, D.M., Biggs, J., Webster, A.J. and Thorburn, P.J. 2004. Private-
economic analysis of drivers promoting the adoption of best management practices for
water quality improvement in the Douglas Shire. CSIRO Sustainable Ecosystems,
Australia.

Rohde, K., Masters, B., Brodie, J., Faithful, J., Noble, R., Carroll, C., Shaw, C., Dekker, A.
and Brando, V. 2006a. Fresh and marine water quality in the Mackay Whitsunday region,
2004-2005. Mackay Whitsunday Natural Resource Management Group, Mackay,
Australia.

Rohde, K., Masters, B., Sherman, B., Read, A., Chen, Y., Brodie, J. and Carroll, C. 2006b.
Sediment and nutrient modelling in the Mackay Whitsunday NRM region. Volume 4. In:
The use of SedNet and ANNEX models to guide GBR catchment sediment and nutrient
target setting. Ed A.L. Cogle, C. Carroll and B.S. Sherman. Department of Natural
Resource, Mines and Water. QNRMO06138.

Rohde, K., Masters, B., Fries, N., Noble, R. and Carroll, C. 2008. Fresh and Marine Water
Quality in the Mackay Whitsunday region 2004/05 to 2006/07. Queensland Department of
Natural Resources and Water for the Mackay Whitsunday Natural Resource Management
Group, Australia.

Rolfe, J., Windle, J., Wake, J., Higham, W., and Trendell, P. 2007. Effectiveness of Best
Management Practices for water Quality in GBR catchments: sugar cane in the Mackay
region. Centre for Environmental management. Central Queensland University.

Rosenberg, D.M. and Resh, V.H. 1993. Freshwater Biomonitoring and Benthic
Macroinvertebrates, Chapman & Hall, London (1993) p. 488.

Roth, C.H. 2004. A framework relating soil surface condition to infiltration and sediment and
nutrient mobilization in grazed rangelands of northeastern Queensland, Australia. Earth
Surface Processes and Landforms, 29: 1093-1104.

Rutt, G.P., Weatherley, N.S. and Ormerod, S.J. 1990. Relationships between the
physicochemistry and macroinvertebrates of British upland streams: the development of
modelling and indicator systems for predicting fauna and detecting acidity. Freshwater
Biology 24(3), 463-480.

Russ, G.R., Cheal, A.J., Dolman, A.M., Emslie, M.J., Evans, R.D., Miller, 1., Sweatman, H.
and Williamson, D.H. 2008. Rapid increase in fish numbers follows creation of world's
largest marine reserve network. Current Biology 18(12), R514-R515.

Russell, D.J. and Hales, P.W., 1994, Stream habitat and fisheries resources of the Johnstone
River catchment. Northern Fisheries Centre, Queensland Department of Primary
Industries, Brisbane.

Ryan, P.A., 1991. Environmental effects of sediment on New Zealand streams: a review. New
Zealand Journal of Marine and Freshwater Research 25, 207-221.

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef &0


http://www.wqonline.info/Documents/STM%20report%20Vol%202%20FNQ.pdf
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VBS-4N0GF08-1&_user=2322062&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_version=1&_urlVersion=0&_userid=2322062&md5=90f487e4511eb4c0ac51767bb1b66eac#bbib30#bbib30
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V78-40CJYS8-8&_user=2322062&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000056895&_version=1&_urlVersion=0&_userid=2322062&md5=b2e17fbb40a8554639424a6c43b10b0b#bbib20#bbib20

Ryan, D.A., Brooke, B.P., Bostock, H.C., Radke, L.C., Siwabessy, P.J.W., Margvelashvili, N.
and Skene, D. 2007. Bedload sediment transport dynamics in a macrotidal embayment, and
implications for export to the southern Great Barrier. Marine Geology, 240 (1), p.197-215.

Schaffelke, B., Mellors, J. and Duke, N. C. (2005). Water quality in the Great Barrier Reef
region: responses of mangrove, seagrass and macroalgal communities. Marine Pollution
Bulletin 51: 279-296.

Schroeder, B., Wood, A., Moody, P. and Panitz, J. 2005. Nutrient management — delivering
the message to the industry. BSES Bulletin
http://www.srdc.gov.au/ProjectReports/BSS268 M4 Nutrient Management.pdf

Shaw, M. and Miiller, J.F. 2005. Preliminary evaluation of the occurrence of herbicides and
PAHs in the wet tropics region of the Great Barrier Reef, Australia, using passive
samplers. Marine Pollution Bulletin, 51: 876-881.

Sherman B., Brodie J., Cogle L., Carroll C. 2007. Appropriate use of catchment models for
water quality target setting and land-use management. In: Water Quality and Sediment
Behaviour of the Future: Predictions for the 21st Century (Proceedings of Symposium
HS2005 at IUGG2007, Perugia, July 2007). IAHS Publ. 314, 2007.

Short, F.T., Burdick, D.M. and Kaldy, J.E. 1995. Mesocosm experiments quantify the effects
of eutrophication on eelgrass Zostera marina. Limnology and Oceanography, 40(4): 740—
749.

Schulz, R. and Liess, M. 1995. Chronic effects of low insecticide concentrations on
freshwater caddisfly larvae. Hydrobiologia 299, 103—113.

Sherman, B. S., Brodie, J., Cogle, L., and Carroll, C. 2007. Appropriate use of catchment
models for water-quality target setting and land-use management. In B. Webb, W & D. De
Boer (Eds.), Water Quality and Sediment Behaviour of the Future: Predictions for the 21st
Century. (pp. 239-250). Wallingford, UK: IAHS.

Sinclair, D.J. 2005. Non-river flood barium signals in the skeletons of corals from coastal
Queensland, Australia. Earth and Planetary Science Letters, 237: 354-369.

Smajgl, S., Heckbert, S., Bohnet, 1., Carlin, G., Hartcher, M. and Mclvor, J. 2008. Simulating
the grazing system in the Bowen-Broken catchment. An agent-based approach to assess
water quality outcomes of changes in policy, management and climate. CSIRO: Water for
a Healthy Country National Research Flagship Canberra.

Smart, M.M., Jones, J.R. and Sebaugh, J.L. 1985. Stream-watershed relations in the Missouri
Ozark Plateau Province. Journal of Environmental Quality 14, 77-82.

Smith, J., Douglas, G., Radke, L., Palmer, M. and Brooke, B.2006. Identifying sources of
catchment-derived sediment to Keppel Bay and the Fitzroy River floodplain in tropical
Queensland, Australia. CRC for Coastal Zone and Estuary and Waterway Management
Technical ReportNo. 52. http://www.coastal.crc.org.au/Publications/index.html.

Steven, A.D.L., Devlin, M., Brodie, J., Baer, M. and Lourey, M. 1996. Spatial influence and
composition of river plumes in the central Great Barrier Reef, pp. 85-92 in Downstream
Effects of Land Use. eds H.M. Hunter, A.G. Eyles and G.E. Rayment, Department of
Natural Resources, Queensland, Australia.

Stork, P.R., Bennett, F.R. and Bell, M.J. 2008. The environmental fate of diuron under a
conventional production regime in a sugarcane farm during the plant cane phase. Pest
Management Science, DOI: 10.1002/ps.

Strahan, R. 2007. Estimating the economic implications for cane farms in the Mackay
Whitsunday catchments of pracrice changes to more sustainable landscapes. Department of
Primary Industries and Fisheries, Toowoomba, Queensland.

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef &1


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V78-4CJCWNP-1&_user=2322062&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_version=1&_urlVersion=0&_userid=2322062&md5=142944f392f4b7d6a647b36e2de8a6c3#bbib38#bbib38

Terrain NRM 2008. Summary of the Draft Tully Water Quality Improvement Plan for
Consultation.

Thayalakumaran, T., Bristow, K.L., Charlesworth, P.B. and Fass, T. 2008. Geochemical
conditions in groundwater systems: Implications for the attenuation of agricultural nitrate.
Agricultural Water Management 95 103-115.

Thorburn P.J., Biggs J.S., Weier K.L. and Keating B.A. 2003a. Nitrate in groundwaters of
intensive agricultural areas in coastal northeastern Australia. Agriculture Ecosystems and
Environment, 94: 49-58.

Thorburn, P.J., Park, S.E. and Biggs, .M. 2003b. Nitrogen fertiliser management in the
Australian sugar industry: strategic opportunities for improved efficiency. Proceedings of
the Australian Society of Sugar Cane Technologists, 25: 12pp.

Thorburn, P.J., Webster, A.J., Biggs, .M., Biggs, J.S., Park, S.E. and Spillman, M.F. 2007.
Innovative management of nitrogen fertiliser for a sustainable sugar industry. Proceedings
Australian Society Sugar Cane Technologists, 29: 85-96.

Thorburn, P., Davis, A., Attard, S., Milla, R., Anderson, T. and McShane, T. 2008. Best
management practices to improve the quality of water leaving irrigated sugarcane farms:
Guidelines for the Burdekin region.

Udy, J.W., Dennison, W.C., Lee Long, W.J. and McKenzie, L.J. 1999. Responses of
seagrasses to nutrients in the Great Barrier Reef, Australia. Marine Ecology Progress
Series. 185: 257-271.

Uthicke, S. and Nobes, K. 2007. A report on the use of benthic foraminifera as indicators for
Water Quality on the Great Barrier Reef. Report to the Australian Government’s Marine
and Tropical Sciences Research Facility, Townsville.

Uthicke, S., Nobes, K. and Fabricius, K. 2006. Are benthic foraminifera indicators for water
quality of the Great Barrier Reef (GBR)? In: Abstracts. Catchments to Coast, Australian
Marine Sciences Association 44th Annual Conference (AMSA 2006) and The Society of
Wetland Scientists 27th International Conference (SWS), Cairns, QLD, Australia 9-14th
July, 2006, p 111 (AMSA).

van Woesik, R., Tomascik, T. and Blake, S. 1999. Coral assemblages and physico-chemical
characteristics of the Whitsunday Islands: evidence of recent community changes. Marine
and Freshwater Research, 50: 427-440.

Veitch, V. and Sawynok, B. 2005. Freshwater Wetlands and Fish: Importance of Freshwater
Wetlands to Marine Fisheries Resources in the Great Barrier Reef. Sunfish Queensland. A
Report to the Great Barrier Reef Marine Park Authority, January 2005.

Vinson, M. R. and Hawkins, C. P. 2003. Broad-scale geographical patterns in local stream
insect genera richness. Ecography, 26: 751-767.

Wallace, J., Stewart, L., Hawdon, A. and Keen, R. in press. The role of coastal floodplains in
generating sediment and nutrient fluxes to the Great Barrier Reef Lagoon in Australia.
Ecohydrological Processes and Sustainable Floodplain Management Opportunities and
Concepts for Water Hazard Mitigation, and Ecological and Socioeconomic Sustainability.
19 — 23 May 2008, Lodz, Poland. International Journal of Ecohydrology and
Hydrobiology. In press.

Wallace, J., Hawdon, A., Keen, R. and Stewart, L. 2007. Water quality during floods and
their contribution to sediment and nutrient fluxes from the Tully-Murray catchments to the
GBR lagoon. Report to FNQNRM for the Tully WQIP. CSIRO Science Report; 35pp.

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef ~ &2



Wang, Y., Ridd, P.V., Heron, M.L., Stieglitz, T.C. and Orpin, A.R. 2007. Flushing time of
solutes and pollutants in the central Great Barrier Reef lagoon, Australia. Marine and
Freshwater Research 58, 778-791.

Wake, J. 2007. Mangrove health in the Pioneer River estuary 2006/07. January 2008. Central
Queensland University Mackay Campus.

Ward, T.J. 1989. The accumulation and effects of metals in seagrass habitats, pp. 797-820 in
Biology of Seagrasses, eds A.W.D. Larkum, A.J. McComb and S.A. Shepard, Elsevier,
Amsterdam.

Waterhouse, J., Grundy, M., Brodie, J., Gordon, 1., Yorkston, H. and Eberhard, R. In press.
Flagship Basin Study — Great Barrier Reef. In: Ferrier, R. and Jenkins, J. (ed). Handbook
of Catchment Management. Blackwell Publishing, United Kingdom.

Waycott, M. Longstaff, B.J. Mellors, J. 2005. Seagrass population dynamics and water
quality in the Great Barrier Reef region: A review and future research directions. Marine
Pollution Bulletin, 51: 343-350.

Webb, A.C. 2006. Risk assessment screening for potentially invasive freshwater fishes within
the Wet Tropics Bioregion: a review of assessment approaches, identification of
knowledge gaps and future recommendations. ACTFR report no. 06/26, Australian Centre
for Tropical Freshwater Research, James Cook University, Townsville.

Webb, A. C. 2003. The Ecology of Invasions of Non-indigenous Freshwater Fishes in
Northern Queensland. PhD thesis, James Cook University. 327 pp.

Weber, M. Lott, C. and Fabricius, K.E. 2006. Sedimentation stress in a scleractinian coral
exposed to terrestrial and marine sediments with contrasting physical, organic and
geochemical properties. Journal of Experimental Marine Biology and Ecology, 336: 18-32.

Webster, I.T., Brinkman, Parslow, J.S., Prange, J., Waterhouse, J. and Steven, A.D.L. (2008a)
Review and gap analysis of receiving-water water quality modelling in the Great Barrier
Reef. Water for a Healthy Country National Research Flagship report, CSIRO, Canberra,
156 pp:http://www.clw.csiro.au/publications/waterforahealthycountry/index.html#reports

Webster, A.J., Thorburn, P.J., Biggs, J.S., Biggs, .M., Spillman, M.F. and Park, S.E. (2008D).
N replacement: A simple approach to improving nitrogen use efficiency in sugarcane.
Proceedings Australian Society Sugar Cane Technologists, 30: 355-356.

Weier, K.L. 1994. Nitrogen use and losses in agriculture in subtropical Australia. Fertilizer
Research 39: 245-257.

Weier, K. 1999. The quality of groundwater beneath Australian sugarcane fields. Australian
Sugarcane 3(2) pp. 26-27.

Weier K.L. and Haines M.G. 1998. The use of sugarcane in rotation with horticultural crops
for removal of residual nitrogen. Proceedings of the Australian Society of Sugar Cane
Technologists 20: 558.

Wilkinson, S.N. 2008. Testing the capacity of a sediment budget model to target remediation
measures to reduce suspended-sediment yield. (Eds.), [AHS Publ. 325, Sediment
Dynamics in Changing Environments:(Proceedings of a symposium held in Christchurch,
New Zealand, December 2008. IAHS Press.

Williams, D. 2002. Review of the impacts of terrestrial runoff on the Great Barrier Reef
World Heritage Area. CRC Reef Research Centre, Townsville.

Williams, D.M. and 15 others 2002. The current level of scientific understanding on impacts
of terrestrial run-off on the Great Barrier Reef World Heritage Area. In Hildebrand C.
2002. Independent Assessment of the Sugar Industry. Report to the Hon. Warren Truss
MP, Minister for Agriculture, Fisheries and Forestry. Available online:

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef &3


http://www.actfr.jcu.edu.au/idc/groups/public/documents/technical_report/jcudev_015433.pdf
http://www.clw.csiro.au/publications/waterforahealthycountry/index.html#reports

http://www.affa.gov.au/content/output.cfm?ObjectID=CE264379-360F-47F2-
9120DDA17BC39936

Windle, J. and Rolfe, J. 2006. Non-market values for improved NRM outcomes in
Queensland. Central Queensland University.

Wolanski, E., Richmond, R., McCook, L. and Sweatman, H. 2003. Mud, marine snow and
coral reefs. American Scientist 91: 44-51.

Wolanski, E. and De’ath, G. 2005. Predicting the impact of present and future human land-
use on the Great Barrier Reef. Estuarine, Coastal and Shelf Science, 64: 504-508.

Wolanski, E., Richmond, R. and McCook, L. 2004. A model of the effects of land-based,
human activities on the health of coral reefs in the Great Barrier Reef and in Fouha Bay,
Guam, Micronesia. Journal of Marine Systems 46 (2004) 133-144.

Wolanski, E., Fabricius, K., Cooper, T. and Humphrey, C. (2008). Wet season fine sediment
dynamics on the inner shelf of the Great Barrier Reef. Estuarine, Coastal and Shelf Science
77 (2008) 755 — 762.

Wooldridge, S. 2007. Linking land-use change scenarios with predicted water quality
improvements within the GBR lagoon. Report for the Marine and Tropical Science
Research Facility, Project 2.51.4.

Wooldridge, S. Brodie, J. Furnas, M. 2006. Exposure of inner-shelf reefs to nutrient enriched
runoff entering the Great Barrier Reef Lagoon: Post-European changes and the design of
water quality targets. Marine Pollution Bulletin, 52: 1467-1479.

Wyndham, T., McCulloch, M., Fallon, S. and Alibert, C. 2004. High-resolution coral records
of rare earth elements in coastal seawater: Biogeochemical cycling and a new
environmental proxy. Geochimica et Cosmochimica Acta, 68: 2067-2080.

Vandergragt, M., Heales, M., Tilden, J. Rissik, D., Playford, J. 2008. 2007 Water Quality
Report: Great Barrier Reef catchments and inshore ecosystems, June 2008. Environmental
Protection Agency Queensland, on behalf of the Reef Water Quality Partnership.

Zunker B. 2003. Community structure of wetland bird assemblages in the Burdekin
floodplain. Unpublished Hons thesis, James Cook University, Townsville.

Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in the Great Barrier Reef &4


http://www.affa.gov.au/content/output.cfm?ObjectID=CE264379-360F-47F2-9120DDA17BC39936
http://www.affa.gov.au/content/output.cfm?ObjectID=CE264379-360F-47F2-9120DDA17BC39936

	 Table of Contents 
	 Background 
	The Taskforce 
	 Introduction 
	 Part A: Review the 2003 statement and update it by reviewing available scientific evidence 
	1  Review scientific evidence for a decline in the quality of water that discharges from the catchments into the GBR 
	2  Review scientific evidence for the presence, nature and extent of land-derived contaminants in GBR waters 
	3  Review scientific evidence for causal relationships between water quality change and ecosystem health 
	4  Review existing scientific evidence for a decline in the quality of water in GBR catchment waterways leading to reduced instream ecosystem health 
	5  Review scientific evidence for the effectiveness of current or proposed management intervention in solving the problem 
	6 Discussing the implications of confounding influences including climate change and major land use change 
	 
	 Part B: Evaluate current research, and advise on capabilities, gaps and priority research needs 
	 1  Assess water quality impacts 
	2  Quantify acceptable levels of pollution 
	3  Locate and quantify the sources of pollution 
	4  Identifying management practices to reduce pollution from key sources  
	5  Assess the effectiveness of actions to reduce pollution  
	 References 



