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This document presents the highlights of several key National Environmental Science Program (NESP) Tropical Water 
Quality Hub (TWQ Hub) research projects investigating aspects of gully remediation for maximising fine sediment 
delivery to the Great Barrier Reef. These projects have been conducted in close collaboration with a wide range of 
research partners, but in particular, the Landholders Driving Change (LDC) project led by NQ Dry Tropics and funded 
through the Queensland Government’s Reef Water Quality Program. For example, NESP TWQ Hub projects have 
delivered research quality monitoring and evaluation of a number of gully rehabilitation sites in the LDC project. 

The findings will continue to inform on-ground gully rehabilitation projects being implemented in the Great Barrier 
Reef catchments and contribute to other compilations of technical guidance such as the Reef Trust Phase IV Gully 
and Streambank Toolbox. This Toolbox provides further information on potential design and treatment options.

The contributing NESP TWQ Hub research includes:

•  Project 1.7: Reducing sediment sources to the Reef: testing the effectiveness of managing alluvial gully erosion. Andrew 
Brooks1, Graeme Curwen2, John Spencer1, Jeff Shellberg2, Alexandra Garzon-Garcia3, Jo Burton3, Fabio Iwashita2

•  Project 2.1.4: Demonstration and evaluation of gully remediation on downstream water quality and agricultural 
production in GBR rangelands. Rebecca Bartley4, Aaron Hawdon4, Anne Henderson4, Scott Wilkinson4, Brett 
Baker4, David Boadle4, Kahlytah Ahwang4

•  Project 2.1.10: Achieving maximum reductions of sediment loads to the GBR on the shortest possible timescales: 
the application and adaptation of mine site rehabilitation approaches to alluvial gully rehabilitation in the Bowen 
catchment. Andrew Brooks1, John Spencer1

•  Project 3.1.7: Reducing sediment loads to the Great Barrier Reef – developing optimal approaches for treating 
alluvial gully erosion. Andrew Brooks1, John Spencer1, Nicholas J. C. Doriean1, Robin Thwaites1, Alexandra 
Garzon-Garcia3,1, Syezlin Hasan2,1, James Daley1, Jo Burton3,1, Peter Zund3

•  Project 4.9: Gully characterisation framework to underpin GBR catchment water quality management. Andrew 
Brooks1, Robin Thwaites1, John Spencer1, Tim Pietsch1, James Daley1 

•  Project 5.9: Gully remediation effectiveness Rebecca Bartley4, Aaron Hawdon4, Anne Henderson4, Brett Abbott4, 
Scott Wilkinson4, Nick Goodwin3, Kahlytah Ahwang4

•  Project 5.10: Development and application of automated tools for high-resolution gully mapping and classification 
from LiDAR data. James Daley1, Justin Stout1, Graeme Curwen2, Andrew Brooks1, John Spencer1 

Author affiliations (at the time of each project conclusion, some affiliation names have since changed): 1Griffith Centre 
for Coastal Management, Griffith University; 2Australian Rivers Institute, Griffith University; 3DSITI/DES; 4CSIRO.

The full findings are published in the research reports included in the ‘Further Reading’ section.

Specific questions about this product should be directed to:
Dr Rebecca Bartley, CSIRO Land and Water
rebecca.bartley@csiro.au

Associate Professor Andrew Brooks, Coastal and Marine Research Centre, Griffith University
andrew.brooks@griffith.edu.au
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Why focus on gully management?Why focus on gully management?
•  Gully erosion is considered a dominant source of anthropogenic sediment pollution to the Great Barrier Reef (GBR).

•  Modelled estimates indicate that gullies are the source of between 40-50% of the fine sediment load (the < 20µm 
fraction) delivered to the GBR.

•  Most gullies are found in the large dry tropics catchments i.e. Burdekin, Fitzroy, Normanby and parts of the Mary 
and Herbert on particular soil types (typically sodic), and in particular parts of the landscape (discussed below). 
These are the priority areas for fine sediment reduction under the Reef 2050 Water Quality Improvement Plan.

•  It is important to distinguish between gullies and ephemeral channels in the initial assessment of gully presence 
as erosion processes and hence management of these features may vary.

•  One of the advantages of targeting gully erosion for rehabilitation is that unlike other sediment sources (e.g. 
hillslope and to a lesser extent, channel erosion), it tends to be concentrated in relatively small areas (overall ~1% 
of the total land area in the priority areas). 

•  A large proportion of the most active gullies are the result of developed land uses (e.g. grazing, mining, roads) over 
many years.

Figure 1:  Assessing an alluvial gully in the Bowen catchment. 

Image: Justin Stout
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How has this research helped fill the gaps inHow has this research helped fill the gaps in

•  Until recently, the prioritisation and selection of gullies for rehabilitation 
was typically based on the ad hoc and qualitative use of satellite and/or 
aerial imagery, local knowledge and landholder interest. Consequently, 
the prioritisation and selection of gullies for management intervention 
was not systematic and did not necessarily deliver the highest potential 
investment value.

Figure 2: Griffith University researchers 
undertaking an RTK survey to ground 
truth alluvial gully mapping in the Bowen 
catchment. 

New mapping and 
prioritisation methods 
developed as part of the 
NESP TWQ Hub and  
Landholders Driving 
Change (LDC) programs 
provide a way of 
identifying active and  
cost-effective gullies for 
remediation.

•  There was also a reluctance to spend large sums of funding (often >$1 
million) to remediate large gullies or gully complexes without evidence 
that the remediation will be effective. The timeframes to measure a 
response in the sediment runoff were also unknown.

These studies focused 
on a range of gully 
remediation options, 
from the cheaper 
(<$5,000) projects that 
may be undertaken by 
landholders without 
significant external 
support through to 
medium sized projects 
($30,000–$100,000) 
and up to larger scale 
rehabilitation sites 
($500,000–$1 million). 
Early remediation 
trials (see below) have 
demonstrated that a 
range of active gullies 
can be remediated 
effectively and 
economically. The large 
active alluvial gullies are 
particularly responsive to 
treatment. The remainder 
of this document 
summarises some of the 
key findings from this 
work.

our understanding of gully management?our understanding of gully management?

Image: Justin Stout

3



Are there different types of gullies in the GBRAre there different types of gullies in the GBR

There are a large variety of gullies in the landscape which vary as a function of landscape setting, land type, soil type 
and hydrology. These differences influence the choice of management techniques. 

To simplify this diversity of forms, and therefore management approaches, a classification framework has been 
proposed.

•  At the highest level in the classification there are two gully types; alluvial (or river associated) and colluvial (or 
hillslope gullies). This distinction is based on the material the gullies are eroding into: alluvium - sediments 
deposited overbank from rivers and streams; and colluvium -sediments derived from in-situ weathering on 
slopes and/or downslope processes on hillslopes. The size of the gullies tends to be a function of the depth and 
expansiveness of these sediment deposits, as dictated by the local topography.

•  Data from high resolution gully mapping1 shows that the small number of gullies that are producing large volumes 
of sediment are predominantly alluvial. 

•  Alluvial gullies (example in Figure 3) tend to have a low catchment to active gully area ratio. This means that 
alluvial gullies will be only marginally influenced by changes to the rainfall to runoff ratio in the catchment. In this case, 
the rainfall on the alluvial gully itself plus river backwater can be the dominant hydrological drivers of erosion. Hence 
simply treating the gully catchment area will, in many cases, have minimal impact on these gullies. These are the 
gullies that best respond to intensive engineering treatment, and are typically large features (often > 2 – 3 ha; and 
>4 – 5 m deep). Reducing sediment from these gullies will necessarily involve treatment of the active surface through 
earthworks and soil capping/amelioration, as well as grazing management. 

•  Hillslope gullies (example in Figure 4) are more likely to have a high catchment to gully area ratio, and as 
such may respond more to improvements in the catchment condition associated with improved grazing practice. 
Hillslope gullies are best managed with a combination of low-cost runoff and erosion stabilisation structures and 
grazing management.

Figure 5 provides a conceptual model of the pre- and post-rehabilitation states of an alluvial and hillslope gully. While 
a typology that supports the ability to link a gully type to a specific management strategy is still under development, 
considerable progress has been made to the identification and definition of gully types. From this work, it is clear that 
not all gullies can or should be managed the same way.

Figure 3: Aluvial gully system in the Bowen catchment. 

catchments and how does this influence catchments and how does this influence 
management?management?

1Daley et al., 2021

Image: Justin Stout
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Figure 5: Conceptual model of pre- and post- rehabilitation states of an alluvial and hillslope gully.

Figure 4: Hillslope gully in the Bogie Catchment on black (vertosol) soils. 

Image: Damon Telfer
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Which gullies should be managed as a priority?Which gullies should be managed as a priority?
Whilst there are likely hundreds of thousands of gullies across the 
entire GBR catchment area, it is now very clear that the population 
is highly skewed, with a relatively small proportion of the gullies 
contributing a large proportion of the erosion and therefore 
sediment runoff to the GBR. Gully mapping and characterisation 
shows that there are distinct differences between alluvial and 
colluvial (or hillslope gullies) in terms of their sediment yield and 
morphological characteristics.

It is neither logistically nor economically feasible to remediate all 
gullies; nor is it necessary, for the following reasons:

•  Water quality targets have been set at levels that will 
protect GBR ecosystem health (typically requiring a  
25 - 50% reduction of loads from the 2013 baseline by 2025) 
and hence there is not an expectation that we can, or need to, 
return to pre-European water quality conditions.

•  Many smaller hillslope gullies (e.g. linear features of the order 
of 5 – 10m wide; 1 – 2m deep; < ~100m long) that were initiated 
during the last 80-130 years are reaching the end of their 
“natural” life and will tend to stabilise themselves if left to their 
own devices, providing grazing best management practices 
are adopted in these areas. The same trend is not typically 
the case for many alluvial gullies, which despite having been 
initiated at similar times to the hillslope gullies, are often on a 
linear or an accelerating trajectory and remain ‘active’ erosion 
sources as they have a much greater store of alluvium to erode.

•  Semi-automated mapping and analysis techniques using lidar 
have been developed to comprehensively assess the extent 
and characteristics of gullies as distinct from ephemeral 
streams. These techniques are critical in guiding selection 
of priority sites for rehabilitation and could be consistently 
applied across the GBR catchments, and at least in the highest 
sediment generation areas.

Analysis of 5,300km2 in the Bowen-
Broken-Bogie (BBB), Normanby 
and Fitzroy catchments show that 
30% of the gully sediment yield is 
coming from between 1.5- 3.5% (of 
the mapped gully population of ~ 
26,000 gulllies)

 There are three primary features 
of gullies that determine whether 
rehabilitation will deliver a cost-
effective return on investment:

1.  Rate of erosion – gullies that are 
active and have a high rate of 
fine sediment generation.

2.  Position in the landscape 
- includes factors such as 
distance to the end of the 
catchment, rainfall patterns and 
sediment delivery ratio which 
may be affected by soil type, 
slope and trapping mechanisms 
such as dams.

3.  Opportunities for efficiencies – 
rehabilitation of a large number 
of densely situated gully features 
may prove to be viable through 
‘clustering’ of efforts.

Figure 6: Reconstruction of the gully 
growth derived from the historical air 
photos, shown in Figure 7
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How are ‘active’ gullies defined?How are ‘active’ gullies defined?

1. Using remote sensing techniques e.g. multiple historical air photo images (e,g. Figure 6 and Figure 7), or lidar 
data which provides 3D representation of gully topography and allows gully erosion to be calculated over periods 
of years to decades. 

2. Where gullies have been mapped from lidar data, the sediment yield can also be determined by combining the 
gully volume with the reconstruction of the Prior Land Surface and an estimate of the gully initiation date which 
can be determined from back extrapolating the gully growth time series determined from aerial photos (Figure 7).

3. On ground site assessment using quantitative survey methods (e.g. terrestrial lidar; ground survey) (Figures 8 
and 9). 

4. Measurement of the water quality exiting the gully, i.e. this is typically employed for measuring pre- and post-
treatment water quality – after a site is identified using methods 1-3 above.

Figure 7: Historical air photo sequence at Strathalbyn northern gully site, showing a time series of gully development since 1956. 
Note the 2016 image is a lidar hillshade DEM. The air photo sequence is combined with the lidar DEM, from which a Prior Land 
Surface is reconstructed, to derive volumetric changes through time.

1956 1972 1985

2003 2013 2016

•  The most ‘active’ gullies are those delivering both large fine sediment loads and high specific yields (i.e. sediment 
load per unit area).

• Gully activity requires an understanding of historic erosion rates and is conventionally assessed in 
    four ways:
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Figure 10: (Left) A hillslope gully in the Bogie Catchment in 2016 and (Centre) in 2019 and (right) the DEM of Difference (DoD) 
with the erosion or sediment loss shown in green. Eastings and Northings shown for scale.

Figure 9: Terrestrial lidar scanning of a gully. 

Figure 8: Examples of ground-based terrain scanners, with (Left) the RIEGL Terrestrial Laser Scanner and (Right) the Zebedee 
Handheld Laser Scanner. 

• The current ‘best practice” method 
for quantitatively assessing gully 
activity rates at a regional scale is 
to use a Digital Elevation Model 
(DEM) of Difference (DoD) analysis 
from repeat airborne lidar surveys 
some years apart (ideally 5 to 10 
years apart) (Figure 10). However, 
at present the availability of repeat 
airborne lidar data is spatially limited.

• As an alternative to the DoD 
approach, a Potential Active Erosion 
(PAE) metric was developed to 
identify active gullies from a single 
lidar derived DEM – using aspects 
of the terrain roughness2. This has 
been calibrated to DEM of difference 
data and can now be used as a tool 
to compare gully activity across large 
areas where single pass lidar data 
exists. (Figure 11).
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Figure 11: An example of gullies mapped from a single run of lidar data classified according to gully activity as derived from the 
Potential Active Erosion (PAE) metric applied to the mapped gullies.

• Gully volume can also be used to provide an estimate of total gully sediment yield and, where the initiation date 
is known, the lifetime average sediment yield. However, gully lifetime sediment yields are influenced by the 
prior land surface reconstruction assumptions, which would very rarely be flat. An objective Prior Land Surface 
reconstruction method has been developed where lidar data is available which picks up remnant surfaces within 
the gully and bases the reconstruction on the surrounding terrain3.

2Daley et al., 2021; 3Daley et al., 2021, for more detail on this approach
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What other factors are important to considerWhat other factors are important to consider

NESP TWQ Hub research has identified several key factors:

•  ‘Economies of scale’ will be important in selecting a gully for rehabilitation. It may be more efficient to treat several 
gullies with slightly lower baseline yield if they are near to each other, or particularly if they are near to a high 
yielding gully. It will likely be more cost-effective in terms of transport costs and access issues, as well as design 
and monitoring costs.

•  Landholder ‘buy-in’ is critical. The buy-in includes permission to access sites and undertake the works, landholder 
support for post-rehabilitation site management, including grazing management.

•  Upslope catchment area is important. If a hillslope gully is large but has almost reached its natural extent and only 
has a small upslope catchment area, then it may not be cost-effective to actively treat this site, as it has almost 
reached natural maturity. Using controlled grazing management to reduce side-wall erosion may be sufficient. On 
the other hand, if there is a relatively small but active hillslope gully with large upslope catchment area, it may be 
suitable to treat as there is a large potential sediment saving by preventing future erosion. 

•  In some circumstances significant erosion can persist via surface rainsplash erosion, even where gullies have 
reached their full extent. Surface capping may be required at these sites. 

From the project partners perspective (e.g. in the LDC project), the following additional operational issues have also 
been identified:

•  Recognition of the planning and preparation needed to obtain permits and approvals to undertake gully rehabilitation, 
and more recently, COVID approvals. Weed permits are also required at some sites.

•  Ability to access to sites, particularly for large machinery, and access during the wet season. 

•  Consideration of the overall budget including the peripheral costs that go towards design, permit approvals, 
monitoring and maintenance.

Why is it important to monitor gullies?Why is it important to monitor gullies?
Monitoring has several purposes, including:

 1.  To evaluate the performance of the rehabilitation approach and find out if it was effective at reducing erosion and 
improving water quality, and by how much.

2.  To help understand erosion and rehabilitation processes. For example, which type of treatment works best for 
which soil type.

3.  To engage people and provide demonstration sites on the benefits of the rehabilitation efforts. People are often more 
likely to believe results from sites they can see. This may also encourage other landholders to trial rehabilitation 
on their property.

4.  To monitor the integrity of the site for the purpose of undertaking repairs and maintenance.

when selecting gullies for remediation?when selecting gullies for remediation?
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What level of monitoring is required for gullyWhat level of monitoring is required for gully

•  Monitoring is expensive, and it can take many years or wet seasons to measure results. Hence, there are different 
levels of monitoring, sometimes termed ‘gold, silver and bronze’ standard reflecting their degree of intensity, 
scientific rigour, cost and repeatability4.

•  ‘Gold standard monitoring’ is generally research level and describes the most comprehensive approach to 
monitoring in terms of the scope of indicators measured and longevity. It includes measures to determine ‘before 
and after’ conditions of erosion rates and land condition. Examples of indicators include high resolution site imagery 
(air photos, lidar, terrestrial scanning), onsite water quality monitoring (sediments and particle size analysis), runoff, 
ground cover and land condition, time-lapse photo points and transects and vegetation transects. It is the most 
expensive and most detailed, and it often leads to published results of repeatable, high-quality, high frequency 
data. This standard of monitoring is typically only conducted at a small number of selected sites, and should occur 
for many years (but at least 2 to 3 years). Gold standard monitoring is needed to obtain quantitative data or metrics 
on the performance of the rehabilitation (e.g. evaluation of effectiveness or process understanding). The results 
discussed in this document are based on gold standard monitoring sites.

•  ‘Silver standard monitoring’ is similar to gold standard but may not be as comprehensive (e.g. exclusion of 
nutrient sampling). It should, in theory, link the bronze and gold standard monitoring data together via a range 
of remote sensing products that can be captured across large areas. It may include some basic water quality 
monitoring such as rising stage samplers or turbidity sensors.

•  ‘Bronze standard monitoring’ describes the minimum level of monitoring recommended to be carried out at all 
rehabilitation sites, as it is generally much cheaper and quicker to do. Bronze standard monitoring may include 
photo points, vegetation transects and basic terrain analysis (e.g. to determine widths, depths and lengths of 
erosion features) . Bronze standard monitoring techniques are outlined in the Reef Trust Gully and Streambank 
Toolbox5). This level of monitoring may be sufficient to engage landholders and monitor the integrity of the sites. 
This level of monitoring is good AT identifying if maintenance is required, and if structures remain in place and 
function as anticipated.

4Described further in the LDC Water Quality Monitoring, Modelling and Reporting Implementation Strategy; Lewis et al., 2018
5Wilkinson et al., 2019

What is considered to be ‘best practice’ inWhat is considered to be ‘best practice’ in

A range of approaches were applied in the NESP TWQ Hub research informing this report to capture changes to 
the gully area and surrounding landscape before, during and after rehabilitation; this is often termed a ‘multiple lines 
of evidence’. This approach provides for redundancy or failure of any one method, allows independent validation of 
results and generates more defensible conclusions. For example, instrument failures can occur in these challenging 
and remote areas, and terrain analysis can be difficult when there is high vegetation cover. Table 1 summarises these 
approaches, which are illustrated in Figure 12.

Different parts of the landscape are also likely to have different timeframes of response and recovery (see Table 
1). For example, vegetation may respond within one wet season if there is sufficient rainfall, whereas runoff and 
sediment loads may take three years or more to change depending on the scale of rehabilitation and rainfall during 
the rehabilitation period.

management projects?management projects?

measuring the effectiveness of gullymeasuring the effectiveness of gully
rehabilitation?rehabilitation?
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Metric Context and time frame Specific Attribute Measurement technique

Vegetation cover, biomass 
and land condition

Vegetation is an early indicator of change 
and is important for the long-term stability 
of gully sites. Vegetation reduces rain-
splash erosion and runoff. Vegetation is 
strongly related to rainfall variability, but 
changes in vegetation can be detected in 
2-3 years (generally where grazing has 
been excluded). In some cases, the 
vegetation may not respond until the soil 
has been treated.

Cover and biomass 
changes on (i) the gully 
surface and (ii) the 
hillslopes surrounding 
the gully

Surveys of cover and biomass can be 
measured using a range of approaches 
e.g. Patchkey, Landscape Function 
Analysis (LFA), Botanal, Land Condition 
Assessment Tool (LCAT). 

Gully erosion or terrain 
analysis

Following or in parallel with vegetation 
recovery, the rates of gully scarp or 
headcut retreat and soil detachment 
should decline following treatment. 
Sediment trapping or deposition should 
also increase.

Gully headcut and wall 
erosion and deposition.   
(t/ha/y)

DEMs of Difference using terrain 
analysis (e.g. Airborne and ground-
based laser scanning such as Lidar, TLS 
or Zebedee). Airborne Lidar is generally 
only suitable for the large (alluvial) gully 
complexes. Detection limits reduce the 
application of Lidar for smaller gullies. 
Scanning times for ground-based 
sensors generally limit terrain analysis 
to part (and not whole) gully complexes 
(e.g. headcuts).                 

Improved water quality 
parameters 

If vegetation improves, and the erosion 
rate declines and sediment trapping 
increases, the concentration of sediment in 
the runoff leaving a site will decline. These 
secondary indictors of change may take 
several years to demonstrate an 
improvement following treatment (e.g. 2-5 
years) depending on rainfall seasons and 
the type of rehabilitation.

- Sediment conc. 
(mg/l) 

- Nutrient conc. (mg/l) 
- Particle size

Samples collected during events across 
the flow hydrographs at control and 
treatment sites (e.g. Figure 16A, 16B, 
16C)

Reduced runoff           
(mm or % runoff)

Reducing the amount of runoff from within 
a gully complex, as well as from adjacent 
hillslopes, is a primary aim of gully 
rehabilitation, for those gullies that have a 
significant catchment area. However, 
measuring changes in runoff can take 
many years to demonstrate against the 
natural background of climate variability (> 
3 years)

Changes in runoff would 
ideally be measured (i) 
on the hillslopes above 
the gullies and (ii) at the 
outlet of the gully 
complex 

Water depth and velocity measurements 
can be used to calculate flow discharge. 
Several wet seasons are needed to 
capture a range of runoff events (e.g. 
Figure 17).

Sediment and nutrient 
loads

Reductions in sediment and nutrient loads 
can be derived using different approaches 
such as terrain analysis and hydrological 
monitoring. Both techniques have 
strengths and weaknesses. Statistically 
significant changes in loads can take 
several years and rely on good (error free) 
measurements over >3 years (e.g. no 
major instrument failures)

A reduction in the 
amount of erosion and 
an increase in sediment 
deposition can be 
measured for the whole 
gully feature (t/ha/y)

DEMs of Difference using terrain data 
collected before and after the 
rehabilitation can determine reductions 
in sediment yield (t/ha/y). Scan accuracy 
can be impaired by large changes in 
vegetation at the sites following 
rehabilitation.

Sediment load change 
over time (t/ha/y)

Changes in the sediment load over time 
(t/ha/y) can be calculated by combining 
sediment concentrations and runoff/
discharge (Q). This metric also provides 
an estimate of fine sediment export in 
real time but is highly sensitive to wet 
season rainfall and instrument failure. 

1

Table 1: Key factors that should be included in a Gold Standard monitoring program of gully rehabilitation. See Figure 12 for 
the location of surveys and instruments.
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Metric Context and time frame Specific Attribute Measurement technique

Vegetation cover, biomass 
and land condition

Vegetation is an early indicator of change 
and is important for the long-term stability 
of gully sites. Vegetation reduces rain-
splash erosion and runoff. Vegetation is 
strongly related to rainfall variability, but 
changes in vegetation can be detected in 
2-3 years (generally where grazing has 
been excluded). In some cases, the 
vegetation may not respond until the soil 
has been treated.

Cover and biomass 
changes on (i) the gully 
surface and (ii) the 
hillslopes surrounding 
the gully

Surveys of cover and biomass can be 
measured using a range of approaches 
e.g. Patchkey, Landscape Function 
Analysis (LFA), Botanal, Land Condition 
Assessment Tool (LCAT). 

Gully erosion or terrain 
analysis

Following or in parallel with vegetation 
recovery, the rates of gully scarp or 
headcut retreat and soil detachment 
should decline following treatment. 
Sediment trapping or deposition should 
also increase.

Gully headcut and wall 
erosion and deposition.   
(t/ha/y)

DEMs of Difference using terrain 
analysis (e.g. Airborne and ground-
based laser scanning such as Lidar, TLS 
or Zebedee). Airborne Lidar is generally 
only suitable for the large (alluvial) gully 
complexes. Detection limits reduce the 
application of Lidar for smaller gullies. 
Scanning times for ground-based 
sensors generally limit terrain analysis 
to part (and not whole) gully complexes 
(e.g. headcuts).                 

Improved water quality 
parameters 

If vegetation improves, and the erosion 
rate declines and sediment trapping 
increases, the concentration of sediment in 
the runoff leaving a site will decline. These 
secondary indictors of change may take 
several years to demonstrate an 
improvement following treatment (e.g. 2-5 
years) depending on rainfall seasons and 
the type of rehabilitation.

- Sediment conc. 
(mg/l) 

- Nutrient conc. (mg/l) 
- Particle size

Samples collected during events across 
the flow hydrographs at control and 
treatment sites (e.g. Figure 16A, 16B, 
16C)

Reduced runoff           
(mm or % runoff)

Reducing the amount of runoff from within 
a gully complex, as well as from adjacent 
hillslopes, is a primary aim of gully 
rehabilitation, for those gullies that have a 
significant catchment area. However, 
measuring changes in runoff can take 
many years to demonstrate against the 
natural background of climate variability (> 
3 years)

Changes in runoff would 
ideally be measured (i) 
on the hillslopes above 
the gullies and (ii) at the 
outlet of the gully 
complex 

Water depth and velocity measurements 
can be used to calculate flow discharge. 
Several wet seasons are needed to 
capture a range of runoff events (e.g. 
Figure 17).

Sediment and nutrient 
loads

Reductions in sediment and nutrient loads 
can be derived using different approaches 
such as terrain analysis and hydrological 
monitoring. Both techniques have 
strengths and weaknesses. Statistically 
significant changes in loads can take 
several years and rely on good (error free) 
measurements over >3 years (e.g. no 
major instrument failures)

A reduction in the 
amount of erosion and 
an increase in sediment 
deposition can be 
measured for the whole 
gully feature (t/ha/y)

DEMs of Difference using terrain data 
collected before and after the 
rehabilitation can determine reductions 
in sediment yield (t/ha/y). Scan accuracy 
can be impaired by large changes in 
vegetation at the sites following 
rehabilitation.

Sediment load change 
over time (t/ha/y)

Changes in the sediment load over time 
(t/ha/y) can be calculated by combining 
sediment concentrations and runoff/
discharge (Q). This metric also provides 
an estimate of fine sediment export in 
real time but is highly sensitive to wet 
season rainfall and instrument failure. 

1

A number of additional monitoring principles were established from the research:

•  Due to the high variability of rainfall and site characteristics in these landscapes, whenever possible, measurements 
should be collected from both control and treatment sites for at least one, preferably two, wet seasons prior to 

Figure 12: An example of the location and types of (Gold standard) monitoring used to assess the 
effectiveness of gully rehabilitation on improving water quality.

rehabilitation works being undertaken. This is important as the gullies are likely to have behaved differently even 
before a treatment is applied. This provides much greater statistical power to detect and quantify changes in shorter 
time frames and provides confidence that a detected change was due to the treatment, and not just rainfall variability 
or other external factors.

•  Where funding permits, the same instrumentation should be used at both control and treatment sites for 
comparability. 

•  In some cases, using sediment concentration alone is considered sufficient to detect rehabilitation effectiveness. 
This an alternative to the considerable additional effort required to measure gully discharge, which requires 
measurement of discharge (runoff/flow), to calculate sediment loads. Measurement of sediment concentration 
without discharge is most suitable where baseline sediment yields have been well quantified, where concentrations 
are high (e.g. > 5,000 mg/L) and where the baseline erosion rates were statistically similar at both control and 
treatment sites. However, sediment concentrations can be strongly biased by the amount of runoff at a site, e.g. 
higher concentrations generally occur in low runoff years (all other things being equal). Conversely, high discharge 
can dilute concentrations. Therefore, gold standard monitoring sites should continue to collect discharge data to 
ensure that the sediment reduction measured is not due to variations in rainfall at the sites.

•  There are also new monitoring approaches like the PASS (Pump Activated Suspended Sediment) Sampler6 
developed through the NESP TWQ Hub projects that can provide high quality time integrated suspended sediment 
samples at much lower cost than traditional gold standard methods. Such methods can also provide a bridge 
between gold and bronze standard methods.

•  At sites where discharge is measured, the use of flumes (Figure 14) is highly recommended as direct measurement 
of flow velocity using acoustic doppler velocity meters is challenging in highly turbulent, flashy environments with 
high sediment concentrations. With a flume installed discharge can be determined via stage measurement alone.

6Doriean et al., 2019, 2020
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Figure 13: (A and B) An example of the instrumentation used to collect water samples; (C) Water quality instrumentation at a 
large alluvial gully rehabilitation site (D) Example of vegetation and land condition monitoring. 

Figure 14: Examples of flumes installed to measure discharge going into a gully (left) and at the treated gully outlet (right) – which also 
had flow diverted from its catchment.  In both cases it would not have been possible to collect samples or measure the discharge without 
the use of a flume to concentrate flow due to the diffuse nature of the flow. 
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Table 2 summarises the range of gully types, rehabilitation approaches and outcomes from gold standard 
monitoring sites in the last five years. The NESP TWQ Hub collaborative monitoring projects assessed 
treatment options at a number of hillslope and large-scale alluvial gully sites. 
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What are the key lessons for managing erosionWhat are the key lessons for managing erosion

• These studies demonstrated that effectiveness ratios of ~80-90%+ are achievable, at least in the 
short term, for most gully reshaping projects, provided that the treatment is well designed and 
covers the whole gully.

• Gullies treated with rock capping and soil ameliorants are more resilient to major rainfall events. 

•  It is important that livestock access is well managed and that maintenance problems are addressed 
in a timely manner and as they occur, with regular post wet season assessments.

• The larger scale rehabilitation works involving landscape rehabilitation, revegetation and rock chutes 
resulted in statistically improved vegetation metrics on the hillslope and within the gully after just two 
wet seasons7. There were also statistically significant improvements in total suspended sediment 
concentrations following the earth works at the treatment site. Sediment loads have also declined 
following treatment, relative to the un-treated control. Sites that had statistically significant improved 
water quality and sediment yields following treatment, had calculated effectiveness values of ~85%. 
Additional years of data will determine how variable this effectiveness value is for a broader range 
of rainfall seasons.

•  Some of the smaller less intensive rehabilitation options showed trending improvements in vegetation, 
erosion reduction and sediment trapping, however, not all results were statistically significant and 
further data is required to detect changes.

•  Overall, the large active alluvial gullies (often > 2 – 3 ha and >4 – 5 m deep) are particularly 
responsive to treatment. These features, if left untreated, are often on a linear or an accelerating 
erosion trajectory and remain ‘active’ erosion sources, and therefore should be treated as a very 
high priority. Delayed rehabilitation of these sites may result in higher future erosion, which should 
be balanced in the context of smaller scale improvements achieved elsewhere.

Figure 15: Several lobes of an active hillslope gully in the Bowen catchment. 

from large active gullies and improvingfrom large active gullies and improving
downstream water quality?downstream water quality?

7See Bartley et al., 2020

Image: James Daley
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What are the key lessons for managing erosionWhat are the key lessons for managing erosion

•  Higher concentrations of smaller and/or less active gullies (e.g. Figure 15) can be identified and 
prioritised for less intensive management, particularly when the sediment reduction outcome per site 
is otherwise likely to be small and doesn’t justify expensive and intensive rehabilitation.

•  Treatment may involve fencing-off gullies (e.g. Figure 16), stock management and installation of 
cheaper sediment traps or porous check dams.

•  Often when gully headcut migration slows down, the gullies will continue to erode via side-wall 
erosion and/or surface deflation from rainsplash. This means that maintaining good vegetation cover 
on the gully walls and floor can be important for reducing the overall sediment loss. This is generally 
managed by keeping cattle away from gullies.

•  Using cheaper porous check dams can also help trap some of the sediment that will be liberated from 
the final phase of gully erosion as it matures and stabilises.

Figure 16: Stock exclusion in a gully for 2 years resulted in vegetation recovery and an increase in natural sediment trapping. 

•  NESP TWQ Hub and LDC project sites that had fencing and porous check dams installed demonstrated 
improvements in vegetation. The increased vegetative cover, in conjunction with the sediment check 
dam structures, resulted in high (>90%) sediment trapping. However, the material that was trapped 
was predominantly coarse  (>63 µm) material. Coarse sediment will impact on freshwater ecosystems 
but is not a threat to the GBR.

•  Hillslope runoff diversion banks have also been shown to dramatically reduce runoff into gullies, 
especially where the banks divert a large proportion of the surface flow to the gully. However, there 
is a risk that diversion banks will concentrate surface runoff and cause gully initiation elsewhere, 
particularly in wetter years.  Diversion banks must include flow spreaders at the outlet. Continued 
monitoring of the effectiveness of these sites will be important.

•  When properties have good vegetation metrics, and relatively mature and non-active gully systems, 
gully rehabilitation is not worth doing for sediment reduction and water quality benefits alone. However, 
there may be other benefits including increased ecological habitat that make rehabilitation worthwhile 
(e.g. Figure 17).

from a large number of small scale gullies?from a large number of small scale gullies?
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Figure  17: An ephemeral hillslope channel (left) before and (right) after highly successful rehabilitation. This site has now 
increased the local habitat value of the site as a refuge for birds, reptiles and other fauna. 

Is grazing management required during andIs grazing management required during and

•  Grazing management during and following rehabilitation needs to be carefully managed to ensure gully rehabilitation 
treatments are not compromised. In most cases it is important to give treated areas a spell from grazing to allow 
vegetation to recover from the initial disturbance associated with rehabilitation. 

•  The exact time frame that grazing should be excluded from the site will depend on the soil type and slope, the area 
being remediated and the value of the rehabilitation investment ($) versus the likely cost of lost production. Large scale 
and expensive rehabilitation sites are vulnerable to failure if stock are reintroduced too early. In many of these studies, 
the formation of cattle tracks were a likely cause of the initial gully formation. There will be some cases where the risk of 
allowing stock access is too great given the small production gain from allowing access.

•  Selective re-introduction of small numbers of stock into the rehabilitation area for very short periods of time to control 
weeds may be appropriate, but the timing of grazing access needs to be well managed and should not occur within the 
wet season. Ideally, grazing management is discussed as part of the site selection process.

•  Although the use of high-density grazing or ‘mobbing’ of cattle may be considered suitable for accelerating landscape 
rehabilitation in some flatter degraded landscapes, there is currently insufficient evidence to demonstrate that cattle 
mobbing is a suitable for treatment of gullied areas. 

•  Timing of rehabilitation in relation to the wet season is critical. Rehabilitation should not be undertaken when there is a 
high risk of wet season rainfall. It is too risky and can compromise the site through subsequent high rainfall events.

Is gully remediation cost-effective, and how isIs gully remediation cost-effective, and how is

Cost-effectiveness analysis is a technique that relates the costs of a program to its key outcomes. For gully rehabilitation, 
cost-effectiveness is a measure of how much sediment reduction can be achieved per dollar of investment. Assessing cost-
effectiveness is important because projects vary widely by factors such as the amount of sediment reductions, construction 
costs, maintenance costs, the time lags until they become effective, the risks of failure and the number of years for which 
projects remain effective.  

after gully remediation?after gully remediation?
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What are the remaining gaps for gullyWhat are the remaining gaps for gully

•  Proportionally all errors associated with the monitoring process are dwarfed by the uncertainty in baseline yield determination. 
More effort needs to be directed towards baseline sediment and nutrient yield determination to ensure the integrity of 
estimates of GBR water quality improvement. As a minimum, this should include historical air photo analysis coupled with 
lidar data, and an objective method for prior surface reconstruction. To ensure consistency and cost-effectiveness it may be 
more efficient to do this centrally using a standard operating procedure at a regional scale.

•  A consistent method for estimating cost-effectiveness, based on the approaches developed for the LDC Project8 (noted 
above) and NESP TWQ Hub Project 3.1.69, should be applied for the major investment programs to avoid confusion 
and to allow comparison between projects and programs. Further work is needed to formalise this approach amongst 
practitioners and policy makers. This approach can be adapted to include potential savings and cost-effectiveness for 
particulate nutrients as well as for sediments, once a clear relationship between the two is established.

•  Given that the current GBR-wide gully presence/absence mapping does not distinguish between basic gully types or 
between gullies and ephemeral channels, there is a need to develop an approach to retrofit a gully typology to this 
dataset and to disaggregate ephemeral channels from gullies.

•  Additional information of the role of vegetation within the gully, and on the hillslope above the gully, is still needed. 
Information on which vegetation species are most effective at stabilising gullies, and the amount of vegetation needed to 
prevent future gully development, is limited.

8Star et al. 2019; 9Smart et al., 2020

•  Cost-effectiveness calculations are variable between sites due to variations in the baseline sediment yield  
against which costs are offset. Uncertainty in quantifying the baseline erosion rate (effectiveness) and the  
costs of treatment also contribute to observed variations. 

•  The cost-effectiveness of sites with high baseline sediment loads can be in the order of ~$100- $1000/t/yr (based on an 
estimated long-term average annual sediment reduction). These values account for on-site design and construction costs 
only. A similar amount again can be required to identify sites, to assist improvements in grazing practice in surrounding 
paddocks, to monitor and communicate outcomes with the community and to deliver erosion control projects. These 
costs should be included in any assessment of cost-effectiveness.

•  Different methods to estimate rehabilitation effectiveness (the sediment reduction e.g. lidar versus water quality 
monitoring) will potentially give different results. Therefore, it is important to use the same approach when comparing 
between control and treatment sites or where possible, multiple approaches to see whether they are similar regardless 
of the monitoring technique.

•  Estimates of baseline sediment supply can be made by using terrestrial or airborne lidar data to obtain more accurate 
gully dimensions. However, the estimates need to be placed in the context of the longer-term gully erosion trajectory 
(generally using historical air photos) as contemporary approaches (e.g. lidar) based erosion rates may vary from 
historical erosion rates (and vice versa) and can be high variable. This variability contributes to high uncertainty in the 
estimates of cost-effectiveness. For this reason, cost-effectiveness may be best calculated at the project or program 
scale (across numerous gullies) as this will help balance out the inherent spatial and temporal variability associated with 
gully dynamics at individual sites. 

•  Monitoring data collected at a site can greatly improve the estimate of cost-effectiveness for the rehabilitation activity. 
Some of the data sets and their benefits include (i) the measured % of clay and silt of the soils at the site which can 
provide greater accuracy than interpolated estimates; (ii) measured changes in water quality leaving the sites that 
provide actual estimates of rehabilitation effectiveness; and (iii) measured changes in the vegetation that provide early 
indicators of improved landscape health.

•  Discounting for impacts in the future should be applied to the estimates of sediment reductions (benefits) and costs at 
the same rate8,9. Benefits need to be discounted to reflect that earlier pollutant reductions are preferred over later ones, 
while costs are discounted to reflect declining purchasing power over time and a societal preference for deferring costs 
until later where possible. A discount rate of 7% has been previously applied in analysis of water quality improvements 
for the GBR9. The end result should be that the present value of all the key costs of the project (in $ terms) are compared 
to the present expected value of the sediment reductions (in physical terms). The resulting ratio of these two estimates 
is an appropriate cost-effectiveness measure.

•  Future studies should consider integrating cost discounting, production cost losses, maintenance costs and the influence 
of lag effects, however, these will need to be considered in the context of the high variability related to calculating the 
baseline sediment yields and potential rehabilitation effectiveness at a site.

remediation research?remediation research?
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