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Abstract

Gully erosion is a major driver of land degradation globally, particularly in semi-arid
regions where it is fundamentally controlled by rainfall and runoff dynamics. Under-
standing how rainfall translates into runoff in gullied landscapes is crucial for predicting
erosion processes and modelling runoff to inform land management strategies. In this
study, rainfall-runoff analysis was conducted using high-resolution rainfall and runoff data
from intensely monitored alluvial gullies in the semi-arid regions of northern Australia.
Runoff responses were strongly seasonal, with flashy but low-volume flows during the
early wet season (October–November) and prolonged, high-discharge events during peak
rainfall months (December–March). Antecedent soil moisture had a limited influence on
runoff generation, likely due to rapid wetting–drying cycles and shallow infiltration depths.
Notably, rainfall-runoff behavior diverged with catchment-to-gully area ratio (Aca): linear
runoff to rainfall responses were observed where gullies were eroded to the catchment limit
(Aca ≈ 1) whereas high-Aca systems (Aca > 5) exhibited threshold, stepwise behavior with
upslope contributions activating at ~26 mm event rainfall. Field infiltration tests showed
upslope catchment infiltration capacity was ~70% higher than on gully floors (~36 vs.
21 mm h−1). This indicates greater near-surface storage and delayed upslope runoff, con-
sistent with an activation threshold for upslope contributions. Mean rainfall–runoff ratios
were higher in low-Aca gullies (≈0.52–0.68) than in high-Aca systems (≈0.40–0.46). These
findings have implications for rainfall-runoff modelling, process-based understanding of
gully erosion and gully management in semi-arid environments.

Keywords: alluvial gullies; catchment-to-gully area ratio; rainfall-runoff relationship;
Hortonian flow; saturation-excess flow; segmented linear regression; management

1. Introduction
The relationship between rainfall and surface runoff processes is complex and multi-

faceted. Early studies by Horton [1] and by Dunne and Black [2] established the fundamen-
tal links between rainfall and different runoff regimes such as Hortonian (infiltration-excess)
and saturation-excess overland flows. Later research showed surface runoff processes are
influenced not only by rainfall amount but also by rainfall intensity, duration, and temporal
distribution [3–6]. Rainfall intensities exceeding the infiltration capacity drive Hortonian
runoff, while long-duration rainfall often leads to a saturation limit and eventual runoff [5].
The temporal distribution of rainfall regulates soil moisture dynamics—including wetting
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and drying cycles, thereby modulating infiltration capacities and runoff response [7]. Sur-
face runoff is also influenced by soil permeability, slope, and vegetation cover. For example,
vegetation reduces flow velocity by increasing hydraulic roughness and infiltration capac-
ity [8,9]. At the same time, steeper slopes provide higher energy gradients for faster flows,
and less permeable soils (e.g., clays) impede infiltration, leading to increased runoff [10].

A particularly damaging consequence of excessive runoff is soil erosion, which is
often high in landscapes with variable rainfall, sparse vegetation cover and low infiltration
capacity soils [11]. Among runoff-driven erosion forms, gully erosion is globally recognized
as a problematic soil erosion process, as it involves the formation of deep, incised channels
that rapidly transport large volumes of sediment downstream, often leading to irreversible
land degradation [12,13]. Rainfall is the primary driver of gully formation through direct
raindrop impact and runoff generation, which both detach and transport sediment [14,15].
The intensity, duration, and frequency of rainfall events play a crucial role in determining
erosion rates, as high-intensity storms generate more kinetic energy and surface runoff,
leading to increased gully expansion rates [16].

In northern Australia, gully erosion is a major source of terrestrial sediment runoff
into the Great Barrier Reef (GBR) lagoon, placing significant stress on the marine ecosys-
tem [17,18]. Growing concerns about poor water quality on the GBR have prompted
substantial investment in catchment-scale water quality improvements, including gully
and streambank remediation, with over $900 million allocated and additional funding
committed over the coming decades [19,20]. Given the limited resources, optimizing the
investment return on gully remediation requires strategies informed by a process-based
understanding of gully erosion [21]. In the GBR catchment, where gully erosion is primarily
driven by rainfall and runoff, this requires a clear account of event-scale rainfall–runoff
dynamics. However, current understanding of these dynamics remains limited, particu-
larly regarding runoff-generation processes and differences in rainfall–runoff relationships
among gullies with contrasting morphological characteristics. Addressing this gap is imper-
ative not only for management, but also for predictive runoff modelling and for estimating
runoff across ungauged gullies with differing characteristics.

Prior studies in the GBR catchments focused on hydrological processes at different
spatial and temporal scales. Using daily rainfall and runoff data, Jarihani et al. [22] showed
that runoff generation processes in the Upper Burdekin catchment are primarily driven
by rainfall amount and intensity, with sensitivity to antecedent soil moisture and ground
cover varying seasonally. The sensitivity is particularly heightened during drier months,
highlighting the dominance of infiltration-excess (Hortonian) overland flow outside peak
wet-season saturation. In the same catchment, Post et al. [23] used a regionalized modelling
approach to develop rainfall-runoff relationships and found they varied across the region,
indicating that a single, basin-wide equation to predict runoff from rainfall would be
inappropriate. In contrast, Jarvis et al. [24] fitted a single, basin-wide annual rainfall-runoff
regression using spatially averaged rainfall to explain interannual variability in Burdekin
river discharge at the main outlet. All these studies have focused on large spatial scales
using coarser rainfall and runoff data (daily to annually) without event-scale analysis.
While catchment-scale studies are valuable for understanding regional rainfall-runoff
dynamics that contribute to large river systems, they can miss finer-scale hydrological
variations significant at the plot level (<1 km2). This limitation is particularly relevant
in semi-arid landscapes with alluvial gullies, where gully formation significantly alters
local hydrology by changing surface morphology, lowering phreatic levels, and removing
vegetation [25]. As a result, rainfall-runoff relationships derived at the catchment or river
scale are not directly informative for gully-scale dynamics, where local landscape conditions
and event-scale metrics influence the runoff generation process. In this study, an event-scale
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analysis using high-resolution (10 s) rainfall and runoff records is undertaken to quantify
rainfall-runoff behavior at the gully scale. Only a few studies have undertaken event-scale
analyses at the plot scale in both hillslope [26,27] and alluvial-gully settings [28,29] in the
GBR catchment. However, these investigations focused primarily on quantifying sediment
export and did not conduct detailed rainfall–runoff analyses.

This study presents an analysis of three hydrological years (2023–2025) of high-
resolution hydrological data from five intensively monitored alluvial gullies in the Upper
Burdekin catchment, North Queensland, Australia. The main objectives of the research
were to: (1) assess the characteristics of rainfall-runoff dynamics in landscapes with alluvial
gullies; (2) examine divergence in the rainfall–runoff relationship between gullies with
different upslope catchment extent relative to gully size and (3) discuss a conceptual model
linking rainfall to runoff processes in alluvial gullies. The study is spatially unique and
methodologically novel, combining high-resolution (10 s) rainfall–runoff records with
the catchment-to-gully area ratio (Aca) as a new site metric to diagnose differences in
rainfall–runoff relationships among alluvial gullies

2. Materials and Methods
2.1. Site Description
General Characteristics

The study is located in the catchment of Continong Creek, a tributary of the upper
Burdekin River, North Queensland, Australia (Figure 1). The Upper Burdekin catchment
(area: ~36,000 km2, mean annual discharge: ~4500 GL yr−1) is the most hydrologically
active sub-catchment of the Burdekin Catchment (130,000 km2, mean annual discharge:
~9000 GL yr−1), which is the second largest catchment draining to the GBR lagoon [30].
The region also has the highest gully density by area in GBR catchment [31].

 

Figure 1. Study area within the Upper Burdekin catchment. The Upper Burdekin catchment boundary
is delineated by a red polygon on the gully-density map (modified from Tindall et al., 2014 [31]).
The red triangle shows the study location shown at a higher resolution in the right panel. Polygons
delineate gully boundaries; red squares mark monitoring sites. Blue arrows indicate flow direction in
Continong Creek and the Burdekin River.
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The gullies examined in this study are approximately 1 km upstream of the conflu-
ence of Continong Creek and the Burdekin River. Quaternary alluvium deposited by the
Burdekin dominates the surface geology of the study site. Bedrock outcrops ranging from
intrusive granitoid to extrusive rhyolite of Carboniferous age [32] are sporadically exposed
along incised channels. Texture-contrast soils with a sandy loam topsoil and an underly-
ing clayey subsoil dominate the study site and are characteristic of the Upper Burdekin
catchment [33]. They are mapped as Brown Chromosols and Brown Sodosols based on the
Australian Soil Classification System (ASC) [34]. These soils are particularly susceptible to
gully erosion due to their structural instability and geochemical characteristics [35,36]. The
area experiences a dry-tropical climate, characterized by a distinct wet season from Decem-
ber to April followed by a prolonged dry season for the rest of the year. The mean annual
rainfall, based on historical records from 1989 to 2025, is 634 mm per year, exhibiting inter-
annual variability (coefficient of variation 42%) associated with the phases of the Southern
Oscillation [37]. Over 70% of the annual rainfall is concentrated in the wet season, typically
delivered through short-duration, high-intensity events [22]. However, extended periods
of rainfall may occur during monsoonal or cyclonic events [38]. Since 1970, the mean daily
rainfall intensity has approximately doubled, increasing from ~5 mm d−1 to >10 mm d−1

(Figure 2). Vegetation is dominated by Eucalyptus crebra (narrow-leaved ironbark) with a
dense grass layer dominated by Heteropogon contortus (black speargrass), Themeda triandra
(kangaroo grass), Bothriochola pertusa (Indian couch) and Cenchrus ciliaris (buffel grass).
The area is mainly used as grazing grounds for cattle, exclusively for beef production. In
general, the Upper Burdekin catchment has experienced an all-time maximum in stocking
rate since 2000 [39].

Figure 2. Annual rainfall derived from the Scientific Information for Land Owners (SILO) 5 km
gridded dataset, using the single grid cell that covers the study area (i.e., a gridded estimate at 5 km
areal support, not a point gauge). Grey bars: annual totals (mm) since 1889. Blue bars: annual totals
during the study period. Grey dashed line: long-term yearly mean rainfall (mm). Orange line: 5-year
moving average of the daily rainfall intensity (mm day−1) computed from the same grid cell to
illustrate multi-decadal variability.

2.2. Gully-Specific Description

Morphometric parameters (Table 1), including catchment area and gully area, were
derived from a hydrologically corrected, high-resolution Digital Terrain Model (DTM)
based on Light Detection and Ranging (LiDAR) data. Measurements were performed using
the Spatial Analyst tools in ArcGIS Pro 3.4. It is important to note that all parameters only
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represent the portion of gullies above the monitoring points. Catchment to gully area ratio
(Aca) was defined as a total upslope contributing area draining to the monitoring point
divided by area of the gully upstream of that point.

Table 1. Morphometric parameters of alluvial gullies under intensive monitoring. Aca is calculated
as total catchment area to gully area and DtD refers to the distance to the drainage divide measured
from the farthest retreating headcut to the farthest point on the bounding catchment boundary. Note
the substantial difference in the catchment to gully area ratio.

Gully Catchment Area (m2) Gullied Area (m2) Aca DtD (m) Average Depth (m)

JJ2 76,140 12,932 5.9 497 7.7
JJ5 94,190 6800 13.9 748 7.0

Gil1 18,000 16,012 1.1 35 4.1
Gil2 10,214 7467 1.4 7 4.6
Lei1 11,206 9849 1.1 63 6.8

2.3. Hydrological Monitoring

In each gully, a tipping-bucket rain gauge (Hyquest TB7; HyQuest Solutions, New
South Wales (NSW), Australia) with a resolution of 0.2 mm per tip was installed near the
terminus of gully. To measure runoff depth in the outlet channel, a Submersible Level
and Temperature sensor (SBLT; Dwyer Instruments, Michigan City, IN, USA), which uses
a pressure transducer to measure hydrostatic pressure and calculate water depth, was
deployed. SBLT tubes were installed vertically with tips sitting approximately 0.1 m above
the active channel bed. Measurements of the height were taken after runoff events to
account for the changes in vertical bed movement. The velocity of surface runoff was
measured using velocity sensor (Starflow; Unidata, Western Australia, Australia). All
hydrological equipment was connected to LoggerNet 4.1 for digitization and data storage
at a frequency of 0.1 Hz, with the data simultaneously transmitted to an online server
via telemetry (Figure 3). An optical camera (Tapo C310 Link; TP-Link, Rydalmere, NSW,
Australia) with a frame rate of 30 fs−1 (frames per second) was installed in all five gullies to:
(1) visually measure water depth using a stage board; (2) estimate surface flow velocities;
and (3) provide redundancy for hydrological equipment during periods of malfunction or
failure. Hydrological monitoring began in the 2022/2023 wet season for all gullies except
L1, where monitoring commenced during the 2023/2024 wet season.

2.4. Rainfall Analysis

Inter-gauge coherence in daily rainfall across the gully network was assessed, which
covers ~1 km2. Because gauges showed sufficient agreement (R2 > 0.93), we treated rainfall
as spatially uniform and constructed a reference rainfall timeseries representative of the
site. All rainfall totals, means, intensity, frequency, and duration metrics were computed
from this site-representative series. Rainfall intensity, frequency, and duration analyses
were conducted at temporal window of 10 min to characterize rainfall patterns, following
the method described in [40]. The 10 min window was selected as it captures short-lived
rainfall bursts within storms that are often masked when rainfall intensity is calculated
using coarser temporal resolutions such as hourly or daily averages [41]. Hydrological
years (July to June) were used to avoid dividing parts of the same wet seasons (which
usually occur from November to March) into separate years [22]. For the event-based
rainfall–runoff analysis, the rainfall recorded at each gully gauge was used, applying the
event definition described in Section 2.4.
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Figure 3. Schematic showing the monitoring configuration at five gullies, accompanied by pho-
tographs below (not to scale).

2.5. Data Preparation and Event Definition

The data preparation described in this section pertains to the treatment of raw SBLT
depth data before discharge estimation (Section 2.5). In each gully, two types of correction
factors were applied to the time-series stage data to address (1) high-frequency noise at
low stages and (2) the installation height of the SBLT sensors. The high-frequency stage
data observed below the threshold depth of 0.05 m were considered noise and removed
by applying the low-pass filter. Subsequently, the sensor height from the bed was added
to the filtered data to obtain the true depth of the water level. Bed level fluctuations
were observed following storm events throughout the wet season. Depth corrections were
applied based on post-event sensor height measurements to account for these changes.
Finally, the corrected depths were validated by comparing them with the water level heights
observed in the camera footage against the stage meter board.

The selection of a minimum inter-event (MIT) duration is critical in event-based
studies, as it affects the calculated storm metrics such as rainfall depth, intensity, and
duration, thereby affecting quantification of hydrological processes and the subsequent
interpretation of their relationship to gully dynamics [42]. We used a 3-h MIT to define
runoff events. In our rainfall series, 90% of intra-day rainless gaps are ≤≈3.6 h, and
independent evidence shows runoff typically ceases within ~3 h of rainfall ending (camera
footage and water-level records). Thus, 3 h is a conservative, site-consistent separator
between adjacent storms and is consistent with prior Australian practice using a 3-h
MIT [43,44]. To eliminate false detections of runoff events, a two-step filtering procedure
was applied. First, events shorter than three minutes were flagged as false. Second, events
with flat hydrographs were also excluded, as they were likely due to sensor responses to
ambient noise rather than actual hydrograph signals. Further, flows in the channels are
flashy, with stages rising and falling quickly with rainfall. Most sub-three-minute events
exhibited flat stage hydrographs, further supporting the robustness of the filtering process.
Rainfall associated with each runoff event was defined as the cumulative precipitation
that occurred concurrently with the event, as well as prior rainfall limited to periods with
dry intervals not exceeding 3 h. This definition was further constrained by including only
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rainfall that fell after the conclusion of the previous runoff event, thus ensuring that each
event was analyzed in the context of a discrete, continuous rainfall period. All the event
detection and filtering processes were programmatically automated and conducted using a
Python 3.1 program supplemented by visual checks using camera footage.

2.6. Estimating Discharge

The Hydrologic Engineering Center—River Analysis System (HEC-RAS) hydrody-
namic 2-D model was used to develop a discharge rating curve for each gully [45]. An
ultra-high resolution Digital Terrain Model (DTM) with a spatial resolution of 0.01 m was
used as a base terrain model in HEC-RAS. A 2-D flow area with a mesh size of 0.1 m was
defined encompassing the gauging stations in the gully channel and was enforced onto the
terrain. Hydraulic properties, including channel cross-section and energy slope for the flow
computation, were derived from the base DTM. HEC-RAS simulations were conducted
under unsteady flow conditions, allowing for the dynamic modelling of time-dependent
variations in discharge, velocity, and water surface elevation, which is observed in gully
systems [46]. To accurately derive discharge, we first established multiple Rating Curves
(RCs) based on a range of Manning’s n values. We then applied a two-stage validation
process to select the most physically realistic RC. First, because these gullies are flashy,
ephemeral systems with no baseflow, we rejected any RC that overestimated the total
flow depth relative to the total event rainfall [46]. Second, we validated the remaining
RCs by comparing their modelled flow velocity to values estimated independently using
Space-Time Image Velocimetry (STIV) [47]. The RC that yielded the highest agreement
with the STIV data was adopted for all discharge calculations.

Q = ahb (1)

where Q is discharge (m3/s), a and b are empirical coefficients derived from the rating
curve. It is important to note that the velocity meter frequently encountered difficulties in
recording continuous velocity data across the hydrograph, suggesting that the installed
velocimetry equipment may not be well-suited for hydrologically flashy environments
characterized by highly turbid and dynamic surface runoff. Additionally, in some condi-
tions, they underestimated velocities by at least 30% compared to those established with
other method [46]. Similarly, calculating discharge using STIV-derived velocity was not
possible due to the limitations of the method for events occurring during low visibility
or nighttime. As a result, discharge was estimated from the stage–discharge rating curve
(Equation (1)) for each gully using the recorded water-depth data. Runoff volume (v) for
each event was then calculated using the following equation:

V =
n

∑
i=0

Q(ti)∆t (2)

where Q(ti) is discharge at timestamp ti, ∆t is the logging interval (10 s), and n is the
number of samples in the event

2.7. Rainfall-Runoff Analysis

Runoff volume was normalized by the total catchment area to derive runoff depth,
allowing direct comparison with rainfall depth [22,48]. Runoff ratios were then calculated
for each event separately for each gully. Descriptive statistical parameters were calculated
for each site to assess the runoff and runoff ratio variability both within and across each
gully. To assess intra-annual variability, both runoff and runoff ratio for all sites were
combined and aggregated monthly. Analyses used only gauge-recorded events. Events



Water 2025, 17, 3071 8 of 24

missed because of equipment malfunction were not interpolated or reconstructed. Further,
runoff data for JJ2 and Gil2 for 2024–2025 were excluded from these analyses as reme-
diation of these gullies had begun. An intensive remediation method involving surface
modification, subsoil amelioration and the installation of engineered hydraulic structures
was undertaken in both gullies, resulting in significant changes in hydraulic properties.

2.8. Statistical Analysis

Multiple regressions were used to assess the influence of rainfall characteristics (event
rainfall, duration, I10, and average intensity) on runoff during wet and dry seasons. One-
day and two-day prior rainfall totals were used as proxies for antecedent soil moisture [22].
To test the hypothesis that rainfall–runoff relations differ among gullies with different
catchment-to-gully area ratios (Aca), we grouped gullies into low Aca (Aca ≈ 1) and high
Aca (Aca ≥ 5). Low-Aca gullies are eroded to the catchment limit, meaning the active gully
planform is roughly the same as the upslope contributing area because headcuts have
captured almost all local drainage. In these systems, runoff is generated entirely within the
gully footprint, covering the floor and immediate margins, which reflects short flow paths,
limited storage, and infiltration excess conditions. On the contrary, high-Aca gullies have
larger upslope source areas, so runoff can arise from both the gully footprint and the upslope
once soils have wetted enough to establish connectivity, which can change the rainfall
and runoff relation. To evaluate the divergence in relationships, segmented (breakpoint)
regression analyses were conducted for each group, with statistical significance testing
evaluated to assess the presence of threshold-dependent behavior. Breakpoint was tested
using an F-test comparing a single-break piecewise linear model (4 parameters) against a
single straight line (2 parameters). If the improvement was not significant (p > 0.05), a single
linear model was accepted; otherwise, the segmented model was reported. Breakpoint
uncertainty was quantified using a nonparametric bootstrap (B = 1000) and reported
95% percentile confidence interval. Additionally, after identifying the breakpoint, we
tested the significance of the slope change (β_post–β_pre) with a Wald t-test and reported
the corresponding p-value and 95% confidence interval. Previous studies have utilized
segmented regression to analyze non-linear relationships and model threshold-dependent
behaviors in hydrological responses, emphasizing its critical role in understanding the
complex dynamics of rainfall and runoff processes.

2.9. Infiltration Test

Single-ring infiltration tests were undertaken to compare near-surface infiltration in
the upslope catchment and within the gully, and to provide an indicative measure of soil
infiltration capacity [49]. A metal ring (15.5 cm diameter) was inserted a few centimeters
into the soil, filled to a known head, and the decline in water level was read at defined time
intervals (Figure 4). The infiltration sites were chosen to represent the dominant terrain in
each of the settings. Infiltration curves were constructed for each test to determine initial
and steady-state infiltration rates. A total of 21 measurements were taken at independent
locations distributed across the catchment (n = 13) and the gully area (n = 8), and results
are summarized for each of these two zones [49]. These metrics are used qualitatively to
support the interpretation of rainfall–runoff behavior and are not included as predictive
covariates in statistical model.
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Figure 4. Example of land conditions above gully headcut (left) and within the gully (right) where
infiltration tests were carried out.

3. Results
3.1. Rainfall Characteristics

A total of 2830 mm of rainfall was recorded during the study period (3 years), with
a mean annual total of 943 mm—higher than the site’s long-term mean (1889 to 2025)
of 634 mm year−1 (Figure 5a). Monthly rainfall totals from Scientific Information for
Landowners (SILO) and the Continong Yard (CY) gauge, located ~5 km north of the study
site, were broadly comparable over the study period, supporting the completeness of the
study-site gauge record (Figure 5a). Rainfall was highly seasonal: pooled across the study
period, ~95% fell between November and March. February was the monsoon peak (~40%
of the total), whereas September contributed only 0.1%. The maximum daily rainfall was
180 mm recorded on 1 February 2025. This 24 h total exceeded the combined three-year
rainfall for July, August, September, October, April, May, and June, highlighting the extreme
variability of daily rainfall.

(a) 

Figure 5. Cont.
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(b) 

(c) 

Figure 5. (a) Monthly rainfall totals during the study period. Light grey = SILO data, grey = CY
gauge and dark grey = study site gauge. The corresponding lines show the cumulative rainfall for
each data source during the study period. (b) Monthly distribution of frequency of different rainfall
intensities (10 min window) across the three-year period. (c) Duration of each rainfall category taken
as the longest run of 10 min windows.

Seasonal variation in rainfall intensity was also evident (Figure 5b). Dry season (April–
October) was exclusively dominated by light to moderate rainfall events (<10 mm h−1).
Light to moderate rainfall also occurred during the wet season, but heavy to extreme
intensity (>10 mm h−1) rain also fell. The duration of each rainfall-intensity category
increased from the dry season into the wet season, peaking in January–February (Figure 5c).

3.2. Runoff Variability

To assess spatial and temporal variations in runoff response, both within and between
gullies, event-scale rainfall (P), runoff depth (R), and the rainfall–runoff ratio (RR) were
analysed. R is defined as the runoff volume normalized by the total catchment area (i.e.,
gully plus upslope area), while RR represents the ratio of R to P for a given event and
serves as a measure of runoff efficiency. These normalizations allow direct comparison of
runoff responses across catchments of different sizes. The descriptive statistics of these
parameters are provided in Table 2 and the monthly distribution of R and RR are provided in
Figure 6. For all gullies, R exhibited substantial event-to-event variability, with coefficients
of variation (CV) exceeding 100% within each gully. High-Aca gullies (JJ2 and JJ5) showed
the highest variability (CV = 264% and 259%, respectively). Their mean R values were also
considerably lower—approximately half those of the gullies with low-Aca gullies (Gil1,
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Gil2 and Lei1), which exhibited CVs ranging from 141% to 180%. Similarly, mean RR values
for JJ2 (0.45) and JJ5 (0.34) were lower than those for the other gullies, which ranged from
0.52 to 0.68.

In terms of temporal variability, dry-season runoff depths were consistently lower
than wet-season depths, ranging from 0.8 to 7 mm, consistent with the lower rainfall totals
recorded during this period (Figure 6a). The monthly average runoff ratios follow a similar
trend to both runoff and rainfall, with drier months showing lower efficiency in generating
runoff (0.07 to 0.3) compared to wet season events (0.1 to 0.4). A total of ~220 events were
analysed over the study period (Figure 6b).

(a) 

(b) 

Figure 6. Monthly distribution of (a) Runoff Depth and (b) Runoff Ratio. Data represents a three-year
record aggregated from five intensively monitored alluvial gullies. The boxplots illustrate the median,
interquartile range, and outliers for each monthly dataset.
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Table 2. Descriptive statistics of event rainfalls recorded during the study period.

Gully Descriptive Statistics
P Peak I10 Mean Intensity R RR

(mm) (mm h−1) (mm h−1) (mm)

JJ2

Max 99 113 45 96 0.96
Min 2 5 <1 <1 0.02
Mean 15 29 6 6 0.45
Standard Deviation 19 25 8 15 0.21
Coefficient of variation (%) 121 84 127 264 84

JJ5

Max 195 98 32 112 0.69
Min 2 4 <1 <1 0.01
Mean 22 30 7 8 0.34
Standard Deviation 32 22 8 20 0.19
Coefficient of variation (%) 142 73 117 259 110

Gil1

Max 99 101 63 98 0.99
Min 2 2 <1 <1 0.03
Mean 15 31 12 10 0.61
Standard Deviation 19 23 15 18 0.30
Coefficient of variation (%) 125 76 126 180 65

Gil2

Max 88 106 72 80 0.91
Min 3 8 <1 1 0.05
Mean 20 39 15 13 0.52
Standard Deviation 20 26 17 18 0.28
Coefficient of variation (%) 102 66 120 141 61

Lei1

Max 90 109 38 86 0.95
Min 5 12 1 <1 0.03
Mean 31 41 10 13 0.68
Standard Deviation 41 24 10 19 0.26
Coefficient of variation (%) 134 58 107 145 65

3.3. Relationship Between Rainfall Characteristics and Runoff

Multiple linear regression models were employed to investigate the functional rela-
tionships between rainfall characteristics and runoff depth, analyzed separately for the
wet (November–March) and dry (April–October) seasons (Table 3). The predictor variables
considered were total event rainfall (P), antecedent rainfall over 1 day (1dA) and 2 days
(2dA), average rainfall intensity, rainfall duration, and peak 10 min intensity (I10).

Table 3. Multilinear regression results of runoff and different parameters during wet and dry seasons.
P is event rainfall (mm), I10 is peak intensity (mm h−1) 1dA and 2dA stand for one-day and two-day
antecedent rainfalls, respectively.

Wet Season (Nov–March) n = 204

Parameter Coefficient (ß) Multiple R Adjusted R2 Standard Error Intercept p-Values

P 0.66 0.90 0.81 8.17 −3.84 0.00
Duration 0.04 0.51 0.26 16.01 3.63 0.00

I10 0.34 0.45 0.20 16.60 −2.44 0.00
Mean Intensity 0.12 0.08 0.00 18.55 8.53 0.23

P & 1dA P: 0.66; 1dA: 0.00 0.90 0.81 8.19 −3.83 P: 0.00; 1dA: 0.96
P & 2dA P: 0.66; 2dA: 0.01 0.90 0.81 8.18 −3.91 P: 0.00; 2dA: 0.71
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Total event rainfall (P) was the dominant predictor of wet season runoff depth with
a strong positive correlation between the two variables (standardized β = 0.66, p < 0.001).
A model incorporating only total rainfall explained 81% of the variance in runoff depth
(adjusted R2 = 0.81). Rainfall duration and peak 10 min intensity (I10) also demonstrated
statistically significant positive associations with runoff depth (p < 0.001), but their ex-
planatory power was lower (adjusted R2 = 0.26). In contrast, average rainfall intensity did
not significantly predict runoff depth (p = 0.22) without any explanatory power (adjusted
R2 = 0.01). Similarly, the inclusion of antecedent rainfall (1dA or 2dA) alongside total rain-
fall did not significantly enhance model performance (adjusted R2 remained at 0.81), and
the coefficients for both 1dA (p = 0.957) and 2dA (p = 0.709) were not statistically significant.

In the dry season, although I10 showed the highest predictive power (adjusted
R2 = 0.13), the relationship was insignificant (p = 0.102). Runoff and all other metrics
were not related significantly statistically, possibly due to small sample size (n = 15).

3.4. Near-Surface Soil Infiltration Characteristics

The infiltration tests revealed a contrast in near-surface hydraulic properties between
the gully floors and the upslope catchment areas (Table 4, Figure 7). The median steady-
state infiltration capacity (fs) in the upslope catchment was 36 mm h−1, almost twice the
median value of 21 mm h−1 measured within the gullies. This marked disparity was
established more rapidly in the gullies, which reached steady state in a median time (Ts)
of 20 min, compared to 30 min for the catchment soils. The pattern of markedly higher
infiltration rate in the catchment was consistent across all metrics. The median cumulative
infiltration depth required to reach steady-state conditions, F(Ts), was 14 mm for the gully
soils compared to 32 mm for the upslope catchment, indicating that less water is needed to
saturate the surface and initiate persistent runoff within the gullies.

 

(a) (b)  

Figure 7. (a) Distribution of initial (I0) and steady-state (fs) infiltration rates for Gully (blue: n = 8) and
Catchment (tan: n = 12). Boxes show the interquartile range (IQR) with the median as a horizontal
line; whiskers extend to 1.5 × IQR; circles denote outliers. (b) Median infiltration by zone. Solid lines
show the median infiltration rate (primary y-axis) and dashed lines show the median cumulative
infiltration (secondary y-axis). Colors indicate zone: blue = gully, tan = catchment.
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Table 4. Summary of near-surface infiltration characteristics for the gully and upslope catchment
zones. Values are presented as median (interquartile range). I0: initial infiltration rate; fs: steady-state
infiltration rate; Ts: time to reach steady state; F60: cumulative infiltration after 60 min.

Metric Gully Zone
(n = 8)

Upslope Catchment Zone
(n = 12)

Initial Infiltration Rate (mm h−1) 165 (105–202) 225 (172–450)
Steady-State Infiltration Rate, fs (mm h−1) 21 (16–30) 36 (22–51)

Time to Steady State, Ts (min) 20 (18–26) 25 (20–42)
Cumulative Infiltration at Ts (mm) 14 (3–37) 32 (10–157)

Cumulative Infiltration at 120 min (mm) 53 (29–64) 75 (45–126)

3.5. Divergent Rainfall-Runoff Responses in Low- vs. High-Aca Gullies

Breakpoint analysis revealed a statistically significant (p < 0.001) segmentation in the
rainfall–runoff relationship for the gullies with high-Aca values, represented by JJ2 and
JJ5, with a breakpoint occurring near 26 mm (95% CI = [20–35 mm]) of event rainfall and
a duration of approximately 3 h (Figure 8a). The slope increased markedly beyond this
breakpoint, indicating enhanced runoff response under higher rainfall inputs. A Wald t-test
confirmed that the change in slope (β_post–β_pre) was statistically significant (t = 2.25,
p = 0.03), with a 95% confidence interval for the slope change ranging from 0.4 to 0.9,
suggesting a robust increase in rainfall sensitivity after the threshold. In contrast, a single
linear model was sufficient to characterise the rainfall-runoff relationship for the gullies
with low Aca values, comprising Gil1, Gil2, and Lei1 (Figure 8b).

(a) (b) 

Figure 8. Combined rainfall-runoff plot of (a) gullies with high Aca (JJ2 and JJ5) and (b) gullies with
low Aca (Gil1, Gil2 and Lei1).

To further investigate the role of upslope contributions, hydrographs from all gul-
lies were analysed for a high-intensity rainfall event on 31 January 2024, during which
approximately 100 mm of rainfall was recorded over six hours, with an average intensity
of 15 mm h−1 (Figure 9). All gullies responded rapidly to the initial 30 mm h−1 rainfall,
exhibiting a runoff response within 15 min. The first peak flow occurred uniformly across
gullies, with Gil1 (the largest gully area) registering the highest initial peak at 0.27 m3

s−1. A subsequent increase in rainfall intensity (~60 mm h−1) resulted in a second peak,
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during which JJ2 and JJ5 surpassed Gil1 in peak flow. The third and highest peak emerged
approximately 1.5 h into the event, corresponding to sustained rainfall of 60 mm h-1 over a
20-min window. Notably, JJ2 exhibited a sharp increase in peak flow, nearly quadrupling
its second peak value. A key distinction between hydrographs from high-Aca and low-Aca

gullies is observed in the third peak. While both groups experienced a rise in flow, the
low-Aca gullies rapidly receded to near pre-peak levels. In contrast, the high-Aca gullies
maintained elevated flow levels for a significantly longer duration. Cumulative flow data
further underscored this divergence: the high-Aca group exhibited a steeper rise in runoff
volume and continued flowing for up to two hours after rainfall cessation, whereas low-Aca

gullies ceased flowing within 30 min. These findings suggest that gullies with similar areas
may exhibit markedly different hydrological dynamics depending on the magnitude of
upslope runoff input. Moreover, this divergence appears to be threshold-dependent, with
the third peak in hydrographs of high-Aca gullies likely representing a transition from
localized gully response to combined gully and upslope catchment-driven runoff.

Figure 9. Flow hydrographs of a major event recorded on 31 January 2024 are shown with rainfall
(top) and cumulative flow (below). Note the increased discharge for high Aca gullies after midnight
of 31st January.

4. Discussion
4.1. Rainfall-Runoff Relationship

The rainfall patterns observed in this study are consistent with the broader trends of
the Upper Burdekin catchment, which is characterized by a distinct wet season spanning
November to March marked by intense and frequent rainfall events, followed by a dry
season with infrequent and low-intensity rainfall [22]. The wet seasons during the study
were unusually wet despite coinciding with an ENSO (El Niño-Southern Oscillation)
phase usually associated with drier conditions. This anomaly—most evident in northern
Australia—was driven by the combined effects of a positive Southern Annular Mode (SAM)
and warmer-than-average tropical sea-surface temperatures, which increased atmospheric
moisture and produced above-average rainfall over the study period.

Despite relatively uniform rainfall across the gully network (R2 > 0.93), runoff varied
both within and among gullies (coefficient of variation 141–264%). Event-scale variability
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was explained primarily by total event rainfall (81%), indicating a strong dependence of
runoff volume on rainfall amount. By contrast, rainfall intensity had a much weaker effect;
its linear relationship with runoff depth was modest (R2 = 0.20). This limited explanatory
power is consistent with rapid saturation of the shallow gully soils: infiltration tests show
a median ~20 min time to reach steady state. Adding antecedent rainfall (1- and 2-day
totals) did not improve the rainfall-runoff relationship (Table 3), suggesting that, at the
scale of alluvial gullies, antecedent moisture has only a short-lived influence due to rapid
wetting–drying cycles. At the broader catchment scale in the Upper Burdekin, a late-season
lag between rainfall and runoff ratio has been reported and attributed to antecedent soil
moisture [20]. This underscores a scale dependence in moisture-memory effects. These
findings align with studies showing that gullied landscapes—especially those incised
into low-permeability substrates—have minimal storage and produce overland flow with
limited dependence on prior soil moisture [10,11]. Similar behaviour has been reported
in arid regions by Acworth et al. [9], although they attribute it to intrinsic soil hydraulic
properties rather than erosion. In this study, gully erosion reduced steady-state infiltration
on gully floors by ~42% relative to the upslope catchment (≈21 vs. 36 mm h−1). However,
it must be acknowledged that point-scale, single-ring infiltration tests do not fully capture
the effective hydraulic properties of the entire upslope catchment area. Nevertheless, these
tests were conducted across several representative sites, including those with varying
vegetation and soil types, to account for landscape spatial heterogeneity.

Interestingly, when the analysis was limited to dry-season events, no predictors
showed any significant relationship with runoff. This apparent lack of relationship likely
reflects low statistical power due to the small sample size rather than a true statistical
relationship. In the dry tropics of northern Australia, dry-season rainfall is less frequent
and less intense, resulting in fewer runoff events. In this study, the dry season accounts for
only 5% of the total rainfall and 6% of total runoff events. Accordingly, dry-season events
contribute little information to estimating the event-scale rainfall–runoff relationship at
these gullies, and inference in this study is, therefore, mainly based on the wet-season.

The rainfall-runoff relationship is dynamic and is expected to change with long-term
climate trends [50]. Historical rainfall records indicate an increase in daily intensity since
about 1970 (Figure 2). Within the process framework adopted here, such a shift would be
expected to increase the runoff efficiency and to increase the frequency of upslope activation
at high-Aca sites (see Section 4.2). The consequence is more runoff per unit rainfall and
greater erosional capacity, driven especially by short-duration, high-intensity bursts [41].
However, in the absence of long-term event-scale runoff observations at the study location,
the magnitude of any historical shift in the rainfall-runoff relation cannot be quantified.

4.2. Divergence in Rainfall-Runoff Relationship

Gully erosion alters surface topography and hydrological function by increasing slope
gradients, enhancing hydrological connectivity, and lowering the local base level [51].
These topographic changes reduce the potential for water storage and lead to more rapid
and concentrated runoff [12]. Based on this, we hypothesize that the rainfall-runoff rela-
tionship will differ between gullies with limited upslope contributing areas—characterized
by low catchment-to-gully area ratios (low Aca)—and those with larger contributing ar-
eas (high Aca), due to differences in runoff generation, flow concentration, and retention
capacity. To test this hypothesis, rainfall-runoff relationships were examined using piece-
wise regression analysis for the low-Aca and high-Aca gully groups separately. Breakpoint
or piecewise regression analysis revealed distinct rainfall–runoff relationships between
these systems. The suitability of a simple linear model for the low-Aca gully group fur-
ther supports the dominance of direct rainfall-driven runoff and the limited influence
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of antecedent soil moisture, consistent with the hydrological behavior typical of gully-
dominated systems [11]. The segmented regression observed for the high-Aca cohort
indicates threshold-dependent runoff generation from the upslope catchment. In these
gullies, substantial rainfall—approximately 26 mm—is required to initiate significant runoff
contributions from the upslope catchment. This interpretation is strongly supported by
our infiltration data, which showed that a median cumulative depth of 32 mm is required
to reach a steady-state infiltration rate in the catchment, compared to just 14 mm within
the gullied area. Furthermore, the median steady-state infiltration rate in the catchment
(36 mm h−1) was nearly twice that within the gully. This high infiltration capacity, coupled
with the catchment’s dense grass cover, woody vegetation, and low gradient, suggests
that the rainfall threshold required to generate surface runoff from the upland area is
consequently high. The threshold identified by breakpoint analysis may therefore reflect
the initiation of subsurface flow contributions from the catchment rather than direct surface
runoff. This is consistent with the concept that in catchments with low gradients and dense
ground cover, the “soil bucket” must be filled first, leading to greater losses via infiltra-
tion and evapotranspiration before runoff begins [48,52,53]. This mechanism is further
evidenced by the mean RR of High-Aca gullies (0.40 to 0.46) being lower than that of the
low-Aca gullies (0.52 to 0.68). Over the study period, about 28% of storms reached inten-
sities above the catchment steady-state infiltration rate and about 20 % exceeded 26 mm
total depth, indicating conditions conducive to catchment runoff. However, the actual
occurrence depends on intensity, timing, and antecedent moisture (Figure 10). Furthermore,
establishing a robust functional relationship between the activation threshold and a wider
range of Aca values requires further investigation.

Figure 10. Cumulative frequency of event intensity (Left) and rainfall depth (Right). Dashed vertical
lines mark catchment infiltration rate (Left) and modelled rainfall threshold for upslope runoff
activation (Right). The proportion of events to the right of each line represents exceedance.

In the GBR catchment, very few studies have reported RR values from event-scale
analysis. Bartley et al. [54] observed annual variability in RR across sites, with a low ground
cover site yielding RR = 0.45–0.71 and better-covered sites consistently reporting below 0.14.
These high RR values at the low-cover site align with our low-Aca gullies, which are eroded
to the catchment limit and are effectively bare, whereas the lower RR at better-covered
sites is consistent with higher infiltration and reduced runoff generation. However, it is
important to note that their study was conducted during a relatively drier period, when the
annual rainfall total averaged around 300 mm, substantially lower than during this study
period, which averaged around 1000 mm. Under the wetter periods, RR values for good
ground cover would be expected to increase significantly due to elevated runoff driven by
the combination of higher antecedent soil moisture and storm intensity.

4.3. Conceptual Model of Rainfall-Runoff Process

A conceptual model of rainfall-runoff processes for alluvial gully systems with dif-
ferent Aca is presented in Figure 11. This model synthesizes observed rainfall-runoff
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relationships and infiltration results from this study, highlighting distinct seasonal dynam-
ics and the differential responses of gullies with differing Aca characteristics.

Figure 11. Conceptual diagram showing seasonal variation in the rainfall-runoff processes in alluvial
gullies in the Upper Burdekin. The light pink area shows the gully footprint bounded by the
catchment envelope in a dashed polygon. The blue color fill shows the area of catchment contribution
to the gully runoff. Note the differences in runoff responses (hydrograph) with increasing Aca as
catchment wetness or cumulative rainfall increases.

Pre Wet Season (June–September): During the dry season, rainfall is infrequent, of low
volume and intensity (Figure 5b). Most events produce no measurable runoff as rainfall
intensities rarely exceed the high initial infiltration capacity (f0) of the dry-season catchment
soils (see Table 4). The few events that generate a response exhibit a delayed timing-to-
peak and low RP, primarily due to high initial abstraction (including interception and soil
moisture storage) as depicted in Figure 9. Consequently, RR values remain low—especially
in gullies with high Aca, where vegetated upslope zones and thicker soil profiles with
greater storage capacity act as major water sinks.

Early Wet Season (October–November): Rainfall increases soil moisture, reducing
the infiltration capacity of the gully floor itself. With rising rainfall totals and intensities
exceeding fs (21 mm h−1), Hortonian overland flow (infiltration-excess) becomes the dom-
inant runoff-generation process within the gully. This leads to a sharp increase in RR
across all gullies, with the magnitude depending on gully dimensions and rainfall intensity.
Significantly, runoff responses vary within individual gullies. Lower reaches that are deeply
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incised into low-permeability clay or bedrock generate Hortonian flow with short lag times
and sharp hydrograph peaks, whereas proximal/headcut zones and immediate upslope
margins, with greater profile thickness and more permeable soils, act as temporary storage
via vertical infiltration [55], preferential flow through macropore flow (e.g., cracks and tree
roots) [52] and ephemeral surface ponding [40]. Infiltration tests capture this heterogeneity,
with steady-state rates within gullies ranging from ~16–30 mm h−1 (Table 4). For high-Aca

gullies, runoff generation remains confined mainly to the gully and its immediate bound-
aries, with limited contribution from the wider catchment, which is still able to infiltrate
most rainfall.

Peak Wet Season (December–March): High-intensity convective storms and elevated
antecedent soil moisture mark this season. In low-Aca gullies, the RR approaches 100%, as
the limited catchment area readily saturates. For high-Aca gullies, a critical hydrological
transition occurs: the saturation and activation of the entire contributing catchment area.
This leads to a non-linear, drastic increase in both peak discharge and flow duration.
The specific pathway of this contribution is governed by catchment properties. Dense
ground cover, low gradients, and high infiltration rates promote subsurface stormflow
(throughflow) as the dominant mechanism, resulting in a delayed, attenuated hydrograph
(see Figure 9). Alternatively, in areas with shallower soils, saturation-excess overland flow
may dominate once the entire soil profile becomes saturated. Therefore, the scale and
properties of the contributing catchment, not just the gully itself, are the fundamental
determinants of runoff timing and volume in these systems.

Late Wet Season (April–May): This period is characterized by lower-intensity, shorter-
duration rainfall events, similar to the early-wet period. In low-Aca gullies, runoff char-
acteristics resemble the early-wet season because the relatively thin soil “bucket” in and
around the gullies quickly returns to moisture deficit after the peak wet season. In high-Aca

gullies, antecedent moisture persists across the upslope contributing area, maintaining
broader connectivity and enhancing runoff response; as a result, RR values (~20–70%) are
higher than in the early-wet period (~10–50%), despite similar rainfall characteristics.

4.4. Implications and Significance

The findings from this study have important implications for calculating runoff depth
in ungauged gully catchments, rainfall-runoff modelling in gully systems and manage-
ment. Inaccurate delineation of the contributing area leads to significant errors in runoff
predictions from rainfall-runoff models. For instance, assuming a large contributing area
for a small event overestimates runoff volume, whereas assuming negligible upslope
contributions during a significant storm event leads to its underestimation. Therefore,
accurately defining the Aca and its hydrological thresholds is essential for predicting runoff
in gully-dominated landscapes. For gullies with low Aca values (≈1), a simple linear model
may be sufficient to derive the RR. In contrast, gullies with high Aca values (>1.5) may
require separate models to account for runoff thresholds linked to upslope activation. This
study underscores the need for further research into the role of catchment characteristics,
particularly shape and form, in influencing runoff thresholds and the hydraulic erosion of
gully heads [56].

Most process-based gully erosion models utilize some form of rainfall-runoff model
as the engine that drives the erosion process [35]. In data-poor regions, runoff is often
approximated from rainfall and catchment area, implicitly assuming a single linear rainfall-
runoff relation. While this provides a first-order estimate, our results suggest that future
models should allow for a threshold-type response, particularly in high-Aca gullies. The
existence of a threshold for high-Aca gullies also implies a dichotomy in erosional processes,
where sub-threshold events may drive gully erosion through internal processes. In contrast,
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above-threshold events are the primary driver of gully expansion as they scour the headcut
margins. Hence, models of gully erosion must capture this proces divergence. While the
26 mm threshold was robustly detected in this study, further investigation across a wider
range of geographical and Aca values is needed to fully confirm its regional applicability.

The study also highlights the need to apply different management methods based on
the variation in hydrological and erosional responses of gullies to rainfall. While in-situ
treatment within the gully may be adequate for low-Aca systems, high-Aca gullies are
more likely to require additional hydrological interventions in the upslope catchment that
manage both surface and subsurface flows [29,57,58]. For example, installing diversion
banks or porous check dams along the contour can significantly reduce the flow energy
thereby limiting hydraulic scour at the gully head and along the channel [27]. Furthermore,
high-Aca gullies may be prioritised for remediation efforts given their increased likelihood
of hydrological connectivity and ongoing morphological expansion.

5. Conclusions
This study presents a three-year dataset of intensively monitored rainfall and runoff

from five alluvial gullies in the Upper Burdekin catchment, combined with soil infiltration
data, marking the first detailed investigation of its kind in the region. The study period
experienced above-average rainfall (943 mm), with a maximum daily peak of 180 mm.
Although the wet season spans from November to March, nearly 50% of the three-year
total fell in February alone, underscoring the highly seasonal and episodic nature of rainfall
in semi-arid northern Australia.

Runoff responses exhibited strong temporal variation, with higher RR ratio occurring
during the wetter months, closely tracking both rainfall depth and intensity. Early wet
season events generated flashy, low-volume runoff under dry soil conditions, whereas
peak wet season storms produced prolonged and higher-magnitude flows. Antecedent
rainfall contributed little to explaining additional variability in runoff, suggesting that rapid
wetting–drying cycles and limited soil storage capacity constrain its influence at the gully
scale. Field infiltration tests showed upslope steady-state infiltration was ~70% higher
than on gully floors (~36 vs. 21 mm h−1) and reached steady state within ~20–30 min,
supporting delayed upslope runoff and the observed activation threshold.

A key finding of this study is the contrasting rainfall–runoff relationship between
gullies that are eroded to the catchment limit and the ones with excess catchment. Gullies
with low Aca show linear runoff response to rainfall. In contrast, high-Aca cohorts exhibit a
stepwise linear response to rainfall, showing threshold-dependent behavior. We observed
that a minimum of 26 mm of rainfall depth is required for the upslope catchment to
contribute flow into the gullies. Given the relatively high near-surface infiltration capacity
(~36 mm h−1), dense vegetation, and very low relief, the effective threshold for Hortonian
overland flow generation is likely even higher in this catchment.

These findings have important implications for rainfall–runoff modelling and water
quality estimation in gully-dominated landscapes. In gullies with low Aca, a simple linear
model may be sufficient to derive the relationships. However, in high-Aca gullies, runoff
behavior is more complex, and segmented linear models may be needed to account for
hydrological thresholds associated with upslope flow contributions. Recognizing and
incorporating these thresholds, along with the spatial variability in gully hydrological
response, is essential for improving sediment load predictions and erosion risk assessments
in these dynamic systems.

More broadly, this study advances our understanding of rainfall–runoff processes in
alluvial gullies with differing catchment-to-gully area ratios. By explicitly differentiating
gully types based on hydrological behaviour it provides a foundation for more accurate
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process-based modelling, more targeted remediation strategies, and improved interpreta-
tion of water quality dynamics across diverse gully systems in northern Australia. Ulti-
mately, the process-based approach adopted in this study is applicable in gully-dominated
landscapes worldwide.
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The following abbreviations are used in this manuscript:

Abbreviations Full form
GBR Great Barrier Reef
LiDAR Light Detection and Ranging
DTM Digital Terrain Model
DEM Digital Elevation Model
SBLT Submersible Level Transmitter
HEC-RAS Hydrologic Engineering Center—River Analysis System
2-D Two Dimension
SILO Scientific Information for Landowners
GIS Geographic Information System
IQR Interquartile Range
CV Coefficient of Variation
F-test Fisher’s test
1dA 1 Day
2dA 2 Day
RR Runoff ratio
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