LAND AND WATER

Managing gully erosion as an efficient
approach to improving water quality in
the Great Barrier Reef lagoon
Scott N. Wilkinson1, Rebecca Bartley2, Peter B. Hairsine3, Elisabeth N. Bui1, Linda Gregory1 and Anne E.
Henderson4
1

CSIRO Land and Water, Canberra

2

CSIRO Land and Water, Brisbane

3

Fenner School, Australian National University

4

CSIRO Land and Water, Townsville

Report to the Department of the Environment
March, 2015

Citation
Wilkinson SN, Bartley R, Hairsine PB, Bui EN, Gregory L, Henderson AE. (2015) Managing gully erosion as an
efficient approach to improving water quality in the Great Barrier Reef lagoon. Report to the Department of
the Environment. CSIRO Land and Water, Australia.

Copyright and disclaimer
© 2015 CSIRO To the extent permitted by law, all rights are reserved and no part of this publication
covered by copyright may be reproduced or copied in any form or by any means except with the written
permission of CSIRO.

Important disclaimer
CSIRO advises that the information contained in this publication comprises general statements based on
scientific research. The reader is advised and needs to be aware that such information may be incomplete
or unable to be used in any specific situation. No reliance or actions must therefore be made on that
information without seeking prior expert professional, scientific and technical advice. To the extent
permitted by law, CSIRO (including its employees and consultants) excludes all liability to any person for
any consequences, including but not limited to all losses, damages, costs, expenses and any other
compensation, arising directly or indirectly from using this publication (in part or in whole) and any
information or material contained in it.

Executive summary
Focus on gully erosion for cost effective water quality improvement
Terrestrial runoff of sediment and attached nutrients to the Great Barrier Reef (GBR) lagoon is impacting
the condition of seagrass and coral ecosystems. Anthropogenic fine sediment loads impact water clarity
and are the largest source of nitrogen and phosphorus to the GBR lagoon. The Reef Water Quality
Protection Plan (Reef Plan) is facilitating land managers to adopt improved land management practices that
will reduce the discharge of nutrients, sediments and pesticides into the reef lagoon. Targeting
management actions to dominant erosion sources is essential to effectively reduce sediment and nutrient
loads towards water quality guidelines.
Gully erosion is an important contributor to sediments and nutrients entering the GBR lagoon. Gullies that
formed up to 140 years ago are today continuing to expand, delivering an unacceptably high level of
sediment and nutrient to the lagoon of the Great Barrier Reef. This report reviews recent sediment source
tracing, erosion mapping and catchment modelling studies, finding that gully erosion contributes
approximately 40% of all fine sediment to the GBR lagoon. This makes gully management a high priority for
investments to reduce sediment loads. The report concludes by providing recommendations to implement
targeted and comprehensive gully control techniques, to refocus plans for improving the water quality in
the lagoon of the Great Barrier
This report synthesises available information on the spatial locations, causes and control measures of gully
erosion in GBR grazing lands. It proposes an efficient and evidence based approach to reducing the loads of
fine sediment and associated nutrients to the GBR lagoon, which involves targeting erosion management to
gullies within the management units that deliver fine sediment most efficiently to the GBR lagoon. A
combination of low technology revegetation techniques is recommended to be implemented by or in
partnership with land managers, including fencing, seeding and small sediment trapping structures. While
gully erosion in grazing lands has previously been recognised as key a factor influencing water quality, the
proposed approach is a significant change in the focus of land-based activities to improve water quality.
The priority on gully erosion management should sit within a structured approach to planning which
considers (1) the regional impacts of water quality on ecological condition, (2) the relative contribution of
catchment management units to regional pollutant loads, (3) the erosion processes which dominate
sediment supply, (4) the cost-effectiveness of practice changes in reducing erosion, and (5) the need for
public investment based on the relative public and private benefits and responsibilities.
Prioritising investment in gully management will considerably improve the cost-effectiveness of programs
reducing sediment loads. By comprehensively addressing known erosion hotspots the proposed approach
also provides more certainty that sediment load reductions will be achieved. It is recommended that gully
management activities should be specifically designed for individual projects to maximise their
effectiveness, and that they be evaluated to demonstrate their success and enable adaptive improvement.
The proposed approach is complimentary to existing grazing management change programs which focus on
managing the intensity, timing and spatial distribution of grazing. It is recommended that all grazing
management programs, including water quality grants and Grazing BMP, be targeted to gullied areas to
increase their effectiveness in reducing sediment loads.

Know your enemy: gully form, causes and factors
There are two forms of gullies found in the catchments of the Great Barrier Reef. Hillslope gullies are linear
or branching features along drainage lines which occur extensively in many GBR management units. Alluvial
gullies can be larger and have more irregular form, and occur in defined areas of deeper soil in some
catchments.
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Gully networks formed primarily in the early decades after European land development but continue to
expand and to yield sediment at high rates per hectare in many GBR catchments. Initial gully incision into
the land surface is generally caused by degradation of vegetation in surface drainage lines. Over-grazing is a
common cause of gully erosion. Historical mining activities also intensively disturbed the soil surface in
some areas. Gullies then extend upslope or outwards from the point of initiation, driven by surface runoff
over the gully head and/or soil saturation due to local rainfall or subsurface lateral flow.
The local prevalence of gully erosion is heavily influenced by soil properties, terrain slope, vegetation type
and rainfall variability. There is also a considerable random component in gully locations at hillslope scale.
Large areas of GBR catchments are not gullied and gully erosion is unlikely in many of these areas.
Gully erosion continues to progressively extend the incision of drainage networks into the land surface.
Adjacent hillslope scalds and streambanks further increase the priority of targeting changes in grazing
practices to gullied areas of the landscape. Sediment yields of existing gullies can decline gradually over
decades as upslope migration of gully heads reduces the catchment area delivering runoff to the gully
head. However, land use intensification can reverse this trend if vegetation is degraded or runoff volumes
rise.

Spatial priorities
The GBR catchments contain more than 87,000 km of gully erosion features. However, the contributions of
gully erosion to fine sediment exports to the GBR lagoon vary widely, due to different densities of gully
erosion, and variable transport connectivity from catchment management units through the river network
to the GBR coast. Eight of the 47 GBR catchment management units supply sediment from gully erosion at
more than 2.5 times the average rate per kilometre of gully, making those management units a priority for
cost-effective gully erosion management (Normanby, Bowen-Bogie, East Burdekin, Lower Burdekin, Don,
Fitzroy, Mackenzie and Theresa Creek). Those 8 management units contain 27,000 km of gullies and
contribute 54% of all the sediment derived from gully erosion, from 19% of the total GBR catchment area.
The priority of the Normanby could be reduced on the basis that pollutant loads in the Cape York NRM
region pose an order of magnitude lower threat to coral and seagrass ecosystems than those in the
Burdekin and Fitzroy regions.
Where fine-resolution gully mapping exists it can be used to help identify individual properties for targeting
engagement and investment in practice change to manage gully erosion. The Burdekin and Normanby River
basins have the most reliable mapping, and the Herbert and Mary River basins also have reasonable
mapping. The NLWRA gully mapping remains the only complete dataset in other basins.
Preventing initiation and expansion of gullies in non-gullied areas is also a priority given the cost of
remediation measures, especially in vulnerable soil types such as texture-contrast (duplex) soils. To that
end, maintaining good grazing practices such as sustainable forage utilisation is a priority in areas
vulnerable to gullying. Gully vulnerability can be assessed through spatial modelling where fine-resolution
gully mapping exists.

Gully management techniques for GBR grazing lands
Gully erosion is a symptom of historical overgrazing, but landuse change is not broadly contemplated in
GBR catchments. While gully erosion remains active, reducing grazing pressure on its own will not return
catchment sediment yields to those before the gullies formed. Gully erosion occurs in specific parts of the
landscape which require more robust vegetation cover to provide greater erosion resistance. Direct
intervention is required to revegetate gully features and provide a comprehensive treatment of this
pervasive erosion process. Techniques targeted to gully features themselves will deliver control of gully
erosion more rapidly than broadscale improvements in pasture and soil health. The latter approach may
also be less reliable in the long term given that it requires ongoing management of grazing pressure
including during drought periods.
The principles of gully management success are to increase the efficiency of sediment trapping within
gullies, improve vegetation cover in gully features to improve stability, and to reduce surface runoff into
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gullies. The combination of techniques recommended for achieving these principles in GBR grazing lands
are:
•
•
•
•

Fence around gully features in the same way that riparian areas are currently fenced, to heavily
restrict the magnitude of livestock grazing pressure and control the timing of any occasional grazing
to within the dry season.
Revegetate the gully channel by trapping fine sediment and seed with small porous check dams
with small catchment areas, or larger engineered structures where bed level control is required to
prevent upstream gullying
Revegetate gully features with native perennial tussock grasses, where they will not return
naturally
Manage grazing pressure and timing in surrounding catchment areas to maintain or restore
perennial pasture biomass, and avoid vegetation clearing except weed species.

By comparing the gully management approach proposed for GBR catchments with international studies of
gully remediation we estimate that the proposed approach can reduce gully sediment yields by 50%.

Cost-effectiveness of gully management
The cost of the above combined treatment is estimated at between $4,500 and $9,000 per km of gully. The
cost-effectiveness of gully management is maximised by targeting catchment management units
contributing the most sediment per km of gully. In the eight GBR management units with highest lengthspecific contributions, the cost-effectiveness of gully management in priority management units ranges
between $81 and $217 per tonne of reduction in mean-annual sediment load. This range depends on the
efficiency of fencing; how many kilometres of gully can be isolated by each kilometre of fence. Intense
contiguous areas of gully erosion are more efficient and cheaper to fence per km of gully than dispersed
linear features.
Considering four scenarios of varying degrees of targeting and fencing efficiency, a nominal $20M
investment in gully management would cover between 2,222 and 4,444 km of gully, and reduce GBR
sediment loads by 180–490 kt/y, or 3–9% of the total anthropogenic sediment load.
The cost-effectiveness can also be improved where scalded land or riparian areas is adjacent to gullied
areas, which will increase the effect of fencing and revegetation on sediment yield reduction. Land holders
may be interested to contribute to the cost of fencing because it benefits their grazing management,
although it is important not to compromise the erosion control purpose.

Recommendations
It is recommended to commission a comprehensive and substantial program demonstrating gully erosion
remediation in priority management units, as a new direction to reliably achieve substantial reductions in
gully sediment yield. This would be targeted to management units that have the highest length-specific
gully contribution to sediment exports (Bowen-Bogie, Normanby, Lower Burdekin, Don, East Burdekin,
Fitzroy, Mackenzie and Theresa Creek), or other areas where gully erosion is likely to make high areaspecific contributions to GBR sediment loading, since this is where comprehensive remediation is most
cost-effective. The trial should include active and passive gully management techniques and property
pasture management. Technical design assistance should be provided to projects and a design guide
developed. The trial should be evaluated using a range of practice, vegetation, runoff and water quality
measures.
It is also recommended to target other grazing practice change programs such as water quality grants and
Grazing BMP to properties making high gully erosion contribution to GBR sediment exports. This will
improve their effectiveness at reducing sediment loads, and help to support the program recommended
above.

Managing gully erosion to improve water quality in the Great Barrier Reef lagoon

| iii

Contents
Executive summary.............................................................................................................................................. i
Acknowledgments ............................................................................................................................................ vii
Glossary of terms ............................................................................................................................................. viii
1

Introduction .......................................................................................................................................... 1
1.1 Why managing gully erosion is important .................................................................................. 1
1.2 The process of prioritisation ....................................................................................................... 2
1.3 Objectives ................................................................................................................................... 3

2

Gully erosion process ............................................................................................................................ 5
2.1 Gully form ................................................................................................................................... 5
2.2 Causes of gully initiation and extension ..................................................................................... 6
2.3 Factors influencing spatial variations ......................................................................................... 7

3

Spatial patterns in gully erosion ............................................................................................................ 9
3.1 Gully erosion extent by region .................................................................................................... 9
3.2 Contributions to sediment export from gully erosion by management unit ...........................10
3.3 Targeting gully hotspot areas within management units .........................................................13
3.4 Vulnerability to future gully erosion .........................................................................................15

4

Gully management in GBR grazing lands ............................................................................................18
4.1 Gully management principles ...................................................................................................18
4.2 Gully management techniques for GBR grazing lands..............................................................20
4.3 Effectiveness of gully management practices ..........................................................................23
4.4 Cost-effectiveness .....................................................................................................................25

5

Case studies.........................................................................................................................................28
5.1 Bowen River catchment ............................................................................................................28
5.2 Upper Burdekin, red goldfields soil ..........................................................................................29
5.3 Upper Burdekin, Camel Creek...................................................................................................31

6

Recommendations ..............................................................................................................................33

References ........................................................................................................................................................35

iv |

Figures
Figure 1. Hillslope gully erosion in ‘Goldfields’ Granodiorite soils in the Upper Burdekin River catchment.
The photo at left shows a typical gully head of depth ~3m. The LiDAR map at right identifies some gullies
as coloured lines, and many other gullies are also evident. Reproduced from Wilkinson et al. (2013b).......... 5
Figure 2. Locations of known alluvial gully features along the Upper Burdekin River. The extent of alluvial
soils is shown. The inset shows a LiDAR survey of a large alluvial gully of area 200 ha and maximum
depth of 15 m. Reproduced from Wilkinson et al. (2013b). .............................................................................. 6
Figure 3. The percentage of area containing gullies on each grazing property in the Burdekin River basin,
in descending order, based on mapping at 5 × 5 km resolution (Gilad et al., 2012; Tindall et al., 2014)........14
Figure 4. Mean percentage area of gully presence by property in the Burdekin River basin, developed by
combining mapping at 1 km2 with mapping and modelling at 5 km2 (Gilad et al., 2012; Tindall et al.,
2014). This map should not be used as the sole basis of spatial prioritisation, because the delivery of
sediment to the coast differs between the labelled catchment management units, as described in
Section 3.2. .......................................................................................................................................................15
Figure 5. Principles by which grazing land management practices may influence gully erosion rates and
sediment yield (after Wilkinson et al., 2013b). ................................................................................................20
Figure 6: Extensive gully erosion in a tributary near the centre of the Bowen River valley. ...........................29
Figure 7. Gully erosion under contrasting grazing land condition in the Upper Burdekin catchment. Left:
An active gully head with little vegetation on walls and an upslope catchment containing scalds and little
native perennial pastures (C/D land condition), reproduced from Wilkinson et al. (2013b). Right: A stable
gully head on a nearby property in the same soil type but with a history of much lower stocking rates,
with good vegetation cover including perennial tussock species and a rounded form indicating low
erosion rates (A/B land condition). Note the gully on the right may have been initiated by road drainage,
and gully erosion is otherwise uncommon on that property...........................................................................31
Figure 8: An extensively gullied tributary draining into Camel Creek in the Upper Burdekin. The total area
of the gully is ~8 ha. ..........................................................................................................................................32

Tables
Table 1. Sequential stages for setting priorities to reduce sediment delivery from grazing lands to the
GBR lagoon (after Wilkinson et al., 2014a, Appendix 4) .................................................................................... 3
Table 2. Gully erosion extent for each dataset in each NRM region ................................................................10
Table 3. Regional management units in descending order of gully contribution to fine sediment export to
the GBR coast and estuaries, based on Paddock to Reef catchment sediment budget modelling (Waters
et al., 2014) except where otherwise noted. This modelling used the Dynamic SedNet model (Wilkinson
et al., 2014b). The table is ordered by gully contribution (kt/y). Cells are colour-coded in descending
priority from red, orange and 3 shades of yellow. A further 28 management units with smaller
contributions are not shown. ...........................................................................................................................12
Table 4. Environmental variables identified best explaining spatial variations in gully presence in the
Burdekin River basin, based on the correlation between individual variables and gully presence. ................16

Managing gully erosion to improve water quality in the Great Barrier Reef lagoon

| v

Table 5. Global gully erosion remediation studies with measured sediment yield responses, building on
the review of Thorburn and Wilkinson (2013). ................................................................................................19
Table 6. Lookup table of the relative differences in fine sediment generation from each erosion process
relative to C land condition, based on the differences between adjacent classes previously reported by
Thorburn and Wilkinson (2013)........................................................................................................................23
Table 7. Effectiveness of selected combinations grazing practice changes to manage erosion of existing
gullies. ...............................................................................................................................................................25
Table 8. Cost-effectiveness and treatment extent for scenarios of different levels of targeting to priority
management units and targeting to properties with most-intense gully erosion. ..........................................26

vi |

Acknowledgments
This research was funded by the Australian Government Reef Programme and CSIRO. The Queensland State
Government (David Waters and Robin Ellis) provided catchment modelling outputs from the Paddock to
Reef program. We thank Andrew Ash, John Gallant, Stuart Whitten and Christian Roth (CSIRO) for useful
comments which improved the report, and Aaron Hawdon (CSIRO) for valuable discussions and
suggestions. We also thank the property owners in the Burdekin River basin who have hosted the field
research through which our practical knowledge of gully erosion has developed, including Rob and Sue
Benetto of ‘Virginia Park’ and John Ramsay of ‘Meadowvale.’

Managing gully erosion to improve water quality in the Great Barrier Reef lagoon

| vii

Glossary of terms
Alluvial

Loose, unconsolidated (not cemented together) soil or sediments, deposited by water in a
non-marine setting

Colluvial

Loose, unconsolidated heterogeneous (i.e. mixture of sizes from silt to rock) soil or
sediments that have been deposited at the base of hillslopes by upslope sheetwash or
creep erosion

GBR

Great Barrier Reef

NLWRA

National Land and Water Resources Audit

NRM

Natural Resource Management
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Introduction

1.1 Why managing gully erosion is important
Runoff from the land is harming the Great Barrier Reef
Sediment and attached nutrients delivered from rivers to the Great Barrier Reef (GBR) lagoon are impairing
the condition of seagrass and coral ecosystems in the GBR lagoon by reducing water clarity, increasing
chlorophyll concentrations, and reducing coral recruitment and diversity (De'ath and Fabricius, 2010).
Outbreaks of the coral-eating Crown of Thorns Starfish are also associated with large flood events (Fabricius
et al., 2010). Water clarity is reduced following flood events and then recovers as newly delivered materials
are winnowed or consolidated over months to years (Fabricius et al., 2013), indicating that reducing
sediment and nutrient inputs will improve the condition of reef ecosystems. There is large variation
between regions in the risk that pollutant loads pose to coral and seagrass ecosystems of the GBR lagoon,
with Fitzroy, Burdekin and Mackay-Whitsunday regions having the largest marine risk indices (Brodie et al.,
2013a). Once anthropogenic pollutant loads of sediment, nutrients and pesticides are considered alongside
the marine risk, the Wet Tropics region has the highest risk of ecosystem impact from water quality,
followed by Fitzroy and Burdekin regions (Brodie et al., 2013a).
The Reef Water Quality Protection Plan (Reef Plan) is an agreement between the Australian and
Queensland governments to halt and reverse the decline in water quality entering the GBR from
agricultural landholdings in the catchment (The State of Queensland and Commonwealth of Australia,
2003; Anon, 2009; Anon, 2013). One of the objectives of Reef Plan is to facilitate adoption of improved land
management practices by landholders, that will reduce the discharge of nutrients, sediments and pesticides
into the reef lagoon. This process must be scientifically defensible and be guided by the best available
scientific knowledge.

Gully erosion is a large source of fine sediment and nutrients
To reduce sediment loads it is important that changes in land management address the major sediment
sources (Lu et al., 2004). The Scientific Consensus Statement on land use impacts on Great Barrier Reef
water quality and ecosystem condition (Brodie et al., 2013b) recently reviewed the available information
on sediment sources (Kroon et al., 2013). It stated that sediment source tracing has identified that 85–90%
of fine sediment delivered from intensively eroding areas of the Normanby, Herbert, Burdekin and Fitzroy
basins is sub-surface soil rather than surface topsoil (Hughes et al., 2009; Tims et al., 2010; Olley et al.,
2013; Wilkinson et al., 2013a). Based on available mapping and modelling of gully extent it has been
estimated that there are at least 80,000 km of gullies in GBR catchments (Thorburn and Wilkinson, 2013).
Managing erosion is an important part of managing nutrient loads. Despite the vast majority of fine
sediment being derived from subsoil sources, catchment loads monitoring has found that over the past 3
years and across all monitored river basins fine sediments contribute 48% of total nitrogen loads (Turner et
al., 2012; Turner et al., 2013; Wallace et al., 2014), and the contribution may be as high as 78% over the
long term (Kroon et al., 2012). The limited studies available indicate that more than half of particulate
nutrients are mineralised during and after delivery to coastal waters and are not locked away in coastal
sediment deposits (McCulloch et al., 2003; Webster et al., 2006).
Catchment modelling studies have been used to guide priorities and should continue to do so. However,
recent modelling of sediment budgets in GBR catchments has estimated that gully erosion contributes 21%
of the fine sediment (silt and clay) delivered to the GBR from all rivers, and 20% of sediment from the
Burdekin River (Dougall et al., 2014a; Waters et al., 2014). This is half that indicated by the sediment tracing
and erosion mapping studies above, and that recent evidence will take some years to be incorporated into
the models. It has been acknowledged that these estimates will increase in future model studies, as new
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gully mapping datasets are becoming available which have identified larger extents of gullies in the
Burdekin and Normanby basins (Gilad et al., 2012; Brooks et al., 2013; Tindall et al., 2014).

A more focused approach to gully management is required in GBR catchments
Defining cost-effective gully management is a distinct activity beyond identifying the primary sediment
sources. Broad application of landuse changes such as land retirement or large reductions in stocking rates
can be expected to stabilise gully erosion. However, in GBR grazing lands this is not currently being
contemplated. Gully erosion may be a symptom of historical overgrazing, but more proactive interventions
other than simply reversing historical trends in landuse must be explored to identify the most effective
approach to gully remediation.
A considerable number of grazing properties are improving stocking rate management towards achieving
long-term sustainability of forage production and soil health, which is well-supported by a comprehensive
technical basis built up over the past 20+ years (e.g., McIvor et al., 1995a; Ash et al., 1997; Orr et al., 2010;
Ash et al., 2011; Hunt et al., 2014). However, this is not a universal solution to reducing catchment
sediment yields because it does not target the primary subsoil sediment sources. Further, the degree of
sophistication in pasture management varies between properties. It is easy to trade off a goal of long-term
sustainability against short-term advantages of carrying additional stock, even if heavy stocking rates are
detrimental to profitability in the long term (Landsberg et al., 1998; O'Reagain et al., 2011).
Other than stocking rate and grazing management, investment in management changes have focused on
infrastructure to redistribute grazing pressure away from erosion-prone parts of the landscape, such as
riparian zones and other land types preferred by livestock (Hunt et al., 2007). There may be considerable
potential to extent and adapt that approach to gully erosion (Thorburn and Wilkinson, 2013). Recently, the
effectiveness of specific erosion control techniques targeted at gully erosion have been reviewed and
trialled in study catchments, (Shellberg and Brooks, 2013; Wilkinson et al., 2013b). The Reef Plan 3 Water
Quality Risk Framework for Grazing (McCosker, 2013) now includes explicit targeting of gully erosion as a
means to reduce the water quality risk from grazing land management. However, the processes, spatial
patterns and management of gully erosion remain poorly understood relative to those of hillslope surface
erosion.

1.2

The process of prioritisation

The control and continuous improvement of processes towards a defined goal can be structured around
the “plan–do–check–adjust” (PDCA) management method (Deming, 1986). This method, or cycle, is derived
from the scientific method which represents the first three steps as hypothesis–experiment–evaluation.
This synthesis is focused on the Plan step. The adjust step involves corrective actions to address differences
between actual and planned results, such as changes to program objectives or design.
Planning is a focusing of effort to maximise the efficiency of subsequent actions. Actions to reduce
sediment delivery from grazing lands to the GBR lagoon can be logically targeted by defining priorities in
five sequential stages; (1) between NRM regions, (2) between catchment management units, (3) between
erosion processes, (4) between practices changes, and (5) the levels of investment (Table 1). These stages
each have significant consequences for investment priorities. By addressing all stages the return on
investment is much greater than that which would be achieved by spatially-uniform and undirected actions.
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Table 1. Sequential stages for setting priorities to reduce sediment delivery from grazing lands to the GBR lagoon
(after Wilkinson et al., 2014a, Appendix 4)

Prioritisation
stage

Criteria

Consequence for public
investment

Effect on return on
investmenta

1. NRM regions

Allocate to regions
based on their WQ
impact to ecosystems
in the GBR lagoon

Regions that have the largest
water quality impact on
ecological condition receive
more investment, either
because they deliver large
sediment loads or because the
ecosystem is more exposed and
vulnerable to sediment impacts.

Factor of 2 or 3 given the
difference in water
quality impact between
regions

2. Catchment
management
unitsb

Allocate to units based
on their contribution
to regional pollutant
loads

Units that are highly eroding
and well connected to the coast
(not upstream of major
reservoirs and floodplains)
receive more investment

Factor of 2 or 3 given
many regions have a
major dam or floodplain
in them.

3. Dominant
erosion
process

Allocate to erosion
processes based on
their contribution to
unit pollutant loads,
provided each can be
effectively managed

Emphasis on addressing sub-soil
processes (scalding, rilling,
gullies and streambanks), rather
than broadscale sheetwash
erosion.

Factor of 2 or 3 given
treating hotspots of
individual erosion
processes is more
efficient than treating
one process everywhere

4. Changes of
land use or
management
practice

Prioritise funding
practice changes that
are cost-effective and
reliably adopted

Emphasise funding active and
passive gully management in
preference to fencing to land
type to support volunteer
stocking rates

Up to a factor of 2 given
that practice changes are
not effective or well
adopted in all locations

5. Level of public
investment

Public investment
proportional to public
benefit or
responsibility, and
inversely proportional
to private benefit

Invest more heavily in practice
changes with large public
benefit and small private
benefit (e.g., remediating small
but severe sediment sources
receives more funding than
controlling sources which impair
production and contribute less
to sediment export)

Factor of 2 or 3 or more
based on existing
differences in public
contributions to
contrasting practice
changes

a

Estimates of effect on return on investment for stages 1, 2 and 3 were based on cost comparisons
between optimised scenarios of practice change investment that were constructed to address erosion
hotspots, erosion process contributions and contributions to sediment export (Lu et al., 2004).

b

Spatial units. Several have been defined within each NRM region and their boundaries are generally
defined based on river catchment boundaries, as listed and mapped in Section 3.3.

1.3

Objectives

The objective of this synthesis is to identify priorities for managing gully erosion (with a focus on low cost
interventions) to improve water quality in the GBR lagoon. The aim is to help inform the Reef2050 plan, to
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inform the Reef Programme and Reef Trust, and to help guide extension and benchmarking programs
including Grazing BMP.
The synthesis builds on the state of knowledge summarised above, but provides further detail on the
spatial locations where gully erosion contributes most to sediment delivery, and reviews gully management
practices. This report also defines the priority of gully management for protecting the Great Barrier Reef,
and provides the logic for that priority. The report synthesises recent studies on
(i)
(ii)
(iii)
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The processes driving gully erosion, given their influence on gully erosion spatial patterns and
management approaches (Section 2),
Spatial patterns in gully erosion and associated pollutant generation, and how they influence
prioritisation stages 1 and 2 defined above (Section 3), and
Gully management approaches, including their costs and effectiveness in reducing water
quality impacts, to guide prioritisation stages 3 and 4 above (and stage 5 to a lesser extent)
(Section 4).

2

Gully erosion process

Gullies are landforms created by running water or soil slumping. They are often found in areas where soils
are subject to soil crusting, in sandy soils or in soils prone to piping (Valentin et al., 2005). They are often
triggered by overgrazing, inappropriate cultivation and irrigation systems, forest clearing, road building and
urbanization. However, rapid changes in climate and associated extreme rainfall events can also trigger
gullies in the absence of land use impact. The Great Barrier Reef catchments are highly vulnerable to gully
erosion as they have undergone land use change, they experience high intensity rainfall events each year
and they contain several vulnerable soil types.

2.1

Gully form

Gully erosion occurs in two main forms, hillslope gullies and alluvial gullies. As well as having different
typical dimensions, these forms occur in different locations and by somewhat different processes, and
these characteristics can influence the management appropriate approaches.

Hillslope gullies
The most spatially-widespread form of gully erosion is as linear or branching features along hillslope
drainage lines. These ‘hillslope’ gullies are sometimes referred to by geomorphologists as ‘colluvial’ gullies
because they can occur in colluviums, being unconsolidated sediments that have been deposited at the
base of hillslopes. They also commonly occur in regolith formed by local rock weathering and plant growth.

Figure 1. Hillslope gully erosion in ‘Goldfields’ Granodiorite soils in the Upper Burdekin River catchment. The photo
at left shows a typical gully head of depth ~3m. The LiDAR map at right identifies some gullies as coloured lines, and
many other gullies are also evident. Reproduced from Wilkinson et al. (2013b).

Hillslope gullies are most commonly connected to the river network by formed channels, or at least by
concentrated surface runoff pathways. Consequently, fine sediment fractions from gully erosion are
efficiently delivered to the river network. In some flatter landscapes hillslope gullies deliver runoff to broad
floodplains providing the opportunity for trapping some fine sediment rather than delivering to the river
network.

Alluvial gullies
A second form of gully erosion occurs in deep alluvial soils, and is characterised by more irregular gully
shape (Figure 2). The shape can be influenced by soil depth and subtle changes in properties, and can be
aligned with overland flow pathways (Brooks et al., 2009). Alluvial gully erosion is probably initiated by
localised vegetation removal or surface disturbance along drainage lines. Once alluvial gullies are
Managing gully erosion to improve water quality in the Great Barrier Reef lagoon
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established, mass failure at their edges occurs when the soil becomes saturated, either by local rainfall or
by inundation from nearby rivers during flow peaks (Shellberg et al., 2013).

Figure 2. Locations of known alluvial gully features along the Upper Burdekin River. The extent of alluvial soils is
shown. The inset shows a LiDAR survey of a large alluvial gully of area 200 ha and maximum depth of 15 m.
Reproduced from Wilkinson et al. (2013b).

Hillslope gully erosion is by far the more common form of gully erosion in reef catchments, being prevalent
across a wide range of grazing regions and soil types. In contrast, alluvial gully erosion occurs in several
areas confined by the soil type, e.g., along a 100 km length of the main Upper Burdekin River channel
upstream of Charters Towers as illustrated above (Shepherd, 2010; Wilkinson et al., 2013b), and along a
somewhat shorter length of the Bowen River (Wilkinson et al., 2013a). Alluvial gully erosion also
contributes almost two thirds of total gully sediment yield in the Normanby Basin (Brooks et al., 2013).
The limited studies to date indicate that alluvial gully features seem to erode at a somewhat slower rate
than do colluvial features relative to their contemporary size (Brooks et al., 2013; Wilkinson et al., 2013b).
However, alluvial gullies are often much deeper than hillslope gullies, and both forms of gully erosion are
important sediment sources where they occur.

2.2

Causes of gully initiation and extension

Initial gully incision into a hillslope surface is generally caused by degradation of vegetation in surface
drainage lines, rather than by increased runoff volumes (Prosser and Slade, 1994). Over-grazing is a
common cause of gully erosion globally (Lal, 1992b; Valentin et al., 2005). Changes in gully extent over time
have been quantified at sites in the Fitzroy, Burdekin and Normanby River basins using historical air photos,
which are available in approximately every decade since 1945. Extrapolating the rates of gully headcut
extension estimated between photos back in time before 1945 indicates that a majority of gully features in
study catchments within the Burdekin and Normanby River basins initiated between 1850 and 1900, shortly
after the introduction of cattle grazing in those catchments (Brooks et al., 2013; Wilkinson et al., 2013b).
Even though stock numbers were lower in that historical period than present, there was little or no artificial
water development and so animals concentrated near creeks and rivers, and so those parts of the
landscape were likely overgrazed leading to gully initiation (Abbott and McAllister, 2004).
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In some areas it is likely that historical mining activities (mainly gold, also tin) also contributed to gully
initiation, by directly disturbing the soil adjacent to creeks and rivers. For example, some areas in the Upper
Burdekin catchment mapped as having extensive gully erosion by Gilad et al. (2012) also contain sluicing
scars or documentary evidence of abandoned mines, including Camel Creek, Perry Creek, Blue Range,
Clarke River, and Ravenswood (Roderick, 1981; Venn, 2002). The extent to which mining has contributed to
gully initiation in GBR catchments has not been specifically studied. Both livestock grazing and mining
expanded at similar times to the initiation of gully erosion, as evidenced by the appearance from ~1870 of
mercury used in gold extraction, in coral cores and coastal sediment cores (Walker and Brunskill, 1997;
Lewis et al., 2014).
Once gully incision has occurred, surface runoff and soil saturation result in the runoff shear stress
exceeding soil erosion resistance. When overland and shallow subsurface flow meet the gully head, energy
dissipation from the resulting waterfall causes the headwall to migrate upslope, leading to the term
‘headcut’. In strongly duplex soils with much clay in the subsoil but little in surface layers, lateral flow can
occur along the top of a soil horizon with low infiltration rates. This can destabilise existing headcuts by
sapping erosion or by reducing the shear resistance at the headcut face. Lateral flow can also initiate gully
headcuts through tunnel erosion or subsurface piping (Rooyani, 1985; Boucher, 1990). Some erosion of
alluvial gullies also occurs through inundation by flood water during very high river stages and subsequent
flow recession (Shellberg et al., 2013).
Due to the driving role of surface runoff, well-established gully networks tend to extend at a slower rate as
the catchment areas upslope from gully heads is reduced by previous upslope extension (Graf, 1977). This
behaviour has been observed in some GBR catchments (Wilkinson et al., 2013b), but not in others (Brooks
et al., 2013; Tindall et al., 2014). In GBR catchments generally, gully features continue to expand and they
remain an important sediment source (Bartley et al., 2007; Hughes et al., 2009; Brooks et al., 2013;
Wilkinson et al., 2013b). It can be expected that the erosion rates of mature gullies will gradually decline by
~50% over the coming century as the catchment areas upslope of gully heads continue to become smaller.
However, this assumes that there is no further land degradation or landuse intensification causing surface
runoff to increase further. In other words, it assumes that grazing pressure will be managed within the
long-term carrying capacity. There are some indications that soil hydraulic conductivity has continued to
decline in recent decades where stocking rates have increased (Wilkinson, unpublished data). The aim of
gully erosion management is to more rapidly reduce the rate of gully headcut extension within one or more
decades, to reduce gully sediment yields below those which would have otherwise occurred, and to limit
the initiation of additional gullies.

2.3

Factors influencing spatial variations

Hillslope gullies tend to occur in patches across river basins (Wilkinson et al., 2006), where environmental
factors are most favourable. Some of the factors correlated with mapped gully extent in grazing land in
recent studies include (Geyik, 1986; Ford et al., 1993; Hughes et al., 2001; Kuhnert et al., 2007; Trevithick et
al., 2008; Hughes and Prosser, 2012; Brooks et al., 2013):
•

•
•
•

Erodible soils, particularly soils that are sodic (dispersive with unstable aggregates, with %
exchangeable sodium > 6) (Boucher, 1990; Rengasamy and Olsson, 1991; Ford et al., 1993;
Fitzpatrick et al., 1994; Sumner and Naidu, 1998; Van Zijl, 2010). Soil properties associated with
good aggregate stability are organic matter content, Fe- and Al-oxides, clay minerals, %
exchangeable magnesium, pH, and electrical conductivity/ionic strength (Rengasamy et al., 1986;
Rengasamy and Olsson, 1991; Fitzpatrick et al., 1994; Sumner and Naidu, 1998; Van Zijl, 2010)
Landscape slope, and density of topographic drainage lines
Vegetation type (Trevithick et al., 2008) and cover (Geyik, 1986; Torri and Poesen, 2014)
Rainfall variability including peak intensity, seasonality and occurrence of drought, which increases
both runoff volume and the likelihood of vegetation degradation (Geyik, 1986).

Once gully networks are established, on an annual basis their erosion rate increases with annual runoff
(Wijdenes and Bryan, 2001; Wilkinson et al., 2013b), hence the rate of gully erosion can also be expected to
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be influenced by rainfall volume and intensity. Considerable residual scatter is evident in these studies,
indicating that it is very difficult to accurately predict gully extent, and that a complex interaction of factors
is at play. In some areas gully erosion is associated with locations of historical tin and gold mining.
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3 Spatial patterns in gully erosion
In Sections 3.1 and 3.2 we review the information available to apply stages 1 and 2, respectively, of the
prioritisation process (Table 1) specifically to gully erosion management, and demonstrate how it can be
applied. In Section 3.3 we demonstrate prioritising management of existing gullies within catchment
management units, to the scale of individual properties where mapping of sufficient resolution and
reliability exists. Section 3.4 demonstrates a method for identifying areas vulnerable to future gully erosion,
which are high priority for protection.

3.1

Gully erosion extent by region

A map of gully extent was produced across all GBR catchments for the National Land and Water Resources
Audit (NLWRA), by digitising gully extent from air photos and extrapolating using multivariate statistical
models based on environmental factors (Hughes et al., 2001; Hughes and Prosser, 2012). This mapping
predicts gully extent in units of km of gully length per km2 area (linear density).
Following the NLWRA, a catchment-specific estimate of gully extent in the Mary River basin found 40% less
gully erosion extent than the NLWRA study (DeRose et al., 2002). The sediment budget in this catchment
was found to be dominated by channel erosion, however, bank erosion was more dominant than gully
erosion.
In the Fitzroy River basin, a more detailed map was developed by undertaking further mapping and
developing region-specific statistical models based on environmental variables (Trevithick et al., 2008;
Eustace et al., 2011). This study identified a much larger extent of gully erosion in that river basin (~5 times)
than the previous NLWRA study. The new mapping also found a different spatial pattern of gully extent
within the Fitzroy basin, with greater gully extent in all management units (catchments) in the basin except
the most coastal, downstream unit. This dataset was used in a SedNet modelling study (Dougall et al.,
2009), but has since been found to over-estimate gully erosion in some areas. Consequently, more recent
modelling has reverted to using the NLWRA gully dataset (Dougall et al., 2014b). Further mapping of gully
presence in the Fitzroy basin is underway at the time of writing (Mark Silburn, pers. comm., 2014).
In the Burdekin River basin, a region-specific statistical model based on the NLWRA air photo gully mapping
found that the basin contained ~50% more gully erosion than the NLWRA study (Kuhnert et al., 2008;
Kuhnert et al., 2010). It also found that there were considerable uncertainties in the predicted spatial
patterns of gully extent, with the very small extent of air photo mapping undertaken in the NLWRA (<1% of
basin area) insufficient to constrain the modelling across the basin.
Subsequently, more detailed mapping of the probability of gully presence has been undertaken in the
Burdekin River basin (Gilad et al., 2012). In contrast with previous mapping, this mapping has simply
identified areas which contain some gully features, and therefore it does not directly estimate gully length
like previous mapping. The mapping was initially at the resolution of 5×5 km pixels, subsequently refined to
1×1 km pixels in gullied areas (Tindall et al., 2014). The 1 km mapping was undertaken through visual
observation alone, using a combination of Spot 2009 and 2012 imagery and high resolution Google Earth
(Quickbird and GeoEye) imagery available over multiple dates. Each 1km cell was overlayed by a grid of 100
cells, each measuring 100m x 100m. The number of 100m cells that contained any form of gulling was
manually counted, and that count was applied to the corresponding 1km cell, i.e. a 1km cell with a value of
36 indicates that 36% of the 100m cells featured some form of gulling. It does not, however, indicate that
36% of the 1km cell is gullied. Consequently this method estimated a much larger area of gullying than
other studies; ~14 times more than that of Kuhnert et al. (2010) assuming a mean gully width of 5 m.
Future catchment modelling should extract the actual density of gully features by scaling from this
mapping, or by directly mapping gully extent.
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In the Normanby River basin, a detailed map of gully erosion extent was developed by hand digitising from
SPOT, Quickbird and LiDAR imagery (Brooks et al., 2013, Appendix 03).

Table 2. Gully erosion extent for each dataset in each NRM region
a

NRM region

NLWRA (km)

Local study 1 (km)

Cape York

2,819

3,642

Wet Tropics

1,615

1,841

b

2

Local study 2 (km )
-

c

d

Burdekin

35,107

45,971

2,726

Mackay-Whitsunday

570

-

-

Fitzroy

28,175

-

156,661

Burnett-Mary

7,642

7,358

Total

75,927

87,557

a

e

f

g

(Hughes et al., 2001), as used in NLWRA (2001)

b

2

including 15.7 km of gully area in the Normanby River basin (Brooks et al., 2013), converted to length assuming a mean gully
width of 5 m consistent with the NLWRA.

c

including Herbert River basin mapping of Bartley et al. (2003)

d

Including Burdekin River basin mapping of Kuhnert et al. (2010)

e

including Fitzroy River basin mapping of Trevithick et al. (2008)

f

including Mary River basin mapping of DeRose et al. (2002)

g

including all revisions to the NLWRA extent in the Local study 1 column.

3.2

Contributions to sediment export from gully erosion by
management unit

The SedNet catchment sediment budget model (Wilkinson et al., 2009; Wilkinson et al., 2014b) is the most
widely-used framework to integrate available process understanding and spatial datasets to assess
sediment sources to the GBR. This model converts the contemporary linear extent of gully erosion in each
spatial unit, l x , to a mean-annual mass (t/y) of suspended sediment delivered to the river network for
transport downstream by multiplying gully length by the area of the gully cross section (aG typically
estimated as 10 m2), contemporary gully activity as a proportion of the long-term average f G , (generally
assumed =1 in GBR catchments), the soil dry bulk density ρG, the proportion of soil finer than 63 µm (pG;
approximately 50% but varying spatially based on gridded soil data (Dougall et al., 2014a)), and the time
since gully initiation (T; typically 100 years in GBR catchments):

Gx =

ρ G aG pG f G
T

lx

Equation 1

There are very little data on spatial variations in gully erosion rates and the catchment modelling to date
has assumed that all gullies are eroding at an equal rate (i.e., generally T=100 years and f G =1 in Equation
1).
The contribution from gully erosion to fine sediment yields exported to the Great Barrier Reef estuaries and
coast (units of kt/y) accounts for the extent of gully erosion in each management unit, and also the
connectivity from each ~100 km2 sub-catchment in the management unit to the coast considering
deposition on floodplains and in reservoirs (Lu et al., 2004). For example, approximately two-thirds of fine
sediment from catchments upstream of the Burdekin Falls Dam is deposited behind the Dam and not
delivered to the coast (Lewis et al., 2013).
Alongside the SedNet modelling, sediment source tracing studies, sediment load monitoring, and erosion
mapping have each provided important information on the gully erosion contribution to GBR sediment
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yields. As noted in Section 1.1, sediment source tracing has identified that 85–90% of fine sediment
delivered to the GBR lagoon is subsoil. However, traditional tracing techniques do not identify individual
erosion processes. They have relied on discriminating between topsoil on hillslopes that accumulates
fallout radionuclides through direct exposure to rainfall, and sub-surface soil in gullies and banks which
does not. Areas of chronic bare ground have also been identified as important sediment sources on
hillslopes in some catchments (Bartley et al., 2006; Karfs et al., 2009; Bartley et al., 2010b; Silburn et al.,
2011; Bartley et al., 2014b), and because past erosion has removed topsoil from these areas they also
deliver subsoil to the river network just like gullies and riverbanks. A recent tracing study in the Bowen
River catchment of the Burdekin basin addressed this limitation by using additional sediment tracers to
discriminate between horizontal and vertical surfaces of subsoil. It found that 50% of fine sediment was
from vertical channel banks (gullies and riverbanks), 40% from horizontal surfaces of subsoil (hillslope
scalds, rills and gully floors), and 10% topsoil (Hancock et al., 2014).
Field studies of erosion processes in several catchments have identified extensive erosion along channel
networks including gullies and riverbanks (Bartley et al., 2007; Hughes et al., 2009; Brooks et al., 2013).
Large extents of gully erosion have been observed in the Bowen River and other catchments in the
Burdekin River basin (Gilad et al., 2012; Wilkinson et al., 2013a). It is unlikely that hillslope scalds are
dominant sources of subsoil. There are only limited areas of chronic bare ground in most catchments of the
Burdekin River basin (Karfs et al., 2009; Beutel et al., 2014), and load monitoring indicates that those
catchments (Belyando, Suttor) are small contributors to basin sediment yield (Bainbridge et al., 2014).
Some areas of chronic bare ground are associated with gully heads (Bartley et al., 2010b), which enhance
surface drainage leading to wash-off of soil and organic matter.
It can thus be estimated that erosion contributions to Burdekin River sediment export are 30% riverbank
(vertical subsoil), 40% gully (20% vertical subsoil and 20% horizontal subsoil) and 30% hillslope erosion (20%
horizontal subsoil and 10% surface topsoil), with variation between catchments in the basin. Elsewhere, it
has been estimated from erosion mapping and sediment tracing that gully erosion comprises 37% of
suspended sediment in the Normanby River basin (Brooks et al., 2013).
The Paddock to Reef catchment modelling of Waters et al. (2014) was based mainly on NLWRA gully
erosion mapping (Hughes et al., 2001), which has been found to under-predict the amount of gully erosion
to varying degrees, especially in the Burdekin and Fitzroy River basins (Table 2). While catchment modelling
studies have been used to guide priorities and should continue to do so, the recent evidence of the
dominance of gullies as a source of sediment will take some years to be incorporated into the models.
Based on sediment source tracing, erosion mapping and catchment sediment budget modelling, we
estimated the contribution of gully erosion in each catchment management unit to GBR sediment exports
(Table 3). For management units in the Burdekin and Fitzroy River basins, these estimates were double
those of recent catchment modelling. Recent sediment budget modelling of the Normanby River basin
based on detailed gully mapping (Brooks et al., 2013), was used directly to calculate gully contribution in
the Normanby catchment. These adjustments did not substantially change the relative ranking of
management unit contributions from those based on Paddock to Reef modelling alone, with the exception
of the Normanby, whose ranking was elevated.
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Table 3. Regional management units in descending order of gully contribution to fine sediment export to the GBR
coast and estuaries, based on Paddock to Reef catchment sediment budget modelling (Waters et al., 2014) except
where otherwise noted. This modelling used the Dynamic SedNet model (Wilkinson et al., 2014b). The table is
ordered by gully contribution (kt/y). Cells are colour-coded in descending priority from red, orange and 3 shades of
yellow. A further 28 management units with smaller contributions are not shown.

NRM
Management
Region unit a

Area
(km2)

Gully
contribution

Gully
contrib.

Gully
contrib.

Gully
contrib.

Gully
contrib.

(kt/y)b

(% of all
GBR gully)

(cumulative
% of all GBR
gully)

(t/ha/y)b

(t/km/y)b,c

FI

Dawson

50,752

590

16%

16%

0.12

54

BU

Bowen Bogie

11,629

580

16%

32%

0.50

109

CY

Normanby

24,396

520

14%

46%

0.21

165

BU

Upper Burdekin

40,050

270

7%

53%

0.07

21

FI

Theresa Creek

8,466

230

6%

59%

0.27

27

FI

Fitzroy

11,423

210

6%

65%

0.18

79

BU

Burdekin (Suttor)

18,334

180

5%

69%

0.10

23

FI

Mackenzie

13,136

170

5%

74%

0.13

68

FI

Isaac

22,221

160

4%

78%

0.07

43

BU

Belyando

35,062

130

4%

82%

0.04

14

BU

East Burdekin

3,289

130

3%

85%

0.39

50

FI

Comet

17,290

120

3%

89%

0.07

40

BU

Lower Burdekin

4,953

95

3%

91%

0.19

86

BU

Cape Campaspe

19,940

95

3%

94%

0.05

16

BU

Don

3,356

78

2%

96%

0.23

82

WT

Herbert

9,842

24

0.6%

96%

0.02

20

FI

Styx

3,015

21

0.6%

97%

0.07

61

BM

Mary

9,340

18

0.5%

97%

0.02

23

BM

Calliope

33,038

17

0.5%

98%

0.08

44

a

We used the AUSGMCAS management units as used in reporting P2R catchment modelling.

b

Gully contributions for the management units within the Burdekin and Fitzroy River basins (in red font) were estimated by
multiplying P2R model estimates by 2 based on the discrepancy between model estimates and those based on recent sediment
tracing and erosion mapping studies (see text). The Normanby contributions were based on the extent of both colluvial (36%) and
alluvial (64%) gully erosion and the river ratio between sediment export and supply as estimated by Brooks et al. (2013).

c

Contribution per km of gully. Contribution in kt/y was taken from this table and divided by gully length, which was based on the
latest gully mapping (Table 2). In the Burdekin River basin the extents of Kuhnert et al., (2010) were used since those of Gilad et al.,
(2012) represented probability of presence rather than extent. In the Fitzroy River basin the NLWRA mapping was multiplied by
1.35, being the average change in Burdekin River basins made to this dataset by Kuhnert et al. (2010).

The consequent estimates of gully erosion contribution indicate that half of all gully sediment delivered to
the GBR lagoon is contributed from just four management units, and 80% of gully sediment comes from 10
management units (upper rows in Table 3). However, the management units with the largest gully
contributions to sediment yields (kt/y) are not necessarily those of highest priority for management.
The effect of individual gully management projects on management unit sediment contributions is
determined by the length-specific gully erosion contribution, per km of gully (t/km/y; far right column of
Table 3), rather than by the total contribution (kt/y) which, all else being equal, increases with gully length
and management unit area. This is discussed further in Section 4. Length-specific contribution was
estimated by dividing the management unit gully erosion contribution by the length of mapped gullies in
each unit. It varies primarily with the management unit connectivity to the GBR coast (higher connectivity
increases contribution) and the soil texture (more silt and clay increases contribution). Due to a lack of data
on spatial variation in gully erosion size and erosion rates, the modelling currently assumes that each unit
length of gully has eroded the same total volume of sediment (sand, silt and clay). The area-specific
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contribution (t/ha/y; contribution divided by management unit area) is also relevant to management
efficiency because areas of high gully erosion density can be more efficiently fenced and managed. Areaspecific contribution varies primarily with the density of gully erosion in the management unit, as well as
connectivity to the coast and soil texture.
The management unit rankings based on length-specific contribution are similar to those based on areaspecific contribution, with 4 units of the top 6 rankings being common between units (two right hand
columns of Table 3). Some of the differences between these columns are caused by uncertainties
associated with gully mapping and catchment modelling. A conservative response to these uncertainties is
to include more of the higher-ranked units within gully management programs rather than being exclusive.
Consequently, we define 8 management units as high-priority for gully management, based on their lengthspecific and area-specific contributions to sediment exports (Normanby, Bowen-Bogie, East Burdekin,
Lower Burdekin, Don, Fitzroy, Mackenzie and Theresa Creek). These are ranked in the top 6 for either
t/ha/y or t/km/y (Table 3). These units together contain 27,000 km of gully erosion, and contribute 54% of
all gully sediment from 19% of GBR catchment area.
The priority of the Normanby should be lower on the basis that pollutant loads in the Cape York NRM
region pose an order of magnitude lower threat to coral and seagrass ecosystems than those in the
Burdekin and Fitzroy regions (Brodie et al., 2013a); considering stage 1 of the prioritisation process (Table
1). Indeed, the coral reefs in Princess Charlotte Bay (PCB) near the mouth of the Normanby River have coral
cover and species richness at higher levels than reefs further south, consistent with lower water quality
impact (Fabricius et al., 2005; De'ath et al., 2012). One explanation for the limited water quality impact of
gully erosion in the Normanby River basin is that the total sediment supply to Princess Charlotte Bay has
been dominated by coastal erosion for several hundred years (Brooks et al., 2013), and on that basis
European land use has resulted in little increase to the total sediment load. However, it may be appropriate
to continue some low-cost erosion management approaches in the Normanby to prevent water quality
from deteriorating, and to protect the marine ecological condition.
Management units with lower average gully contributions than those included in Table 2 may also contain a
small extent of fast-eroding gullies, and thus can also be high priority for management. In particular, wetter
climates such as the Upper Burdekin, Isaac and coastal-draining management units, including those of
Mackay-Whitsunday and Wet Tropics NRM regions, may contain some small areas of gullies eroding more
rapidly than those in drier areas such as Theresa Creek, despite the above analysis assuming that all gullies
erode at an equal rate in the absence of data on spatial variations in gully erosion rates.
Gully contribution (kt/y) can also be considered when allocating funding for general grazing practice
improvement programs across management units (i.e., those apart from gully management programs). This
acknowledges that (i) all management units will have hotspots of gully erosion, (ii) that gullied areas deliver
many times the sediment yield of nearby non-gullied areas and should be regarded as priorities for practice
improvement in all management units, and (iii) that maintaining some investment in management units
may be appropriate to utilise and enhance the capacity for change.

3.3

Targeting gully hotspot areas within management units

Within catchment management units, gully erosion occurs in patches, with other areas containing very few
or no gullies (Wilkinson et al., 2006). For example, 20% of grazing properties in the Burdekin River basin
(133 of 770 properties) contain approximately 50% of the total gullied area in the basin (Figure 3). The
spatial distribution of gullies is likely to be controlled by the distribution of soil vulnerable to gullying and
the occurrence of intensive land use (including grazing and mining) in the post European period.
In extensive grazing regions, gully mapping can be very useful to help identify individual properties for
targeting engagement and investment in practice change to manage gully erosion (e.g., Figure 4).
Prioritising within catchment management units should also rely on field or air photo verification. Reducing
a given tonnage of gully erosion by investing in practice change may be more cost-effective in intensivelygullied areas, since a given area of treatment will contain more gullies (discussed further in Section 4.4). It is
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recommended to prioritise gully erosion within management units based on remote sensing imagery
alongside gully mapping due to the uncertainty in gully mapping, particularly where only the NLWRA gully
dataset is available.

Property area containing gullies

12%
10%
8%
6%
4%
2%
0%
1

101

201

301
401
501
Property number

601

701

Figure 3. The percentage of area containing gullies on each grazing property in the Burdekin River basin, in
descending order, based on mapping at 5 × 5 km resolution (Gilad et al., 2012; Tindall et al., 2014).
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Figure 4. Mean percentage area of gully presence by property in the Burdekin River basin, developed by combining
2
2
mapping at 1 km with mapping and modelling at 5 km (Gilad et al., 2012; Tindall et al., 2014). This map should not
be used as the sole basis of spatial prioritisation, because the delivery of sediment to the coast differs between the
labelled catchment management units, as described in Section 3.2.

3.4

Vulnerability to future gully erosion

Given the difficulties and long time-scales involved in remediating gullies, preventing initiation of new gully
networks is a high priority relative to managing existing gullies, and it can be very cost-effective as shown in
the following section. However, large areas of GBR catchments have little or no gully erosion today and
only a small proportion of those areas are vulnerable to future gully erosion. One indication of the priority
for maintaining practices to protect non-gullied areas from gully erosion may be the total fine sediment
export from each management unit to the GBR, since that indicates that any future gully erosion is likely to
be relatively severe. However, a more robust method for targeting gully prevention within management
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units would be beneficial. A systematic spatial assessment of vulnerability to future gully erosion has not
been available for reef catchments to date.
Here we demonstrate a spatial assessment of vulnerability to future gully erosion in and around the
Burdekin basin. Vulnerable areas are defined as those with low levels of gully erosion that have similar
environmental characteristics to areas usually containing high levels of gully erosion. These areas are
identified by developing a model of mapped gully density, and then analysing the differences or ‘errors’
between the model and the input gully mapping. Areas where the mapped gully erosion is over-predicted
by the model are vulnerable to future gully erosion.
We used the Random Forests modelling method, which is suited to modelling with correlated variables.
This method repeatedly divides the input pixels of mapped gully density into progressively smaller groups,
each having similar gully density, with each group defined by ranges in environmental variables. This
process is repeated many times, producing a ‘forest’ of classification ‘trees.’ Steps in the procedure were:
1. Map gully extent or the probability of gully presence from air photos or other imagery.
2. Compile spatial datasets of a range of environmental variables known to influence gully erosion,
such as properties of soil, terrain, vegetation and climate.
3. Identify variables that best explain the observed variation in mapped gully presence.
4. Use these variables to model the spatial variations in mapped gully density with random forests.
5. Implement one or more trees in the random forest in GIS software to predicted gully extent across
the basin.
6. Calculate a grid of the difference between the predicted and observed densities of gully erosion.
Pixels where the model over-predicts the observed value (e.g., observed low but predicted high),
are vulnerable to future gully erosion based on their environmental characteristics. Pixels where
the difference is within model uncertainty should be ignored.
For this demonstration, in step 1, we used recent gully presence mapping of the Burdekin region at 1 km2
resolution (Gilad et al., 2012; Tindall et al., 2014). For step 2 we used a wide range of soil properties, terrain
metrics based on the one-second SRTM-derived DEM (Gallant et al., 2011), lithology type, rainfall statistics,
and vegetation classifications.
The variables most correlated with gully extent were dominated by soil properties (Table 4). Correlation
coefficient was not calculated for categorical variables, but lithology and soil order were important
categorical variable in the random forests model. Soils with strong contrast in texture between the A- and
B-horizons (duplex soils classified as Chromosols) were found to be most prone to gullying. They form in
granodiorite and sandstone parent material, as well as other lithologies, and have sandier topsoil than
subsoil. Their clay-rich subsoil impedes water infiltration into the deeper soil profile and thus promotes
overland flow and lateral subsurface flow. They are covered by eucalypt woodlands or have been cleared of
this vegetation. Their association with gullying is consistent with soil saturation and piping being important
factors in gully erosion.
Table 4. Environmental variables identified best explaining spatial variations in gully presence in the Burdekin River
basin, based on the correlation between individual variables and gully presence.

Variable

Source

Correlation coefficient

Soil water holding capacity in top 30 cm

(TERN, 2014)

0.46

Silt % in top 30 cm

(TERN, 2014)

-0.40

Clay % in 30–60 cm

(TERN, 2014)

-0.38

Clay % in 60–100 cm

(TERN, 2014)

-0.37

Potassium %

Geoscience Australia (Minty et al., 2009)

-0.31

Clay range in 0–30 cm

(TERN, 2014)

-0.31

Sand % in 0–30 cm

(TERN, 2014)

0.31

Vulnerability to future gully erosion was most-correlated (0.11) with the grazing-induced deficit in cover
relative to nearby reference levels (Bastin et al., 2012), indicating that grazing management has had a
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significant impact on the development of gully networks. The areas most vulnerable (at risk) to future gully
erosion are those in duplex soil types (high surface soil water holding capacity) with relatively high
historical cover levels. Maintaining ground cover on those properties is a priority for gully prevention, and is
very cost-effective given the much higher costs of gully remediation.
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4

Gully management in GBR grazing lands

This section focuses on defining and recommending erosion management techniques for existing hillslope
gully systems in GBR grazing lands. We start by defining the physical principles by which land management
can reduce gully erosion rates, based on a review of global studies of management change in gullied
landscapes and sediment yield responses (Section 4.1). Management techniques which can be applied to
gullies in GBR grazing lands are described in Section 4.2. These first two sections are then integrated in
Section 4.3, to estimate the reductions in sediment yields which may be achieved by specific combinations
of individual management techniques. Section 4.4 then quantifies the cost-effectiveness of specific practice
combinations for managing gully erosion in a range of situations.

4.1

Gully management principles

Numerous approaches have been used to control gullies (Valentin et al., 2005). However, a clear
understanding of the physical processes by which land management influences gully erosion is required as
the starting point for defining gully management techniques most appropriate to GBR grazing lands. We
synthesise this understanding from a review of global studies of the sediment yield responses to
management change in gullied landscapes (Table 5). Most of these studies involved excluding livestock
grazing, increasing tree cover, and installing physical controls to prevent the continued incision and
deepening of gully channels. They generally also involved large changes in land management, or land
‘retirement’ from the historical landuse to a new and less intensive one. As noted in Section 1.1, this is not
contemplated broadly in GBR catchments, and practices specific to GBR grazing lands are defined below in
Section 4.2. However, the monitoring undertaken in these studies identifies the changes in catchment
vegetation, runoff and sediment transport associated with sediment yield reductions from gullied
catchments. The studies also provide a means to estimate the sediment yield reductions which might be
expected from changes in gully management in GBR grazing lands.
These studies define three principles by which landuse influences gully erosion, to inform the design of
grazing practices that can be well-targeted and well-designed to reduce gully sediment yields, as previously
defined by Thorburn and Wilkinson (2013). These are listed below and illustrated in Figure 5.
1. Promote revegetation of gully channels to reduce sediment transport capacity and trap sediment,
by reducing the slope gradient or increasing roughness
2. Maintain vegetation ground cover on gully features to reduce surface erosion. Gully erosion rates
are slower where ground cover is higher (Wilkinson et al., 2013b; Torri and Poesen, 2014). The
threshold for initiation of incision of new gullies is also sensitive to vegetation cover (Prosser and
Dietrich, 1995).
3. Reduce surface runoff into gully systems, since gully sediment yield increases with runoff volume all
else being equal (Wijdenes and Bryan, 2001).
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Table 5. Global gully erosion remediation studies with measured sediment yield responses, building on the review of Thorburn and Wilkinson (2013).
Country

River/Region

Management action

Treated area
2
(km )

USA

Colorado

Stock exclusion, increased
vegetation and check-dams

2.6 km

Stock exclusion and increased
vegetation cover

NA

China

Loess Plateau

2

Sediment yield response

Time
frame of
study
(years)

Reference

78% decline in net erosion rate for vegetation control only

11 years

(Heede, 1979a)

NA

(Gong and Jiang,
1977) in Morgan
and Davidson
(1986)

Reduced soil erosion by 99%

5 years

(Costales and
Costales, 1985) in
Lal (1992a)

81% reduction in runoff volume (which resulted in sediment
deposition)

~30
years

(Nyssen et al.,
2010)

Reduced erosion by 75%

~30
years

(Chen and Cai,
2006)

Reduced sediment from gullies by 62%

~40
years

(Gomez et al., 2003)

51% reduction in denudation rates

28 years

(Marden et al.,
2014)

>15
years

(Vanacker et al.,
2007)

90% reduction in sediment loads for sites with check dam
50–60% reduction in runoff
60–80% reduction in soil loss

Phillippines

Reservoir of the
Binge Hydroelectric
Plant

Trenches filled with brushwood
or brush/stick groins

Small plot scale
2
(<1 km )

Ethiopia

May Zeg Zeg
catchment

Check dams and vegetation
restoration

2 km

China

Loess Plateau

Conversion of farmland to
forest and grassland

9-49 km

New
Zealand

Te Weroroa

Changing from grass to forests

29 km

New
Zealand

Waipaoa River

Reforestation

140 km

Ecuador

Andean Valley

2

2

2

2

12% reduction in sediment yield (due to remobilisation of stored
sediments)
Re-forestation of barren land
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Figure 5. Principles by which grazing land management practices may influence gully erosion rates and sediment
yield (after Wilkinson et al., 2013b).

It has been argued that to manage gully erosion in duplex soils prone to piping it is more important to
reduce infiltration than to reduce surface runoff, by using grasses rather than trees in revegetation (Van
Zijl, 2010). It is the case that treed catchments can have higher surface soil infiltration capacity than that of
cleared catchments with degraded pastures, and produce relatively more baseflow from subsurface stores
(Pena-Arancibia et al., 2012). However, trees often also reduce total runoff volume by increasing
transpiration (Zhang et al., 2001), which has the effect of moderating soil moisture and potentially reducing
the duration of soil saturation. Tree roots also reinforce the soil matrix (Abernethy and Rutherfurd, 2001).
Indeed it has been observed by the authors that individual trees locally increase the resistance to gully
head expansion by overland flow or soil saturation, ending up on ‘promontories’ while erosion continues
around them.

4.2

Gully management techniques for GBR grazing lands

A menu of gully management techniques
Recent reviews have been undertaken which translate the above global studies and emerging principles
into practices specific to hillslope (colluvial) gullies in GBR catchments (Thorburn and Wilkinson, 2013), and
to alluvial gullies (Shellberg and Brooks, 2013). Gully management practices addressing the above principles
can be categorised into active gully management practices which involve physical remediation of gully
features, passive gully management practices which are focused but do not directly manage erosion of
existing gully features, and landscape or property-wide land management practices:
1. Active gully management
a. Revegetate gully features with perennial tussock grasses, preferably native species with
large basal areas such as Speargrass (Heteropogon contortus) and Kangaroo Grass
(Themeda triandra) wherever possible. This may involve shallow tillage of scalded areas
upslope of gullies, where native perennial grasses are absent and cannot be expected to
regenerate once grazing pressure is removed, and if the surface topography permits.
Because gully features are in drainage lines and exposed to concentrated flow, surrounding
vegetation requires more ongoing protection from grazing than revegetated planar
hillslopes such as on mine sites (Carroll et al., 2000; Carroll and Tucker, 2000).
b. Gully ‘stick traps’; porous check-dams ~0.5 m high constructed from bundling local fallen
timber with wire mesh (Wilkinson et al., 2013b), wire mesh or loose stones (Geyik, 1986).
These temporary structures are designed to trap litter and some fine sediment with
associated nutrients and moisture just upstream, promoting vegetation establishment on
the gully floor to initiate a cycle of sediment trapping and further revegetation. Stick traps
are spaced along the gully so that the crest of one stick trap is above the existing gully floor
at the next stick trap upstream. They are most effective when peak runoff volumes are not
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excessive; a guide is to keep the upslope catchment area <2 ha (Wilkinson et al., 2013b), or
within 100 m of the gully head (Geyik, 1986). Larger catchment areas require larger
structures. Successfully establishing vegetation with stick traps has been shown to be
sensitive to achieving deposition of fine sediment, and low slope gradients (Shellberg and
Brooks, 2013; Wilkinson et al., 2013b).
c. Engineered check-dams constructed from rock gabions or concrete. These are designed to
withstand greater runoff volumes from larger catchment areas than stick traps. They can
trap sediment up to their crest if the void size is kept small. They are most effectively
located in the main gully stem or tributaries controlling the bed level of others upstream
(Heede, 1979b). They are prone to scour failure by out flanking around the ends, unless
carefully designed.
d. Contour banks to detain runoff on hillslopes and divert runoff away from gullied drainage
lines. Success depends on being able to discharge runoff into a non-gullied drainage line,
which can be difficult to find.
e. Gully reshaping earthworks to batter the walls and head to slopes which will be stable once
seeded and revegetated with perennial tussock grasses (Carroll et al., 2000; Carroll and
Tucker, 2000; Shellberg and Brooks, 2013). The bed of the gully channel may be widened to
reduce shear stress(Heede, 1979b). Earthworks are unlikely to be successful in areas with
sodic subsoils, which must be treated with gypsum and are difficult to revegetate
(Shellberg and Brooks, 2013). The cost of reshaping increases with gully depth. In areas
with high rainfall intensity such as GBR catchments, reshaping and contour banks are not
sufficient on their own (Geyik, 1986), and treated features can rapidly return towards the
untreated state if revegetation is not successful (Shellberg and Brooks, 2013).
2. Passive gully management
a. Redistribute grazing pressure away from existing gullies and areas prone to gully erosion by
fencing around gully features (at least 10–20 m away from gully heads), or where there are
few gully features use water point placement away from gullied areas (Thorburn and
Wilkinson, 2013). Manage this area primarily for erosion control, and limit grazing to low
forage utilisation within short periods, during the dry season only.
b. Manage infrastructure to reduce concentrated surface water runoff, through road and
fence placement and adequate drainage spacing to reduce surface flow connection to
drainage lines (Croke and Mockler, 2001; Hairsine et al., 2002; Thompson et al., 2009).
3. Grazing management to reduce runoff
a. Maintaining pasture biomass at high levels is effective at reducing runoff (Ash et al., 2001;
Roth, 2004; Wilkinson et al., 2013b; Wilkinson et al., 2014a; Wilkinson et al., 2014c). This is
because in dry tropical climates, surface storm runoff is suppressed when antecedent soil
moisture is low and soil storage capacity is large (Farrick and Branfireun, 2014), and both
these effects are enhanced by high pasture biomass. Perennial tussock grasses and
woodland trees are the most effective cover for reducing runoff (Roth, 2004; Wilkinson et
al., 2014a; Wilkinson et al., 2014c). Native perennial tussock species have a large basal area
which enhances soil infiltration. Thresholds of grazing pressure below which native
perennial tussock grasses are sustainably maintained have been defined as less than 25–
30% utilisation of the end-of-wet standing pasture biomass by livestock (McIvor et al.,
1995a; Orr et al., 2010; Ash et al., 2011), and greater than 75% ground cover (Roth, 2004).
Note that this is higher than the minimum 70% end of dry season cover target currently
recommended by Reef Plan (Anon, 2013). The Long-Term Carrying Capacity (LTCC) can
provide a guide for sustainable long-term average stocking rates, provided it has been
adjusted to account for reduced forage productivity under the current land condition.
Measurements in GBR catchments have quantified the surface runoff responses to
vegetation ground cover levels (McIvor et al., 1995b; Owens et al., 2003; Roth, 2004;
Silburn et al., 2011), and when grazing pressure is low (Hawdon et al., 2008).
b. Avoid clearing woody vegetation (Shellberg and Brooks, 2013; Shellberg et al., 2013). Peak
runoff is lower and base flows are higher when woodland trees are retained in the
landscape (Pena-Arancibia et al., 2012). This effect is associated with higher surface
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hydraulic conductivity (infiltration capacity) under tree canopies, which absorbs local
runoff, and higher transpiration to draw down antecedent soil moisture (in certain cases
stem density may need to be managed to maintain ground cover).
c. Redistribute grazing pressure away from gullied areas by strategic placement of water and
supplements.
d. Fire management to maintain pasture species composition (Shellberg and Brooks, 2013);
use of fire requires managing grazing to accumulate sufficient pasture biomass.
e. Weed management to maintain ground cover (Shellberg and Brooks, 2013); eg burning
rubbervine in creeklines
f. In grains cropping reduced tillage and stubble retention can reduce runoff in smaller
events, but contour embankments are required to reduce soil loss in large storms (Murphy
et al., 2013). Controlled equipment traffic reduces runoff and soil loss in row cropping
(Silburn et al., 2013) and sugarcane farming (Masters et al., 2013).
The practice categories above align with Performance Indicators in the Reef Plan 3 Water Quality Risk
Framework for grazing (McCosker, 2013), which was revised in consultation with the authors. These
alignments are shown in the third column of Table 7.
The above practices target hillslope gully erosion. Once alluvial gullies are established, mass failure at their
edges occurs when the soil becomes saturated, either by local rainfall or by inundation from nearby rivers
during flow peaks, and can be independent of surface runoff (Shellberg et al., 2013). It is thus lessunderstood how grazing land management can be used to influence the rate of erosion of established
alluvial gullies. However, the principles of improving tree and surface vegetation cover and removing
surface disturbance by livestock and feral animals remain appropriate.

The recommended combination of techniques
We recommend that the priority is put on the gully management techniques highlighted with bold red
numbers above; i.e., 1a, 1b, 2a, 2b, 3a, 3b. This priority achieves revegetation of gully features by porous
check dams supported by fencing, watering points and grazing pressure that can improve land condition
and reduce runoff. This recommendation is supported by analysis of cost-effectiveness in the following
section. In larger gully features, or where timber supply is limited, the other active approaches to gully
management should also be considered. If gully revegetation is successfully achieved, then based on
studies elsewhere, they should lead to large reductions in gully sediment yields within 10–40 years (Table
5).
Including active and passive measures as well as grazing management is required to achieve substantial and
reliable gully erosion reductions for three reasons:
1. Gully erosion occurs in specific parts of the landscape above thresholds of surface slope and
drainage area. Gully erosion identifies areas of the landscape that are more vulnerable to erosion,
where grazing pressure has resulted in the erosion resistance of the land surface being exceeded. It
is in these areas that increasing vegetation cover and biomass is most critical for reducing gully
erosion rates. Even careful management of grazing pressure can result in continued gully erosion if
that management is based on the forage productivity and erosion resistance of flatter areas with
smaller drainage areas. Property fencing should as much as practical be located so that grazing
pressure can remain within the capacity of the land surface to resist erosion driven at all locations.
2. Infrastructure such as fencing provides a more reliable means of managing gully erosion than
stocking rate management, since it cannot be expected that stocking rates in gullied catchments
will always be managed with reducing runoff as an objective. The benefits of reducing grazing
pressure to manage surface runoff and increase forage productivity have been well known for a
considerable period (McKeon et al., 1990; McIvor et al., 1995a; McIvor et al., 1995b; Landsberg et
al., 1998), as have a range of practical management issues acting as barriers to changing grazing
practices (MacLeod and McIvor, 2006). Knowledge of the economic benefits of sustainable grazing
pressure continues to grow (O'Reagain et al., 2011), and it can be hoped that the number of
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properties managing for long-term sustainability will also grow. However, in 2010 cattle numbers in
northern Australia were at similar record high levels to those during the 1980s when drought and
over-stocking led to land degradation (McIvor, 2010).
3. Water quality improvements are required as soon as possible. Revegetation of gully features can
occur within a decade or so, while reducing runoff from degraded land can require up to several
decades of reduced grazing pressure due to the changes required to grass species composition and
soil infiltration capacity (Bartley et al., 2010a; Bartley et al., 2010b; Bartley et al., 2014b).
From the point of view of managing water quality, it remains appropriate that public investment in fencing
and revegetating gullies should be supported by attention on improving the sustainability of stocking rates
within the long-term carrying capacity, since substantial reductions in gully erosion require both reducing
runoff and increasing gully vegetation (Heede, 1979b).
A large number of grey literature references from soil conservation and related agencies have been written,
but emphasise engineering solutions rather than grazing management practices and vegetation (Shellberg
and Brooks, 2013). However, available design references are not generally suited to the climate and
vegetation of North Queensland, and do not generally extend to evaluation of gully control works. The
most common indicator of success in gully remediation is success in revegetation, which generally requires
at least stock exclusion, often also stick traps, and possibly reseeding where the surrounding vegetation is
ineffective at re-establishing. The Queensland Government has also produced several land holder
factsheets on gully erosion processes and control: www.qld.gov.au/dsitia/assets/soil/gully-erosion.pdf .
Other reviews include Pathak et al. (2006) and Morgan and Davidson (1986).

4.3

Effectiveness of gully management practices

At catchment scale, many studies globally have shown that a combination of landscape and gully-specific
management focused on vegetation can reduce mean-annual sediment yields from gullied catchments by
up to 50–90% over 10–40 years, depending on the magnitude of change (Table 5). These international
results have been translated to shifts between cover classes for GBR rangelands (Thorburn and Wilkinson,
2013), which is being used to evaluate Reef Plan investments in the absence of local monitoring data
(Dougall et al., 2014a).
The likely differences in gully erosion rate between grazing land condition classes have been previously
estimated (Table 6). These differences were based on higher condition classes having less surface runoff
into gully features, higher ground cover on gully features, and more effective trapping of fine sediment
within gully channels. An approximate correlation can be drawn between land condition classes and
respective long-term outcomes of grazing practice classes.
Table 6. Lookup table of the relative differences in fine sediment generation from each erosion process relative to C
land condition, based on the differences between adjacent classes previously reported by Thorburn and Wilkinson
(2013).

Land condition class

D

C

B

A

Relative hillslope erosion rate

1.5

1

0.55

0.10

Relative gully erosion rate

1.25

1

0.90

0.75

Relative streambank erosion rate

1.1

1

0.75

0.6

Building on Table 5 and Table 6, we estimated the effect of specific gully management techniques on gully
sediment loads, to enable cost-effectiveness estimates. The reductions in yield were estimated by
comparing the anticipated effects of specific techniques with those used in previous gully remediation
studies (Table 5). To simplify this analysis we focused on realistic combinations of practice change, including
landscape management practices, passive practices and active practices. These combinations and their
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effectiveness in reducing sediment yields are listed in the rows of Table 7. For example, practice
combination 3 is estimated to deliver a 50% reduction in gully erosion, being a further development of the
D→A change in land condition which provided 40% reduction (Table 6). As discussed in Thorburn and
Wilkinson (2013), the estimated load reductions here are smaller than the mid-range of previous studies
(Table 5) because they are generally being implemented within commercial grazing properties where
gullied areas are not fully excluded from grazing but continue to experience short periods of dry-season
crash grazing in some years, and where grazing continues in adjacent areas.
Generally, more intensive practices (combinations 4 and 5) are less likely to be cost-effective unless
infrastructure is threatened, and one cost estimate for reshaping and associated revegetation is $375 per
tonne of sediment (Shellberg and Brooks, 2013). However, engineered check-dams can be cost-effective
where they prevent small numbers of large but young gully heads incising large upstream areas (Heede,
1979b). This will more likely be the case in management units with large length-specific or area-specific
gully contribution (t/km/y or t/ha/y).
The Water Quality Risk Framework weights the relative contribution of practice categories for managing
hillslope, gully and riverbank erosion processes, to assist evaluating the effects of practice change on
catchment loads.
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Table 7. Effectiveness of selected combinations grazing practice changes to manage erosion of existing gullies.
Practice
combination

Description

Related Water
Quality Risk
Framework
Performance
indicators
(McCosker,
2013)

Infrastructure cost to
transition from C/D
practices (Moderate–
a
High Risk) ($/km)

Cumulative
sediment reduction
changing from C/D
practices
(Moderate–High
Risk)

1

Destock the gullied paddock, for
occasional dry-season crash-grazing.

1, 3, 6

$0

10–20%

2

Fence gullied area, for occasional dryseason crash-grazing, and continuous
spelling otherwise. Stocking rate in
surrounding area managed within longterm carrying capacity and adequate
pasture and groundcover retained at
the end of the dry season

1, 2, 3, 4, 6

$5,000 per km of fence

b

30%

3

As per 2 above, plus stabilisation using
gully stick trap or other revegetation

6

$4,500–9,000 per km of
c
gully

50%

($5,000 + $4,000)
4

As per 3 above, plus hydroseeding

6

$4,500–9,000 per km as
above + $10,000–30,000
d
per ha

70%

5

As per 2 above, plus gully reshaping
earthworks or rock drop structures

6

Drop structure: $30,000–
e
50,000 per gully head

70%

Reshaping and seeding:
$10,000 per gully head
a

Opportunity costs of de-stocking gullied paddocks are not included here but are discussed under the heading Assumptions about
private benefits in Section 4.4.

b

NQ Dry Tropics (2014).

c

Range depends on the fencing efficiency; 1 km fence per km of gully results in a total cost of $9,000 per km, being $5,000 fencing,
and $4,000 per km for check dams assuming 30 stick trap check dams per km (33 m spacing), 2 person-hours per structure at $50
per person per hour plus materials and grass seed. $4,500 equates to 1 km of fence for 10 km of gully, and $4,000 for check dams.
d

Depending on scale of project (Shellberg and Brooks, 2013)

e

2

Condamine Alliance, Case study 1: Allora. Based on gully density of 4 km/km and one rock drop structure at $30,000 and
reshaping of smaller adjacent features at $10,000. (Little, I., 2014. Upper Herbert River Catchment Sediment Sources and
Rehabilitation Opportunities. Report to Terrrain NRM;)

4.4

Cost-effectiveness

Recommended practice combination
We estimated the average cost effectiveness in units of dollars per tonne reduction in mean-annual
sediment loads ($/t) of the practice combinations for managing all gullies in each management unit based
on the following inputs:
1. The length-specific gully erosion contributions to mean-annual sediment export for the top 4 and
top 8 management units with the largest area and length-specific contributions (red and orange in
the two right hand columns of Table 3)
2. A proportional erosion reduction of 50% for Practice combination 3 in Table 7, assuming it
translates directly to proportional reductions in sediment export
3. On-ground unit costs (Table 7), as provided by GBR regional NRM groups (fencing), and estimated
from the Paddock to Reef gully monitoring project for check dams (Wilkinson et al., 2013b).
It is important to note that the cost-effectiveness as defined is a one-off cost for an ongoing reduction in
mean-annual sediment exports to the GBR lagoon. Assuming the gully management techniques will be
effective for a nominal period of say 30 years, the (much lower) cost of each tonne of sediment export
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reduced in each year could be calculated as a net present value. The effectiveness or costs of extension are
not estimated here, but we regard effective communication and shared understanding between funders
and land holders as an essential ingredient in achieving practice change and in developing cost-effective
infrastructure solutions.

Cost-effectiveness at project and program scales
The 8 management units with highest gully erosion contribution to sediment export in t/km/y or t/ha/y
were the Normanby, Bowen-Bogie, Lower Burdekin, Don, East Burdekin, Fitzroy, Mackenzie and Theresa
Creek (Table 3). These had an average length-specific gully erosion contribution to mean-annual sediment
exports of 83 t/km/y. For practice combination 3 (50% erosion reduction at $9,000 per km) the average
cost-effectiveness was thus $217 per tonne = 9,000 / (83 × 50%).
Large gains in cost effectiveness can be achieved by targeting areas of intense gully erosion within priority
management units, where each km of fence isolates the largest possible length and area of gully erosion
(e.g., Figure 4). Where the efficiency of fencing can be increased to 1 km of fencing for 10 km of gully
feature the cost of combination 3 becomes A$4,500 per km of gully, and the cost-effectiveness becomes as
low as $81 per tonne, for the top 4 priority management units of Normanby, Bowen-Bogie, Lower Burdekin
and Don (Table 8). The case studies in Section 5 demonstrate that the scenarios and cost-effectiveness
estimates are realistic at project scale. It is not known what proportion of all gullies can be managed at this
fencing efficiency, which can be achieved should be determined through evaluation and adaptive
management.
The cost-effectiveness of fencing can also be improved where multiple erosion processes can be addressed
with one fencing design which will increase the sediment yield reduction; for example including scalded or
riparian areas in an area containing gullies may increase total effectiveness by a further 10% or more over
the effectiveness estimates in Table 7.
Despite the reasonable cost-effectiveness, a substantial gully management program is required to achieve
the 20% reduction in GBR sediment loads targeted by Reef Plan (Anon, 2013). A $20M program would treat
up to 42% of the gullies in 4 management units, assuming the highest fencing efficiency can be achieved,
and so deliver up to a 9% reduction in anthropogenic sediment loads. However, this may be an upper limit
as it is dependent on the estimated anthropogenic load.
Table 8. Cost-effectiveness and treatment extent for scenarios of different levels of targeting to priority
management units and targeting to properties with most-intense gully erosion.
a

Number of priority management units treated (top t/km/y)
b

Total gully length in those units (km)

8

4

8

4

26,700

10,500

26,700

10,500

83

111

83

111

Average length-specific gully contribution to sediment exports
b
(t/km/y)
Scenario fencing efficiency (km gully per km fencing)
Associated unit cost ($/km of gully)

c

1

1

10

10

9,000

9,000

4,500

4,500

Cost-effectiveness ($/t)

$217

$162

$108

$81

Gullies which would be managed by a $20M investment (km)

2,222

2,222

4,444

4,444

Consequent sediment reduction (kt/y)

180

250

370

490

d

3%

4%

7%

9%

Consequent sediment load reduction
a

Listed in text

b

Table 3

c

Table 7

d

Based on an anthropogenic sediment load of 5,613 kt/y (Waters et al., 2014).

Assumptions about private benefits
The above analysis is based on the total costs of infrastructure associated with gully management, but
ignores costs associated with improving pasture management. Generally the private benefits from fencing
and revegetating gully features are likely to be small in economic terms but other factors may attract land
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holders to undertaking gully management. Private benefits may include the additional fences around gullies
improving the ability to manage the level and timing of forage utilisation by providing a larger number of
smaller paddocks. However, similar factors could generate economic dis-benefits through more complex
management requirements, complicating stock movement and so on. Also, there is some long-term benefit
in preventing further gully initiation and extension, given the inconvenience and effect on subsoil moisture
drainage that gullies bring. There may also be non-monetary benefits arising from aesthetic benefits of
improved gully management and being seen to address gully erosion.
Any private benefits from gully fencing are offset by the actual or perceived opportunity cost of reducing
stock access to the productive land alongside the gully features themselves, and also by the maintenance
cost of associated fencing. Opportunity costs will depend on the land productivity of the fenced area
around gullies (e.g., Star et al., 2013). They will also be sensitive to relative differences in productivity
between the gullied area and the rest of the property. Gullies occur predominantly in deeper soils of valley
fills, which are often the most productive areas of properties, even on properties dominated by relatively
poor soil types. Careful economic modelling of case studies would therefore be required to evaluate these
impacts at property scale. The transaction costs of changing practices also reduces the desire to adopt
changes in agricultural practice such as gully management, and the realised magnitude of private benefits
(Coggan et al., 2014).
It appears more reasonable to expect a land holder contribution to the cost of implementing improved
pasture management, since the same landscape pasture management practices used to reduce runoff into
gullies (i.e., utilisation within the long-term carrying capacity adjusted for current land condition) can have
considerable private benefit, by improving forage productivity in the long term. This occurs firstly by more
efficiently retaining water and nutrient resources onsite to support forage production (Wilkinson et al.,
2014a; Wilkinson et al., 2014c). Secondly, grazing within the long-term carrying capacity can result in more
productive and palatable grasses (Landsberg et al., 1998; Orr and O'Reagain, 2011; Wilkinson et al., 2014a).
Grazing within the long-term carrying capacity has been demonstrated to result in improved profit and less
variable income across climate cycles than heavy stocking rates (Ash et al., 1995; McIvor et al., 1995a;
O'Reagain et al., 2011; Star et al., 2013). However, benefits of improved forage production are subject to
the time-scales of vegetation and runoff response to practice change, which may be several years in wetter
periods and fertile soils (Connolly et al., 1997), or up to several decades in degraded areas (Wilcox et al.,
2008; Bartley et al., 2014b). During this time a reduction in income relative to the business-as-usual case
can be expected. As a general rule soils which support higher levels of forage production and with higher
rainfall are more likely to generate a positive economic return while low productivity soils in lower rainfall
areas are less likely to deliver private benefits.
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5 Case studies
The three case studies below describe how gully erosion management could be targeted and designed in
specific situations, by adapting the above management techniques. The associated cost-effectiveness is
estimated to demonstrate how a flexible gully management program can find opportunities for sediment
load reduction that is more cost-effective than previous management actions.

5.1

Bowen River catchment

Setting
The main Bowen River channel is deeply incised into the landscape with mean hillslope gradients averaging
~11.8%. Eastern tributaries flow off the back of the steep Eungella escarpment and receive annual rainfall
>1500 mm/yr. The tributaries in the south overlay finer-grained sedimentary lithologies and have lower
slopes and lower rainfall (<800 mm) than the eastern parts of the basin. The predominant soil orders in the
Bowen (Isbell, 2002) are Chromosol, Sodosol and Vertosol (ASRIS, 2011).

Issue
The Bowen River catchment is a major source of the fine clay sediments being delivered to the GBR
(Bainbridge et al., 2014). As well as having very high sediment yields within the catchment, it is located
downstream of Burdekin Falls dam and delivers sediment efficiently to the coast. Sub-surface soil erosion is
the dominant source of fine sediment (Wilkinson et al., 2013a), being a combination of mainly rill and gully
erosion processes (Hancock et al., 2014). The central, western and southern side of the river catchment
have moderate to high gully density (Figure 4), resulting in some of the highest contributions to sediment
export per hectare of any management unit (Table 3). The lithology in this area is primarily sedimentary,
including mudstone, siltstone and sandstone (Wilkinson et al., 2013a). The rainfall is moderate to low
suggesting that maintaining good vegetative ground cover can be challenging, particularly in dry years.
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Figure 6: Extensive gully erosion in a tributary near the centre of the Bowen River valley.

Actions
Examination of the catchment on Google Earth and local field knowledge has identified several sites that
show a combination of scald, rill and gully erosion. Field inspection is required to assess the soil stability,
the terrain relief and slopes, and the likely success of revegetation. Gully erosion occurs mainly in Sodosol
(sedimentary) and Chromosol (red goldfields) soils, with the latter more likely to be responsive to
revegetation efforts.
For example, an extensively gullied area of 700 ha in the Bowen River catchment contains upwards of 10
km of linear gully extent (Figure 6). Fencing and excluding cattle access from intensively-gullied areas such
as this is more efficient and cost-effective than fencing isolated linear features. This area can be surrounded
with approximately 1.5 km of fence, and revegetated using 300 stick traps. It would be unlikely that
sufficient materials for 300 loose check dams could be sourced in this concentrated area, and so importing
materials to the site is more practical, either rock or timber waste. The budget cost for Combination 3 is
thus $67,500, being $7,500 (fencing), $40,000 for standard stick-traps, and $20,000 for check dam
materials. The sediment reduction is estimated at 10 km of gully × 109 t/km/y contribution for the BowenBogie management unit (Table 3) = 1090 t/y, giving a cost-effectiveness of $62 per tonne.

5.2

Upper Burdekin, red goldfields soil

Setting
The Upper Burdekin is the largest catchment in the Burdekin basin and has a long history of erosion
research (Bartley et al., 2014a). The mean gradient of hillslopes in the Upper Burdekin is ~5.1%, which,
combined with a monsoonal rainfall distribution, make the landscape highly susceptible to erosion. Gully
Managing gully erosion to improve water quality in the Great Barrier Reef lagoon

| 29

erosion was well-established prior to 1945 (Wilkinson et al., 2013b). However, a period of accelerated
degradation occurred in the Burdekin in the mid-1980’s which has been attributed to the adoption of more
hardy tropical cattle breeds, use of feed supplements and cattle market fluctuations, and a run of years of
well below average rainfall (McKeon et al., 1990; McKeon et al., 2004). Mining has also been prevalent in
the Upper Burdekin region (discussed in Section 2.2).

Issue
Gully density is highest in Chromosol (red goldfields) soils, which contain 25% of the area of medium or high
gully erosion despite covering only 12% of the Burdekin basin. The downstream (southern) end of the
Upper Burdekin catchment management unit contains numerous properties dominated by red goldfields
soil that have >10% of area containing gully erosion, the highest gully presence in the basin (Figure 4).

Actions
In this landscape, gullies are dispersed across paddocks and it is not efficient to fence around them
individually (Figure 1). Lower cost practices are also required in management units such as the Upper
Burdekin, which delivers only 21 t/km/y of sediment from gully erosion (Table 3). In this context the
following approach should be taken;
1. Manage stocking rates and durations by paddock to achieve lower grazing pressure in paddocks
with higher gully densities (km/km2)
2. Use gully mapping and air photos to identify opportunities to create additional paddocks of high or
low gully density to facilitate (1)
3. Identify locations where rock chutes can be installed to halt the extension of large gully heads (>5
m deep) to protect non-gullied catchments upstream. For example, a 5 m deep incision in the
Weany Creek catchment of the Upper Burdekin has a catchment area of 1 km2. If left untreated, the
gully length in this area will increase by at least 5 km in coming decades, based on the gully density
of 4.5 km/km2 elsewhere in that catchment (Heine, 2002). Given the gully contribution in the Upper
Burdekin management unit is 21 t/km/y (Table 3), immobilising this gully headcut will prevent 105
t/y additional erosion. Conservatively assuming this erosion can be reduced by 70% by a single rock
chute structure at $50,000 cost, gives a cost-effectiveness of $680 per tonne, which is not
competitive. However, if a comparable structure was build to prevent this amount of gully erosion
within the extensive area of goldfields soil in the Bowen-Bogie management unit, the cost would be
$129 per tonne, with the length-specific gully contribution in that management unit being higher
(110 t/km/y; Table 3), due to higher connectivity to the coast.
4. Since gullied landscapes have much higher sediment yields than non-gullied landscapes, all practice
change programs should be prioritised within the management unit to properties in descending
order of gully density (Figure 3; Figure 4). This applies even to programs for managing grazing
pressure, due to the influence of grazing pressure on surface runoff, ground cover and gully erosion
rate (Figure 7).
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Figure 7. Gully erosion under contrasting grazing land condition in the Upper Burdekin catchment. Left: An active
gully head with little vegetation on walls and an upslope catchment containing scalds and little native perennial
pastures (C/D land condition), reproduced from Wilkinson et al. (2013b). Right: A stable gully head on a nearby
property in the same soil type but with a history of much lower stocking rates, with good vegetation cover including
perennial tussock species and a rounded form indicating low erosion rates (A/B land condition). Note the gully on
the right may have been initiated by road drainage, and gully erosion is otherwise uncommon on that property.

5.3

Upper Burdekin, Camel Creek

Issue
Bainbridge et al. (2014) identified some of the highest TSS concentrations for the entire Burdekin
catchment to be coming from the Camel Creek area in the north of the Upper Burdekin River catchment.
Some properties in this tributary have >10% of area containing gully erosion, the second largest such area
in the Burdekin basin after the red goldfields area at the southern end of this management unit, discussed
above (Figure 4; Camel Creek contains the dark red area in the far north of the Burdekin basin, on the
coastal side of the Upper Burdekin River). Similar to the Bowen catchment, the lithology in this area are
primarily sedimentary, with Dermosol soils that are potentially sodic.
Examination of this area with Google Earth and local knowledge of the sites identifies several large gully
features. Many of the gullies are well connected to the stream-lines, others are further away from the
stream lines often in unusual topographic areas. This is largely the result of the artificial nature of the
sluicing operations for tin mining which used hydraulic pumps to excavate the soil profile.

Actions
For this case study, a single gully on Camel Creek was chosen near the junction of Camel Creek and the
Burdekin River (Figure 8). This gully feature is approximately 10 ha in area, 1 km long and 50–300 m wide.
There is a high level of connectivity of the gully/scald feature to the creek, which suggests a high sediment
delivery efficiency. While the gully features contain very little vegetation, the surrounding vegetation is in
good condition with almost continuous grass and tree cover.
The gully should be fenced off and stock excluded (~3 km fencing depending on configuration). Check-dams
should be installed along the drainage lines. Target areas should be sprayed with a mulch and local seed
combination (e.g. hydroseeding) prior to the wet season to encourage vegetation renewal. Given that there
is little evidence of natural regeneration, it is likely the soil properties are difficult for vegetation
establishment. This type of erosion is extensive along the Camel Creek corridor, which would benefit from
riparian fencing to enable revegetation, with no grazing during initial years, and grazing confined to short
periods during the dry season after revegetation is well-established.
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Figure 8: An extensively gullied tributary draining into Camel Creek in the Upper Burdekin. The total area of the
gully is ~8 ha.

Given the location of this site upstream of the Burdekin Falls Dam (BFD), the delivery potential of current
eroded sediment reaching the GBR is much lower than in the Bowen catchment due to potential deposition
of sediment within the BFD (Lewis et al., 2013). Therefore, the relative effectiveness of remediation on
sediment delivery to the GBR is also lower than sites in the Bowen catchment.
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6 Recommendations
We have proposed a major change in the approach to managing sediment sources in GBR catchments by
focussing on gully management using micro-scale engineering and grazing management. While this
approach can potentially be implemented by land managers it necessitates new skills and techniques to be
be applied to project design and evaluation.
From this study the following management recommendations are made:
1. Commission a comprehensive and substantial demonstration program of gully erosion
remediation in priority management units, as a new direction to reliably achieve substantial
reductions in gully sediment yield. The program should:
a. Target to within the 8 management units that have the highest gully contribution to
sediment exports (t/km/y; Section 3.2), or areas in other units where gully erosion features
are likely to make high area-specific contributions to GBR sediment loading, since this is
where comprehensive remediation is most cost-effective (Section 4.4).
b. Include both active and passive gully management techniques coupled with sustainable
pasture management (Section 4.2; practice combination 3), or justified variations thereof.
c. Use technical design assistance to individual projects within the trial to ensure the
practices are tailored to the erosion processes, including fencing layout, revegetation
techniques and stabilisation structures. This process could develop a design guide for
specific management measures in priority areas.
d. Evaluate the erosion control effectiveness, based on a controlled experiment design and
including leading metrics which will respond early (historical and ongoing stocking rates,
vegetation biomass and composition), as well as runoff and water quality measures. Very
little quantitative data on gully management effectiveness is available for priority
management units, therefore evaluation will be vital to justify continued investment, and
to demonstrate the effectiveness to land holders to encourage others to undertake gully
management. Evaluation will also be essential to refine the design of active and passive
measures.
2. Target other grazing practice change programs to properties with large extents of gully erosion
a. Allocate these program activities between management units based on their gully erosion
contribution to GBR sediment exports (kt/y; left columns of Table 3).
b. Target individual properties which have the most extensive gully erosion based on available
gully mapping, supported by air photo and remote sensing imagery, as well as to properties
that are vulnerable to future gully erosion (Section 3.4).
The following knowledge gaps are identified as priorities for further investigation, to provide local data to
define the effectiveness of the above gully management program at reducing sediment loading on the GBR
lagoon, and to further strengthen the ability to target gully management:
1. To rapidly provide an interim evidence base for the program recommended above, undertake a
quantitative survey of how different historical grazing practices (particularly stocking rates) have
affected gully erosion rates. Monitoring should include metrics of stocking rates and timing,
vegetation cover and composition, soil hydrologic function and sediment yield.
2. Determine the spatial variations in gully erosion rate across management units. This involves
extending the above analysis to sites with different soil type and climate zones. Such information
will improve prioritisation of gully management within and between management units to target
gullies supplying fine sediment and nutrients at the highest rates. This synthesis of gully research
has assumed that all gully features supply fine sediment at equal rates over the long term.
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3. Develop mapping of gully extent in the Fitzroy region, in coastal management units of the
Burdekin region, and in the upper Herbert River basin that is based on extensive manual digitising
of gully extent from available high-resolution imagery, and with resolution as fine as can be
supported by the data (e.g., 1 km2). Also work with NRM groups in Mackay-Whitsunday and Wet
Tropics regions to map gully erosion in specific gullied areas.
4. Use the improved gully erosion mapping to make an assessment of areas vulnerable to future
gully erosion in the Fitzroy region, using the method described in Section 3.4.
5. Extend soil series disaggregation mapping, such as that provided by Odgers et al. (2014) from the
original 1:250,000 Dalrymple Land Resource Survey (Rogers et al., 1999) to priority catchments.
This data improved the accuracy of modelling gully extent and gully vulnerability by providing a
finer level breakdown of water, topography and parent material.
6. Investigate the role of surface gold and tin mining on gully erosion. There is spatial and temporal
association between gully erosion and mining in some areas (Section 2.2). If these features are still
actively eroding, they warrant attention. Gullies formed due to mining may be less impacted by
surface runoff and require greater emphasis on active and passive remediation measures.
7. Define the spatial contributions of sediment sources to particulate nutrient loads, and the extent
and timescales of the bioavailability of particulate nutrients delivered to coastal waters.
8. Institute processes for the Paddock to Reef catchment modelling to routinely incorporate ongoing
advances in erosion data from field monitoring, process modelling and sediment source tracing.
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