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EXECUTIVE SUMMARY 

1. This study provides the first comprehensive quantification of alluvial gully remediation 

effectiveness and cost-effectiveness in Australia. 

2. The study demonstrates that alluvial gullies can be cost-effectively remediated to the 

point where they achieve an effectiveness factor of >95% (i.e. reducing the sediment 

yield from the gully by more than 95%) within one year. After two years a number of 

gullies had an effectiveness factor of 100% (i.e. complete cessation of gully erosion) (see 

Sections 3.1.5, 3.1.7, 3.1.8, 3.2.5, 3.2.8) 

3. The highest effectiveness ratios were documented at sites that had full reshaping and 

rock capping (see Sections 4.1.2, 4.2.2). 

4. Gullies treated with organic mulch and other non-rock surface treatments experienced 

somewhat lower effectiveness ratios than the gullies treated with rock capping (see 

Sections 4.1.2, 4.2.2). 

5. Provided that basic maintenance is adhered to, including cattle exclusion, there is every 

reason to believe such sediment reductions can be maintained for the foreseeable future. 

However it is likely non-rock based treatments will require more maintenance over the 

longer term. 

6. In one gully (Crocodile Station 2.234) an effectiveness factor of > 100% was observed, 

i.e. where the gully was fully stabilised plus had sediment deposited within the gully floor 

from water delivered to the gully from both the gully catchment and river backwatering 

(see Section 4.1.2). 

7. Gullies 0.1, 0.2 and 1.1 at Crocodile Station were constructed too late in the 2017 dry 

season and the construction site was impacted by an early storm. This resulted in the 

sediment yield for the first year post construction being double that of the baseline. Key 

Lesson ï Do not risk undertaking site works late in the dry season (see Section 3.1.6).  

8. The results from this study suggest that the current effectiveness ratios for alluvial gully 

remediation in the Gully and Stream Bank Toolbox are significant under-estimates of 

what can be achieved using best practice approaches. Effectiveness ratios of > 90% 

should be achievable for most remediation projects (see Section 4.1.2). 

9. Gullies treated with rock capping and soil ameliorants are resilient to major events. In 

the most extreme test to date, one gully was inundated by 4 m of backwater flow from 

the adjacent river during a large flood (third largest on record), with no negative impact 

on the gully remediation (see Section 3.1.4). 

10. Alluvial gully backwatering is a major consideration for both remediation design and 

water quality monitoring. All alluvial gully water quality monitoring strategies need to 

consider how they will accommodate major backwater events, which should be 

considered inevitable in most cases (see Sections 3.1.4, 3.2.4, 6.1.2.5). 

11. The relationship between gully remediation and nutrient reductions is currently 

conflicted, as nutrient status is likely affected by the short-term addition of ameliorants 

during remediation. As such an effectiveness factor for reducing nutrient yield from 

gullies has not been calculated. Furthermore, we are currently unable to assess the 

contribution of gully remediation to meeting water quality targets for dissolved inorganic 

nitrogen (DIN), particulate phosphorus (PP) and particulate nitrogen (PN). However, 

available data suggests that gullies treated with rock capping alone result in a reduction 

in nutrient yields (both particulate and dissolved) that is commensurate with the reduction 

in sediment yields. Gullies treated with rock and organic ameliorants (e.g. mulch, 
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bagasse etc.), or organic ameliorants alone, demonstrate a reduction in particulate 

nutrient yield, but a net increase in dissolved nutrient yields. Current data from 

Strathalbyn suggests this effect is still evident two years post treatment. Whilst it is 

expected that this effect would dissipate with time, ongoing monitoring is required to 

determine how long the elevated dissolved nutrient loads persist after treatment. This 

information will enable the calculation of effectiveness factors for reducing nutrients from 

gullies as well as an assessment of the contribution of gully remediation to meeting DIN, 

PP and PN water quality targets (see Sections 3.1.10, 3.2.9). 

12. There is some evidence that fine sediment emanating from treated gullies is flocculating 

and forming aggregates, however further work is needed to confirm the mechanism and 

whether this is a consistent trend (see Figure 64). 

13. In the Normanby catchment, using a 7% discount rate over 25 years, the ranges in End 

of Gully (EOG) cost effectiveness (CE) are: $26/tonne - $58/tonne, while in the Burdekin 

catchment they are $40/tonne - $80/tonne. Using the same discount rate, End of System 

Cost Effectiveness (EOS CE) in the Normanby (having a sediment delivery ratio (SDR) 

of 0.45) becomes $58/tonne - $128/tonne, while in the Burdekin (SDR 0.94) EOS CE is 

$43/tonne - $85/tonne. The 7% discount rate and 25-year lifetime enable the upfront cost 

to be converted to its annualised equivalent cost so that it can be compared with annual 

sediment reduction (see Sections 4.1.3, 4.2.3). 

14. The cost-effectiveness metrics reported in this study only include the upfront 

costs. Maintenance costs are not included because at this stage the scale and frequency 

of maintenance required over the next few years is not known ï but is thought to be low 

at ~ 1% upfront costs every 3 - 5 years (acknowledging that there were mobilisation cost 

savings made for repairs undertaken in 2019 due to the presence of crews on site 

undertaking further primary works) (see Sections 4.1.1, 4.2.1). 

15. EOS cost-effectiveness as outlined could be used as a metric to inform investments in 

gully remediation across different GBR catchments, recognising that there are different 

ecological risk profiles for different sections of the Great Barrier Reef (GBR) (e.g. Cape 

York cf Burdekin). 

16. The greatest proportion of the uncertainty in determining the sediment abatement from 

gully remediation is associated with the determination of the historical baseline sediment 

yield. Proportionally all errors associated with the monitoring process are dwarfed by the 

uncertainty in baseline yield determination. Far more effort and resources need to be 

directed towards baseline sediment and nutrient yield determination to ensure the 

integrity of estimates of GBR water quality improvement (see Sections 2.1.1, 2.2.3, 5.2, 

6.1.1). 

17. Results from this study suggest that high yielding alluvial gullies remediation 

effectiveness ratios (RER) can be determined from sediment concentration alone, rather 

than the considerable additional effort required to determine gully discharge, and hence 

sediment loads (with appropriate caveats as described regarding high baseline yields 

and highly effective treatments) (see Section 6.1.2). 

18. The Pump Activated Suspended Sediment (PASS) sampler developed by Nic Doriean 

as part of his PhD undertaken through this project, is ideally suited for the cost-effective 

and rigorous collection of pre- and post-treatment sediment concentration data.  

19. Results from this study suggest that when using the highly effective gully treatments 

applied in this study, that Before / After or Control / Impact data are comparable, and that 

other than in ongoing research experiments, it is probably unnecessary to collect both. 
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The same caveats apply as those used for justifying the non-collection of loads data (pt 

17 above) (see Section 6.1.2). 

20. Conventional surface soil survey and classification is not appropriate for characterising 

soil materials in alluvial environments as inferring particle size, bulk density, soil 

chemistry, and nutrient data at depth from surface soil description and mapping can 

potentially lead to errors in baseline sediment and nutrient yield determination. The 

characteristics of alluvial sediments (being transported materials) below the depth of soil 

core observation are unrelated to the surface soil formation in many aspects. A 

geomorphological soil material assessment and mapping approach, employing 

stratigraphic principles, should be adopted to ensure that the soil material data 

adequately represents the gully for design purposes and for baseline sediment and 

nutrient yield characterisation (see Section 5.2). 

21. The net EOS fine sediment abatement achieved at the Crocodile Station and Strathalbyn 

Station sites respectively by May 2020 are 0.165 and 4.43 kt/yr. These reductions equate 

to 1.7% and 0.8% of the water quality targets for the Normanby and Bowen catchments 

respectively (Table 1). 

22. In order to meet the 2025 water quality targets for the Normanby and Bowen catchments 

respectively we estimate that 61 and 129 sites equivalent to those documented in this 

report need to be remediated in each catchment respectively (Table 1). 

 
Table 1. Reef 2050 WQIP interim Targets that need to be met by 2025 for the Normanby and Burdekin 

Catchments  

  

2025 EOS 
FSS reduction 

targets kt/yr 

Best 
Estimate 
verifiable 

catchment 
reduction to 
date (kt/yr) 
(2013-20) 

EOS FSS 
Abatement 
achieved 

from Study 
Project sites 

kt/yr 

Project 
outcome 

% of 
remaining 

target 

Number of 
equiv. 
sites 

required to 
achieve 

remaining 
2025 
target 

Normanby 15 5# 0.165 1.7% 61 

Burdekin (total) 890  .   

BBB/Lwr Burdekin 
(sub-set of Burdekin) 

623 50* 4.43 0.8% 129 

# From verified data from all RT2 and RT4 projects + a generous allowance for reductions achieved between 2013 

ï 2016, prior to RT2. (NB these differ from claimed P2R modelled reductions, which are unverified) 

*This is a very generous upper limit of verifiable reductions achieved to date in the Burdekin. 

 

Recommendations  

Overview 

The results presented here represent the first comprehensive quantification of alluvial gully 

remediation effectiveness in the GBR, and there is clearly a need for further data to be 

collected on similar remediation efforts within the GBR catchment to ensure that we are 

appropriately quantifying the remediation effectiveness and the cost-effectiveness. However, 

the effort and expense involved in collecting the data to the level outlined here is unlikely to be 

repeated, other than in a research context. However, there are lessons from this research that 

should enable us to streamline the process in the future, potentially making the process much 

more cost effective for ongoing remediation efforts so that they can be fed back into the GBR 
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catchment modelling, providing greater confidence in cumulative GBR water quality 

improvements. 

 

Baseline Data Collection  

Remediation effectiveness ratio (RER) and cost effectiveness (CE) calculations are highly 

dependent on the baseline sediment yields determined for each gully. Whilst it is important to 

focus on rigorous post-treatment water quality monitoring methods, to date little consideration 

has been given to the most important part of the RER and CE equations; the baseline sediment 

and nutrient yield. To ensure baseline sediment yields are as accurate as possible we 

recommend that baseline yields be determined by a centralised independent entity (to be 

determined) underpinned by an ongoing program to collect repeat airborne lidar every 2 ï 5 

years and water quality data. Baseline sediment yield data would then be determined by a 

combination of the following datasets: 

o Historical airphoto analysis (2D) ï as outlined in Daley et al. (2020). 

o Where possible additional photogrammetry using the historical airphoto dataset 

o Volumetric analysis based on the prior surface elevation reconstruction, also 

outlined in Daley et al., 2020, and Stout et al., (2019) - requires at least a 

baseline lidar dataset 

o Standard airborne lidar DoD analysis (once the repeat lidar data coverage is 

built up) 

 

The number of gullies requiring this detailed baseline can be limited to a set of several hundred 

high priority gully systems that have been identified through a separate prioritisation process 

(such as that undertaken for the Landholders Driving Change (LDC) Project ï Brooks et al., 

2020). In this way a set of priority gullies will have their baseline sediment yields assessed 

prior to allocation for treatment. Using this approach, gully remediation resources would only 

be allocated to a pre-determined set of gullies, for which the baseline data analysis has been 

undertaken.  

 

In addition, the historical sediment yield analyses at the selected gullies, ñbeforeò water quality 

monitoring would be undertaken to collect sediment concentration data using a combination of 

low-cost methods (e.g. RSS and PASS sampling), for at least two years prior to any 

remediation being undertaken. This would provide the necessary data for undertaking a 

Before/After SSC comparison to determine the RER for the selectively remediated gullies. The 

before SSC monitoring would also establish whether the gully meets the criteria for deriving 

the RER from sediment concentration data alone. 

 

Soil and sediment sampling would be undertaken at the prioritised sites using the Soil Material 

(SM) sampling approach, to establish the particle size characteristics for the sites, the soil 

chemistry and baseline nutrient status (which would be built into the sediment baseline yield 

determination). These data would serve the purpose of providing the soil material data required 

for remediation design purposes as well. 

 

General Gully Monitoring Recommendations  

The successful execution of monitoring water quality conditions in gullies situated in remote 

and harsh conditions, such as those described in this study, requires extensive planning, 

appropriate budget, and incorporation of equipment redundancy. The years of monitoring 
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water quality at Crocodile and Strathalbyn Stations have provided much needed experience 

regarding what is required to successfully monitor water quality in actively eroding and 

remediated gully systems. The following framework is intended as a guide for future gully 

monitoring projects. Adherence to the different components of the framework will ensure the 

best possible monitoring outcome is achieved by avoiding external influences (i.e., flooding 

and insect/animal damage to equipment) and method-based bias (i.e., use of appropriate 

monitoring equipment).  

 

Gully Catchment Monitoring 

All gullies are connected to a catchment upstream that discharges water into the eroding 

structure. Thus, any water quality monitoring plan related to gully remediation needs to account 

for water quality conditions in the catchment upstream of the gully and at the gully outlet. This 

will allow for the assessment of remediation success without the uncertainty associated with 

catchment processes occurring upstream. Furthermore, to enable cross comparison between 

water quality monitoring data and topographic monitoring data, which is only focused on the 

actively incised and treated component of the gully complex, it is necessary to be able to 

disaggregate the gully catchment water quality from the active/remediated gully portion. 

 

Meteorological monitoring 

A rain gauge with datalogging capabilities should be placed in a location that will measure 

rainfall totals that are representative of rainfall volumes in the gully and catchment. The rain 

gauge should be equipped with a datalogger and be capable of recording high resolution data 

(i.e. date and time stamp each 0.2 mm increment of rainfall). Ideally, two rainfall gauges should 

be used on the one site, in-case of equipment failure or damage. Rainfall data is an essential 

component for the following monitoring objectives: provide context for the characteristics of the 

wet season monitored compared to historical records; relate gully flow intensities to rainfall; 

identify backflow events; and provide data as redundancy for discharge modelling if needed.  

 

Hydrological Monitoring 

Water discharge measurements are required to estimate the yield of suspended sediment or 

nutrients discharged from the gully and catchment. Doppler velocity sensors were used at 

Crocodile and Strathalbyn Stations. Velocity sensors work well in streams and rivers, however 

the sensors were unable to provide the necessary data to accurately estimate water discharge 

when deployed in remediated and actively eroding gullies. A major complication with the use 

of doppler technology for measuring water discharge is the influence of turbulence from 

channel structures (e.g. debris or rocky channel surfaces) and the risk of equipment becoming 

covered or stranded as a result of vertical channel bed movement from scouring or aggradation 

respectively. Recent studies have identified that flume structures (e.g. ramped weir or Parshall 

flume) are the most reliable and accurate discharge measurement methods for ephemeral 

streams, such as gullies (Turnipseed and Sauer, 2010). These structures reduce the influence 

of channel bed scour or aggradation and rely on water level in the flume structure to infer water 

discharge, via a predetermined velocity/water level rating curve formula (Turnipseed and 

Sauer 2010). As outlined in the discussion above, it may not always be necessary to collect 

discharge data, particularly where the expected decline in sediment discharge is greater than 

an order of magnitude  
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Water quality monitoring 

At a minimum, two water quality monitoring methods should be used in tandem to collect 

samples from the catchment or gully outlet. The use of two methods is necessary as it ensures 

potential sampling bias can be measured and to provide redundancy for unexpected failures 

or damage. Initially, samples should be collected for SSC and Particle Size Distribution (PSD) 

analysis. Note, SSC analysis is not interchangeable with total suspended solids (TSS). The 

analysis method for TSS was designed for measuring effluent from wastewater treatment 

plants rather than natural surface waters (Gray, 2000). TSS analysis results are known to 

significantly underestimate (10-30%) total SSC measurements in natural waters as noted by 

other authors (Gray 2000; Howley et al., 2018) and as demonstrated experimentally in this 

study. For the estimation of suspended sediment yields, it is ideal to collect discrete samples 

that represent different stages of a flow event hydrograph (i.e., rising stage, peak, and falling 

stage) of several flow events over a wet season should be collected. If this is not feasible, then 

event time-integrated samples (e.g., PASS samples) should be collected for as many individual 

flow events as possible. Sample equipment intakes should be placed in a location where the 

most representative sample will be collected (i.e., facing downstream in the centre of the 

channel at a height that is approximately 60% of ambient flow height). If a flume structure is 

used, sampling intakes may be placed on the side wall of the flume, instead of the centre, 

because the structure will create a high level of sediment mixing compared to a natural or 

constructed open channel (Turnipseed and Sauer, 2010). Refer to the gully suspended 

sediment monitoring method evaluation study by Doriean et al., 2020a for more information.  

 

Backwatering 

All of the monitoring sites at Crocodile and Strathalbyn Stations were inundated with 

floodwaters from backwater events generated by nearby rivers and creeks. The findings of this 

study suggest that backwater events may be a common feature of alluvial gully systems, with 

inundation water levels ranging from 0.25 to 4 m depending on gully elevation relative to nearby 

waterways. Backwatering should be taken into consideration when monitoring all alluvial 

gullies. Failure to do so can result in the loss of data and damage or loss of equipment. For 

example, the backwater events that occurred at both monitoring sites during the 2018/19 wet 

season caused extensive damage to monitoring equipment and contaminated over 100 

samples with floodwater. Had the sample times not been cross checked with the stage data, 

the true sediment concentration emanating from the gullies could have been significantly 

misrepresented.  Samples collected during a backwater event are more representative of the 

concentrations within the stream or river flow rather than the gully ï and as such cannot be 

used for determining gully sediment or nutrient yields. 

 

Cost effectiveness Determination 

To date there has been considerable confusion surrounding the appropriate approach for 

calculating the cost-effectiveness of gully remediation, and indeed all water quality 

improvements within the GBR. We recommend that a guideline is established that will outline 

the agreed methods for calculating the cost-effectiveness of all water quality improvements 

(including cross-comparison between disparate approaches), along the lines of those 

published by the World Health Organisation for public health investments (WHO, 2003). 
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1.0 INTRODUCTION 

1.1 Background  

There has been increasing recognition over the last decade that gully erosion represents a 

major source of anthropogenically accelerated erosion within Great Barrier Reef (GBR) 

catchments and consequently a major threatening process to freshwater aquatic ecosystems 

and a source of sediment and nutrient pollution to the GBR Lagoon (GBRL) (Brooks et al., 

2013a; Olley., et al., 2013; Wilkinson et al., 2015). Current estimates are that on average 

around 40% of the fine sediment load delivered to the GBRL is sourced from gully erosion 

(Wilkinson et. al. 2014), although this proportion is only loosely constrained, and varies 

considerably between catchments. In some catchments (e.g. the Bowen) it is around 60%, and 

others substantially less. 

 

Early iterations of the GBR catchment sediment budget models assumed that hillslope gullies 

were the dominant gully form in GBR catchments (McKergow, 2005; Kroon et al., 2012), and 

management practices were tailored to that assumption (e.g. Wilkinson et al., 2018). Alluvial 

gullies (Brooks et al., 2009; Figure 1), however, have increasingly been recognised as 

contributing a significant proportion of gully derived fine sediment and nutrients to the GBR 

lagoon, with around 65% of the gully derived fine sediment load being from alluvial gullies in 

the Normanby Catchment (Brooks et al., 2013a) (now considered an under estimate), and just 

under 50% in the Bowen and Bogie catchments (Brooks et al., 2020). It has also been 

demonstrated that a disproportionate amount of the gully derived sediment is coming from a 

very small number of large alluvial gullies. For example, in the Bowen and Bogie catchments, 

of the 22,300 active gullies mapped thus far at high resolution (Brooks et al., 2020), 30% of 

the cumulative fine suspended sediment load (<20µm) is delivered from 2% of the gullies (~500 

gullies) which are primarily alluvial. Hence focused rehabilitation of these large, high yielding 

alluvial gullies is critical for achieving GBR water quality improvement targets. 

 

At the commencement of this project in 2016 there was no accepted practice as to how these 

major alluvial gully pollution sources could be successfully rehabilitated and stabilised. Apart 

from some initial plot-scale trials that had been undertaken in the Laura/Normanby Catchment 

in Cape York (Shellberg and Brooks, 2013a; Brooks et al., 2016a) there was very little 

published evidence for how whole alluvial gully systems should be treated and the likely 

effectiveness and longevity of these treatments. Prior to 2016 gully erosion rehabilitation efforts 

undertaken in GBR catchments were focused on the less active, smaller scale gullies which 

could be dealt with using manual labour and low-tech solutions (Thorburn and Wilkinson, 

2013). Large alluvial gully rehabilitation was discouraged because it was thought to be too 

risky and expensive (Wilkinson et al., 2015a). Treatment of small gullies was thought to 

represent a cheap approach that could be undertaken by landholders and natural resource 

management (NRM) agency staff. Whilst that is true, such activities have since been shown to 

be cost-ineffective to implement when one considers the cost per tonne of sediment reduction 

resulting from such direct treatments (Wilkinson et al., 2019 ï unpublished data). Furthermore, 

it is logistically infeasible to implement such an approach at a scale that would enable water 

quality improvement targets to be achieved in the required timeframe. Such approaches can 

do little to stabilise and reduce sediment yields from the large active alluvial gullies that are 

prevalent in major sediment producing catchments like the Normanby, Bowen-Bogie & lower 
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Burdekin Rivers. Sampling between 2005-2009 demonstrated that these sub-catchments 

delivered, on average, around 65% of the silt/clay fraction from the Burdekin catchment from 

around 11% of the catchment area, representing around 30% of the total silt-clay input to the 

entire GBR lagoon (Bainbridge et al., 2014).  As outlined by Hancock et al. (2014), sub-surface 

sources represent > 90% of the Bowen fine sediment yield, a significant proportion of which is 

from gullies. 

 

Similar proportions of sub-surface source dominance have been found in most of the large 

catchments draining to the GBR (Hughes et al., 2009; Tims et al., 2010; Olley et al., 2013), 

with extensive gullies being responsible for a significant proportion of fine sediment load in all 

of the large dry-tropics catchments. Large alluvial gullies are also one of the most connected 

sources of fine sediment, delivering sediment in many cases directly into the mainstream 

channels of the largest rivers draining to the reef. A recent study has also demonstrated that 

alluvial gullies are major sources of particulate nutrients to the GBR (Garzon-Garcia et al., 

2016). Hence, significantly reducing the loads derived from these alluvial gullies is critical if 

Reef 2050 targets are to be met (Anon 2018).  

 

A series of plot-scale trials had been undertaken in the Normanby catchment between 2011 

and 2013 with extremely promising results, indicating that erosion rates could be reduced by 

as much as 80% over a few years with the appropriate treatment of the dispersive alluvial soils 

(see Shellberg and Brooks, 2013; Brooks et al., 2016a). However, these plot scale trials 

needed to be upscaled to complete alluvial gully complexes and different treatments tested at 

the whole of gully scale to ensure that the sort of results achieved at the plot scale can be 

replicated at the gully complex scale. 

 

 

 

Figure 1. A selection of alluvial gullies from the Bowen catchment. (All photos Andrew Brooks except top 
right John Spencer) 
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Given the pressing need to reduce the stress on the GBR from impaired water quality, amongst 

other stressors, the Australian and Queensland Governments have jointly developed ambitious 

water quality improvement targets for each of the GBR catchments and regions, as outlined in 

the Reef 2050 Water Quality Improvement Plan (Anon 2018). For the two catchments that are 

the focus of this study, the Normanby and Burdekin, the end of system (EOS) fine sediment 

reduction targets are 15 kt/yr and 890 kt/yr respectively by 2025 (Anon 2018).  In the Normanby 

this equates to an erosion reduction at source of around 55 kt/yr (using the P2R sediment 

delivery ration of 0.45 and < 20µm material fraction of 60%); and in the Bowen/Bogie/Broken 

(BBB) sub-catchments in the Burdekin this amounts to around 1.1Mt at source (assuming the 

BBB is the source of 70% of the Burdekin EOS sediment load ï sensu Bainbridge et al 2014, 

with a Paddock to Reef (P2R) SDR of 0.94 and an average< 20µm material fraction of ~60%). 

Sediment tracing data indicates that at least 84% of the fine sediment in the Normanby was 

derived from sub-surface sources (i.e. channel and gully erosion) (Olley et al., 2013), and even 

higher than this (90-95%) in the upper catchment from where the majority of the sediment is 

sourced. In the Burdekin sub-surface sources represent 83-94% of the sediment load 

(Wilkinson et al., 2013a). Hence, significant inroads into the water quality targets in these 

catchments will only be made through remediation of the key sub-surface sediment sources, 

particularly gully remediation, given that addressing channel erosion has not been a major 

focus in either catchment to date. 

 

Given these extremely ambitious targets (and notwithstanding the fact that the Normanby had 

apparently already achieved its target before most gully remediation projects were initiated in 

the catchment - see 2018 Reef Report card1), approaches for achieving major reductions to 

gully derived fine sediment and nutrients are required if these water quality targets are to be 

met. 

 

In recognition of the need to pivot remediation effort towards sediment sourced from high 

yielding alluvial gullies so that the ambitious 2025 catchment water quality improvement targets 

could actually be achieved, NESP TWQ Hub Project 2.1.10 was undertaken to scope up the 

sorts of large scale landscape remediation efforts that would be required to be implemented at 

scale within the GBR gully erosion hotspot areas (Brooks et al., 2016b). The consensus view 

that came out of a workshop convened through NESP TWQ Hub Project 2.1.10 was that 

landscape-scale strategies were required to remediate large active alluvial gullies, more along 

the lines of the approaches used in mined land rehabilitation. 

 

When this project (NESP TWQ Hub Project 3.1.7) was developed in 2016, there were no 

accepted approaches or practices for undertaking large scale gully remediation, nor any data 

on the likely effectiveness of the treatments. This project was therefore established in parallel 

with two gully remediation projects that were just getting underway at the time, which aimed to 

begin to develop methods to undertake large scale alluvial gully remediation. The first project 

was undertaken by Cape York NRM with funding through the Reef Trust II program at 

Crocodile Station on the Laura River in Cape York. The second project was a collaborative 

project supported by the Queensland Governmentôs Reef Innovation Fund and Greening 

 

 
1  Note there is a significant disparity between the modelled water quality improvements outlined in the 2018 Reef Report card 
(which suggest the Cape York water quality improvement targets have already been achieved) and the evidence for quantifiable 
sediment supply reductions associated with gully remediation works, or indeed any other sediment reduction activities, 
undertaken on the ground in Cape York. 
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Australiaôs Reef Aid Program which would become known as The Innovative Gully 

Remediation Project (IGRP). This project was focused on Strathalbyn Station on Bonnie Doon 

Creek, a right bank tributary of the lower Burdekin at a site identified through earlier 

reconnaissance mapping undertaken by the project team. 
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Table 2. Estimates of erosion control effectiveness for different gully remediation options from the Reef Trust Gully Toolbox v3. (From Wilkinson et al., 2019) 

Channel 
erosion 
type (see 
definitions 
in Section 
1.1) 

Erosion control activity  
(darker colours denote foundational activities, 
which should also support more intensive 
activities shown in lighter colours) in my mind 
the Dark/light should be reversed 

When to consider applying activity (criteria for 
when to consider stepping to the next / higher 
cost option) 

Recommended 
complementary 
activities  
(those in brackets 
apply in some cases) 

Relative 
unit area 
cost / 
technical 
complexity 
(assuming all 
recommended 
complementary 
activities are 
undertaken) 

Estimated 
erosion 
control 
effectiveness 
(assuming all 
recommended 
complementary 
activities are 
undertaken) 

Hillslope gully 
(dry tropics 
and/or wet 
tropics if 
present) 
 
 

1. Improving grazing management in 
gully catchments 

On properties with land in poor condition, and on which 
other erosion control activities are also implemented. 

2 $ 0.1 (A) 

2. Fence to control livestock access to 
erosion control sites  

Essential pre-requisite for all activities where livestock are 
present (may result in additional watering point being 
required).  

1 $$ 0.2 

3. Actively revegetate gully (including 
brush matting or compost & 
contour debris placement on 
slopes) 

After fencing & any other works have been undertaken 
Soil EATB class >2. 

1, 2 (4, 5, 6) $$$ 0.3 

4. Porous check dams Small catchment areas and non-dispersive soils (see 
detail). 

1, 2, 3 $$$ 0.4 

5. Road and catchment runoff 
management including diversion 
banks and contour ripping  

Where overland flow or road runoff is contributing to 
erosion and diversion can be safely implemented. Ripping 
of dispersive subsoils is not recommended. 

1, 2, 3, (4) $$$ 0.2 (B) 

6. Gully head drop structures At gully headcuts migrating at > 1m/yr over last 10+ yrs. 1, 2, 3, 4, 5 $$$$ 0.6 

7. Gully reshaping + gypsum Rapidly eroding gullies with dispersive/slaking soils ï
EATB class 1 & 2. 

1, 2, 3, 4, 5, (6) $$$$ 0.6 

Alluvial gully ï 
additional 
options to 
above 

8. Gypsum/lime + composting or 
mulching to support reveg without 
major reshaping 

Small active gullies/scalds with dispersive/slaking soils  
EAT(c) class 1 & 2. 

1, 2, 3, (4, 5, 6) $$$$ 0.6 

9. Soil capping with stable soil/rock as 
alternative to 8 

Highly active gullies with dispersive/slaking soils ïEATB 
class 1 & 2. 
Land management agreement ensures no grazing for at 
least 5 years.  

1, 2, (3, 4, 5, 6, 8) $$$$ 0.5 

10. Reshaping  Highly active gullies with dispersive/slaking soils ï EATB 
class 1 & 2. 
Land management agreement ensures no grazing for at 
least 5 years.  

1, 2, 3, 8/9, (4, 5, 
6) 

$$$$ 0.6 
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1.2 Project Objectives 

The objective of this project was to measure the effectiveness of large-scale alluvial gully 

remediation using approaches typically undertaken in mined land rehabilitation and large-scale 

civil engineering works (such as highway construction). This report presents the results of a 

four-year monitoring program (2017 ï 2020) that was established to work in partnership with 

these two on-ground remediation projects. For comparison, the current best estimates of the 

alluvial gully remediation effectiveness from the Gully and Stream Bank Toolbox second 

edition (Wilkinson et al., 2019) are between 0.5 and 0.6 depending on the extent of the 

treatment. 

 

1.3 Research Questions 

This study for the first time provides quantitative data on effectiveness ratios for large scale 

alluvial gully remediation, and evidence as to the time required to achieve these reductions. 

This report presents the results from three years of monitoring at the first two large-scale 

alluvial gully remediation projects undertaken in the GBR catchments; at Crocodile and 

Strathalbyn Stations in the Normanby and Burdekin catchments respectively, commencing in 

2016. The projects were set up to answer the following questions:  

 

1.3.1 Primary Questions  

1) What is the erosion control effectiveness factor for alluvial gully remediation in different 

settings, using different remediation techniques? 

2) How long does it take to achieve significant reductions in sediment and nutrients 

associated with large scale alluvial gully remediation? 

3) How resilient are the treatments in large events? 

4) Is there a commensurate reduction in bioavailable nutrients associated with observed 

reductions in fine sediment yield associated with gully remediation? 

5) How cost-effective is large scale gully remediation? 

 

1.3.2 Secondary Questions  

6) What are the best ways to monitor gully erosion remediation efforts at scale? 

7) What are the minimum requirements for baseline site analysis at a new gully 

remediation site? (i.e. as the basis for site design and sediment abatement 

determination). 

8) Is the conventional surface soil mapping and classification appropriate for 

characterising the deep alluvial gully soil landscape? 

 

1.4 Study Design 

The study was setup with a partial Before After Control Impact (BACI) study design at the two 

sites (Figure 2), in which a single untreated control gully was monitored for the life of the project 

and several of the treated gullies monitored for either one or two years prior to treatment (i.e. 

providing Before data), and between one and three years post treatment. All sites were 

monitored using annual repeat high resolution airborne lidar survey (~ 0.1m resolution) and/or 

terrestrial lidar to measure baseline erosion rates and to detect changes post-treatment. For 
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cost and logistical reasons, only six of the 14 treatment sites at Strathalbyn Station had 

comprehensive water quality monitoring undertaken; the Control site and five Treatments (T1, 

T2, T3, T4, T6) as indicated in Figure 10. At Crocodile Station the Control and first treatment 

gully (2.234) were monitored using a comprehensive suite of water quality sampling methods 

(including autosamplers), while three of the treated gullies were monitored with a slightly less 

comprehensive set of techniques. The suite of monitoring techniques used at both study sites 

is summarised in Table 8 and Table 9. 

 

 

Figure 2. Regional catchment map showing the site locations of (A) Crocodile Station in the Normanby 
River Catchment, and (B) Strathalbyn in the lower Burdekin River catchment 

 

1.4.1 Measuring Remediation Effectiveness 

To measure remediation effectiveness, data was collected using two fundamentally different 

and complementary methods.  First, detailed high resolution lidar was collected at regular 

intervals over the three years of the study, before and after each wet season, and topographic 

change determined from DEM of Difference (DoD) analysis.  From these data total sediment 

yield was determined at the control gully and each of the treatments. Baseline yields were 

determined at most sites prior to remediation works being undertaken from lidar DoD analysis.  

The remediation effectiveness was then determined through comparison of the net sediment 

yields before and after treatment, as well as by comparison with the untreated control each 

year. 

 

Second, water quality monitoring was undertaken using a range of different monitoring 

techniques and the suspended sediment concentrations and modelled loads compared with 

the control each water year. To account for variation in the baseline yields of the respective 

gully treatment areas with respect to the control (a sometimes significant variation), the 

observed annual yields are adjusted as a function of the ratio of the baseline yield at the 

treatment site compared to the control baseline yield, as shown in equation 1: 

ὛὣὝ
ὛὣὝ

ὛὣὝȾὛὣὅ
                                      ρ 
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Where ὛὣὝὥ = the adjusted sediment yield for the given treatment gully in t/ha/mm of incident 

rainfall for each water year (for lidar DoD data), or alternatively t/m3 of discharge for each water 

year where monitored SSC data is being used (assuming that the same metric is used for each 

term in the equation ï i.e. t/ha/mm cannot be mixed with t/m3); ὛὣὝ = the observed sediment 

yield for the given treatment gully; and ὛὣὝὦ and Ὓὣὅὦ are the treatment site and controls 

baseline sediment yields respectively, all with the same units  - i.e. t/ha/mm of incident rainfall 

for each water year (for lidar DoD data), or alternatively t/m3 of discharge for each water year 

where monitored SSC data is being used.  In this case the yields do not need to be normalised 

for area as well, as this is inherent in the discharge calculations. 

 

Remediation Effectiveness Ratio (RER) is then defined in two ways; first as: 

ὙὉὙ
Ὓὣὅ  ὛὣὝ

Ὓὣὅ
ρππ                                       ς 

 

Where CI denotes control & Impact (treatment) of different gullies across the same time period; 

SYC = sediment yield of control gully in t/ha/mm of incident rainfall for each water year (for lidar 

DoD data), or alternatively t/m3 of discharge for each water year where monitored SSC data is 

being used; SYTa = adjusted sediment yield of the treatment for the same time period as the 

control in t/ha/mm of incident rainfall for each water year (for lidar DoD data), or alternatively 

t/m3 of discharge for each water year where monitored SSC data is being used (i.e. controlling 

for hydrology), or 

ὙὉὙ
ὛὣὄὛὣὃ 

Ὓὣὄ
ρππ                                       σ 

 

Where BA denotes Before/After treatment; SYB = sediment yield of the treated gully before 

treatment in t/ha/mm of incident rainfall for each water year (for lidar DoD data), or alternatively 

t/m3 of discharge for each water year where monitored SSC data is being used; SYA = sediment 

yield of the same gully post treatment in t/ha/mm of incident rainfall for each water year(for 

lidar DoD data), or alternatively t/m3 of discharge for each water year where monitored SSC is 

being used (controlling for edaphic factors).  

 

Using this metric for assessing the effectiveness of a gully remediation treatment an RER of 

100% means the gully is no longer producing any sediment. It is also possible to achieve a 

RER of > 100% (which means the gully is a net sediment sink). 

 

1.4.2 Crocodile Station Site Selection 

The Crocodile Station site was identified as a priority as part of an analysis undertaken for the 

Cape York Water Quality Improvement Plan (CYNRM and SCYC, 2015). Gully erosion was 

analysed in the Normanby catchment as part of the Normanby sediment budget study (Brooks 

et al., 2013a) and this analysis was further refined in the Normanby Basin Gully Prioritisation 

report (Brooks et al., 2015) to inform the Eastern Cape York Water Quality Improvement Plan. 

This analysis demonstrated that the Crocodile Station area was a major sediment source 

hotspot at the catchment scale and an appropriate place to begin to focus large scale gully 

rehabilitation efforts. A total of 24 gully complexes were identified in the Crocodile Station area 

on both sides of the Peninsular Development Road (PDR). The proximity of the main PDR 

makes this the easiest of all sites to access in the Normanby Basin, which should make the 

rehabilitation of these sites some of the most cost effective. The six sub catchments that 
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overlay lidar block 16 are in the top 100 sediment yielding sub catchments within the Normanby 

Basin (Brooks et al., 2015). Total erosion from these 24 complexes, was 7,107 t/yr (or ~2010 

t/yr FSS EOS) for the sample period. The five gullies selected for the study in this area have a 

cumulative baseline FSS EOS yield of 300 t/yr. 

 

1.4.3 Strathalbyn Site Selection 

The Bonnie Doon Creek gully sites initially identified as a prospective site during an aerial 

reconnaissance survey in 2015 by the first author, and a subsequent prioritisation process 

undertaken by Ross Andrewartha at Greening Australia confirmed the suitability of the site 

from multiple perspectives, the most important of which was the willingness of the landholders, 

Bristow and Ureisha Hughes to host the project on their land. A report quantifying the baseline 

sediment yields for this site, and verifying the appropriateness of the site, was produced for 

Greening Australia in 2017 (Brooks et al., 2017), and updated in 2020 (Daley et al., 2020). 
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2.0 STUDY SITES AND METHODS 

2.1 Crocodile Station 

The study site is located on Crocodile Station in the Normanby River Catchment of Cape York 

(Figure 2). A sequence of gullies that have formed in the alluvial floodplain and terrace of the 

Laura River (Figure 3). The tropical climate of the region is characterised by wet (October to 

April) and dry (May to September) seasons. Approximately 95% of the annual rainfall occurs 

during the wet season (Brooks et al., 2014a). The long term rainfall record for the site is shown 

in Figure 4 while the annual 

rainfall recorded at site over the 

life of the study can be seen in 

Figure 5. The study site is 

located within an alluvial 

terrace, into which prior gullying 

had occurred during the 

Holocene, giving rise to an 

undulating topography draining 

from the old alluvial ridge. The 

alluvium is surrounded by 

sandstone ranges of the 

Jurassic/early Cretaceous 

Gilbert River sandstones. The 

alluvial sediments comprising 

the floodplain/terrace are 

derived from the Laura River 

catchment, which is dominated 

by the Ordovician Hodgkinson 

Formation meta-sediments, the 

Gilbert River sandstones, and 

Quaternary/Neogene Maclean 

Basalts (Brooks et al., 2013; 

Brooks et al., 2014b). 

 

 

Figure 3. Site map of the Crocodile Station study area showing the 5 study gullies and their catchments 
and the locations of monitoring equipment. Note Gully 2.1 is the Control for the study. 

 

The study site is mainly composed of alluvial deposits from the Laura River and Earls (or 

Redbank) Creek deposited during the late Quaternary Period. Within the Crocodile Gap study 

area, the landscape can be divided into three geochronological geomorphic units described, 

from oldest to youngest and in Table 3. 
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Table 3. Depositional layers and landforms within the study site. 

Landform / 

Alluvial 

deposit 

Definition 

Recent alluvia Alluvial sandy sediment deposits originating from the Laura River catchment 

Older alluvia 
Alluvial fine sandy and clay sediment deposits originating from palaeo-Earlôs 

(Redbank) Creek catchment and the Laura River 

Colluvial fan 
Colluvial fan deposits and associated soils from the Byerstown Range made 

up of greywacke, slate, mudstones, as well as sandstones and conglomerate 

 

Downstream of the study site, the Laura River passes through a narrow passage between the 

Byerstown Range and the Deighton Tableland which has acted as a constriction on the 

Quaternary Laura River floods. This restriction to flood flows causes the build-up of alluvial 

deposits upstream where the sediment transporting energy is reduced, thereby creating a plain 

of alluvial erodible materials that is now being incised owing to the lower flow levels of the 

Laura River and tributary creeks compared with those of the Quaternary. 

 

Project NR02 of the Cape York Land Use Study (CYPLUS) collated all existing soils 

information on Cape York, including the soil information and conclusions from the Mitchel-

Normandy Survey. Within our study area, they defined the following broad soils on the colluvial 

slopes of the Hodgkinson Formation and the alluvial plains of the Laura River; Gibson (Yellow 

or Grey Sodosol) on colluvial/alluvial fan derived from greywacke and slate. Kingjack (leached 

mottled Grey Dermosol or Grey Sodosol) overlying sediments. Greenant (Yellow Sodosol) and 

Wakooka (Yellow Dermosol) formed on alluvial plains derived from the Hodgkinson Formation. 

Victor (Red Chromosol), and Mitchel (Brown/Red Kandosol) on recent alluvia from the Laura 

River. Victor and Greenant soils were associated with extensive soil erosion (Biggs and Philip, 

1995). 

 

The main area of gully formation is in a central broad valley zone of silty to sandy clay alluvial 

material between higher ridges of red clay loams and sandy loam materials. These ridges and 

higher ground possibly represent the remnants of an older land surface, maybe modified, of 

terraces or benches of a larger Earlôs Creek tributary, or possibly a branch of the, then braided, 

Laura River. Upstream in the Earlôs Creek catchment are further examples of elevated residual 

land surfaces, often lateritised (deeply weathered with red soils and ironstone gravels). The 

red soil rises in the study area are possibly an extension of these old land surfaces and are of 

similar age.  

 

To the west of the central red clay loam rise is an old backplain deposit which accommodates 

a series of low-lying depressions with very sodic soils. The backplain creek arises here and 

flows across the alluvial plain to the Laura River further north. The backplain is bounded to the 

west by colluvial soils and deposits and alluvial fans related to the Byerstown range slopes by 

the main Laura-Lakeland highway. The alluvial materials have given rise to very sodic soils 

that have eroded extensively over the ópaleo-valleyô and is characterised distinctively by 

coverings of calcite nodules and ógully coralô.
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Figure 4. Annual total rainfall since 1900 at the Crocodile Station gully remediation site. The black line represents the cumulative departure from the annual mean 
rainfall (for total record). Increases in slope indicate a wetter year and decreases in slope represent a drier year (than average). Source BoM Grid data + study 

rainfall gauge (2018 -19). Dashed line is the 120-year average ï 1004 mm. 
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Figure 5. On-site measured rainfall at the Crocodile Station study site for the study period with the solid 
line representing the long-term average annual (water year) rainfall for the site and the dashed lines 

representing +/- 1 standard deviation. 

 

2.1.1 Baseline Sediment Yields for the Study sites  

Baseline yields were derived from historical air photo analyses and the Prior Surface 

Estimation (PSE) method described in Daley et al. 2020 and Stout et al. (in prep). The PSE 

utilised the most recent DEM for the site and creates an artificial DEM within the gully 

boundaries to represent the surface and drainage pattern prior to being gullied. Historical gully 

margins were digitised from orthorectified aerial imagery, observing headcut retreat through 

time (Figure 7). At Crocodile Station, all gullies initiated within the availability of aerial imagery. 

Where gullies initiated between two air photos, the start year was estimated from measured 

retreat rates and rainfall patterns (Figure 4). These margins were clipped from the PSE DEM 

to determine the volume of sediment eroded in each time period, under the assumption that 

all erosion in that zone occurs within that period (i.e, gully erosion is dominated by headcut 

retreat rather than down-wearing or secondary incision). Where available, lidar DoD data was 

prioritised over PSE data, with 2009-11 and 2011-15 DoD correlation used to apply a correction 

factor to the PSE-derived volumes. Each period had an R2 value > 0.95 between the two 

methods, with a total R2 across all data points of 0.73 (Figure 6).  

 

Table 4 shows the end of gully (EOG) and end of system (EOS) annual yields for the Crocodile 

Station gullies, averaged across the life of the gully. These results indicate 21000 t of sediment 

has eroded from the Crocodile Station site since they initiated after 1988, with an average 

annual fine sediment yield of 650 tonnes per year.  
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Figure 6. A comparison of gully scale sediment volumes at Crocodile Station derived from the PSE 
method and multi-temporal lidar analyses. As the PSE method assumes all erosion occurs within each 

time slice, it is anticipated to underpredict erosion, as demonstrated here 
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Table 4. Summary of sediment yields from Crocodile Station gullies. Quantities have been adjusted using a correction factor derived from multi-temporal lidar 

analyses. Start dates assumed from aerial photo analysis.  

Gully 
ID  

Gully Area 
(m2)  

Catchment Area 
(ha) 

Start 
year 

Finish 
year 

Quantity eroded 
(t) 

EOG FSS yield 
(t/yr)* 

SSY 
(t/yr/ha) 

EOS FSS yield (t/yr)* 
** 

2.1 0.166 4.2 2000 2019 2990 ± 400 119 ± 18 28.4 ± 4.24 60 ± 8 

0.1 0.067 7.4 1992 2017 2890 ± 390 69 ± 10 9.3 ± 1.38 30 ± 5 

0.2 0.064 1.9 1992 2017 1940 ± 260 47 ± 7 24 ± 3.64 20 ± 3 

1.1 0.287 10.4 1995 2017 6070 ± 810 182 ± 27 17.5 ± 2.61 86 ± 13 

2.234 0.306 12.1 2000 2015 4610 ± 620 184 ± 27 15.2 ± 2.27 87 ± 13 

2.6 0.132 3.5 1988 2015 2310 ± 310 50 ± 7.6 14 ± 2.15 20 ± 4 

Total 1.022 39.6 - - 20800 ± 2800 652 ± 97 16.5 ± 2.46 308 ± 46 

*Assumes a fine sediment proportion of 60% and BD of 1.8 

**Assumes a Sediment Delivery Ratio of 0.45 as provided by the Paddock to Reef modelling. 
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Figure 7. Historical gully boundaries for Crocodile Station determined from Aerial Photograph analysis of 
headcut migration. No discernible gullying was apparent in 1952 or 1960 imagery. Note gullies 0.1-0.2 

only display to the 2011 boundary as no 2015 data was available for this site. 
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2.1.2 Gully remediation strategy 

Four gullies were remediated at Crocodile Station, on Crocodile Station between Laura and 

Lakeland in 2016 and 2017, with a total area of just over 1 ha remediated in two phases (gully 

2.2, 2.3, 2.4 combined into a single treatment ï hereafter described as gully 2.234). These 

gullies were treated by fully reshaping the gully, treating the dispersive/slaking soil materials 

with gypsum, capping the reshaped gully with locally sourced rock material, and constructing 

rock check dams in the gully floor to help trap sediment in the gully floor and form the substrate 

for grass colonisation to help trap and stabilise further sediment. Gullies 0.1, 0.2 and 1.1 were 

treated with rock chutes at the head of each gully, following reshaping of the gully head and 

treatment with gypsum at 20t/ha. All chutes were also underlaid with geotextile. Further details 

about the site design can be found in Appendix 1. 
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Figure 8. Time lapse sequence of construction at gully 2.234 in October, 2016 
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2.2 Strathalbyn Station  

2.2.1 The Innovative Gully Remediation Project: Overview 

The Innovative Gully Remediation Program was established to trial different gully remediation 

methods whilst also evaluating the best configuration of water quality monitoring methods to 

assess the effectiveness of remediation on mitigating gully soil erosion. In order to meet these 

objectives, the configuration of methods used to monitor water quality at the study site have 

changed with time. These changes were done for one or more of following reasons: improve 

data integrity, ease of operation, affordability, and reliability. The water quality monitoring 

methods used as part of the Innovative Gully Remediation Program are described in the 

following sections.  

 

A total of 17.5 ha of actively eroding alluvial gullies have been remediated over a three year 

period as part of the IGRP using a variety of different approaches as outlined in Telfer (2018) 

and Table 6. An additional 1.2 ha was also remediated in the same area as part of a NQDT 

Reef Trust IV project, however these sites will not be included in the analysis reported here, 

other than through their incorporation into the lidar data analysis. The individual treatment 

areas discussed throughout the report are shown in Figure 10. The Innovative Gully 

Remediation Project is a collaborative project supported by the Queensland Governmentôs 

Reef Innovation Fund and Greening Australiaôs Reef Aid Program with support for the 

monitoring component through this project (NESP TWQ Hub Project 3.1.7).  

 

The project site is at Strathalbyn Station, 45km north-west of Collinsville and 60km due south 

of Ayr, located in the Burdekin-below-dam catchment on the eastern bank of the Burdekin 

River (Figure 2). The property is owned by the Hughes family, with Bristow Hughes managing 

all aspects of the propertyôs grazing enterprise. The initial analysis of the gullies along Bonnie 

Doon Creek and tributaries identified three main clusters of gullies (Brooks et al., 2017). 

 

2.2.2 Project Area 

The study gullies are a set of alluvial gully systems along the Bonnie Doon Creek, a right bank 

tributary of the Burdekin River on Strathalbyn Station. These gullies were initially mapped in 

December of 2016 and delineated into three groups North, Central and Southern gullies 

(Brooks et al. 2017; Figure 9). For the purpose of this analysis the original gully system names 

are maintained given that the broad baseline sediment yields and the base line nutrient loads 

were determined for these broader gully systems (Figure 9).  

 

The area is characterised by extensive alluvial sediments of considerable depth interspersed 

with óblacksoilô cracking clay alluvia and local basalt origins. The alluvial sediments here are of 

varying depth on a planed granite surface, eroded by a paleo-Burdekin river. The sediments 

are thought to be of late Pleistocene age.  

 

The main drainage network on this elevated floodplain/terrace is that of Bonnie Doon Creek 

flowing from the rugged hills of varied volcanic geology further to the east. Along the lower 

reaches of the creek much active and deep gullying occurs in cracking silty loam sediments. 

Bonnie Doon Creek takes a right-angled change to a westerly direction at a range of granite 

hills where it is joined by a similar sized tributary also draining from the eastern volcanic hills. 

At this confluence there is an extensive area of deep óblacksoilô cracking clays (Vertosols) with 
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prominent normal, melonhole and linear gilgai (active surface micro-topography). The research 

site of gullies occurs immediately downstream of this confluence and blacksoil plain.  

 

 

 

Figure 9. Location of the three groups (northern, central and southern) of gullies along Bonnie Doon 
Creek, Strathalbyn Station. Bonnie Doon Creek flows north from the base of the figure and converges 

with the Burdekin River approximately 3 km downstream from the Northern Group gullies 

 

The study site is in the dry tropics, receiving the majority of rainfall during summer months. 

The average annual rainfall is approximately 695 mm, though features high interannual 

variability. The variable annual rainfall results in wet and dry phases that can last for more than 

a decade (Figure 11). Note that these data presented here were derived from the Australian 
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Gridded Rainfall dataset, which provides a daily time series (predicted) from July 1900 until 

June 2018.  

 

Historical rainfall (ca 1950 to 2020) data for the region was also analysed from the closest 

official Australian Bureau of Meteorology Rain Gauge located in Dalbeg, QLD (station number: 

33291, Lat: 20.31°S Lon: 147.30°E, BoM 2020) 13 km from the study site. The measured 

annual rainfall from Dalbeg for the study period is shown in Figure 12. Rainfall experienced 

during the study includes one year of around average rainfall, two years of below average 

rainfall, and one year (2018/19) that is well above average. Indeed the 2018/19 wet season is 

the 6th wettest year over the 120 years of records. 
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Figure 10. Location map showing the location of the monitoring equipment at the respective gully treatments. Also shown are the larger gully systems originally 
delineated in Brooks et al (2017) and which are the basis for the baseline sediment yield determinations. 
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Figure 11. Annual total rainfall over the period of record at the gullies. The black line represents the 
cumulative departure from the annual mean rainfall (for total record). Increases in slope indicate a wetter 
year and decreases in slope represent a drier year (than average). Source BoM Grid data + Dalbeg Gauge 

(2019 -20). Dashed line is the 120-year average ï 695 mm. 

 

 

Figure 12. Annual (water year) rainfall at Dalbeg BoM Station 33291. Long term average (120 from the 
gridded data) is shown +/- 1 standard deviation. 

 

2.2.3 Bonnie Doon Creek baseline sediment yields 

A full description of the baseline yield calculation is included in Daley et al. (2020), but a brief 

summary of the baseline yields derived for each site are included in Table 5.  
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The data presented here is intended to form a baseline dataset on the quantity and the yield 

of fine sediment eroded (<20 µm) from each of gullies (prior to treatment in the Northern group).  

A combination of historical air photo and lidar datasets (Figure 13, Figure 14), GIS methods, 

field surveys and soil material sample analysis have been used to quantify the total yield 

(tonnes) of sediment derived from each of the gullies over the period of observation (1945 to 

2016), and to estimate the baseline sediment yield and erosion rates presented in Table 5. 

Erosion rates were calculated for both the total yield of sediment and for the fine fraction (<20 

µm) sediment, which comprises at least 72% of the sediment load (326,000 tonnes) and is 

expected to have a high sediment delivery ratio to the receiving water bodies.  

 

In total, the gullies in the study area contributed approximately 450 thousand tonnes of 

sediment since 1945, with 37% of this amount eroded in the last 20 years. The 20-year fine 

sediment baseline from these gullies is roughly 121,000 tonnes and overall appears to be 

increasing in sediment yield. Erosion trends over the period of observation indicate that the 

gullies along Bonnie Doon Creek are either eroding at a constant rate or are increasing. None 

have a declining rate of sediment yield. The fine sediment yields in the baseline period (last 20 

years) are 28% higher than across the total period of observation due to the net acceleration 

of erosion rates (Table 5). As such, rather than projecting declining erosion rates, potential 

abatement yields have been estimated as constant with the baseline period or by extrapolating 

erosion rates with high r2 values. Prior to remediation, these gullies were contributing, on 

average, 6300 t of fine sediment to the GBR lagoon each year. 

 

 

Figure 13. Gully growth progression as mapped from historical air photos 
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Figure 14. Gully erosion depths for the Northern Gullies derived from the reconstructed gully ñlidsò (prior 
surface estimation) which represent the pre-erosion land surface.  
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Table 5. Summary of sediment yields for Northern Group treatments. Each treatment provides the baseline rate for individual Reef Credit Accounting Zones 

Gully ID 

Gully Area 
(Ha) 

Period of observation (1945-2016) Baseline Period (2000-2020) 

Vol Eroded 
(m3) 

Quantity 
eroded (t) 

SSY 
(t/yr/ha) 

Fine sed. 
quantity (t) 

Fine sed. yield 
(t/yr)* 

Vol Eroded 
(m3) 

Fine sed. yield 
(t/yr)* 

Treatment_1 0.96 14800 24700 ± 1700 362 ± 25 17900 ± 3700 253 ± 52 4870 283 ± 42 

Treatment_2 1.41 12700 21100 ± 1500 212 ± 15 15300 ± 3200 216 ± 45 4010 240 ± 96 

Treatment_3 1.77 27500 45800 ± 3200 366 ± 25 33300 ± 6900 469 ± 97 9140 490 ± 160 

Treatment_4 2.24 36100 60300 ± 4200 380 ± 26 43800 ± 9000 620 ± 130 10900 620 ± 200 

Treatment_3-
4_Ext 

0.61 6400 10680 ± 740 248 ± 17 7800 ± 1600 109 ± 22 2090 98 ± 33 

Treatment_6 3.57 41700 69700 ± 4800 275 ± 19 51000 ± 10000 710 ± 150 15500 810 ± 240 

Treatment_7 1.58 24400 40700 ± 2800 363 ± 25 29500 ± 6100 416 ± 86 6300 430 ± 140 

Treatment_8a 2.34 33400 55800 ± 3800 336 ± 23 40500 ± 8300 570 ± 120 17900 1280 ± 190 

Treatment_8b 0.58 9320 15600 ± 1100 381 ± 26 11300 ± 2300 159 ± 33 4960 569 ± 85 

NQDT/RT4 I 0.63 5060 8450 ± 580 188 ± 13 6100 ± 1300 86 ± 18 2900 198 ± 29 

NQDT/RT4 II 0.53 3260 5440 ± 370 140 ± 10 3950 ± 810 56 ± 11 3260 88 ± 63 

North Control 2.42 54600 91200 ± 6300 530 ± 37 66000 ± 14000 930 ± 190 18600 1180 ± 180 

Total 18.6 269000 450000 ± 
31000 

340 ± 23 326000 ± 67000 4600 ± 950 100000 6300 ± 1500 

*Assumes a Sediment Delivery Ratio (SDR) of 0.94; BD = 1.67     
 



 

33 

2.2.4 Strathalbyn IGBP Gully Treatment Strategy 

A full report on the treatment strategy is provided in Greening Australia (2018), however the 

overall approach is summarised in Table 6, with the location of the various treatments shown 

in Figure 10. The photos in Figure 15 show the remediation at various stages (before and after 

treatment) through the process. The timing of the implementation of the different treatments 

over the study period is shown in Table 7. 

 

  

  

Figure 15. A selection of photographs showing the Strathalbyn Northern Gullies in various stages of 
construction, both before (top left), during (top right) and after (bottom). Note the trucks and excavators 

in the photo at the top right for scale. (photos top Damon Telfer - bottom Andrew Brooks). 
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Table 6. Details of treatments undertaken at each gully within the northern gully group (from Greening Australia, 2018) 
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Table 7. Timeline for the implementation of the site scale remediation works within the Northern gully 

group (from Greening Australia, 2018).  

 
 

 

2.3 Monitoring 

Measuring the sediment yield from a gully, often in a remote and inaccessible location, is not 

a straight-forward process, and consequently no one method can be used to measure the 

sediment load. By their nature, gullies are hydrologically extremely flashy systems, delivering 

the majority of their annual discharge, and hence sediment load at timescales that can be 

measured in hours rather than days or weeks. Hence, they are challenging to accurately 

sample using standard stream gauging techniques.  In this study we have used multiple 

monitoring methods, including a new time integrated PASS sampler developed specifically for 

this project (Doriean et al., 2018, 2019). 

 

2.3.1 Meteorological and hydrological monitoring 

Crocodile Station 

Two rainfall gauges (Hydrological Services tipping bucket design - 0.2 mm/tip with HOBO data 

logger) were deployed in the catchments of gullies 2.234 and Control (Figure 3). The rain 

gauges provided a near-continuous record of rainfall during each wet season monitored (2015-

2019). Two rain gauges were used to provide redundancy in case of equipment failure and to 

evaluate for potential variance in rainfall across the two adjacent gully catchments.  
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Water level measurements in gully channels and select catchment drainage areas (only gullies 

2.2.3.4 and Control) were collected every two minutes using water level loggers (In-situ rugged 

troll 100®). The loggers were secured on the surface of a straight section of gully channel just 

downstream (<50 m) of the gully head. A pressure transducer with built in datalogger (In-situ 

barotroll®), placed under the 2.234 catchment rain gauge, was used to measure atmospheric 

pressure, it recorded pressure every 15-mintues. The barometric data collected was used to 

calibrate the water level logger measurements, by differentiating atmospheric pressure from 

water pressure when the gullies were flowing.  

 

Opportunistic water velocity measurements were collected using a handheld velocity 

measurement instrument (JDA, water velocity probe (0.1-3 m/sec)) at the outlets of gullies 

2.234 and Control. Measurements were collected in accordance with the equal discharge 

increment (EDI) method (Wilde et al. 2014).  

 

Strathalbyn Station 

An overview of the IGRP monitoring strategy cab be found in a separate report (Telfer 2018), 

however the two tipping bucket rain gauges (Hydrological Services tipping bucket design - 0.2 

mm/tip with either a Hobo data logger or Campbell Scientific datalogger CR1000) were 

deployed in the catchment of the control gully and remediated area adjacent the confluence of 

Treatment-1 and the Control gully outlets. Historical rainfall (ca 1950-ongoing) data for the 

region was obtained from the Australian Bureau of Meteorology Rain Gauge located in Dalbeg, 

QLD (station number: 33291, Lat: 20.31°S Lon: 147.30°E, BoM 2020).  

 

Gully flow event water level was measured and recorded every 10 minutes using pressure 

transducers with built in dataloggers (in-situ rugged troll 100, Onset HOBO U20L, and 

Campbell Scientific CS451/CS456) (Table 9). The majority of water level loggers used (in-situ 

rugged troll 100 and Onset HOBO U20L) were non-vented and required barometric pressure 

correction using data measured and recorded every 10 minutes from a barometric transducer 

datalogger (In-situ barotroll®) located ~1 m above the ground surface in catchment of the 

Control and T1 gullies.  

 

Gully water velocity measurement instruments (Unidata, Starflow) connected to dataloggers 

(Campbell Scientific CR1000) were installed in the gully outlets. The Doppler instruments were 

deployed, facing downstream, attached to a steel post at a height of ~15 cm above the channel 

bed in the centre of the channel cross section and were programmed to measure water velocity 

every 15 minutes 

 

2.3.2 Suspended sediment monitoring  

Due to the relatively novel aspect of monitoring suspended sediment in gullies, for the purpose 

of soil erosion mitigation evaluation, there is a notable amount of uncertainty regarding which 

methodology provides the most representative data. A focused laboratory and field-based 

evaluation of the potential uncertainties and limitations of methods, commonly used to monitor 

suspended sediment dynamics in gullies, was completed as part of the monitoring program 

conducted on-site (Doriean et al., 2020a). The method evaluation study also included the 

development and evaluation of a new time-integrated pumped active suspended sediment 

(PASS) sampling method designed to provide a low-cost alternative or complimentary 

monitoring method to those currently available for use in gullies (Nunny 1985; Doriean et al., 
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2019; Doriean et al., 2020a).  All sediment samples were processed according to the SSC 

protocol where possible, unless some sample was required for other purposes (i.e. nutrient 

analysis) whereby the total suspended solids (TSS) protocol was used.  While the 

underestimation of sediment concentration using TSS is well documented (Gray et al., 2000, 

Shellberg et al., 2013a) to understand the comparability of the two methods in this study a 

subset of duplicate samples were processed using both methods (see section 3.3). 

 

Crocodile Station 

Suspended sediment measurements were collected using one or more of the following 

monitoring methods:  

¶ Rising stage samplers (RS sampler); a single stage sampler that collects sediment 

during the rising water level stage of a flow event (Wilde et al. 2014).  

¶ Automatic sampler (autosampler); An automated sampling device that collects 

composite or discrete samples (1-24 individual samples) using a peristaltic pump 

(Wilde et al. 2014). 

¶ Turbidity logger; measures turbidity, in nephelometric turbidity units (NTU), of water by 

measuring the reflection of emitted light from sediment particles flowing past the logger 

(Rasmussen et al., 2009).  

¶ PASS sampler; an in-situ sampling device that provides a time-integrated suspended 

sediment sample for one or multiple flow events by continuously collecting sediment 

from the water column, using a peristaltic pump, and retaining sediment in a settling 

column and expelling sampled water (Doriean et al., 2019 and Doriean et al., 2020a).  

¶ Overland flow PASS sampler (OFPASS); a PASS sampler used to collect suspended 

sediment in runoff flowing through gully catchments (Doriean et al., 2020a). 

¶ Equal discharge interval (EDI) Isokinetic manual sample collection; The use of an 

isokinetic sampling device (DH-48 sampler) to manually collect flow-proportional 

discrete samples of suspended sediment, that are representative of the channel cross-

section, during the different water level stages of a gully flow event (Wilde et al., 2014).  

 

One or more of the suspended sediment monitoring instruments were deployed in the centre 

of the channel cross section for each of the five gully outlets and catchments (only the 

catchments of gullies 2.234 and Control) (Table 8). Suspended sediment samples were 

analysed for SSC (ASTM standard method D 3977-97) and PSD using laser diffraction 

spectroscopy (Malvern Mastersizer 3000, Malvern Instruments, resolution of 0.01-2000 µm). 

Samples were screened using a 2 mm sieve prior to particle size analysis to remove any debris 

or detritus.  

 

Sediment collected from the eroding sections of the Control gully, at Crocodile Station, was 

sieved to separate clay and silt (<63 µm) from fine to coarse sand (63 to 2000 µm). The sieved 

sediment was used to make two treatments: (1) fine sediment (<63 µm); and 2) fine sediment 

with approximately 23% sand (63 to 2000 µm) by mass). The two sediment groups were made 

as individual 1 L samples using deionised water, at a range of different concentrations typically 

observed in water flowing through the control gully at the study site (100, 500, 1000, 5000, 

15000, and 20000 mg/L). The samples were analysed using TSS (APHA Method 2540D) and 

SSC (ASTM standard method D 3977-97) methods. All analyses were performed in triplicate 

to account for variation in sediment preparation and analytical procedures. TSS and SSC 

analyses were performed on samples collected, from gully sites located at Strathalbyn, during 
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the 2017/18 wet season. Statistical analysis of monitoring data was conducted using Graphpad 

Prism. Some of the data was lognormally distributed, in these instances the data was log-

transformed before statistical analysis. Data were compared using statistical analysis 

including: paired and unpaired t-test, repeated measures ANOVA, and other descriptive 

statistics (minimum, maximum, mean, geometric mean etc). 

 
Table 8. Water quality monitoring instruments deployed at Crocodile Station 

Monitoring Equipment Description 

Gully ID 

2.1  
(Control) 

2.234 1.1 0.2 0.1 

Water level 

Non-vented pressure 
transducer logger, 2 min log 
interval, placed on channel 
bed with barro troll logger 
above high water level 

V V V V V 

Autosampler 

Peristaltic pump sampler, 10 
min sample interval, 24 
samples per sampler, 800 
mL samples, Intake 20 cm 
above channel bed. 

V V V U U 

RS sampler 
Six samplers placed at 20 to 
45 cm above the channel 
bed with 5 cm intervals.  

V V V V V 

PASS sampler 

Equipped with 50mL 
sediment trap at intake and 
4.8L settling column, 25 mL 
sampling flow rate, intake 20 
cm above channel bed. 

V V V V V 

OF-PASS sampler1 

Equipped with 50mL 
sediment trap at intake and 
4.8L settling column, 11 mL 
sampling flow rate, intake 9 
cm above ground surface. 

V V U U U 

Velocity logger 
Ultrasonic doppler, 15 min 
log interval, placed 10cm 
above channel bed.  

V U U U U 

Time-lapse Camera 
10 min log interval, infrared 
flash used for night photos. 

V V V V U 

Rain gauge 

Secured to steel posts 1m 
above ground surface and 
clear (>10m) of overhead 
obstructions (e.g., tree 
branches) 

V V V V V 

1= The OFPASS sampler was developed in 2018, thus, the method was used during the 2018-19 wet season. V 

and U indicated if an instrument is installed or not installed, respectively, at the referenced location/gully. 

 

Strathalbyn Station 

Suspended sediment monitoring was conducted at the site using a combination of RSS and 

autosamplers for the period of 2016-2018. As the project progressed new suspended sediment 

monitoring equipment was deployed in select gullies or drainage lines (Figure 10). Three RSS 

samplers were deployed in each gully with intakes facing downstream at varying heights above 

the channel bed (5, 10, and 15 cm). The Autosampler intake was mounted, facing downstream, 

approximately 15 cm above the channel bed. PASS samplers (2017-2020) were also deployed 

in the centre of the gully outlet channel with the intake facing downstream approximately 15 
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cm above the channel bed. PASS samplers that were used to sample water runoff from the 

catchments into the gullies had lower intakes (9 cm above the ground) compared to those 

deployed in the gullies.  

 

Refer to Table 9 for sample/measurement intervals. Samples were retrieved from the 

monitoring equipment after each flow event. Occasionally access to the site would be restricted 

for days to weeks depended on the amount of rainfall in the region. In these instances, samples 

were could not be retrieved after each flow event. Suspended sediment samples were 

analysed for SSC (ASTM standard method D 3977-97) and PSD using laser diffraction 

spectroscopy (Malvern Mastersizer 3000, Malvern Instruments, resolution of 0.01-2000 µm). 

Samples were screened using a 2 mm sieve prior to particle size analysis to remove any debris 

or detritus. Refer to Telfer (2018) for more information regarding suspended sediment 

monitoring at Strathalbyn Station. Statistical analysis of monitoring data was conducted using 

Graphpad Prism. Some of the data was lognormally distributed, in these instances the data 

was log-transformed before statistical analysis. Data were compared using statistical analysis 

including: paired and unpaired t-test, repeated measures ANOVA, and other descriptive 

statistics (minimum, maximum, mean, geometric mean etc). 

 

2.3.3 Estimation of gully suspended sediment yield 

Rainfall runoff modelling software HEC-HMS developed by the United States Army Corps of 

Engineers Hydrologic Engineering Centre was used to estimate the volume of rainfall runoff 

discharged from the gullies monitored for this study (USACE-HEC 2020). The HEC-HMS 

model uses a combination of high-resolution rainfall data to estimate the volume of rainfall 

runoff for a defined catchment area. Lidar data and digital elevation mapping was used to 

delineate the catchment boundaries of each gully. Flow event water level measurements 

collected from the gullies were used to determine the lag time between peak rainfall and peak 

flow for each gully.  

 

At Crocodile Station, runoff curve number of 89 (poor pasture, grassland, or range in soil with 

high runoff potential (D)) was used to model ratio of rainfall infiltration and runoff for the gully 

catchments (NRCS 2004). Geometric mean SSCs of suspended sediment samples were used 

to estimate the SSC for each monitoring period they were collected during (e.g. a single event 

or several events over weeks or months) from each gully monitored, except for the Control 

gully. Evaluation of suspended sediment dynamics in the Control gully indicate that the bulk of 

sediment is transported during the initial stages of flow (Figure 16). This sediment transport 

mode, of monotonically decreasing SSC after initial flow has been observed in other ephemeral 

waterways (i.e. streams and other types of gullies) and can be used as an effective rating curve 

to predict SSCs from these systems (Dunkerley et al. 1999; Malmon et al. 2007). Thus, Control 

gully suspended sediment yield estimation was calculated using the logarithmic regression 

equation (-1361ln(x) + 11330 (R2 0.61) determined using sample data collected from the gully 

throughout the monitoring period (2017-2019) (Doriean et al. 2020b) (Figure 16). This method 

of estimating SSC by using a rating curve typically provides a more conservative, and more 

representative, suspended sediment yield compared to using flow event or sampling period 

average concentrations (Malmon et al. 2007). This is further supported by the ability to use 

rating curved derived SSC data in combination with the 1-min resolution of the modelled water 

discharge volume estimates.  
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Annual suspended sediment yield was estimated using the following formula (Crawford 1991):  

ὛὛὣ33# Ø 1                            σ 

 

where SSY = Suspended sediment yield (t), SSC = SSC (mg/L), Q = volume of water 

discharged (m3) 

 

At Strathalbyn Station, a runoff curve number of 49 (fair pasture, grassland, or range in soil 

with low runoff potential (A)) was used to model ratio of rainfall infiltration and runoff for the 

gully catchments (NRCS 2004). Geometric mean SSCs of suspended sediment samples were 

used to estimate the SSC for each monitoring period they were collected during (e.g. a single 

event or several events throughout over weeks or months) from each gully monitored. 
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Table 9. Water quality monitoring instruments deployed at Strathalbyn Station 

1= Treatment 5 is the outlet of the drainage diversion bund located in Control and T-1 Gully catchments. 
2= Vented telemetered level logger deployed from 2019-20 wet season 
3= PASS samplers were used from the 2018-19 wet season onwards for gullies and for water diversion outlets (T-5 and T-6 Drain)

Monitoring Equipment 

Description 
Gully ID 

Control T-1 T-2 T-3 T-4 T-51 Gully-8 
T-6 
Drain 

Water level 

Non-vented pressure transducer logger, 10 
min log interval, placed on channel bed with 
barro troll logger above high water level 

V
1 

V V V V V V V 

Autosampler 

Peristaltic pump sampler, 24 sample bottles 
per sampler, 20 min sample interval, 1 L 
samples, Intake 150 cm above channel bed. 

V V V V V U V U 

RS sampler 
Three samplers placed at 5 to 150 cm 
above the channel bed with 5 cm intervals.  

V V V V V U V U 

PASS sampler3 

Equipped with 50mL sediment trap at intake 
and 4.8L settling column, 25 mL sampling 
flow rate, intake 20 cm above channel bed. 

V V V V V V V V 

Velocity logger 
Ultrasonic doppler, 15 min log interval, 
placed 150 cm above channel bed.  

V V V V V U V U 

Time-lapse Camera 
10 min log interval, infrared flash used for 
night photos. 

V V U V V U U U 

Rain gauge 

Secured to steel posts 1m above ground 
surface and clear (>10m) of overhead 
obstructions (e.g., tree branches) 

V V U V V U U U 
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Figure 16. Monotonic relationship of sample SSC and time after initiation of flow, for samples collected 
from the Control gully during the monitoring period (2017-2019). Modified from Doriean et al., 2020b. 

 

2.3.4 Lidar Monitoring 

Crocodile Station  

High resolution (~5cm) terrestrial lidar surveys were carried out yearly between 2016 and 2019 

to capture the post wet season gully morphology. In addition, some gullies had two lidar 

surveys in select years, the second, following earth works to capture post-treatment gully 

morphology ahead of the wet season. In 2019 an airborne lidar acquisition was also included. 

 

Terrestrial lidar was collected with a Leica C10 Terrestrial Scanner, which is a ground base 

tripod mounted survey equipment. The Leica C10 scanner can collect very high rates of points 

per square metre in close proximity to the tripod with the rate diminishing with distance from 

the tripod. To achieve a good spatial distribution of lidar point data it is necessary to perform 

numerous scans at strategic tripod locations within and around the gully. Benchmarks are 

required to be included within the terrestrial lidar scans to spatially reference the scans to each 

other. Benchmarks were surveyed within the vicinity of the gully area and maintained over the 

four years. 

 

Airborne lidar was collected in 2019 by Airborne Research Australia flown from an Ultralight 

platform using a RIEGL LMS Q680i-S laser scanner (this type of acquisition is described below 

for Strathalbyn Station). 

 

The lidar points collected during the scanning have to be classified into ground points and non-

ground points (vegetation, structures, etc.). The Leica C10 scanner collects only single returns 

from laser pulses, in contrast to airborne lidar equipment which collect multiple returns from 
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single laser pulses. This difference has an effect on the relative proficiency of the ground/non-

ground point classification.  

 

Thick grass cover and other low vegetation can cause occasional misclassification of lidar 

points, leaving some vegetation growth being included as surface elevation change. Another 

source of errors is systematic horizontal and vertical offsets between DEM layers. Any such 

mis-alignment between the DEM layers has to assessed and rectified prior to calculation of 

difference. 

 

A DEM of Difference (DoD) was derived for each gully for each consecutive year. The 

difference layers did contain surface vegetation inclusion errors. A manual editing of the 

elevation change data was undertaken to remove surface vegetation. The DEM rectification, 

DoD calculation, and manual editing enabled inter-annual morphological changes to be 

quantified, representing the erosion across the wet season of untreated gullies (i.e. gully 2.1 

(control) and gullies 0.1, 0.2, 1-1 prior to treatment in 2017). The DoDs also enabled the extent 

of earth works cut and fill to be quantified at each site, providing a record of which part of the 

reformed land surface represent cut or fill. Hence in addition to providing the basis for 

measuring any change in the extent of erosion at each gully rehabilitation site, the lidar DoD 

data for each consecutive year is a visual record of the landform modification which can be 

used to assist with monitoring any maintenance and modification requirements.  

 
Table 10. Summary of lidar surveys at Crocodile Station completed during the study period. 

Survey date Gully Key Survey Function Lidar Platform 

Sept 2016 0.1, 0.2, 1.1, 2.1, 2.234 Baseline Terrestrial Lidar 

Oct 2016 2.234 
Post 2016 earth works and 

construction for 2.234. 
Terrestrial Lidar 

Sept 2017 0.1, 0.2, 1.1, 2.1, 2.234 Post 2016/17 wet season. Terrestrial Lidar 

Nov 2017 0.1, 0.2, 1.1 
Post 2017 earth works and 

construction for 0.1, 0.2, 1.1 
Terrestrial Lidar 

June 2018 2.1, 2.234 Post 2017/18 wet season. Terrestrial Lidar 

Oct 2018 0.1, 0.2, 1.1  

Post 2017/18 wet season. 

Post 2018 earth works and 

construction for 0.1, 0.2, 1.1. 

Terrestrial Lidar 

Sept 2019 0.1, 0.2, 1.1, 2.1, 2.234 Post 2018/19 wet season. Airborne Lidar 

Sept 2019 2.1, 2.234 Post 2018/19 wet season. Terrestrial Lidar 

 

 

Strathalbyn Station 

High resolution (~10cm) airborne lidar surveys were carried out on twice yearly between 2017 

and 2020 to capture the post wet season gully morphology (in the May/June surveys) and the 

post-treatment gully morphology ahead of each wet season. The one exception to this was in 

2017, when only treatment 1 had been completed and the cost of flying lidar over the site could 

not be justified for just the one site.  

 

Airborne lidar was collected by Airborne Research Australia flown from an Ultralight platform 

using a RIEGL LMS Q680i-S laser scanner. The use of this instrument on an ultralight platform 

enables the aircraft to fly low and slow collecting multiple passes of lidar to maximise the 
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number of ground data points collected and thereby the resolution of the surface DEM. A 

minimum of 100 pts per m2 were collected which enabled a 10 cm pixel resolution DEM to be 

derived with a 5cm vertical resolution. The lidar points collected during the scanning have to 

be class into ground points and non-ground points (vegetation, structures, etc.). Thick grass 

cover and other low vegetation can cause occasional mis-classification of lidar points, leaving 

some vegetation growth being included as surface elevation change. Another source of errors 

is systematic horizontal and vertical offsets between DEM layers. Any such mis-alignment 

between the DEM layers has to assessed and rectified prior to calculation of difference. A DEM 

of Difference (DoD) was derived for each consecutive year. The difference layers did contain 

some surface vegetation inclusion errors. Included in the works were surface treatments such 

as spreading of mulch layers and mulch contour banks. Some of these surface treatments 

were put in place between the acquisition dates of the lidar and appear in the data as surface 

elevation change anomalies. A manual editing of the elevation change data was undertaken 

to remove surface vegetation inclusion and surface change that was related to surface 

treatments. The DEM rectification, DoD calculation, and manual editing enabled inter-annual 

morphological changes to be quantified, representing the erosion across the wet season of 

untreated gullies (i.e. the control gully and all other treatments prior to treatment in 2018 and 

2019). The DoDs also enabled the extent of earth works cut and fill to be quantified at each 

site, providing a record of which part of the reformed land surface represent cut or fill. Hence 

in addition to providing the basis for measuring any change in the extent of erosion at each 

treatment site, the lidar DoD data for each consecutive year is a visual record of the landform 

modification which can be used to assist with monitoring the reestablishment of tunnelling, 

which is more likely to occur in areas of fill.  

 

The lidar surveys also enabled the gully catchment areas to be quantified, along with 

associated changes due to the construction of diversions bunds to redirect overland flow into 

constructed rock chutes.  

 
Table 11. Summary of lidar surveys at Strathalbyn completed during the study period. 

Survey date Key Survey Function Treatments undertaken 

between surveys 

Sept 2017 Baseline  

May 2018 Post 2017/18 wet season Treatment 1, 5 

Sept 2018 Post 2018 dry season 

construction 

Treatments 2, 3, 4, 3-4 

extension; 7,  

8a, 8b, RT4I, RT4II, A1  

June 2019 Post 2018/19 wet season  

Sept 2019 Post 2019 dry season 

construction 

Treatment 6 

May 2020 Post 2019/20 wet season  

 

2.3.5 Bioavailable nutrient monitoring and analysis 

Water quality monitoring data collected from both case studies (Crocodile and Strathalbyn 

Stations) were included in an investigative study on bioavailable nutrients and gullies 

conducted by the Queensland Department of Environment and Science. Sample collection for 

bioavailable nutrient analysis required the samples to be preserved or analysed within 24-48 

of collection. Samples were collected from both remediated and actively eroding gullies, from 

Crocodile (gullies 2.234, 1.1, and Control) and Strathalbyn (gullies T1, T3, T4, and Control). 
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Various sampling methods (RSS, autosamplers, manual isokinetic sampling, and PASS 

samplers) were used to collected samples for bioavailable nutrient analysis. Table 12 lists the 

analyses conducted on the samples collected. Refer to Garzon Garcia et al. (2020) for more 

information regarding bioavailable nutrient sampling methods.  

 
Table 12. Nutrient pools analysed or calculated on water quality samples from gullies and their 

associated analytical methods 

Element Nutrient pool Method 

Carbon Total organic carbon (TOC) NDIR 

Dissolved organic carbon (DOC) NDIR 

Particulate organic carbon (POC) calculated (POC = TOC - DOC) 

Nitrogen Total Kjeldahl N (TKN)  Kjeldahl digest 

Dissolved Kjeldahl N (DKN) Kjeldahl digest on filtered sample <0.45 

um 

Particulate organic N (PON) calculated (PON = TKN - DKN - adsorbed 

NH4-N) 

Dissolved organic N (DON) calculated (DON = DKN - NH4-N) 

Dissolved inorganic N (DIN)* calculated (DIN = NH4-N + NOx) 

Ammonium N (NH4-N)* Dissolved segmented flow analysis 

(<0.45 um) 

N oxides (NOx-N)* Dissolved segmented flow analysis 

(<0.45 um) 

Extracted NH4-N *See BAN methods 

(Appendix 1) 

0.5M K2SO4 extract  

Adsorbed NH4-N (Ads NH4-N) *See BAN 

methods (Appendix 1) 

calculated (Ads NH4-N = Extracted NH4-

N - NH4-N) 

Potential mineralisable N at 1 days 

(PMN1) *See BAN methods (Appendix 1) 

calculated (PMN1 = DIN at 3 days - DIN 

at 0 days) 

Potential mineralisable N at 3 days 

(PMN3) *See BAN methods (Appendix 1) 

calculated (PMN3 = DIN at 3 days - DIN 

at 0 days) 

Potential mineralisable N at 7 days 

(PMN7) *See BAN methods (Appendix 1) 

calculated (PMN7 = DIN at 7 days - DIN 

at 0 days) 

Phosphorus 

(P) 

Total Kjeldahl phosphorus (TKP)  Kjeldahl digest 

Particulate Kjeldahl phosphorus (PP) calculated (PP = TKP - DKP) 

Dissolved Kjeldahl phosphorus (DKP)* Kjeldahl digest on filtered sample <0.45 

um 

Phosphate phosphorus (PO4-P) Dissolved segmented flow analysis 

(<0.45 um) 

Dissolved organic P (DOP) calculated (DOP = DKP - PO4-P) 

Colwell P  0.5M NaHCO3 extractable P 

Phosphorus buffer index (PBI) Total amount of P sorbed by sediment 

Bioavailable 

nitrogen 

(BAN) 

BAN in 1 day (BAN1) Calculated (BAN1 = DIN at 0 day + 

adsorbed NH4-N + PMN1) 

BAN in 3 day (BAN1) Calculated (BAN3 = DIN at 0 day + 

adsorbed NH4-N + PMN3) 

BAN in 7 days (BAN7) Calculated (BAN7 = DIN at 0 day + 

adsorbed NH4-N + PMN7) 

*Filtered pool analysed during potential mineralisation experiment at 1, 3 and 7 days (see methods in Garzon Garcia 

et al., 2020)  
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2.4 Soil Material mapping and characterisation 

Conventional soil assessment and mapping methods were conjectured to be potentially 

inadequate to characterize and communicate the complexity of soil and sediment material 

variation in alluvial environments ï not only spatially but also vertically into sediment materials 

deeper than the usual coring limits. This is especially relevant to the mapping of materials with 

major, deep gully erosion in alluvial sediments. Therefore, óSoil Materialsô mapping, as a 

combination of pedological and geomorphological approaches, was also employed here as a 

feasible option to assess the whole depth of materials alluvial gully for erosion management 

and rehabilitation purposes. 

 

One of the questions to answer in this project, indeed for future major projects in large alluvial 

gullies, was to substantiate the notion that conventional soil survey methods are inadequate 

to answer the questions required of alluvial erosion gully environments. A more 

geomorphologically oriented approach is required. 

 

Therefore, a comparison of the two approaches to assessing soil and alluvial sedimentary 

materials was made while undertaking both the conventional approach and soil-geomorphic 

approach to characterising and assessing the gully materials.  

 

Conventional soil mapping aims to provide regional context to the soil types in which the gully 

systems are developing in the Bonnie Doon Creek region. This is to complete the soil 

description and classification of the soils that are affected by erosion as well as the surrounding 

region where they are not affected. This helps identify which soils have been, and may be in 

future, prone to continued erosion, and to put them into a regional context with previous soil-

type reporting for other purposes. In addition, the intention was to see whether surface soils 

are an adequate predictor of the distinctive patterns of subsoil materials and their 

characteristics. 

 

Soil geomorphic assessment and mapping aims to assist with the characterisation and 

interpretation of soil materials within the eroded environment (including the deeper sediments 

and extent of the strata) for mapping and modelling; determining the potential behaviour of the 

materials for management; aid the determination of gully typology, and relate to the prediction 

of erosion rates, and to particularly support the planning and design of remediation methods 

as part of an innovative approach to alluvial gully management and sediment control.  

 

Combined, both approaches assist with determining inherent soil erosion and erodibility 

relationships that can be interpolated and understood in the context of the overall alluvial 

sedimentary system. 

 

Definition of óSoil Materialsô mapping: A multi-purpose layer approach to soil and regolith 

interpretation to assign greater significance to geomorphic processes and geoscientific 

principles (Pain et al., 1991; Atkinson, 1993; Thwaites, 2006).  

 

¶ The approach recognizes the ólayerô, which may be a soil horizon or a sedimentary 

stratum and is described independently of other layers.  

¶ The approach is particularly suited to localised regions for mapping, and for areas of 

depositional materials.  
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¶ Erosion gully exposures offer unique opportunities that for soil material / substrate / 

alluvial sediments observation. 

¶ The approach recognizes the relevance of substrate (regolith) materials, below that of 

the solum, to gully remediation and rehabilitation. 

 

2.4.1 Methods 

To serve most of the intent and requirements of both of these approaches, a coincident soils 

mapping and soil-geomorphic material assessment sub-project was undertaken for both the 

Crocodile and Strathalbyn Stations. Methods and materials used were:  

¶ Conventional soil mapping with field sampling by soil coring with a vehicle-mounted 

hydraulic push tube corer to a maximum penetration of 1.5 m, using Australian 

Standard methods (NCST, 2009) 

¶ Soil-geomorphological (soil materials) mapping with field sampling from the gully head, 

wall, and floor, and from streambank exposures to maximum exposure depths (4+ m 

below ground level in places), using techniques described elsewhere (Thwaites 2020, 

Thwaites 2018, Thwaites and Zund, 2018). 

¶ Use of high resolution lidar digital elevation model (DEM) data: 1 m resolution airborne 

lidar (2009), and 10 cm resolution airborne lidar (2015-16). 

¶ Absolute elevation of sample sites by terrestrial lidar DEM benchmark triangulation; 

UAV elevation data of sample point surface targeting; lidar DEM location. 

¶ Aerial photo imagery 1: 25 000 scale (Qld Govt); SPOT 2010 satellite imagery; imagery 

acquired from in-field UAV surveys; and Google Maps online historical imagery. 

 

Soil types were mapped using local soil profile classes (SPCs) from the Soils of Cape York 

(Cape York Peninsula Land Use Study: Biggs and Philip, 1995), the current extension of 

Lakeland Irrigation Area soils mapping (N. Enderlin, pers. comm.) and the SPCs of the Lower 

Burdekin Valley (Thompson and Reid, 1982) where available. Soils that did not correlate with 

published surveys (mainly in the Crocodile Station area) were defined as new soil profile 

classes. SPCs are a group of soil profiles that all meet the definition of the class of some soil 

classification system. The profiles are related by similarity of properties but are not necessarily 

related in space. 

 

The assessment method for both research sites to identify soil materials for gully 

characterisation and interpretation purposes followed the brief outline below: 

 

¶ Observations were made of geo-referenced exposures within gullies in irregular long- 

and cross-profile transects within selected gullies by the following method (see also the 

Field Protocols document in Appendix 2 that derived from these and other soil material 

assessments).  

o Identifying and recording the layers, which may be a soil horizon or a 

sedimentary stratum and describing them independently of other layers, 

numbered sequentially down the section using purpose-specific field data 

description sheets that relate directly to the requirements of the database for 

soil materials and erosion features. 

o Layers are observed both vertically and laterally: the sequence of difference 

layers vertically and the tracing of single layers laterally and numbered 

sequentially from the top for each observation site. 
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o A single layer or grouping of related layers is then termed a Soil Material Unit 

(SMU) for both classification and mapping purposes.  

o Each layer was tested in the field for pH (Raupach test kit) and for aggregate 

stability using a Department of Environment and Science (DES), Queensland 

Government field method of observing the slaking and dispersion behaviour of 

an aggregate immersed in water immediately after immersion and after 10 

minutes.  

o Samples were selected from representative layers for laboratory analysis, 

spatially duplicated where necessary. All samples are analysed for pH, EC, Cl-

, P, base cations: Na+, K+, Mg++, Ca++, cation exchange capacity (CEC), 

particle size distribution. Exchangeable sodium percentage (ESP) and Ca:Mg 

ratio are calculated.  

o These were deemed the minimum data that was necessary for soil material and 

gully material characterisation and consequent management purposes. Top 

layers - whether intact, eroded, or absent A horizons ï were further tested for 

nutrients using a standard agriculture suite of analyses. 

¶ Broader groups of Soil Material Units (SMUs: major layers), distinguished by layer 

sequences of different soil material fabrics and colour (and maybe inclusions) were 

mapped out in a prior desktop exercise and verified in the field, where possible, as Soil 

Material Systems (SMS). 

 

2.4.2 Crocodile Station 

The soil materials assessment was restricted to the central gully complex of the study 

catchments and the vicinity between there and the Laura River, and onto the backplain of the 

severely eroded floodplain. For the conventional soil survey, a wider extent was taken, 

particularly to include the considerable expanse of gully erosion complexes further south 

bounding the Earlôs Creek and the old Peninsula road (Figure 17). 

 

The elevation above Australian Height Datum (AHD) was determined for the surface of each 

observation site (see Figure 17) using data from lidar surveys. Soil material layer/horizon 

depths and sample depths were related to elevation above AHD for the purposes of correlating 

the soil material units from their morphology and analytical properties. To enable the tracing of 

eroded sediment, soil samples have been analysed for rare earth metals and the particle size 

has been determined using a laser diffraction methodology. As a result, a link can be 

determined between this site and suspended solids samples taken downstream.  

 

All raw data for the soil survey part of the NESP 3.1.7 project is stored within the Queensland 

Government Soil and Land Information (SALI) database under the project code óGULLYô. This 

information will eventually be accessible via the Queensland Globe. There are no other prior 

or historical soil maps covering the Crocodile Gap area of the Laura River. The only relevant 

data is the 1:250,000 scale geology map sheet. Land systems and soils have been mapped 

by the CSIRO (Galloway, 1970) and the Queensland Government (Biggs and Philip,1995) and 

(Grundy, 1994).A soil survey mapping soils surrounding the Lakeland Downs area including 

Crocodile Station is still in progress (N. Enderlin, pers. comm.).  

 

Surface soil materials were described and recorded to the Australian standards to a maximum 

depth of about 1.5 m. Field work involved describing 30 soil profile sites and 47 samples taken 
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from eight gully systems (Figure 17). Samples were taken from key described soil profiles to 

characterise the chemistry of the representative dominant SPCs and distinct soil materials that 

were identified. Samples of soil and sedimentary materials were also taken from selected gully 

walls to characterise the chemical and physical characteristics of the distinct SMUs. An 

intensive sampling at the Control gullies, 1.1 and 2.1, was undertaken before rehabilitation 

works were initiated. This was accompanied by sampling the soil material at the heads of Gully 

1.1 in the ólobeô plots (Figure 18). 

 

The soil material layers have been initially ascribed to Soil Material Systems that are further 

defined by soil material layers as a series of Soil Material Units. Groups of SMUs were 

identified for each soil material system by following the field protocols drawn up the 

investigation and sampling process (see Appendix 2).  
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Figure 17. Physiography of the Crocodile study area, using a DEM from 2009 1 m LiDAR and satellite 

imagery, as a basis of the geomorphic and soil materials description in this section. Included are the soil 
survey and soil material assessment observation sites and IDs, and the outlines the gully catchments 

under investigation (in black) 
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Figure 18. Soil material assessment observation sites and IDs for the assessment of pre-rehabilitation 
gully materials at the control and rehab. Sites. The outlines of the rehab. and control gullies under 

investigation are shown in yellow. The gully ólobeô sites at the heads of the control gully 1.1 were also 
sampled within the five ólobeô areas (shown in yellow). The background map is of the Soil Material 

Systems. 

 

2.4.3 Strathalbyn Station 

The survey was restricted to the alluvium of the Burdekin River on the south side of Bonnie 

Doon Creek, and including the Burdekin alluvium and basalt residual materials to the east of 

the S-N reach of Bonnie Doon Creek harbouring the Central and Southern gully systems, and 

bounded by surrounding low hills. 

 

The elevation above Australian Height Datum (AHD) was determined for the surface of each 

observation site using data from LIDAR surveys. Soil layer/horizon depths and sample depths 

were related to elevation above AHD for the purposes of constructing a 3-D model of soil 

materials and analytical properties. 

 

To enable the tracing of eroded sediment, soil samples have been analysed for rare earth 

metals and the particle size has been determined using a laser diffraction methodology. As a 

result, a link can be determined between this site and suspended solids samples taken 

downstream.  
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As for the Crocodile survey, all raw data for the soil survey part of the NESP 3.1.7 project is 

stored within the Queensland Government Soil and Land Information (SALI) database under 

the project code óGULLYô. This information will eventually be accessible via the Queensland 

Globe. 

 

Conventional soil survey 

Dominant soil types, with dominant and minor soil profile classes (SPCs), were mapped based 

on an established SPC schema for the Lower Burdekin (Loi et al. 1994, Thompson and Reid 

1982). Information from previous soil surveys (Hubble and Thompson 1953, McClurg 1997, 

Thompson et al. 1990) has been incorporated into this map. Soil materials and land surface 

conditions were described and recorded to the Australian standards (National Committee on 

Soil and Terrain, 2009, McKenzie et al., 2008) for soil and land survey, and to specific 

requirements for soil geomorphic assessment. These were taken by vehicle-mounted hydraulic 

push-tube corer coring to a maximum depth of 1.5 m. Samples were taken from a 

representative selection of these described soil material cores to characterise the chemical 

and physical properties of the dominant SPCs and the distinct soil materials that were 

identified. These were augmented by sampling and description of soil materials taken from 

gully walls in selected representative locations to characterise the chemical and physical 

characteristics of the distinct SMUs. 

 

Soil materials survey 

After further field investigations of the gullies an assessment of the soil material layers was 

converted into a simple classification of all the identified layers and their absolute positions in 

space.  

 

The field procedures entailed locating each site observation by RTK GPS, rectified geo-

referenced drone imagery, and 10 cm lidar DEM, or 1 m lidar DEM outside the 1cm lidar area. 

This was done so that accurate stratigraphical representations could be constructed of the 

identified layers (SMUs) through fence diagrams, cross-sections and mapping within gullies. 

A set of field protocols was developed through this process to aid further assessment of this 

kind for other specialists to undertake gully surveys. The field protocols are presented in 

Appendix 2. 

 

The broader scale Soil Material Systems (the groupings of SMUs) were identified and mapped 

through desktop analysis from satellite imagery, previous mapping work, and lidar DEM 

analysis. 

 

2.5 Cost-effectiveness of gully remediation 

During 2017, 2018 and 2019, a total of 4 and 10 gullies of different sizes have been 

successfully treated on Crocodile Station (Case Study 1) and Strathalbyn Station (Case Study 

2), respectively, using different remediation techniques. As part of this project, funding for the 

monitoring program has been allocated and results from monitored sites for the past two or 

three years have been analysed to produce treatment effectiveness estimates. This Chapter 

summarises gully remediation costs that have been incurred during 2017-2019 period across 

the two case studies. Using results on treatment effectiveness in reducing fine sediment export 
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and the costs incurred, cost-effectiveness calculations have been undertaken for the following 

gully treatment sites: 

¶ Crocodile Station: Treatments 2.234, 1.1, 0.1 and 0.2 

¶ Strathalbyn Station: Treatments 1, 3, 4 and 6 using treatment effectiveness derived 

from monitoring data  

¶ Strathalbyn Station: Remainder of the treatments (Treatments 2, 3-4 ext., 7, 8a and 8b) 

using treatment effectiveness estimates derived from repeat high resolution airborne 

lidar data.  

Cost-effectiveness is a useful metric to use when comparing the performance of gully 

remediation at different sites within the same or across different catchments, as well as across 

projects or programs. As more fine sediment reduction projects under various programs are 

being funded to help achieve the GBR catchment water quality targets by 2025, consistent 

evaluation of their cost-effectiveness is becoming increasingly important to inform future 

project prioritisation and choice of cost-effective remediation techniques suited to the gully 

erosion problem. Information on the cost-effectiveness of gully remediation on these two case 

study areas would add to the pool of knowledge on cost-effective approaches to fine sediment 

abatement to improve water quality in the GBR.  

 

2.5.1 Cost-effectiveness calculations 

A cost-effectiveness (CE) metric reports a ratio of present value cost to pollution reduction load 

in biophysical unit at end of gully (EOG) or end of system (EOS). Information on the site-

specific costs of remediation and the corresponding effectiveness of that remediation to reduce 

fine sediment reduction, measured in physical units, are required to produce cost-effectiveness 

estimate for each gully remediation sites. 

 

All costs reported in this study are in current 2019 Australian dollars. As reported costs are 

incurred at the start of the project (i.e. Year 0), discounting of future costs is not required at 

this stage. However, if estimates of future costs are available (e.g. periodical maintenance 

costs, on-going monitoring costs) and public funding is made available to cover these costs for 

a foreseeable number of years into the future, then these costs will need to be discounted 

before they can be incorporated into subsequent cost-effectiveness evaluations. 

 

Treatment effectiveness in the context of cost-effectiveness analysis simply refers to the fine 

sediment load reduction (in tonnes) delivered by the project either at treatment site i.e. end of 

gully (EOG) or at the Reef lagoon i.e. end-of-system (EOS). A percentage reduction is often 

applied to the fine sediment yield (i.e. baseline load) to obtain the load reduction. The baseline 

sediment yield is typically reported on an annual basis (Bartley et al. 2018; Rust and Star 2018; 

Wilkinson et al. 2019). Consequently, when applying the percentage load reduction to the 

baseline (annual) sediment yield, the resulting effectiveness of a gully remediation is also 

expressed as an annual load reduction.  

 

Due to limited time series data on sediment reductions, annual load reduction (in tonnes per 

year) may be assumed to remain constant for the entire lifetime of the project. Variable annual 

load reduction is probably more realistic for most projects ï reflecting changing effectiveness 

over the systemôs operational lifetime; however, this kind of information requires long term 

monitoring data which is not typically available for many Reef-related projects. 
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In this study, we apply a percentage reduction to the baseline sediment yield to obtain an 

annual load reduction at EOG, and then apply the catchment-specific delivery ratio (0.45 for 

gullies on Crocodile Station and 0.94 for gullies on Strathalbyn Station) to obtain annual load 

reduction at EOS. Load reductions at EOG and EOS are both assumed to be constant for the 

entire lifetime of each treated gully. 

 

The CE metric is best reported in $/tonne (referred here as óCurrency 1ô); however, it is 

common to see CEs being reported in terms of $/tonne per year (referred here as óCurrency 

2ô). In this study, both cost-effectiveness currencies are reported to enable easy comparison 

with the different cost-effectiveness metrics reported in other studies. 

 

The CE metric expressed in terms of Currency 1 (i.e. $/tonne reduction) reports the ratio of the 

annualised present value cost to annual fine sediment reduction. The metric is based 

calculations used in business investment prioritisation and is widely used in a range of 

applications, such as evaluating different public health investments with the benefits realised 

at different time periods in the future (Tan-Torres Edejer et al., 2003). In this study, the 

annualise present value cost only include the upfront cost because other relevant costs are 

not yet available. The gully-specific upfront cost (i.e. total present value cost (in $), TPVC) is 

divided by an annuity factor to convert it into an annualised equivalent present value cost 

(APVC, in $/year): 

ὃὖὠὅ 
Ὕὖὠὅ

ὃὲὲόὭὸώ Ὂὥὧὸέὶ
                                         τ 

 

The annuity factor is given by: 

ὃὲὲόὭὸώ Ὂὥὧὸέὶ 
ρ ρ ὶ

ὶ
                                 υ 

 

where ὶ = real discount rate 

 Ὕ = assumed lifetime of the remediation works 

 
Converting a total present value cost (TPVC) in absolute $ into an annualised equivalent 

present value (APVC) in $/year enables this annualised cost to be used alongside the yearly 

(assumed constant) sediment savings:  

 

ὅὉ  
ὃὲὲόὥὰὭίὩὨ ὴὶὩίὩὲὸ ὺὥὰόὩ έὪ όὴὪὶέὲὸ ὧέίὸ ὃὖὠὅ

ὃὲὲόὥὰ ὪὭὲὩ ίὩὨὭάὩὲὸ ὰέὥὨ ὶὩὨόὧὸὭέὲ
         φ 

 

where ὅὉ = cost-effectiveness expressed in $/tonne (Currency 1).  

 

Expressing cost-effectiveness using Equation 6 produces a consistent cost-effectiveness 

metric (in $/tonne abated) that can be used to compare cost-effectiveness across all other 

sediment abatement interventions that have different lifetimes e.g. sediment retention basins, 

reductions in stocking density on grazing land, streambank repair etc. Another useful feature 

of ὅὉ is that, when viewed from the perspective of an investor as the project proponent, the 

ὅὉ metric indicates the payment required per tonne of sediment abated to achieve an internal 



 

55 

rate of return that matches the discount rate (r) used in Equation 52. In this study, cost-

effectiveness is calculated using real discount rates of 2%, 5% and 7% per annum over 25-

year and 30-year lifetimes. 

 

For compatibility with other cost effectiveness metrics in the Reef literature (e.g. Wilkinson et 

al. 2015a, 2019; Rust and Star 2018; Alluvium 2019), another cost effectiveness metric is 

calculated as the ratio of total upfront cost (i.e. TPVC) to (assumed constant) annual fine 

sediment load reduction: 

 

ὅὉ  
Ὕέὸὥὰ ὴὶὩίὩὲὸ ὺὥὰόὩ έὪ όὴὪὶέὲὸ ὧέίὸ Ὕὖὠὅ

ὃὲὲόὥὰ ὪὭὲὩ ίὩὨὭάὩὲὸ ὰέὥὨ ὶὩὨόὧὸὭέὲ
         χ 

 

where ὅὉ = cost-effectiveness expressed in $/tonne per year (Currency 2). Both ὅὉ and ὅὉ 

are calculated for EOG and EOS.  

 

 

 
2 This will only be true when the annual sediment abatement rate is assumed to remain constant over the lifetime of the gully 

remediation. 
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3.0 RESULTS  

3.1 Case Study 1: Crocodile Station 

3.1.1 Soil Material Characterisation 

The Crocodile Gap study area was assessed for the characteristics of the soil materials and 

their spatial distribution, specifically for interpreting the soil and alluvial materials with respect 

to erosion susceptibility, gully analysis, relating to sediment yields, and for rehabilitation of the 

gullies and the eroding land. The detailed soil materials analysis results and summary 

interpretations are provided in Appendix 2. An overall conceptual model of the Crocodile 

floodplain materials association can be gained from both the soil survey and soil material 

assessment procedures. This is shown schematically in Figure 19. 

 

 

 
Figure 19. Schematic conceptualised cross-section of the main gully zone in the study area from east to 

west from The Laura River to the slopes of the Byerstown Range. 

 

The resultant ósoil typesô can be described in familiar terms, such as Sodosols, Dermosols, etc. 

as well as local soil names as Soil Profile Classes. Figure 20 shows the natural soil distribution 

when classified using the local SPC classification (Table 13). Within the study area, the soils 

have been characterised, mapped and correlated to soils of Cape York Peninsula Land Use 

Study (CYPLUS) The map incorporates SPCs from previous soil survey information from the 

CYPLUS work and the Lakeland Irrigation Area where applicable (Figure 20 and Table 13). 

Further details of the soil survey and resultant maps and classification can be found in 

Appendix 2. 
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Figure 20. Map of soil types identified in the study area with outlines of the study gully catchments. Soil 
unit colours refer to the Australian Soil Classification (ASC) classes. The key to the SPC codes is in Table 

13 
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Table 13. Identified Soil Profile Classes related to the Crocodile Station site and the Australian Soil 
Classification (ASC: Isbell & NCST, 2016) equivalents. Asterisk (*) indicates a new SPC derived for the 

Crocodile site. Italics indicated SPCs not mapped in Figure 20 

Soil Profile 

Class 
Australian Soil Classification Soil Order 

A Soils formed from older alluvial deposits 

Victor (Vc) Red Chromosol 

Victor Brown 
variant (VcVb) 

Brown Chromosol 

Antbed (Ab) Yellow, Brown to Grey Dermosol 

*A3 / ?Mitchel  Red/Brown Orthic Tenosol or rarely Kandosol 

*A4 Orthic Red or Brown Tenosol 

*A5 Bleached-Orthic Tenosol 

Greenant (Ga) Yellow, Grey or Brown Sodosol 

*A6 Yellow Kurosol 

C Colluvial/alluvial fan deposits from the Byerstown Range 

Gibson (Gs) Yellow or Grey Sodosol 

C1 Yellow Chromosol 

O  

Victor  Lower pH (slightly acid), D horizon encountered at a greater depth & non-saline 

Victor Brown 
variant 

 

Antbed  

Ragvale LIA* SPC 

O3 A3/?Mitchel, sandier texture 

O4  

O5  

Greenant (Ga)  

O6  

F 
Colluvial fan deposits from the Byerstown Range made up of greywacke, slate, 
mudstones with sandstones and conglomerate 

Gibson (Gs)  

F1  

 

The soil materials are briefly summarised here from the laboratory analysis data (see 

Supplementary Information for summary data interpretations) and the field observations. Of 

the six soil material systems (SMSs) identified in the region the OSF, OSB, and ORR are the 

most relevant to the major Crocodile gully systems (Figure 21 and Table 14).  

 

The main gully erosion complex comprises several material layers of yellow brown to grey, 

mottled (with yellow, orange, red and grey) fine sandy clays and sandy clays (OSF SMS). An 

example of these is shown in Figure 22, with almost a full suite of the SMUs found in the OSF 

SMS. These are sometimes topped with recent surface wash deposition, deep in places (0.4-

0.5 m), with evidence of several periods of depositional events (laminations), with erosion in 

between. These surface materials are both sodic and magnesic. The subsurface layers usually 

exhibit sparse to dense carbonate nodules, occasionally to depths over a metre. These 

nodules are often enriched with magnesium to form a much denser dolomite mineral than the 

usual calcite. It is this dolomitic nodulation that forms the characteristic ó­oralô of the southern 

gullies and Earlôs Creek from root channel mineralisation (Figure 23).  

 

The red soil materials (Victor soil type and associations; ORR SMS) in the main gully complex 

are also sodic and magnesic with large amounts of both ferro-manganiferous (Fe-Mn) nodules 

and iron (Fe) nodules (ironstone), particularly in the ólateriticô zone. This is indicative of an older 
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land surface (pre-Quaternary in age) with evidence of advanced, strong weathering, possibly 

of earlier alluvial deposits of the palaeo-Earlôs Creek / palaeo-Laura River system. Under these 

materials are 3-4 m of yellow brown sandy clay materials which are moderately to non-

dispersive (ONF SMS) in which the main drainage from the erosion gully complex has 

entrenched in meandering gorges of alluvium, and bedrock near the outlets to the Laura River. 

  

Underlying these soil material layers, above the bedrock, is a variable depth layer (SMU OSF5) 

of blue, dense clay, strongly mottled with grey and gley colours (indicative of ówaterloggingô, 

anoxic, reducing conditions). This layer appears to be a weathered zone of the underlying 

Hodgkinsonôs Formation meta-shales and greywackes.  

 

 

 
Figure 21. Map of the Soil Material Systems identified in the survey area on the soil map base also 

showing the study gullies catchment boundaries (in black) and the gully catchment IDs 
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Table 14. Description of the Soil Material Systems identified in the survey area 

SMS Code Description 

OSF Older Sodic Floodplain ï alluvial floodplain with sodic soils and scalds (OSFs) 

OSFg 
Major gully systems with in the central alluvial valley ï dominantly yellow/brown 
sodic soils 

OSFb Older alluvial floodplain with dominantly brown sodic soils 

ONF Older Non-sodic Floodplain ï alluvial floodplain with sandier non-sodic soils 

ORR Old Red Rises ï rises and low hills of older land surface ï red soil materials 

OSB 
Older Sodic Backplain ï backplain of alluvial floodplain with sodic soils and wetter 
backplain depressions 

CF Colluvial Fans - colluvial/alluvial deposits of soils  

RR Residual soils on bedrock 

 

 

 
Figure 22. An example of the soil material layers at the down-gully head of the entrenched stream of Gully 

0.1 in the OSFg SMS. The section illustrates the layer identification and coding of the soil material units 
(SMUs). 
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The soil materials in the main gully complex (Greenant and Victor soil types; OSFg SMU) show 

high dispersivity characteristics, although this is not all due to exchangeable sodium (sodicity) 

levels in the materials. The great majority of the soil materials appear to be also highly 

magnesic. High exchangeable Mg can also induce high levels of dispersion and slaking and 

therefore erosion. The exchangeable sodium percentage (ESP) values are, in fact, very 

variable, whereby in Gully 1.1 material at 2.2 m depth shows an ESP of 5.2% (non-sodic), an 

acidic pH of 4.2, but with an R1 dispersion ratio of 0.99 owing to an EMP (exchangeable 

magnesium percentage) of 54 % (extremely magnesic) ï and a high fine sand, silt content 

(high slaking risk).  

 

However, there are many sites where the ESP is over 40%, and in places is over 60%, with 

the highest recorded being 92.3% in the southern part of the gully complex. There are, in fact, 

11 sites that are 80-90% range. These must rate as some of the highest ESP levels in 

Queensland, if not in Australia.  

 

Summary analytical data indicate the averages for main chemical factors that are common to 

both the set of intensive sampling at the gully heads scarp and channel heads (OSFg SMS) 

and the soil survey / soil material assessment (see Supplementary Information). 

 

From this it can be seen that: 

Yellow/brown soil materials of OSF and OSFg SMSs: 

¶ Field aggregate dispersion tests indicate high degree of slaking and dispersion in the 

subsoil and deeper layer materials and in the surface wash deposition materials; 

¶ EMP levels generally in the magnesic to extremely magnesic range (Ca:Mg extremely 

low); 

¶ Strong calcium carbonate nodulation from around 0.75 m depth; 

¶ Salinity moderate to very high;  

¶ pH levels predominantly strongly alkaline, with more acidic top layers (pH 5-6). 

Red/Yellow soil materials of the ORR SMS (predominantly red weathered and lateritised 

materials) 

¶ Dispersivity very high at shallow depths with slaking; 

¶ pH levels in top layers are moderately acidic to around neutral (with some distinctively 

strongly acidic materials); 

¶ ESP levels are generally in the sodic to very sodic range; 

¶ EMP levels generally in the magnesic to very magnesic range (Ca:Mg very low to 

extremely low); 

¶ High iron and manganese contents; 

¶ Salinity low ï non-saline; 

¶ pH levels in sub-layers are predominantly alkaline  

 

In the main gully erosion complex (OSFg) the subsurface materials are overwhelmingly fine 

sandy clays with commonly high proportions of silt-sized sediment. The representative site for 

the Greenant soil (OSFg SMS) at 1.2 m depth (Layer 3, i.e. OSF3), the proportions of fine sand 

: silt : clay sized material is 30 : 25 : 43 %. 

 

The summary data has been split according to the topsoil/top layer materials, the ósub-layerô 

materials, i.e. all that is below the topsoil/top layer. Any data gained from below normal 
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augering or coring depth (approx. 1.2 m) is included as an indicator of what soil material 

conditions may have been missed by conventional soil survey. 

 

For gullies 1.1, 2.1 and 2.2 (including gully floors) differences are evident between the top layer 

and the sub-layers: 

¶ Top layers are distinctly acidic, but the lowest layers are only slightly alkaline 

¶ Top layers can be moderately saline, and the deeper sub-layers can be only 

moderately saline. This has implications for the dispersibility of the materials, that is 

that they are not mitigated much by salinity.  

¶ The materials below 1.2 m consistently show a distinct increase alkalinity and salinity 

from the upper sub-layers as well as higher CEC, which is reflecting the higher clay 

contents.  

¶ All layers are sodic but they are generally extremely sodic. The median ESP value for 

the top layers is substantially lower than the mean, revealing the fact that a few gully 

floor samples in that group are skewing the mean to a substantial degree.  

¶ Paralleling the sodicity is also the strength of magnesicity. Top layers are not so 

affected (but are still of no use for plant growth), and the sub-layers are very high in 

magnesium compared with calcium, because much of the calcium has precipitated 

out as nodules. It appears that the magnesium is doing that too, in the form of 

dolomitic nodules {the gully ócoralô).  

Taken as a whole, the sampled soil materials show similar trends (Table 15a) to the specific 

gully materials but the pH and the EC appear to be higher in the sub-layers below 1.2 m. This 

bolsters the argument that the conventional augering and coring of a soil survey is missing 

these valuable changes in sub-layer characteristics. 

 

The most noteworthy aspect of the particle size distribution, or the textures, of the gully 

materials is the generally low silt contents and the dominance of the fine sands and clays 

(Table 15b). This puts the topsoils in to the silty loam to loam bracket, with the sub-layers 

tending towards clay loams. The higher clay contents in the deeper sub-layers, combined with 

their extreme ESP values and only moderate salinity, makes for a high risk of dispersion as 

well as readily slaking (from the dominance of the fine sand and silt still in these materials).  

 

When viewed by relationship to the soil material systems in which the soil materials lie there 

are distinctive elements to the regional characteristic patterns: 

¶ The top layers are generally sandier (at least 75 % fine sand) than the sub-layers 

throughout, except for the colluvial gullies (less clay; dominantly fine sand). These 

gullies are not significant the rehabilitation priorities, however.  

¶ All have similar amounts of clay in the sublayers (25 ï 35 %), again except for the 

colluvial gullies (substantially more sands in the sub-layers). 

¶ Of the < 2 µm fraction, top layers contribute much less than the sub-layers; less than 

half for the ORR and a third less for the colluvial gullies (CF). The intensive sampling 

in study gullies comprised several gully beds of sorted, deposited materials, which is 

shown by the greater proportion of fines throughout with a corresponding lessening of 

fine sands. 

¶ The sodicity is prevalent in the OSF SMS with the sub-layers averaging around the 40-

45 % mark (extremely sodic). Even allowing for the gully floor top layers it appears that 

the top layers of the OSF soil materials are at least moderately sodic (>15 %). The 

other soil material systems show considerably less sodicity throughout, with only the 
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colluvial sub-layers being moderately to strongly sodic. The available magnesium, 

however, is high for all soil materials, especially so for the colluvial (CF) sub-layers. 

This tends to support the idea that the Hodgkinsonôs Formation (the underlying bedrock 

and source of colluvial material) is probably the source of the magnesium.  

¶ For the availability of < 2 µm fraction, none of the soil material systems per se are a big 

supplier of the fines. The gully soil materials, which include the gully floors and eroded 

gully surfaces are the biggest, as expected, but are still only about 50 %, all that being 

considered. In general, the main gully-producing materials (in the OSF SMS) have 45 

% fines, with less (34 %) in the top layers.  

¶ The biggest supplier of fines appears to be the older red ï yellow/red sub-layer soil 

materials of the ORR soil material system. A few large gullies do occur in this material.  

 

Table 15.a) Chemical analysis averaged for all samples from the Crocodile site (EAL and DES lab 
analysis) categorised by the main Soil Material Systems. The results are split into those for the top layers 
only and the rest of the sub-layers, b) Particle size analysis averaged for all samples from the Crocodile 
site (EAL and DES lab analysis) categorised by the main Soil Material Systems. The results are split into 

those for the top layers only and the rest of the sub-layers. 

a) Chemistry means by SMS                

 pH EC Ca:Mg ESP EMP CEC Mg Exch Al ECEC SMS  

Top Layers 6.3 0.4 0.8 16.2 38.1 2.1 3.9 0.5 3.3 OSFg 

Soil survey 

DES 

Sub-Layers 7.1 0.7 0.5 38.7 32.0 3.0 6.3 0.3 4.6 

Top Layers 6.5 0.1 2.2 4.4 11.2 0.4 0.6 - - 
ORR 

Sub-Layers 6.0 0.2 0.7 7.1 53.4 3.3 5.2 0.4 5.3 

Top Layers 5.4 0.3 0.8 3.0 13.9 0.4 0.4 0.3 1.3 
CF 

Sub-Layers 6.2 0.2 0.1 22.1 56.6 2.1 - 0.2 1.4 

  pH EC Ca:Mg ESP EMP Ca Mg K ECEC    

Top Layers 6.4 0.2 0.9 43.3 33.6 21.1 33.6 1.9 8.9 OSFg 

Gullies 
EAL 

Sub-Layers 7.3 0.4 0.6 49.9 30.8 20.3 30.8 1.7 9.5 

Top Layers 6.3 0.3 0.8 29.8 35.8 - 18.7 - 6.1 OSFg 

All 
 EAL+DES 

Sub-Layers 7.2 0.5 0.5 44.3 31.4 - 18.5 - 7.0 

            

b) Particle size distribution means by SMS        

 Sand Silt Clay < 2 µm SMS 
 

Averages for top layers 66.1 15.6 18.3 33.9 OSFg 
Soil survey 

  
DES 

Averages for sub-layers 55.3 17.0 27.7 44.7 

           

Averages for top layers 71.9 13.5 14.6 28.1 
ORR 

Averages for sub-layers 46.3 18.1 35.6 53.7 

           

Averages for top layers 77.5 13.6 8.9 22.5 
CF 

Averages for sub-layers 64.8 12.6 22.6 35.2 

    Sand Silt Clay < 2 µm   
  
 

Averages for top layers 50.5 27.1 22.4 49.5 OSFg 
Gullies 

EAL 

Averages for sub-layers 51.0 21.8 27.1 49.0  

             

Averages for top layers 59.5 21.3 20.4 41.7 OSFg 
All 

EAL+DES 

Averages for sub-layers 54.2 19.4 27.4 46.8 
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Figure 23. Gully walls and Interfluves in the southern end of study area in the ORR SMS cutting into the 

yellow sodic and mottled grey sodic layers of the OSF SMS. Iron nodules evident from original, now 
eroded, ferricrete, and the ógully coralô of the lower grey mottled layers (calcified/dolomitized root 

channels).  
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.  
Figure 24. A typical example of the soil material layers in the OSF SMS, gully floors are semi-stable in 

places but most floor areas are reactivated. 

 

 

Figure 25. A gully wall in the southern end of the lateritic ORR SMS, showing the laterisation and 
ferricrete formation, as well as the extensive iron nodule coverings of the lower soil material layers. 
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3.1.2 Water Quality Summary 

Water quality of gully flow events was monitored via the collection of suspended sediment and 

the measurement of turbidity, using multiple monitoring methods, during two wet seasons 

(2017/18 and 2018/19). Samples were also collected for bioavailable nutrients from select 

gullies (control, 2.234, and 1.1) when possible. A total of 181 water quality samples were 

collected during the 2017/18 wet season, with >20 samples collected from each gully. Due to 

budgetary, logistical, and safety constraints, combined with two major flood events, there were 

a limited number of water quality samples collected (n=40) during the 2018/19 wet season. 

Gullies 1.1 and 0.1 only had 1 PASS sample from each gully to account for the SSC of flow 

events from November to mid December 2018 and gully 0.2 only had one RSS sample from 

the first flush event in October 2018. Flooding from backwater events destroyed or disabled 

most of the sampling equipment during January and February 2019. Water quality monitoring 

data from the 2019/20 wet season was not able to be retrieved due to complications associated 

with the Covid-19 Pandemic.  

 

3.1.3 Meteorology and hydrology 

Rainfall totals, measured between October and May each year, were not significantly different 

from the regional wet season average (average total of 855 mm ±402 mm) of the permanent 

rain gauge (1990-ongoing) operated by the Queensland Department of Natural Resources, 

Mines and Energy (DNRME), located at Coal Seam Creek, ~13 km from the study site 

(DNRME 2020). This suggests rainfall conditions observed during the monitoring period were 

representative of usual climatic conditions. There were 52 and 80 rainstorms (> 0.2 mm rainfall 

over a 6-hour period) that occurred during the 2017/18 and 2018/19 wet seasons respectively. 

Two major flooding events occurred during the 2018-19 wet season, that were generated by 

high-intensity rainfall in the Laura River catchment, surrounding the study site, that caused the 

Laura River to backwater. The study site was inundated with approximately 1 to 4 m of water 

during these events. Historical water level data of the Laura River, measured at the DNRME 

Coal Seam Creek stream gauge, indicate these backwater events occur on a ~3 year 

frequency (DNRME 2020). 

 

3.1.4 Backwater Events 

During the course of the study all gullies experienced a number of episodes of backwatering 

from the Laura River, with the largest event inundating the gully by more than 4m (Figure 26-

Figure 28). It has now become apparent that these gullies are regularly inundated by backwater 

events, to the extent that this will have to be considered as a major driver of the gully erosion 

process, and therefore needs to be considered in the design for all alluvial gully remediation 

projects. We believe there is evidence that an increase in the magnitude of floods in the Laura 

River since the 1990s is responsible for the initiation and progression of these gullies (Figure 

29). The backwatering is also a major complicating factor for water quality monitoring, and was 

responsible for the contamination or loss of a large number of water quality samples collected 

during the study (given that any sample collected while under backwater flow conditions is not 

representative of what is being delivered from the gully itself). 
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Figure 26. Map showing the maximum extent of gully backwatering during the flood of March 2019, in 
which the gully was inundated to a depth of around 4m. 

Gully 0.1 

 

Gully 0.2 

 

Gully 2.1 (control.) 

 

Gully 1.1 

 

Gully 2.234 

 



 

68 

 

Figure 27. Hydrograph as recorded on the stage recorder at the outlet to gully 2.234 during the March 2019 backwater event from the Laura River.  
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Figure 28. Sequence of post-construction rehabilitation of Crocodile Gully 2.234. Note the backwater event experienced in March 2019.  
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 Figure 29. Flow record for the Coal Seam Creek gauge on the Laura River, 13km downstream of the Crocodile Station study site. The dashed line 
represents the approximate flow stage on the river at which the study site gullies begin to be inundated by river backwater.  
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3.1.5 Suspended sediment concentration and particle size 

Gullies Control and 2.234 were used as part of a study that evaluated suspended sediment 

monitoring methods for gullies, during the 2017-18 and 2018-19 wet seasons (Doriean et al., 

2020a). As a result, a much higher number of samples were collected from these gullies, 

compared to gullies 1.1, 0.1 and 0.2, for the 2017/18 and 2018/19 wet seasons. SSC data, 

from samples collected using different monitoring methods over the monitoring period (2017-

2019), indicate all remediated gullies, except gully 2.234, did not differ with the control gully 

(Table 16) (Figure 30). SSCs of samples collected from gully 2.234, remediated during the 

2016 dry season, indicate the gully soil erosion has been significantly reduced compared to 

the control for both wet seasons monitored (2017-2019). The remediation measures installed 

at other gullies (1.1, 0.1, and 0.2) occurred late in the dry season of 2017 during which time 

the site was impacted by a late dry season storm event (60mm in less than 1 hr). As a result, 

a substantial amount of sediment was generated by the storm while remediation activities were 

still underway. This first flush event explains the generally higher SSCs observed in these 

gullies during the 2017/18 wet season. Repairs were made to the soil erosion controls on these 

gullies during the 2018 dry season and initial water quality data suggest they were effective at 

reducing gully soil erosion (Table 16). 
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Table 16. Descriptive statistics of sample suspended sediment SSC for all gullies during the 2017-2019 monitoring period. 

 

 

 
 
 
 

 Control 2.234 1.1 0.1 0.2 

Wet season  2017/18 2018/19 2017/18 2018/19 2017/18 2018/19 2017/18 2018/19 2017/18 2018/19 

Number of samples 62 14 51 23 1810 1 21 1 23 1 

Minimum (mg/L) 4146 1012 378 364 3397 NA 975 NA 608 NA 

25% Percentile (mg/L) 5058 4829 850 682 4250 NA 1549 NA 2551 NA 

Median (mg/L) 6082 5920 1451 1034 6915 NA 8223 NA 6228 NA 

75% Percentile (mg/L) 8107 7214 2000 1082 38384 NA 11953 NA 11485 NA 

Maximum (mg/L) 15612 20240 5278 1428 36574 NA 48373 NA 20566 NA 

Range (mg/L) 11465 19228 4900 1064 1810 NA 47398 NA 19958 NA 

Mean (mg/L) 6806 6752 1561 908 6574 3304 10493 3658 7571 6,228 

Std. Deviation (mg/L) 2370 4321 946 310 6987 NA 12368 NA 5734 NA 

Std. Error of Mean (mg/L) 301 1155 132 65 1276 NA 2699 NA 1196 NA 

Geometric mean 6471 5723 1327 844 5001 NA 5639 NA 5255 NA 

Geometric SD factor 1.4 1.9 1.8 1.5 1.9 NA 3.3 NA 2.7 NA 

Lower 95% CI of mean 
(mg/L) 

6204 4257 1295 774 3965 NA 4864 NA 5091 NA 

Upper 95% CI of mean 
(mg/L) 

7407 9247 1827 1042 9183 NA 16123 NA 10050 NA 

Coefficient of variation 35% 64% 61% 34% 106% NA 118% NA 76% NA 
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Table 17. Descriptive statistics of sample suspended sediment d50 particle size measurement for all gullies during the 2017-2020 monitoring period. 

  Control 2.234 1.1 0.1 0.2 

Wet season  2017/18 2018/19 2017/18 2018/19 2017/18 2018/19 2017/18 2018/19 2017/18 2018/19 

Number of samples 62 14 51 23 1810 1 21 1 23 1 

Minimum (mg/L) 5.9 6.1 3.4 2.6 6.8 NA 6.3 NA 7.3 NA 

25% Percentile (mg/L) 6.8 7.3 4.4 4.1 7.6 NA 7.3 NA 8.8 NA 

Median (mg/L) 7.5 8.2 5.3 4.4 8.9 NA 7.9 NA 9.7 NA 

75% Percentile (mg/L) 8.6 9.4 6.1 6.6 10 NA 8.6 NA 10 NA 

Maximum (mg/L) 16 15 7.9 13 12 NA 12 NA 12 NA 

Range (mg/L) 10 9.1 4.6 10 5.2 NA 5.6 NA 4.2 NA 

Mean (mg/L) 8.7 8.7 5.3 5.3 9 6.3 8.3 7.4 9.6 12 

Std. Deviation (mg/L) 2.2 2.2 1.1 2.3 1.5 NA 1.5 NA 1.1 NA 

Std. Error of Mean (mg/L) 0.54 0.54 0.16 0.47 0.33 NA 0.42 NA 0.28 NA 

Geometric mean 8.5 8.5 5.2 4.9 8.9 NA 8.1 NA 9.6 NA 

Geometric SD factor 1.3 1.3 1.2 1.4 1.2 NA 1.2 NA 1.1 NA 

Lower 95% CI of mean 
(mg/L) 

7.6 7.6 5 4.3 8.3 
NA 

7.3 
NA 

9 
NA 

Upper 95% CI of mean 
(mg/L) 

9.8 9.8 5.6 6.3 9.7 
NA 

9.2 
NA 

10 
NA 

Coefficient of variation 26% 26% 22% 43% 17% NA 19% NA 12% NA 
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Figure 30. SSC of samples collected from the Control (green) and remediated (yellow) gullies during the 
study period (2017-2019). Long lines and error bars represent the geometric mean and standard deviation 
of samples collected. The black markers represent individual samples collected. Brackets represent the 

results of unpaired t-tests, where p < 0.001 (***), or p > 0.05 (ns). Statistical comparison of gullies Control, 
1.1, 0.2, and 0.1 were not possible for the 2018/19 samples as they represent only one sample per site. 

Note, the two samples collected from gullies 1.1 and 0.1 during the 2018/19 wet season are single PASS 
samples that collected sediment from flow events that occurred between October 2018 and December 
16th, 2018. The sample collected from gully 0.2 during the 2018/19 wet season represents a single RSS 

sampler from the first flow event of the 2018/19 wet season. 
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The gully suspended sediment sampling method evaluation study conducted using gullies 

2.234 and Control, determined that the recently developed PASS sampler method collected 

the samples that were more representative of gully suspended sediment dynamics, compared 

to the other methods. This was due to the ability of the PASS sampler to collect time-integrated 

samples (i.e., continuously sample suspended sediment during from one or multiple flow 

events) during a deployment and the method had the least sampling bias (Doriean et al. 

2020a). Comparison of PASS sample time weighted-average SSC data, collected from the 

control and remediated gullies, best represents the measured approximation of suspended 

sediment dynamics occurring in these gullies throughout the monitoring period (Figure 31). 

PASS samples collected from the control gully indicate the gully was actively eroding during 

the monitoring period (2017-2019) with SSCs generally above 5000 mg/L. In contrast the 

remediated gully 2.234 shows consistently low SSCs (<2000 mg/L), whereas the erosion 

control failures (2017/18 only) and first flush effect associated with gullies 1.1, 0.1, and 0.2 are 

also evident. Further suspended sediment monitoring results for each gully are described in 

the following sections. Note, much of the sample data collected was not normally distributed, 

rather it was log-normally distributed. In these instances, comparisons of data refer to the 

geometric mean (GM) of sample SSCs rather than the more commonly used arithmetic mean. 

The GM calculates a more representative average for log-normal distributions. The standard 

deviation is not added or subtracted from the GM, as it is with the arithmetic mean, because it 

is a unitless factor. Thus, the GM standard deviation is a factor that is multiplied or divided by 

the GM (e.g. GM = X *÷ the standard deviation factor) (Kirkwood, 1979). 

 

 

Figure 31. Approximation of gully suspended sediment dynamics during the study period using data from 
PASS samples collected during the monitoring period (2017-2019). Note the horizontal lines represent the 
time-weighted average SSC (top panel) and median (d50) sediment particle size (bottom panel) of a PASS 

sampler for the time it was deployed (e.g. one PASS sample represents the SSC for November 2017 to 
January 2018).  
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Gully Catchments 

Visual observations made, during the 2018/17 wet season (Figure 32) of the water flowing from 

the catchments of gullies 2.234 and Control indicated that suspended sediment sourced from 

the catchments was being transported through the gullies. This meant that the SSC 

measurements of samples collected at the outlet of the gullies were likely measuring gully and 

catchment sourced suspended sediment together, thus biasing the measurement of sediment 

contribution form the gully. To confirm this several PASS samplers were deployed, during the 

2018/19 wet season, in natural depressions throughout the catchments of gullies 2.234 (three 

PASS samplers) and Control (one PASS sampler) ( 

Figure 3 and Figure 33).  

 

Only two samples from each sampler were collected during the 2018/19 wet season. However, 

the PASS samples collected provided a time-integrated suspended sediment sample 

representative of the runoff flow events that occurred during the periods of October 10th to 

December 16th, 2018 and December 17th, 2018 to February 5th, 2019. Sample time-weighted 

average SSCs ranged between 336-3556 mg/L and 485-2709 mg/L for the catchments of 

2.234 and Control gullies respectively (Table 18). Comparison of SSC and PSD of samples 

collected from the catchments and gully outlets indicate the catchments are contributing a 

substantial amount of the suspended sediment through gullies Control and 2.234. Based on 

these observations, and the similarity of catchment features between gullies, it is likely that the 

catchments of the other remediated gullies are also contributing to a portion of the suspended 

sediment measured at the gully outlets. This assumption needs to be confirmed by water 

quality monitoring data from the catchments of those gullies (1.1, 0.1, 0.2).  

 
Table 18. Time-weighted average SSC and PSD data of samples collected, using PASS samplers, from 

gullies Control and 2.234 during the 2017/2018 and 2018/2019 wet seasons. Note catchment samples (n=2 
per sampling location) were only collected during the 2018/2019 wet season. 

Sampling location  
TWA SSC 

(mg/L)  

PSD (ɛm)  

d10 d50 d90 

Control gully  7123 (± 2670) 1.79 10.80 175 

Control catchment  485-2709 1.04 4.29 26 

Gully 2.234 1429 (± 419) 1.40 5.84 27 

2.234 sub-catchment 2.2 337-563 1.71 8.11 36 

2.234 sub-catchment 2.3 461-1517 1.27 5.52 30 

2.234 sub-catchment 2.4 808-3556 1.27 5.06 24 

 

Note, each catchment PASS sample TWA SSC represents the average SSC of several flow 

events. 
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Figure 32. Catchment runoff flowing into gullies 2.234 (left) and Control (right). The brown colour of the 
water suggests fine sediment is being transported in the catchment runoff. Note, the left picture is facing 
upstream at the top of a remediated lobe on gully 2.234, whereas the right picture is facing up stream at 

water flowing into the head cut of the Control gully.  

 

Figure 33. PASS sampler deployed in catchment upstream of remediated gully 2.234.  

Gully 2.1 (Control): 

SSC of water flowing through the gully was generally consistent for both 2017/18 and 2018/19 

wet seasons with GMs of 6471 *÷ 1.4 and 5723 *÷1.9 respectively. Suspended samples 

collected from the control gully catchment indicate erosion processes within the catchment are 

contributing to the total suspended sediment export from the control gully (Table 18), although 

it appears to be much less compared to erosion of the gully itself (Doriean et al. 2020b). 

Suspended sediment PSD of the catchment and gully outlet samples had similar amounts of 

fine sediment (i.e., <63 µm), however, the gully outlet samples generally had a higher amount 

of coarser sediments (63-2000 µm) compared to the catchment samples. This is likely due to 

the erosion of coarser subsoils at the gully face and the greater carrying capacity of 

concentrated water flows within the gully head and channel, compared to the overland flows 

of the catchment. The PSD of sediment that flowed through the gully during the monitoring 

period remained relatively stable (d50 of 8.0 and 8.6 µm for the 2017/18 and 2018/19 wet 
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seasons respectively) (Figure 35). There was also a notable contribution of very fine sand (63-

100 µm) in most samples, likely sourced from the erodible subsoils of the gully (Doriean et al 

2020b). 

 

 
Figure 34. PSD characteristics (10th (d10), 50th (d50), and 90th (d90) of suspended sediment samples (black 

markers) collected from the Control gully across the monitoring period. Bars and error bars represent 
geometric mean and standard deviation respectively. Brackets represent the results of paired t-tests, 

where p > 0.05 (ns). 

 

Turbidity measurements were collected from gullies Control and 2.234 as part of the gully 

suspended sediment monitoring method evaluation conducted by Doriean and co-workers 

(Doriean et al., 2020a). There was no significant difference between turbidity measurements 

collected from the two gullies, despite corresponding SSCs differing by almost one order of 

magnitude (Figure 35). There was good correlation (R2 > 0.9) between sample SSC and 

corresponding turbidity measurements in the control gully, however, there was little correlation 

for samples/measurements collected from the remediated gully (R2 < 0.2). This meant the 

turbidity measurements could not be used as a surrogate suspended sediment concentration, 

for the purpose of comparing gully suspended sediment dynamics (Doriean et al., 2020a). 
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Figure 35. Comparison of turbidity measurements (left panel) and PASS sample time-weighted average 
SSC (right panel) collected, during comparable time periods, from gullies 2.234 (yellow) and Control 

(green). Long horizontal lines and error bars represent the geometric mean and standard deviation of 
samples collected. Black round and square markers represent individual turbidity and PASS sample SSC 
concentrations respectively. Brackets represent the results of unpaired t-tests, where p < 0.0001 (****), or 

p > 0.05 (ns). 

 

 

Gully 2.234: 

Gully 2.234 was remediated during the 2016 dry season, thus, there is no water quality 

monitoring data from this gully during the first year of water flows post remediation. However, 

visual observations and terrain analysis from the 2016/17 wet season indicate there were no 

major failures to the erosion mitigation measures. SSC and particle size data of the samples 

collected from gully 2.234 suggest the subsoil sediment source from the gully has been 

mitigated and the majority of sediment measured flowing through the gully was likely sourced 

from the catchments draining into the gully (Doriean et al. 2020b). SSC of samples collected 

during the monitoring period were significantly lower compared to the control gully and 

contained generally finer sediment (Table 16, Figure 30 and Figure 36). 
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Figure 36. PSD characteristics (10th (d10), 50th (d50), and 90th (d90) of suspended sediment samples (black 
markers) collected from gullies 2.234 (yellow) and Control (green) across the study period. Horizontal 

bars and error bars represent geometric mean and standard deviation respectively. Brackets represent 
the results of unpaired t-tests, where p < 0.0001 (****), p < 0.001 (***), or p > 0.05 (ns). 

 

Gullies 1.1, 0.2 and 0.1: 

Comparison of SSCs and particle size data of samples collected from the gullies 1.1, 0.1, 0.2 

with the sample data collected from Control gully during the 2017/18 wet season indicate the 

soil erosion mitigation measures applied during remediation did not significantly reduce gully 

suspended sediment contributions (Table 16). Visual observations of the gully erosion control 

structures conducted during the 2017/18 wet season confirmed that several remediation 

components had failed and were allowing soil erosion to occur. Due to the damage to 

equipment from repeated backwater events, only one PASS sample, per gully, was collected 

from gullies 1.1 and 0.1 and only one RSS sample was collected from gully 0.2 for the 2018/19 

wet season. The PASS samples collected from gullies 1.1 and 0.1 do provide a representative 

measure of suspended sediment from the flow events that occurred during the October to 

December 2018 period. However, the single RSS sample from gully 0.2 is only representative 

of the initial flow event of the wet season that occurred in October 2018. The SSC and particle 

size data of the PASS samples collected indicate the repairs made to the erosion mitigation 

measures, during the 2018 dry season, may have reduced the contribution of gully sourced 

suspended sediment (Table 2) (Figure 37, Figure 38, and Figure 39). More monitoring data is 

needed from these gullies to determine if the remediation measures have reduced SSCs in 

these gullies.  
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Table 19. SSC trends throughout monitoring period (2017-2019) for gullies 1.1, 0.1, and 0.2. 

 
 

Note, arithmetic averages, rather than geometric averages, are used because the individual 

flow events were normally distributed. NS = no samples were collected from this period.  

  

 

Gully Month 
Average 
(mg/L) 

Standard 
Deviation 

(mg/L) 

Number 
of 

samples 

Average 
(mg/L) 

Number 
of 

samples 

1.1 

Oct NS NS NS 

3304 1 Nov 13265 3419.001 2 

Dec 10332 12745 4 

Jan 

3642.61 1279 20 
NS NS 

Feb 

Mar 

Apr 

May 

Jun NS NS NS 

0.1 

Oct NS NS NS 

3073 1 Nov 27477 15201 5 

Dec 11294 NA 1 

Jan 

8937 1983 6 
NS NS 

Feb 

Mar 

Apr 

May 

Jun NS NS NS 

0.2 

Oct NS NS NS 6228 1 

Nov 13394 4230 6 

NS NS 

Dec 4808 NA 1 

Jan 

7137 3316 6 

Feb 

Mar 

Apr 

May 

Jun NS NS NS 
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Figure 37. PSD characteristics (10th (d10), 50th (d50), and 90th (d90) of suspended sediment samples (black 
markers) collected from gullies 1.1 (yellow) and Control (green) across the study period. Horizontal bars 

and error bars represent geometric mean and standard deviation respectively. Brackets represent the 
results of unpaired t-tests, where p < 0.001 (***) or p > 0.05 (ns). Note, statistical comparison of samples 
collected from Control and 1.1 were not possible for the 2018/19 wet season because only one sample 

was collected from gully 1.1. 
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Figure 38. PSD characteristics (10th (d10), 50th (d50), and 90th (d90) of suspended sediment samples (black 
markers) collected from gullies 0.1 (yellow) and Control (green) across the study period. Horizontal bars 

and error bars represent geometric mean and standard deviation respectively. Brackets represent the 
results of unpaired t-tests, where p > 0.05 (ns). Note, statistical comparison of samples collected from 
Control and 0.1 were not possible for the 2018/19 wet season because only one sample was collected 

from gully 0.1. 

 

Figure 39. PSD characteristics (10th (d10), 50th (d50), and 90th (d90) of suspended sediment samples (black 
markers) collected from gullies 0.2 (yellow) and Control (green) across the study period. Horizontal bars 

and error bars represent geometric mean and standard deviation respectively. Brackets represent the 
results of unpaired t-tests where p < 0.0001 (****), p < 0.001 (***), or p > 0.05 (ns). Note, statistical 

comparison of samples collected from Control and 0.2 were not possible for the 2018/19 wet season 
because only one sample was collected from gully 0.2. 
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3.1.6 Gully suspended sediment yield estimates  

Due to logistical and budgetary constraints it was not feasible to obtain discharge 

measurements from the control and remediated gullies during the monitoring period. Because 

of this, high-resolution rainfall data (rainfall totals of 1-min intervals) collected on-site paired 

with high-resolution (10cm resolution) lidar data was used to model the water runoff discharged 

from each gully and their corresponding catchments. Without empirical stream flow velocity 

measurements and associated gully discharge estimates it is not possible to calibrate the HEC-

HMS model. Calibration of the model was achieved by reverse calculating modelled stream 

flow discharge into gully stream water levels during flow events. These estimated water levels 

were compared to the gully flow event water level measurements collected at each gully and 

model parameters (i.e., curve numbers) were corrected accordingly. These uncertainties are 

significant, however, even if there was a 50% uncertainty associated with the estimated 

suspended sediment yield of a remediated gully it would make a negligible change when 

compared to high magnitude of difference between load estimates of the Control and 

remediated gullies. 

 

Each gully monitored discharged more than 100 tons of suspended sediment during the 

2017/18 wet season (Figure 40), with a significant proportion of this sourced from the gully 

catchment. The erosion mitigation control measure failures that occurred at gullies 1.1, 0.1, 

and 0.2, during the 2017/18 wet season (due to them being installed too late in the dry season 

and being impacted by early wet season rains), resulted in the gullies discharging more 

suspended sediment than the control gully, when normalised for catchment area or water yield. 

The total SSY from gullies 1.1 and 0.1 were ~2.5 times greater than the total yield of the Control 

gully. In contrast, gully 2.234 had significantly lower SSYs, when normalised for catchment 

area, compared to the Control gully for the duration of the monitoring period (2017-2019). 

Comparison of the SSY from each gully for each cubic metre of water discharged shows gully 

2.234 had very little sediment (0.0002 t/m3), whereas gullies 1.1, 0.1, 0.2, and Control all had 

much higher yields (>0.049 t/m3). The focused gully water quality monitoring study conducted 

at gullies Control and 2.234 concluded that it is highly likely that gully 2.234 is no longer acting 

as a significant source of suspended sediment (Doriean et al., 2020b). The estimated total 

SSY for the catchments of gullies Control and 2.234 was 45 ± 42 t and 135 ± 125 t respectively. 

Note, these estimates are highly variable and are mentioned only to demonstrate that the 

catchments were a likely source of suspended sediment flowing through the gully outlet. 

However, the estimated SSY of only gullies 2.234 and Control (i.e., without their respective 

catchment SSY estimates included) indicate gully 2.234 is not acting as a source of sediment. 

Rather, it acting as a suspended sediment sink (i.e. it may be accumulating suspended 

sediment) (Figure 40). 
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Figure 40. Suspended sediment yield estimates from gullies monitored at Crocodile Station for the 2017-

2019 monitoring period. A = Total gully suspended sediment yield, B = gully total fine suspended 
sediment (<20 µm) yield, C = gully suspended sediment yield normalised for catchment area, D = gully 

total fine suspended sediment (<µm) yield normalised for catchment area, E = gully suspended sediment 
yield normalised for rainfall runoff discharged, and F = estimate of gully suspended sediment yield 

normalised for rainfall runoff discharged minus the estimated suspended sediment yield of the gully 
catchments without catchment sediment contribution. Error bars represent the standard deviation 

associated with the estimated SSY derived from SSC GM values.
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3.1.7 Lidar terrain monitoring  

Terrain monitoring at each of the five gullies was undertaken annually over the study period, 

twice annually in the initial years to capture the changes associated with construction. Surveys 

were undertaken using a Leica C10 Terrestrial laser scanner, at a minimum point density of ~ 

100pts/m2. The scanner has a beam footprint of ~ 5 cm2 at a distance of 30m from the scanner. 

The limit of detection for the DoD analysis was around 5-10 cm but varied for each scan 

depending on the vegetation density. 

 

The following figures show both the net three year annual erosion and deposition (Figure 41) 

and the annual changes over the study period (Figure 42) for the treatment 2.234 The overall 

erosion rates derived from these data are summarised in Table 21 - Table 24. For the main 

gully system (gully 2.234), that was treated using a combination of reshaping, gypsum 

treatment, rock capping and rock check dams, sediment reduction from the active gully itself 

has been 100% effective - i.e. trapping sediment delivered from its catchment as well as having 

no net erosion from the gully. This result was achieved within one year post construction. It 

should be pointed out that sediment is still being delivered from the gully, but it is sourced from 

the sizeable catchment area that feeds into the previously actively incising portion of the gully.  

While the lidar data clearly shows there was net deposition within the treated gully from the 

first year after remediation, this predominantly consists of coarser bedload material. As time 

has progressed and more vegetation has grown within these depositional zones, a greater 

proportion of fines have been deposited. For the purposes of loads calculations only 20% of 

this deposition was included in the fine sediment yield remediation effectiveness calculations. 

The gullies treated using rock chutes alone, were less effective in the first year (due to being 

caught out in early wet season storms), but by year two the sediment yield at these three sites 

was in the order of 80% below baseline (before) and control (Figure 45, Figure 46, Table 21 - 

Table 24).  

 

The elevated sediment yield from sites 0.1, 0.2, 1.1 in the first wet season was exacerbated 

by the fact that construction occurred late in the dry season, and the site experienced some 

major rainfall events in late October, prior to the remediation being completed. This was a 

major setback for the sediment savings from this site, as the sediment yields from these three 

gullies are shown to be approximately double baseline for the first-year post treatment. 

Unfortunately, all water quality samples for the 2018/19 wet season were lost in the major 

backwater events that occurred that year, but lidar data indicates that the gullies were 

effectively stabilised the second year after treatment. 

 

The risk of losing monitoring samples due to backwater contamination and/or damage to 

sampling equipment, highlights the need for having multiple monitoring methods sources when 

undertaking long term post-remediation monitoring to measure the effectiveness of alluvial 

gully treatments. 
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Figure 41. Lidar DoD showing the net topographic change at gully 2.234 over the study period ï indicating 
net deposition within the gully over the 4 years of the study. 

 






















































































































































































































