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ABSTRACT

Context. Gully erosion is a significant socioeconomic and environmental issue that affects
agricultural productivity, infrastructure, and water quality of receiving waters. Despite a variety of
interventions to prevent gully formation and rehabilitate existing gullies, cost-effective interventions
are specific to individual gullies. Aims. The aim of this study was to assess the performance of a suite
of gully management interventions across three different classical gullies. Methods. A one-
dimensional process-based model, MERGE (modelling erosion resistance for gully erosion), was used
to quantify the sediment yield exiting the gullies, in response to various management interventions.
Key results. The net decrease in sediment yield was 2.5-57.4% for each of four interventions
applied in isolation and 51.2-78.7% in combination. Reductions in sediment yield for each
intervention varied markedly among sites, by a factor of 2.6—78.3 in absolute terms. This resulted
in a unique ranking of the interventions by their effectiveness for a given site. Overall, interventions
applied in combination were most effective, outperforming those applied in isolation by a factor of
1.24—1.37, but the effect of applying interventions in combination was not additive. Conclusions. This
study demonstrates the ability of the gully erosion model MERGE to be a useful tool to identify and
tailor effective intervention strategies for individual gullies, and be a useful guide for decision making for
erosion management. Implications. Analysis of expected benefits of gully remediation using tools
such as MERGE is important for assessing options at gully sites due to their widely varying response.

Keywords: environmental restoration, gully erosion, management, mathematical modelling,
MERGE, permanent gully, process-based model, water quality.

Introduction

Gully erosion is a significant socioeconomic and environmental issue (Yitbarek et al. 2010;
Bartley et al. 2020; Frankl et al. 2021). The socioeconomic implications of gully erosion
include loss of agricultural productivity, and the destabilisation of landscapes, housing,
and other essential infrastructure (Valentin et al. 2005). The environmental implications
of gully erosion are largely related to the export of sediment and nutrients to the riverine,
lacustrine, and marine environments (Streeter et al. 2021). The resulting sediment and
nutrient loads impair water quality through stimulating eutrophication and algal blooms,
and causing loss of water clarity (Hamilton et al. 2016). In many cases gullies occupy <5%
of the landscape but generate 10-95% of the total sediment lost at the catchment scale
(Poesen et al. 2003), with gully erosion hot spots identified across every continent (Castillo
and Gomez 2016). Gully erosion is a major contributor to annual costs of US$231 billion (i.e.
0.41% of the global GDP) resulting from soil erosion and land degradation (Nkonya et al.
2016). Management and mitigation of gully erosion is therefore critical for environmental
protection on a global scale.

The detrimental impacts of gully erosion have motivated extensive efforts to prevent
gullying and rehabilitate existing gullies (Yitbarek et al. 2010; Haregeweyn et al. 2015;
Hartman et al. 2016; Bartley et al. 2020; Frankl et al. 2021). Approaches to reduce gully
erosion and improve downstream water quality include interventions that primarily
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function by (1) reducing the volume or velocity of runoff
entering and/or travelling through a gully, (2) increasing
the erosion resistance of the soil, and (3) capturing
eroded sediment off-site to prevent downstream impacts.
Interventions based primarily on reducing the volume (or
velocity) of the flow entering the gully head include
diverting flow (Frankl et al. 2021), increasing in-catchment
vegetation cover (Gomez et al. 2003), and improving in-
catchment livestock management (Hunt et al. 2014).
Interventions based primarily on reducing the velocity of
flow within the gully include vegetating the gully head
and/or channel (Rey 2003), installing in-catchment livestock
exclusion fencing (Koci et al. 2021), battering/reshaping of
the gully head or channel to reduce channel slope (Rust
and Star 2017), and the installation of in-channel structures
(e.g. porous check dam, leaky weir, and silt trap weir)
(Wilkinson et al. 2019; Koci et al. 2021). Interventions
based primarily on increasing resistance to erosion in the
gully include vegetating the head or channel, and installing
protective barriers, e.g. bamboo sheeting, and rock check
dams (Langendoen et al. 2014; Koci et al. 2021). Downstream
solutions to trap sediment include natural and constructed
wetlands (Adame et al. 2019; Kavehei et al. 2021), and
dams or reservoirs (Lewis et al. 2013). Such interventions
have been applied to control gullies, with varying success.
For example, vegetation control reduced erodability indices
by 2-24% in two studies in the Loess Plateau, China (Guo
et al. 2018; Zhang et al. 2019); and bank stabilisation (with
vegetation and/or bamboo sheeting), and re-shaping and
rocking gully heads reduced sediment load after 1 year by
87% in the Birr watershed, Ethiopia (Addisie et al. 2016).
Further, Bartley et al. (2020) reported reductions in sediment
yield due to gully erosion management of 12-94% in a global
review of 37 studies.

Reasons for the observed variation in outcome are
complex, and include climatological regimes [e.g. rainfall
intensity (Chen and Cai 2006)], geological regimes [e.g.
catchment slope and soil-type (Wilkinson et al. 2019)], and
intervention benefits sometimes taking several years before
they are fully realised [e.g. changes in catchment vegetation
cover (Gomez et al. 2003)] or being short-lived [e.g. check
dams in certain situations, <30 years (Quifionero-Rubio
et al. 2016)]. Gully erosion interventions vary markedly in
both efficacy and cost-effectiveness, with many of the most
efficacious interventions involving extensive costly engineering
works (e.g. installing a rock chute at the gully head) or high
maintenance costs, while many of the cheaper interventions
(e.g. increasing vegetation cover) may be less effective
(Wilkinson et al. 2019). Thus, choosing the most appropriate
intervention or interventions to ensure a cost-effective
treatment that meets the restoration objectives is both a
non-trivial and critical matter for land managers.

Various gully models have been developed to predict
growth, quantify the effects on water quality of receiving
water bodies, and support and inform gully rehabilitation

efforts (Roberts et al. 2022). Such models are becoming
increasingly applied, and provide a complementary tool to
prior studies (e.g. Frankl et al. 2021), best practice
guidelines (e.g. Wilkinson et al. 2019; Calero et al. 2021),
and expert knowledge in informing gully management. The
benefits of changed gully management practice has been
modelled at the catchment scale, for example using the
‘management factor’ in the Dynamic SedNet gully erosion
model (Ellis 2018), and at the individual gully scale (Hancock
et al. 2000; Langendoen et al. 2014; Prentice et al. 2021;
Roberts 2022; Roberts and Roots 2023). Gullies have been
modelled through the application of erosion models targeted
to other systems into the gully space (e.g. BSTEM and
CONCEPTS) (Langendoen et al. 2014), and with models
developed specifically for ephemeral or classical (permanent)
gullies. These models vary in their (1) formulation (process-
based vs data driven), (2) prescribed output (change in gully
morphology/landscape vs sediment yield), (3) spatial scale
(gully vs catchment or continent), and (4) temporal scale.
Most gully erosion models are empirical; however, the lack
of data has limited the application of these approaches to
gully management and rehabilitation. The few available
process-based gully erosion models, by contrast, are well
equipped to handle analysis of the potential costs and benefits
of different interventions owing to their formulation being
based on the underlying physical processes (Roberts et al.
2022). Consequently, process-based models have been
identified as necessary to support gully rehabilitation efforts
(Prosser 2018), and provide options for landscape restoration
under global change scenarios (Cuddington et al. 2013).
The development of process-based models has been
motivated by increasing interest in the contribution of
gullies to ecosystem health, but uptake and application for
management purposes is still in its infancy. The classical
gully erosion specific process-based models available [e.g.
GULTEM (Sidorchuk 1999), Plunge Pool Model (Alonso et al.
2002), ‘Unnamed model’ (Rose et al. 2014), and MERGE
(Roberts 2020)] are primarily based on conservation of mass
in a water column subject to entrainment (source) and
deposition (sink). These models vary markedly in their
prescribed output, including gully growth (Alonso et al.
2002), gully morphology (Sidorchuk 1999), and gully sediment
yield (Rose et al. 2014; Roberts 2020). Of these models, MERGE
is best suited to directly modelling interventions to support
management for individual gullies (Roberts et al. 2022, fig. 7).
The aim of this study was to assess the performance of a
suite of gully erosion management interventions across
three vastly different classical gullies to inform their on-site
management. This aim was addressed using MERGE to quantify
the change in the sediment delivery due to selected manage-
ment actions. Gully sediment yields were determined in three
morphometrically different gullies in response to four
interventions applied in isolation and in combination with
one another (as commonly applied in practice). Interventions
applied were (1) reducing the flow entering the gully head
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(representing catchment works, e.g. constructing diversion
banks, installing exclusion fencing, and vegetating the
catchment), (2) battering and vegetating the structure and
slope of the gully head, (3) installing a rock chute at the gully
head, and (4) installing rock check dams within the gully
channel. To ensure a fair evaluation of the usefulness of MERGE
to support gully management activities, input data were
restricted to those routinely collected by Healthy Land and
Water, a natural resource management organisation for south-
east Queensland, or that could readily be included in their
site studies.

Material and methods

Study area and gully descriptions

Fernvale Gully (27°26'31"S; 152°37'53"E), Riverside-North
Gully (27°31'22"S; 152°45'34"E), and Riverside-South
Gully (27°32/13"S; 152°44'37"E) are classical gullies located
in south-east Queensland, Australia. The climate of the region
is subtropical, with monthly mean rainfall of 110 mm in
summer and 30 mm in winter (Bureau of Meterology 2022).
Each gully has a catchment largely comprising pasture, with
stretches of gully that are both grazed and non-grazed.
Fernvale and Riverside-North gullies are linear in structure,
measuring 150 and 106 m in length, respectively (Fig. 1a, c).
Riverside-South Gully is dendritic (branching) in structure
with two separate 146 and 112 m stretches of gully entering
another 212 m stretch of gully (Fig. 1b). Each gully includes
multiple erosion heads between channel sections, which vary
in their width, depth, slope, and Manning’s roughness
coefficient (Table 1). Riverside-South Gully also includes two
natural leaky weirs, comprising branches and other detrital
material. The outfall of the three gullies is into the Mid-
Brisbane River, which feeds the Mount Crosby Water Treatment
Plant (and thus the potable water supply of Brisbane and
Ipswich), and subsequently Moreton Bay, which includes an
internationally important (Ramsar) wetland. Consequently,
management and mitigation of water quality in the

(a) Outfall

Fig. 1.

Mid-Brisbane River is a significant economic and
environmental issue for the surrounding region.

Data and data sources

We restricted our study to data typically available to manage-
ment agencies from preliminary site assessments, trivially
measured in the field, or available within the literature. Gully
slope and length were determined using GoogleEarth, and
width, depth, and Manning’s roughness coefficient were
provided by Healthy Land and Water. Gully geometry and
Manning’s roughness were determined for each head and
gully section. For grazed sections, the Manning’s roughness
coefficient may vary markedly based on recent cattle
grazing, within 0.025-0.030 s/m!/3 for recently grazed and
0.035-0.060 s/m'/3 for not-recently or ungrazed. Fernvale
Gully has three head and three channel sections, width of
3.0-4.0 m, depth of 1.0-2.5 m, slope of 0.007-0.082, and
Manning’s roughness of 0.027-0.045 s/m!/3. Riverside-
North Gully has six head and six channel sections, width of
1.0-4.0 m, depth of 0.35-1.20 m, slope of 0.022-0.047,
and Manning’s roughness of 0.027-0.065 s/m'/3, Riverside-
South Gully has three heads and three channel sections
(and two natural leaky weirs within the channel sections 1
and 2), width of 2.0-2.5 m, depth of 0.4-2.0 m, slope of
0.067-0.118, and Manning’s roughness of 0.035-0.060 s/m'/3,
A 5% annual exceedence probability event, equivalent to a
1-in-20-year event, was selected for this study in line with
Healthy Land and Water’s standard design principles. The
events modelled have fluxes of 5.08, 0.78, and 3.02 m3/s
for Fernvale, Riverside North, and Riverside South gullies,
respectively (values supplied, Healthy Land and Water).
Site-specific soil samples were not available. A particle size of
16 pm was selected to focus on finer particles, and a density of
1330 kg/m? due to the dominance of Dermosols in the region.

Model description

MERGE is an event-based one-dimensional model for gully
erosion that is designed to capture the physical interactions

Outfall

N
Qutfall

(a) Fernvale Gully, (b) Riverside-North Gully, and (c) Riverside-South Gully study sites, showing each gully’s sections,

heads (circles), natural leaky weirs (squares), and outfall (source: GoogleEarth).
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Table I. Fernvale, Riverside-North, and Riverside-South Gully characterisation.

Gully # Type L (m) W (m) Do (m) S (unitless) n (S/Im'?) BC (#)

Fernvale | Head 2.00 3.00 1.00 0.007 0.027 -
2 Channel 93.00 3.50 1.00 0.007 0.027 |
3 Head 6.00 4.00 2.50 0.061 0.027 2
4 Channel 32.00 3.50 2.50 0.061 0.027 3
5 Head 9.00 3.25 1.50 0.082 0.045 4
6 Channel 8.00 4.00 1.50 0.082 0.045 5

Riverside-North | Head 1.50 1.00 0.40 0.055 0.027 -
2 Channel 144.50 1.25 0.40 0.055 0.027 |
3 Head 1.25 1.50 0.35 0.047 0.060 -
4 Channel 15.75 1.50 0.35 0.047 0.060 3
5 Head 2.00 1.50 0.60 0.033 0.055 4
6 Channel 34.00 2.75 0.60 0.033 0.055 5
7 Head 3.50 4.00 1.20 0.042 0.048 6
8 Channel 55.50 3.00 1.20 0.042 0.048 7
9 Head 2.00 2.00 0.80 0.021 0.050 2and 8
10 Channel 117.00 2.50 0.80 0.021 0.050 9
I Head 3.00 3.00 0.40 0.022 0.050 10
12 Channel 90.00 3.00 0.40 0.022 0.050 I

Riverside-South | Head 3.50 2.50 1.20 0.085 0.035 -
2 Channel 55.50 2.25 1.20 0.085 0.035 |
3 Head 1.00 2.00 0.40 0.113 0.025 2
4 Channel 17.50 2.25 0.40 0.113 0.025 3
5 Head 3.50 2.50 1.80 0.067 0.025 4
6 Channel 25.00 2.50 1.80 0.067 0.025 5

The gullies are segmented into head and channel sections of length (L) with assumed homogeneous width (W), depth (Do), slope (S), and Manning’s roughness coefficient
(n) (expressed as the post cattle grazing scenario, which is the lowest value modelled at each site). The concentration boundary condition (BC) is the outflow of the up-

gully section joining the given section.

of erosion events in classical gullies and explore the benefits
of different interventions for their potential implementation
in situ (Roberts 2020). MERGE uses conservation of mass
within the water column subject to the entrainment (source)
and deposition (sink) of sediment to calculate the flux of
sediment exiting a gully. MERGE captures erosion due to
two key processes: (1) headcut retreat due to the action of
runoff entering the gully as a waterfall at a gully head, and
(2) channel floor and wall scouring due to flow within the
gully channel. Deposition results from sediment settling out of
the water column; and this deposited sediment is available for
re-entrainment.

MERGE replicates the important elements of gully erosion;
including attainment of a steady concentration under
constant conditions, development of a depositional layer,
and in the dynamic case, first flush effects and hysteresis. The
analytical solutions have been applied in preliminary evalua-
tions of the model’s performance to assess the benefits of
management interventions using on-ground data (Prentice
et al. 2021; Roberts 2022; Roberts and Roots 2023).

Analytical quasi-steady state solutions to MERGE (Roberts
2020, eqns 12-15) are used in the present study to describe
the sediment concentration along the gully and the
sediment flux (kg/s) exiting the gully, which we refer to as
the sediment yield for clarity. These analytical solutions
capture two cases: (1) where deposition is greater than
entrainment, forming a depositional layer on the gully
floor, thus protecting the original soil matrix from erosion,
and (2) where deposition is less than entrainment, thus
exposing the original soil matrix to erosion. Key parameters
in MERGE are the mean concentration of sediment within
the water column [C (kg/m®)], flow [Q (m3/s)], erosion
resistance [J (W s/kg)]l, Manning’s roughness coefficient
[n (s/m'/3)], and the dimensions of the gully head and channel
[i.e. length, depth, and width (all m) and slope]. Additional
parameters, primarily fixed relationship parameters (albeit
modifiable by the user), are outlined in Table 2. A global
sensitivity analysis of MERGE demonstrated that the model
sensitivity is regime dependent, with the parameters driving
the erosion event dominating the model output (i.e. sediment

4



www.publish.csiro.au/sr

Soil Research 62 (2024) SR23014

Table 2. MERGE model fixed relationship parameters and values.
Parameter Symbol Value Unit
Carrying capacity C* 0.lc kg/m?
Concentration gradient b | Unitless
Dynamic viscosity of water U 1.0031 x 10~%p kg/(m s)
Erosion resistance J 10-2560 W slkg
Fluid density P 1000 kg/m?
Friction term F 0 W slkg
Gravity g 9.81 m/s2
Initial concentration G 0 kg/m?
Power proportion k 0.01 Unitless
Sediment density c 1330 kg/m?
Sediment size 1.6 x 107 m
Settling velocity A 0.05 m/s

yield). Erosion resistance (J) accounted for at least 35% of the
variation in sediment yield in three of the five scenarios, and
was only a minor contributor in highly erosive (very low soil
cohesion) or highly cohesive (minimal erosion) scenarios.
Across the five scenarios, MERGE was insensitive to variations
in the gully width, head length, slope, and Manning’s rough-
ness coefficient (Sobol indices <0.02 across all scenarios)
(Bennett et al. 2023).

Gully erosion intervention assessment

The analytical solutions to MERGE were implemented in
Python v 3.9.6. Model code was developed to piece together
unique gully sections (both heads and channels) with
different parameter values. Fixed relationship parameters
(Table 2) were determined as those in Roberts (2020), with
the exception of the sediment density (o), carrying capacity
(C*), and power proportion (k). The erosion resistance (J)
was input as a selection of values between 10 (i.e. low J; high
erodibility) and 2560 W s/kg (i.e. high J; low erodibility).
Parameter space for J was broadly explored because MERGE
output is sensitive to this parameter (Bennett et al. 2023),
and obtaining detailed field measurements of soil cohesion
was out of budget scope for our study. Values of J are averaged
in modelled gullies but in reality will vary spatially with
gully depth and length, and temporally with soil moisture,
root mass, and other seasonal factors. The exploration of a
range of parameter values allows MERGE users and decision
makers to better understand uncertainty in model output
driven by sensitive model parameters, and to potentially
target additional field or laboratory studies for such
parameters, or develop research on the models to include
spatially and temporally varying parameters. The Manning’s
roughness coefficient, n, was determined as the worst case
scenario (i.e. post cattle grazing; Table 1).

Under baseline conditions (no interventions) we assume
the flow through the gully is constant. Where two sections
join into a single channel as in Riverside-North Gully, the flow
in the lower section is the sum of that in the contributing up-
gully sections. In gullies with two or more sections receiving
catchment input (i.e. Riverside-North Gully), the inflow (Q)
was divided and apportioned equally between the various
gully heads receiving inputs directly from the catchment.
Natural leaky weirs, present in Riverside-South Gully, were
not modelled due to negligible effect on the model output,
and thus were considered part of the gully channels in
which they were nested.

To determine the most effective intervention(s) for
reducing gully erosion in each of the three gullies, we quan-
tified the reduction in the sediment yield to the receiving
river, for four different interventions applied in isolation
and, where interventions were not mutually exclusive, in
pairs. The sediment yield, QC, is the product of the flow, Q,
and the sediment concentration, C. Intervention #1 simulated
a50% reduction in the inflow (Q) entering the gully head (due
to catchment works). Intervention #2 simulated battering
(Fig. 2b) and vegetating (with hedges of vetiver grass,
Chrysopogon zizanioides) (Fig. 2a) the structure and slope
of the gully head in the two most erosive heads of each
gully. Battering and vegetating the structure and slope of
the gully head were achieved by changing the head to a
channel, with the resultant channel modified to a length of
10 m (with the subsequent segment modified accordingly)
and a slope of 0.1 (i.e. 1:10). Vegetation of the reshaped gully
head was modelled by increasing the Manning’s roughness
coefficient to 0.05 s/m'/3, equivalent to the mid value for
‘light brush and trees, in winter’ as suggested by Chow
(1959). Intervention #3 simulated the installation of a rock
chute (Fig. 2c) at the gully head in the two most erosive
heads of each gully. The presence of a rock chute was
modelled by assuming that net erosion or deposition would
not occur within the region of the rock chute. That is, the
sediment concentration (C) at the end of the rock chute was
assumed to have the same value as at the start of the rock
chute. Intervention #4 simulated the installation of rock
check dams (Fig. 2d) within the two channel sections with
the greatest slope. This was achieved by defining 10 m long
sections (or if the pre-existing channel section was <10 m,
the intervention was input as the entire channel section), in
the middle of the two longest channel sections in each gully
with a Manning’s roughness coefficient of 0.16 s/m'/3,
equivalent to the upper value for ‘medium to dense brush, in
summer’ as suggested by Chow (1959). Planting of vetiver
hedges (Intervention #3) and implementation of rock check
dams (Intervention #4) were assumed not to change the
depth of flow within the channel. The true situation is more
complicated, since increasing the roughness of a channel
(i.e. increasing n), results in a slower flow (decreased Q) for
a given flow depth (d). Interventions were also simulated
in pairs as interventions in practice are rarely applied
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Fig. 2.

Examples of interventions applied in this study: (a) revegetation of the catchment as an example of catchment works, (b) battering

(= reshaping) the structure and slope of the gully head (photo represents early development, hence not vegetated), (c) installation of a rock
chute at the gully head, and (d) installation of a rock check dam in the gully channel. (Photos: Healthy Land and Water).

in isolation. Paired interventions were carried out in all
instances, with the exception of the mutually exclusive
pairing of battering and vegetating (#2) and rock chutes
(#3). Where intervention pairs would result in an overlap,
battering and vegetating (#2) and rock chutes (#3) were
given precedence over rock check dams (#4), meaning rock
check dams in this instance would be implemented as
<10 m in length.

Results

Erosion resistance

Higher erosion resistance, i.e. higher J values, resulted in a
lower sediment yield (QC) along and exiting all three
gullies (Fig. 3). The sediment concentration (C) did not
reach the carrying capacity (C*) (i.e. the maximal sediment
concentration permitted by the model) in any of the cases
simulated, i.e. J = 10-2560 W s/kg. In the most erosive
case, i.e. J = 10, the maximum sediment concentration
simulated was 48%, 61%, and 59% of the carrying capacity
in Fernvale, Riverside-North, and Riverside-South gullies,
respectively. Across all cases, i.e. J = 10-2560 W s/kg, the
sediment yield was 1.8-324.7, 0.4-63.5, and 1.4-235.1 kg/s,
in Fernvale, Riverside-North, and Riverside-South gullies,

respectively (Fig. 3). Despite significant variation in the
absolute impact of interventions for different erosion resis-
tance values, the relative values were consistent across the
range of J values explored at the individual gully level.
Subsequent model results are therefore presented for a
restricted range of J values (40-640 W s/kg). The relative
reduction values stated in Results and Discussion are given
using the intermediate value J = 160 W s/kg. Results are
given in full in Supplementary Tables S1-S4.

Interventions applied in isolation

The four interventions applied in isolation resulted in a net
decrease in sediment yield across all scenarios. Reductions,
however, varied markedly between sites in both absolute
and relative terms. Here, assuming the mid-range J-value
(i.e. 160 W s/kg), absolute reductions in sediment yield
were 3.8-16.4 kg/s at Fernvale Gully, 0.2-3.1 kg/s at
Riverside-North Gully, and 3.5-11.1 kg/s at Riverside-South
Gully (Fig. 4). These reductions resulted in corresponding
relative reductions (i.e. relative to the control) in sediment
yield of 13.3-57.4%, 2.5-50.0%, and 15.6-50.0% (Fig. 5).
The reduction in sediment yield affected by each interven-
tion typically varied markedly across sites in absolute (and
relative) terms by factors of 4.6 (relative = 1.0) for the
reduction in flow, 78.3 (relative = 16.9) for battering and
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160 640 2560

Sediment yield (QC; kg/s) along the length of the three gullies: (a) Fernvale Gully,

(b) Riverside-North Gully, and (c) Riverside-South Gully, for increasing erosion resistance
(J) values between 10 (highly erosive) and 2560 WV s/kg (less erosive). The erosion resistance is
indicated by the line colour. Riverside-North Gully (b) has two branches, shown in subplots i and
i, that feed into the main channel, shown in subplot iii.

vegetation, 19.9 (relative 4.3) for rock chutes, and 2.6
(relative 1.8) for rock check dams. The ability of each
intervention to reduce the sediment yield therefore resulted
in a unique ranking of the interventions by their effectiveness
for each site (Table 3). Specifically, the most effective
intervention applied in isolation at Fernvale Gully was rock
chutes (relative reduction = 57.4%), while at Riverside-North
and Riverside-South reducing flow (50%) was most effective.

Interventions applied in combination

The five intervention combinations resulted in a net decrease
in sediment yield across all scenarios. As with those applied in
isolation, reductions varied markedly between sites in both
absolute and relative terms (Figs 6 and 7), and reductions

in sediment yield for a given intervention combination
varied markedly in relative terms within and between sites
(Fig. 7). As with those applied in isolation, the ability of
each intervention combination to reduce the sediment yield
resulted in a unique ranking of the interventions by their
effectiveness for each site (Table 4). Here, the most effective
intervention combinations resulted from the pairing of
reduced flow with either a rock chute or rock check dam,
with reduced flow and rock chutes the most effective at
Fernvale Gully (relative reduction = 78.7%) and Riverside-
South Gully (67.8%), and reduced flow and rock check
dams the most effective at Riverside-North Gully (62.0%).
The most effective interventions applied in combination
were demonstrated to outperform the most effective interven-
tion applied in isolation by factors of 1.37, 1.24, and 1.36
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Fig.4. Sedimentyield (kg/s) at baseline (i.e. control as C) and for interventions applied in isolation:
(a) Fernvale Gully, (b) Riverside-North Gully, and (c) Riverside-South Gully. Interventions include
the reduction of inflow entering the gully (due to catchment works) by 50% (]Q), battering and
vegetating of the structure and slope of the gully head (B&V), installation of rock chutes in two
gully heads (RC), and installation of rock check dams in two gully channels (RCD). Legend
represents the erosion resistance, | (W s/kg) value.
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Fig. 5. Relative reduction (%) in sediment yield (kg/s) for interventions applied in isolation:
(a) Fernvale Gully, (b) Riverside-North Gully, and (c) Riverside-South Gully. Interventions are
the reduction of inflow entering the gully (due to catchment works) by 50% (|Q), battering and
vegetating of the structure and slope of the gully head (B&V), installation of rock chutes in two
gully heads (RC), and installation of rock check dams in two gully channels (RCD). Legend
represents the erosion resistance, | (W s/kg) value.

in Fernvale, Riverside-North, and Riverside-South gullies, resulting from each in-gully intervention (c.f. in-catchment
respectively. interventions) varied markedly depending on the physical

properties of individual gullies. Furthermore, the degree of

variation was intervention specific, with the relative
Discussion reduction in the sediment yield varying by a factor of 1.8 in
the instance of rock check dams through to a factor of
Applying the process-based gully erosion model MERGE in 17 in the instance of battering and vegetating gully
this study, the relative reduction of the sediment yield  heads. Site-specific reductions of the sediment yield to each
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Table 3. Gully-specific ranking of interventions applied in isolation
based on reduction in sediment yield relative to control (kg/s).

Ranking Fernvale Riverside-North Riverside-South
Gully Gully Gully

| RC (57%) 1Q (50%) 1Q (50%)

2 1Q (50%) RCD (24%) RC (36%)

3 B&V (42%) RC (13%) B&V (26%)

4 RCD (13%) B&V (2%) RCD (16%)

Reduction in yield (at / = 160 W s/kg) relative to control (as %) in parentheses.
RC, rock chutes; |Q, reduction of inflow; B&V, battering and vegetating; and
RCD, rock check dams.

intervention thus resulted in unique rankings of effectiveness
for each intervention option, providing insight into the
potential benefits of different management arrangements at
the different locations. The orderings for each site were
insensitive to erosion resistance across the range of values
explored. Thus, while the net benefits of management at
these sites, as simulated by MERGE, varies markedly for
different erosion resistance values, improved data on the
site-specific erosion resistance is unlikely to result in different
decisions as to on-ground management, and is therefore of
limited benefit. Exploring a broader parameter range could
therefore precede costly on-ground studies to better target
these studies. These results demonstrate the ability of
MERGE to identify and tailor the most effective intervention

strategies for a given gully, providing an underpinning basis
for decision making for gully managers.

Reductions in the sediment yield resulting from interven-
tions applied in isolation or combination in our study
ranged within 2.3-78.9%, comparable to the 12-94% range
reported in a review by Bartley et al. (2020). Of the
interventions applied in isolation, however, reductions in
sediment yield in our study ranged within 2.3-57.8%; and
in rock check dams, in particular, reductions in our study
ranged within 12.6-24.4%, which is at the lower end of the
2-99% range reported across a suite of studies (e.g. Nyssen
et al. 2006; Boix-Fayos et al. 2008; Bellin et al. 2011; Guo
et al. 2018; Zhang et al. 2019). The minimal effectiveness
of battering and vegetating at Riverside South gully is
consistent with the least effective vegetation treatments in
studies by Guo et al. (2018) and Zhang et al. (2019) in the
Loess Plateau, China. The relative reduction in the sediment
yield resulting from the catchment-based intervention of
reduction in inflow was approximately proportional to the
inflow reduction, with minimal variation across gullies. The
relative reduction in sediment yield resulting from each
in-gully intervention varied markedly depending on the
physical properties of individual gullies, with the variation
specific to the intervention. Thus our findings not only
demonstrate that modelling of intervention outcomes using
MERGE is in alignment with that quantified on-ground, but
indicates that efficiency of any one intervention in reducing
the sediment yield is highly variable and inextricably linked
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Fig. 6. Sediment yield (kg/s) at baseline (i.e. control as C) and for interventions applied in combination:

(a) Fernvale Gully, (b) Riverside-North Gully, and (c) Riverside-South Gully. Interventions include
combinations of the reduction of inflow entering the gully (due to catchment works) by 50% (1Q),
battering and vegetating of the structure and slope of the gully head (B&V), installation of rock chutes in
two gully heads (RC), and installation of rock check dams in two gully channels (RCD). Legend

represents the erosion resistance, | (W s/kg) value.
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Fig. 7. Relative reduction (%) in sediment yield (kg/s) for interventions applied in combination:
(a) Fernvale Gully, (b) Riverside-North Gully, and (c) Riverside-South Gully. Interventions include
combinations of the reduction of inflow (Q) entering the gully (due to catchment works) by 50%
(1Q), battering and vegetating of the structure and slope of the gully head (B&V), installation of rock
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Legend represents the erosion resistance, | (W s/kg) value.

Table 4. Gully-specific ranking of interventions applied in combina-
tion based on reduction in sediment yield relative to control (kg/s).

Riverside-South
Gully

Riverside-North
Gully

Ranking Fernvale Gully

[ 1Q + RC (79%)

2 1Q + B&V (71%)
3 RC + RCD (70%)
4 1Q + RCD (57%)
5 B&V + RCD (55%)

1Q + RCD (62%)
1Q + RC (57%)
1Q + B&V (51%)
RC + RCD (32%)

B&V + RCD (24%)

1Q + RC (68%)
1Q + B&Y (63%)
1Q + RCD (58%)
RC + RCD (52%)
B&V + RCD (42%)

Reduction in yield (at ] = 160 W s/kg) relative to control (as %) in parentheses.
1Q, reduction of inflow; RC, rock chutes; RCD, rock check dams, and B&V,
battering and vegetating.

to the physical and biogeochemical properties of the gully in
question (Bartley et al. 2020).

The sediment yield reductions from multiple interventions
modelled in this study are similar in magnitude to reported
ranges from on-ground measurements at a variety of gullies
across the globe applying similar interventions. Reductions
in the sediment yield resulting from the most effective
intervention pairings were greater than those resulting from
the most effective intervention applied in isolation, with a
considerable benefit of a second intervention in certain
gullies (i.e. increase by a factor >1.34) but small in others
(i.e. increase by a factor of <1.14). These results compare
well with those from a variety of studies reviewed, and

demonstrate that the greatest benefits can be achieved
using multiple interventions (e.g. Kuhnle et al. 2008; Nyssen
et al. 2008; Garbrecht and Starks 2009; Bartley et al. 2020).
Further, the reduction in sediment yield of 56.1-62.2%
resulting from the combination of catchment works and the
implementation of a rock check dam in our study compares
well to the 60-75% reduction resulting from vegetation
restoration and check dams (with terracing) in two studies
in China (Chen and Cai 2006; Ran et al. 2008).

Limitations

Representing the various interventions in MERGE required
assumptions about how these actions change physical
parameters and processes within the model. While some of
these processes are extensively studied, such as the effect of
vegetation on the Manning’s roughness coefficient, further
investigation and field-based validation is recommended.
First, in the instance of modelling the effect of rock chutes,
net deposition and entrainment within the intervention is
assumed to be zero. While this provides a conservative
representation of the intent of rock chutes, being to provide
a non-erosive barrier to prevent erosion of the underlying
soil, more complex interactions can occur. Net deposition, and
hence the development of a depositional layer, will occur
under some conditions. Furthermore, the chutes can alter the
flow, increasing or decreasing the velocity and hence
increasing or decreasing the erosive power and the ability for

10



www.publish.csiro.au/sr

Soil Research 62 (2024) SR23014

net deposition. Second, vegetation effects on roughness are
specific to different vegetation species, the effective cover,
and how well they establish on the floor and walls. Improved
understanding of species commonly used in different geogra-
phies would improve modelling. Furthermore, in modelling
the effect of battering and vegetation of gully heads and
rock check dams, which are modelled by increasing the
Manning’s roughness coefficient, the depth of flow is assumed
to be unchanged, with roughness only affecting the flow
velocity. Moreover, the effects of obstructions in the flow are
assumed to be localised, with no effect of the flow down-gully
of the obstruction. Further research is required to understand
how obstructions in the flow should best be represented in
MERGE and how flow volume (depth) and velocity interact
with the channel roughness. Increasing vegetation cover
would be expected to increase attributes below ground such
as root length, density, and network (e.g. Stokes et al.
2014; Vannoppen et al. 2015), which act to hold the soil
together, reducing erosion. The representation of vegetation
cover in the model can be considered conservative, as only
the effects of vegetation on flow velocity are captured,
neglecting the effects on erosion resistance, which are expected
to further reduce sediment yield (Roberts 2020). Further
research is required to provide clear guidance on how to modify
the erosion resistance parameter (J) to more comprehen-
sively model the benefits of vegetation in different soil
types. GULTEM (Sidorchuk 1999), an alternative gully
erosion model, adopts an exponential function to model the
effect of roots on soil cohesion (i.e. erosion resistance),
with bulk soil cohesion increasing according to exp(0.05R),
where R (kg/m?) is the thin root content in the top 5 cm of
soil. This approach should be explored as a possible way
forward for MERGE. Third, our modelling assumes that
interventions work and are maintained. For example, a rock
check dam applied in the model will work irrespective of
the hydraulic flux, while on-ground the same rock check
dam may fail at a certain hydraulic flux; revegetation projects
are assumed to maintain the higher vegetation cover during
the wet season across multiple years (otherwise the benefit
is short lived) yet revegetation projects are not practical in
all locations without extensive ongoing maintenance. There
are socioeconomic considerations as well as environmental
variables that are important to ongoing performance, and
model results must be interpreted within the context of
these factors.

These limitations must however be balanced against the
advantages of the model. Implicit assumptions, such as how
the age of a gully affects erosion, are unnecessary since the
causes of these observations, namely a reducing catchment
area and/or erosion into different soil types, are directly
represented within the model. Furthermore, the simplicity
with which model parameters can be changed, together with
the low computational cost of model runs, makes MERGE
naturally suited to Monte-Carlo style investigations that are
well suited to assessment of uncertainty. A decision maker

or modeller can therefore explore the feasible parameter
space and identify thresholds for when different decisions
would be made, providing confidence in the decision
process even with parameter uncertainty. Broader uptake of
the model and continued improvement, especially in terms
of how different interventions are represented, will further
minimise the above mentioned limitations.

Implications for resource managers

Natural resource management (NRM) professionals are faced
with the difficult task of determining how best to invest and
allocate their limited resources to a wide array of environmental
challenges. To meet these challenges, each investment decision
is typically stress tested and prioritised. Unfortunately, the
effectiveness of gully erosion interventions is seldom
monitored beyond success or failure to control head cut,
and thus effectiveness is rarely quantified. Calculating the
cost-effectiveness of a given intervention is therefore
difficult (Bernhardt et al. 2005). Critically, results derived
from MERGE in our study demonstrated a clear method to
quantify site-specific differences in the reduction of sediment
yield from each intervention and thus provide a clear ranking
of the most effective intervention(s) for each site, together
with the relative benefits of the different approaches.
MERGE provides NRM professionals with a tool to readily
identify and quantify the expected reduction in erosion for
a given site. As such, MERGE has the ability to provide clarity
over whether gully rehabilitation in a given gully should focus
on catchment works or in-gully works, a highly contestable
debate in and of itself (Bartley et al. 2020), and to identify
specific interventions that result in the greatest reduction in
sediment yield at a given site. Thus, decision makers have
the ability to assess the efficiency and cost-effectiveness of
interventions.

When identifying potential solutions for addressing gully
erosion, NRM professionals consider a wide range of factors.
With most gully erosion works occurring on private property,
landholder engagement and co-investment, for both construc-
tion and maintenance, must be considered together with the
likelihood of achieving upstream catchment management
changes such as increasing ground and canopy cover.
Maintenance requirements also influence decisions, for
example in south-east Queensland initial establishment of
vetiver requires a 1-2 year minimum maintenance period and
native vegetation requires a minimum 3-5 year maintenance
period. If funding options or landholder appetite/capacity are
insufficient for adequate maintenance then the feasibility
increases for lower-maintenance options such as rock check
dams and rock chutes.

Feasibility of delivering a solution, regulations, and
impacts on commercial activity must also be considered. The
risks of causing further erosion, commonly seen with poorly
designed outfalls from diversion banks, or machinery access
restrictions for example due to the height of vegetation cover


www.publish.csiro.au/sr

M. J. Prentice et al.

Soil Research 62 (2024) SR23014

may preclude engineering options. Blocking fish migration
passage would trigger regulations and permit requirements,
while space for appropriate vegetation buffers may face
resistance from the landholders’ adjacent commercial
operations.

Risk of failure, return on investment, and assessment of risk
also influence the chosen gully rehabilitation options. Lower
cost engineering structures designed for 1:20 Annual
Exceedance Probability (AEP) are more prone to failure
than structures designed for 1:50 or 1:100 AEP, though at a
significantly higher cost. On a practical level, it is likely
that any design solution will, at some point, receive an
event that exceeds design capacity, and thus repair costs
must also be considered. The likelihood of failure combined
with the cost of repair provides an indication of resilience.
If this results in catastrophic failure of the structure and the
subsequent repair cost incurred is similar to the initial
construction costs, the resilience of that solution is low. The
NRM professionals directly or indirectly take these factors
into consideration when designing a gully erosion solution.

Future research

Our study revealed certain aspects of the model construction
that could benefit from further research. Firstly, MERGE
cannot model scenarios where the water depth overtops
the depth of the gully head or channel in a given section.
Including the floodplain area within the model domain
would circumvent this issue. Secondly, model simulations
revealed the expected effects of a reduction of flow on
energy dissipation down-gully of interventions were not
well captured. For example, the sediment yield evaluated at
the foot of a rock chute or rock check dam was higher than
anticipated, indicating a lesser effect of the intervention. This
result highlights that interventions that function by reducing
flow velocity (c.f. flow volume) are likely conservative for
erosion reduction estimates. Further exploration is required
to determine how best to model such interventions. Roberts
(2020) illustrates an alternative approach that could
address this limitation, by incorporating a decay term for
the flow velocity after an obstruction.

MERGE is known to be sensitive to the erosion resistance
value, as well as the global carrying capacity (C*) and power
proportion (k) (Bennett et al. 2023). Our study highlighted the
sensitivity of gully erosion to erosion resistance, reflected in
the erosion resistance parameter (J), whereby gully erosion
varies considerably according to this user-defined erosion
resistance parameter (J; 10-2560 in the present study).
Although this variation did not result in a different ordering
of interventions in terms of their effectiveness in reducing
sediment yield, it does limit the application of MERGE to
support cost-benefit analysis across multiple sites. Use of
historical records of erosion to constrain J values, possibly
relating them to different soil types, would be useful.
Reducing uncertainty in the erosion resistance parameter will

reduce uncertainty in model outputs, promote confidence in
the model, and ensure it is more accessible to decision
makers. Observations of gully erosion, particularly at the
event scale, are challenging, which limits the amount of data
available to constrain the erosion resistance parameter.
However, remote sensing provides avenues to improve the
spatial cover and frequency of observations, thereby filling
this data gap.

MERGE introduces numerous simplifications that warrant
further research to understand potential effects on interven-
tion effectiveness. Subsurface water is known to accelerate
gully headcut retreat, contributing to bank collapse (Yibeltal
et al. 2021); however, MERGE is unable to incorporate this
information. Furthermore, the gully morphology is reduced
to one-dimensional head and channel sections, neglecting
effects from varied bank slopes including bank failure and
collapse. Incorporating mass collapse within MERGE would
improve sediment loss estimates, and better represent the
effectiveness of bank stabilisation methods. The approach
used in CONCEPTS could provide a way forward.

Conclusion

This study applied the process-based gully erosion model
MERGE to assess the performance of a suite of gully erosion
management interventions across three different classical
gullies. The simulated relative reduction in the sediment
yield resulting from each in-gully intervention varied markedly
depending on the physical properties of each gully and the
placement of the intervention. Site-specific differences in
the reduction of sediment yield from each intervention
gave a ranking of the most effective intervention(s) unique
to each site. Reductions in sediment yield from combining
interventions were greater than those from comparable
interventions applied in isolation, however, minimal in
other gullies. These results demonstrate the ability of a
gully erosion model like MERGE to be useful in identifying
and tailoring the most effective intervention strategies for a
given gully, and guide decision making for gully management.

Supplementary material

Supplementary material is available online.
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