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Abstract: Soil salinization is a major environmental issue in arid and semi-arid regions, and has
been accelerated in some areas by removal of native vegetation cover. Partial afforestation can be a
practical mitigation strategy if efficiently integrated with farms and pastures. Using an integrated
surface-subsurface hydrological model, this study evaluates the water and salt dynamics and soil
salinization conditions of a rural intermittent catchment in the semi-arid climate of southeast Australia
subjected to four different partial afforestation configurations under different climate change scenarios,
as predicted by several general circulation models. The results show that the locations of afforested
areas can induce a retarding effect in the outflow of groundwater salt, with tree planting at lower
elevations showing the steadier salt depletion rates. Moreover, except for the configuration with trees
planted near the outlet of the catchment, the streamflow is maintained under all other configurations.
It appears that under both Representative Concentration Pathways considered (RCP 4.5 and RCP 8.5),
the Hadley Centre Global Environmental Model represents the fastest salt export scheme, whereas
the Canadian Earth System Model and the Model for Interdisciplinary Research on Climate represent
the slowest salt export scheme. Overall, it is found that the location of partial afforestation generally
plays a more significant role than the climate change scenarios.
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1. Introduction

Soil salinization, which affects large parts of land in arid and semi-arid climatic zones worldwide,
is related to the accumulation of water-soluble salts near the ground surface that negatively
affect vegetation, with consequent reductions in ecosystem and agricultural productivity [1–3].
Salinization often occurs in areas with shallow or rising groundwater tables that allow salt-rich water
to interfere with the rooting zone to the possible detriment of the land cover [4,5].

Land-use changes involving the replacement of deep-rooted trees with crops or pasture with
shallow root system can result in soil salinization as well as water logging [6–8]. As changes in
groundwater recharge patterns as a consequence of native vegetation loss play an essential role in the
development of salinized drylands, numerous studies have investigated the re-introduction of trees
into the landscape as a form of mitigation strategy. While the establishment of large-scale plantations
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have been shown to lower the water table levels [9–11], they dramatically change the land use. With the
attempt to maintain the agricultural production of the landscape, the integration of tree belts or tree
blocks within farmlands has seen positive results in terms of groundwater recharge reductions without
generating competitions for water resources between trees and crops or pastures [12–14]. In a study
in southeast of Australia, van Dijk et al. [15] showed the efficiency of afforestation to mitigate river
salinity and the potential of afforested areas to be increased by more than an order of magnitude
through efficient spatial planning.

The expansion rate of dryland salinization worldwide is expected to increase due to climate
change mainly because of the expansion of drylands [5]. In an analysis based on indicators established
with a geographical information system (GIS) model, Schofield and Kirkby [16] discussed the possible
generation of new areas across the world affected by salinization towards the end of the century.
Kasim et al. [17] incorporated GIS and remote sensing (RS) with partial least squares regression models
to monitor and predict spatial-temporal patterns of soil salinization in arid and semiarid regions. In a
recent study, Erkin et al. [18] used machine learning and RS methods for predicting soil salinity in
highly vegetated, and slightly and moderately salt-affected croplands.

Process-based hydrological models are still under-used for the prediction of possible effects of
climatic changes on salt discharge, although being able to simulate processes affecting groundwater
recharge more precisely than simple conceptual models [8,19–23]. Process-based models might provide
useful insights on the response of catchments to change in climatic patterns [24–27]. With reliable
climate-change projections and precise groundwater recharge estimations, process-based models can
be used to quantitatively investigate the impacts of climate change on groundwater resources [28],
a research issue which has attracted only limited attention so far [29]. At the regional scale, the potential
effects of climate change on groundwater resources can be studied by combining hydrologic models
and climate projection data downscaled from General Circulation Models (GCMs) simulations [30–32].

This study is a follow up to Daneshmand et al. (2019), where MIKE SHE, an integrated surface–
subsurface hydrological model (ISSHM), was successfully calibrated and validated in the same
catchment. However, Daneshmand et al. did not investigate different patterns of land use. In the
present study, our main aim is to investigate the potential impacts that land use change, here represented
as partial afforestation of a catchment originally covered by pasture, might have on the water balance
and salt discharge under different climate-change scenarios. The physically-based model MIKE
SHE was coupled to several statistically downscaled GCMs based on the resulting salt export rates,
namely fastest and slowest salt export schemes. This work presents an example of applications of a
well-established physically based hydrological model to investigate dryland salinity at the catchment
scale and provides useful insights toward the long-term sustainability of partial afforestation of
agricultural catchments.

2. Methods

This study builds upon the modelling work presented by Daneshmand et al. [20], where the
model MIKE SHE was successfully applied for the simulation of water and salt fluxes in an intermittent
stream catchment. MIKE SHE is a physically-based, fully integrated model capable of simulating the
coupled surface water and groundwater interactions as well as salt transport and evapotranspiration
at the catchment scale [33]. Following Daneshmand et al. [20], MIKE SHE was selected due to its
adequate representation of the coupled physical processes as well as its computational efficiency and
stability. In this study, MIKE SHE is combined with GCMs results to study the effect of climatic trends
and partial afforestation on the water and salt balances. GCM outputs are downscaled using the
LARS-WG [34,35] weather generator based on statistics obtained from historical weather data. Then,
the resulting weather projections for each RCP and each representative GCM are used as inputs into
MIKE SHE along with pre-defined plantation scenarios (see Figure 1).
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annual precipitation is 661.8 mm and the mean annual standardized reference evapotranspiration 
(ET0) is 1070 mm. The subsurface is mainly alluvial/colluvial regolith weathered to varying extents 
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The monthly time series of ET0 were calculated through the FAO-56 method [37] using the 
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change projections.

2.1. Study Site

The study site, located near the town of Mirranatwa in southwest Victoria, Australia, is a small
catchment (0.48 km2) covered mainly by grass for grazing sheep (Figure 2). The long-term mean
annual precipitation is 661.8 mm and the mean annual standardized reference evapotranspiration
(ET0) is 1070 mm. The subsurface is mainly alluvial/colluvial regolith weathered to varying extents for
the top 7 m and fractured granite bedrock underneath [10,36].

The monthly time series of ET0 were calculated through the FAO-56 method [37] using the climate
forcing data from the SILO database (http://www.longpaddock.qld.gov.au/silo) of the Queensland
Climate Change Centre of Excellence. Daily precipitation data were obtained from the weather station
089019 maintained by the Bureau of Meteorology and located 2 km to the south of the catchment.

2.2. Hydrologic and Salt Transport Model

The MIKE SHE model setup as well as the calibration and evaluation of the model for the
water and salt fluxes, were provided by Daneshmand et al. [20]. Thus, only a brief summary of
the model is provided here. The parameters of surface and subsurface hydrologic processes were
obtained from previous studies conducted at the same site [36,38,39] as listed in Table 1. The catchment
digital elevation model was used to define the catchment finite-difference grid with a 20 m × 20 m
cell size. The top 2 m of the soil within the domain was considered as the unsaturated zone (UZ)
and discretized into 16 layers with an exponentially increasing thickness from the ground surface
down to the water table. The saturated zone (SZ), from the water table at 2 m depth down to 10 m,
was divided into 5 layers due to the significant reduction in the subsurface permeability at higher
depths. An impermeable boundary condition was assumed for the bottom and lateral boundaries of
the model domain as suggested by Dean et al. [36]. For the salt transport, flux boundary conditions
were assigned at the surface, to define the salt inputs from precipitation, and at the bottom, to describe
the decomposition of bedrock and regolith [20]. The initial condition of the model was generated using
a 10-year warm-up period of precipitation and ET0 data prior to 2011. The initial salinity condition
was defined using a raster salinity map based on the measurements at 8 observational bores within
the catchment. The model was calibrated and evaluated in the period between February 2011 and
February 2013 against in-situ observed water and salt discharges and groundwater levels at the bores
B74, B76, and B96 (Figure 2; see also Daneshmand et al. [20]).

http://www.longpaddock.qld.gov.au/silo


Water 2020, 12, 1067 4 of 19

(a)                                                                                        (b) 

 

(c) 

Figure 2. a) Location of the catchment near Mirranatwa in southwestern Victoria, Australia. 
b) Topography of the catchment, with black dots indicating the locations of groundwater 
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Figure 2. (a) Location of the catchment near Mirranatwa in southwestern Victoria, Australia.
(b) Catchment boundaries, delineated by the solid red line, and land use (sourced from Google
Earth). (c) Topography of the catchment, with black dots indicating the locations of groundwater bores
and the black lines depicting the creek.



Water 2020, 12, 1067 5 of 19

Table 1. Main parameters characterizing the soil, surface flow, transpiration (K&J stands for Kristensen
and Jensen, 1975), and salt transport.

Parameter Value

Saturated hydraulic conductivity (Ks) Ks = 1.01 × 10−5 z−0.27 [m s−1]
Specific storage (Ss) 1 × 10−3 [1 m−1]
Specific yield (Sy) 0.095

Saturated water content (θs) 0.4
Moisture content at field capacity (θfc) 0.309

Wilting point (θwp) 0.049
Residual moisture content (θr) 0.03

Matric potential at field capacity (Ψfc) 0.0061 MPa
Matric potential at wilting point (Ψwp) 1.5538 MPa

Van Genuchten α 1.85 [1 m−1]
Van Genuchten n 1.52

Manning number at channel (m) 10 [m1/3 s−1]
Manning number at slope (m) 1 [m1/3 s−1]

K&J LAI * 1.01
K&J C1 * 0.34
K&J C2 * 0.4
K&J C3 20 [mm day−1]

K&J Root Extinction Depth (Zr) 1 [m]
Root distribution factor (Aroot) 1 [m−1]

Canopy storage coefficient (Cint) 0.2 [mm]
Longitudinal Dispersivity (αL) * 5 [m]
Transverse Dispersivity (αT) * 0.5 [m]
Dispersion Coefficient (αD) * 0 [m−2 s−1]

* Parameter values obtained through model calibration as in Daneshmand et al. [20].

2.3. Configurations of Partial Afforestation

Eucalyptus globulus (blue gum) trees are native to Australia, and are often used in plantations
because of their fast growth rates. Therefore, they represent a realistic option for afforestation projects
in Australia [12,13]. Four configurations of partial afforestation were studied, each covering 25%
of the total catchment area (S1, S2, S3, and S4) with varying distances from the creek (Figure 3).
To obtain the plantation locations of these configurations, all the grid cells were ranked based on their
elevations and then classified in four quartiles. The grid cells adjacent to the creek were removed
before ranking in order to maintain an average plantation distance of 30 m from the river bank,
in compliance with the regulation prohibiting the plantation near the streams [38]. The configuration
of plantation in each scenario was defined in MIKE SHE by specifying ET parameters different from
those in Table 1, which pertain to the pasture. The plantation root depth was specified as 4 m,
as suggested by Dean et al. [36] for Eucalyptus globulus (blue gum) trees, and LAI was estimated to be
3.5 from dendrometric data using the allometric relationship from Pereira, et al. [40]. The land cover
transformation was assumed abrupt, i.e., no gradual root growth, occurring right before February 2011.
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Figure 3. Configuration of the defined partial afforestation configurations: Baseline configuration with
only the pasture cover for the entire catchment; S1, S2, S3 and S4 each with 25% plantation areas (in red),
but varying locations and elevation.

2.4. Climate Change

2.4.1. GCMs to Represent Model Choice Uncertainty

The impacts of climate change on all the defined scenarios were investigated using GCM projection
data as the input forcing data to the MIKE SHE model. The multi-purpose decision-support tool for
impact assessment and adaptation planning, the Australian Climate Futures developed by CSIRO and
Australian Bureau of Meteorology (www.climatechangeinaustralia.gov.au), was used to assess regional
climate projections by changing two dominant climatic variables simultaneously, namely rainfall and
ET0. This tool consists of the statistically downscaled projection data from the GCMs participating
in the Coupled Model Inter-comparison Project Phase 5 (CMIP5) [41] experiments that informed
the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report [42]. In addition
to accessing the GCM data at the regional grid size for each model, the data provided have also
been downscaled from the CSIRO’s Conformal-Cubic Atmospheric Model [43] and the Bureau of
Meteorology statistical downscaling model [44].

Australian Climate Futures incorporated into the scenario design in this study was constructed
based on CSIRO’s RCP framework [45,46], which can be used to identify the proper models to represent
the selected regional projections. The projections are classified by the combined changes in precipitation
and ET0. In this study, since the aim is to incorporate the impacts of partial afforestation and climate
change to quantify catchment water and salt dynamics, the slowest salt export scheme is selected to be
the projection with the largest increase in ET0 and also the largest decrease in precipitation. On the
other hand, the fastest salt export scheme is the one with the largest increase in precipitation and
largest decrease in ET0 occurring simultaneously.

As an initial requirement, the twelve months within one year were ranked based on the sensitivity
of salt transport in each month to climate change, as will be explained in detail in the following. To this
end, we need to find the degree of the impacts that ET0 and precipitation in each month have on the
salt export rate, i.e., the sensitivity of the salt transport to monthly climate change factors. To estimate
the monthly sensitivity, five years of precipitation and ET0 data (2011–2016) were used to assess the
relative change in modelled salt export as a result of a 30% increase in precipitation and ET0. The flow
and transport model was then run by changing one variable at one time for each of the twelve months
of a year while keeping all other variables constant. The change in the exported salt at the end of the
5-year period was then divided by the total salt output of the base case where the afforestation was
implemented. The calculated monthly sensitivity was then used to rank the monthly climate variables
as the input to the Australian Climate Future online utility [47] to obtain the representative models
under each climate change scenario considered.

2.4.2. Climate Scenarios Change Factors

The RCPs are characterized by the concentration of greenhouse emissions which will lead to
specific amounts of radiative forcing in the year 2100. In this study, to achieve a comprehensive
understanding of the future water and salt dynamics scenarios, RCP 8.5 and RCP 4.5 were chosen.

www.climatechangeinaustralia.gov.au
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The RCP 8.5 represents the pathway with the highest greenhouse gas emissions projected in the absence
of climate change mitigation measures, and RCP 4.5 is associated with relatively ambitious programs of
emission reduction [48]. The monthly data of climate change factors were available from the Australian
Climate Futures online utility [49] for the scenario RCP 4.5, with the radiative forcing stabilized at
4.5 W m−2 in the year 2100 without ever exceeding that value, and RCP 8.5, with the radiative forcing
stabilized at 8.5 W m−2 [50].

2.4.3. Downscaling Projections of Representative Models

The representative GCM outputs in the form of monthly change factors were downscaled to the
daily timescale by using the Weather Generator (WG) approach for adequately describing future climate
conditions in the study region. The LARS-WG [51,52] was used to calculate the probability distribution
parameters of precipitation, solar radiation and daily temperature based on the daily observations
as well as the correlations between them. These parameter sets can be used to produce synthetic
weather time-series of any lengths by randomly selecting values from the appropriate distributions.
The LARS-WG uses the historical climate data to identify the weather data distributions, which are
described on a month-by-month basis through the semi-empirical, 45-parameter histogram-based
models. Unlike the Markov chain-based stochastic weather generators, the model uses these histograms
to generate precipitation independent of the length of the wet series or the amount of precipitation on
the previous days. Therefore, it has the advantage of adequately modelling the alternating pattern
of wet and dry series. The daily minimum and maximum temperatures are modelled based on the
Fourier series of means and standard deviations conditioned on the precipitation status of the day [34].
The LARS-WG also accounts for the dependence of solar radiation to the wet or dry status of the day
by implementing separate semi-empirical distributions for wet and dry days.

A 30-year (1986–2016) period with the recorded weather data was used to train the LARS-WG.
The change factors provided by the representative GCMs in the CMIP5 Project were used to generate
weather data for the time span of 92 years. The selection of a subset of GCMs is necessary due to
computational, time, and resource constraints. In this study, three GCMs were selected to ensure that
they capture a large range of the variability in climate outcomes observed across the entire ensemble
from CMIP5. As denoted in Table 2, under RCP 4.5, the Canadian Earth System Model (CanESM2) [53]
and the Hadley Centre Global Environmental Model version 2 (HadGEM2-CC) [54] were found to
be representing fastest and slowest salt export schemes. For RCP 8.5, the Model for Interdisciplinary
Research on Climate version 5 (MIROC5) [55] and the HadGEM2-CC were identified, respectively.
The baseline climatology of all climate variables considered are summarized in Table 3.
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Table 2. The change factors projected by the slowest and fastest salt transport schemes of the
representative General Circulation Models (GCMs): the relative change in precipitation (∆Rain), the
absolute changes in the minimum and maximum daily temperature (∆Tmin, ∆Tmax), and the relative
change in solar radiation (∆SR). The baseline climatology is the long-term (1960–2016) mean values for
each of the twelve months (as summarized in Table 3 below).

RCP 4.5 Representative GCMs

CanEsm2 (Slowest) HadGEM2-CC (Fastest)

Month ∆Precipitation ∆Tmin
(◦C)

∆Tmax
(◦C) ∆SR ∆Precipitation ∆Tmin

(◦C)
∆Tmax

(◦C) ∆SR

January 0.98 1.78 1.59 0.99 1.17 1.71 2.06 1.01
February 0.85 1.84 1.34 1 1.08 1.48 1.7 1.02

March 0.86 1.74 1.28 1 0.92 1.82 2.07 1.01
April 1.07 1.65 1.9 1.02 1.05 1.31 1.38 1.01
May 0.87 1.12 1.2 1.02 1.03 1.7 2.15 1.02
June 0.85 0.92 0.89 1 1.06 1.39 1.66 1.04
July 0.93 1.11 1.27 0.99 1.04 1.47 1.74 1.01

August 0.98 1.1 1.21 0.99 1.11 1.1 1.4 1.03
September 0.97 1.13 0.99 0.98 1.32 1.55 1.8 1.02
October 0.98 0.89 1.03 1.01 0.91 1.65 2.01 1.02

November 0.99 0.99 1.54 1.03 0.85 1.67 2.04 1.02
December 1.01 1.11 1.2 1 0.93 2.31 2.55 1.01

RCP 8.5 Representative GCMs

MIROC5 (Slowest) HadGEM2-CC (Fastest)

Month ∆Precipitation ∆Tmin
(◦C)

∆Tmax
(◦C) ∆SR ∆Precipitation ∆Tmin

(◦C)
∆Tmax

(◦C) ∆SR

January 0.97 1.3 1.51 1.01 1.01 1.61 1.88 1.02
February 1.1 1.31 1.41 1 1 1.78 1.83 1.02

March 0.92 1.03 1.3 1.03 1.03 2.4 3.03 1.05
April 1.08 1.13 1.18 1 1 2.21 2.25 1
May 1.04 1.19 1.24 1.01 1.01 2.02 2.37 1.02
June 0.97 1.39 1.6 1.02 1.02 1.88 2.19 1.05
July 1 1.39 1.48 1.02 1.02 1.49 1.72 1.01

August 1.01 1.11 1.29 1.03 1.03 1.43 1.51 1.01
September 0.98 1.35 1.59 1.01 1.01 1.62 1.75 1.01
October 0.82 1.21 1.55 1.03 1.03 1.62 1.96 1.02

November 0.9 1.16 1.5 1.01 1.01 1.81 2.29 1.03
December 1.07 0.95 0.96 0.99 0.99 2.27 2.45 1

Table 3. Average monthly climate data for the baseline period (1960 to 2016).

Month Precipitation (mm) Tmin (◦C) Tmax (◦C)

January 39.06 11.36 26.75
February 27.74 11.72 27.46

March 34.25 10.35 24.15
April 47.56 7.98 19.96
May 61.10 6.3 15.92
June 66.05 4.74 12.85
July 78.99 3.9 12.12

August 82.28 4.42 13.42
September 75.49 5.56 15.39

October 67.27 6.56 18.07
November 56.19 8.23 21.46
December 46.57 9.95 24.59
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3. Results and Discussion

3.1. The Impacts of Partial Afforestation

To estimate the sole impact of the partial afforestation configurations and to exclude the climate
change impacts on the catchment flow and salt transport regimes, it was assumed the climate stays
the same for the study period. Thus, the MIKE SHE model was run using the 4-year (February 2011
to February 2015) climate forcing data and then it was extended for 23 cycles to produce an overall
92 years of simulation, corresponding to a projected period from year 2016 to 2107.

3.1.1. Water Balance

Figure 4 shows the simulated responses of catchment discharge to the partial afforestation
scenarios. Due to the influence of the initial conditions, the differences in catchment discharge among
all the scenarios are negligible for the first year, while in the following years the reduction in discharge
becomes evident. The extent of the reduction is generally proportional to the discharge rate, with the
peak discharge mostly affected. Trees reduce the water table levels at the planted locations by increasing
ET from the groundwater (see ETsz in Table 4). For the scenario S1, the water table where the trees are
located is shallow; therefore, a lowered water table level, due to increased transpiration, can have more
significant influences on both the extent and frequency of the groundwater-stream connectivity. For S4,
however, the full saturation of the soil is unlikely due to the deeper water table in the plantation location,
and thus the discharge rate is controlled by the ability of the trees to reduce the hydraulic gradient.
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Table 4. Comparisons of the mean changes in water balance components from Feb 2011 to Feb 2015.

Water Balance
Components (mm/y) S1 S2 S3 S4 Baseline

∆s (SZ) −14.04 −28.36 −37.80 −28.94 25.62
∆s (UZ) −234.67 −268.58 −279.84 −269.13 −51.57

ETsz 93.36 26.03 8.19 11 11.85
D 11.87 48.78 60.58 67.36 70.56
ET 641.14 640.67 640.01 635.89 579.67

∆s: storage change for saturated (SZ) and unsaturated (UZ) zones, ETsz: direct evapotranspiration from groundwater,
D: catchment discharge, ET: total evapotranspiration.

The distribution of water balance components under all four partial afforestation scenarios are
listed in Table 4. There is a rather steady decrease in the total stream discharge at the end of the
4-year period as the partial afforestation moves downhill towards the catchment outlet, and this
reduction is very large in the lowland plantation configuration (S1). Total ET is similar for S1 to
S3 configurations, whereas in S4 the relatively lower total ET suggests lower moisture availability.
With similar ET values, S3 has the largest loss of subsurface storage after the transition (∆s in SZ and UZ)
because this configuration alters the aquifer-stream connectivity the least, and hence discharge remains
uninterrupted. Thus, the subsurface water storage is preserved better in S1 and S2 configurations.

3.1.2. Salt Balance

To observe the long-term behavior in the salinity trends, the flow simulation results during the
four-year period were used as the basis to provide a 92-year simulation of salt transport by repeating
the flow vectors, an artificial condition which assumes the climatic conditions similar to those in
recent years. Figure 5 shows the salt export rate and the average salt concentration in the discharged
streamflow throughout the simulated period. An overall reduction in the export rate of salt is evident
as the location of partial afforestation moves downslope.
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Figure 5. Simulated salt export rate (a) and average salt concentration of discharge flow (b) per every
4 years since the start of simulation.
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When part of the pasture is replaced by trees, transpiration significantly increases along the
plantation area. Therefore, the upstream groundwater traveling towards the outlet would experience
an increase in transpiration upon reaching the afforested area, which in turn leads to an increased salt
accumulation. For instance, in the S2 configuration, compared to S3, a larger area of the aquifer is
located upslope, and, therefore, a larger supply of salt moves through the plantation area. As a result,
the salt export rate is smaller in magnitude but lasts longer (36 years for S2 compared to 11 years for
S3), followed by a sharp decrease when salt supplies from upslope areas ends. This is showed as a
sudden drop in salt export rate in Figure 5 for S2 and S3 configurations. For the S3 configuration,
where the afforested area is at upper elevations, the entire process occurs earlier, together with a larger
export rate until this falls sharply in 2070. Salt export under both S2 and S3 configurations is slower
and sustained longer than in S4, due to higher ET and lower discharge.

The S1 configuration shows an entirely different salt export trend as a result of the stream drying
out. Afforestation in the vicinity of the creek significantly alters the surface water-groundwater
connectivity, leading to very low streamflow with a consequent very small salt export and increase in
salt concentration at the outlet (Figure 5b). In this configuration, over the first few years, as driven
by the initial water heads there is a large salt discharge that decreases with the declining water table
and the consequent reduction in surface water-groundwater connectivity. The constant salt export
rate indicates that the maximum salt solubility is reached as a result of high local ET rates. In the
S4 configuration, instead, the afforestation is established in the most upslope area of the catchment
where the water table is at the deepest; therefore, the plantation does not increase the transpiration
dramatically, resulting in a very small impact on the salt export compared to the baseline. Overall,
these results indicate the important role played by the plantation location on both water and salt
balance in seasonally dry catchments.

The favorable result of a reduction in the salt export is usually accompanied by a decrease in the
streamflow discharge, which is unfavorable. Therefore, a function was defined to assess the benefits of
each configuration as the difference between the relative change in salt export and the relative change
in flow discharge, i.e.,

Oi =
ESi − EB

EB
−

DSi −DB

DB
, (1)

where ESi and DSi are quadrennial salt export and flow discharge at the ith scenario. Therefore,
a smaller Oi is desirable and a negative value means that there is a larger reduction in the exported salt
than that in the discharge rate.

As shown in Figure 6, O2 is the largest throughout the simulation period, in particular with a
substantial rise in the second half of the period. For the first half of the simulation period, O is nearly
unchanged across all configurations, whereas differences can be found mainly in the second half of
the period when the S2 configuration exhibits a large increase corresponding to the salt accumulation
which is consistent with Figure 5a. The value of O1 remains near zero for the majority of the period as
a result of generally no-flow conditions.

It seems that the defined partial afforestation configurations are more disadvantageous than the
baseline pasture cover from this perspective, with the exception of S1 with the plantation at the lowest
lying area. In this configuration, salt export and flow discharge rates both approach zero as shown in
Figures 4 and 5.
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Figure 6. Objective function O (defined as the difference between the relative change in salt export rate
and the relative change in catchment discharge rate relative to that in the baseline scenario, Equation (1)
for the four different configurations considered.

3.2. Combined Impacts of Partial Afforestation and Climate Variability

The sensitivity of monthly salt export rates to the ET0 and precipitation rates for each month is
shown in Figure 7, which reports the sensitivity of the transport model to 30% variations in monthly
precipitation and ET0 in terms of percentage change in total exported salt. The overall transport rate
is affected by the total recharge, which is in turn affected by precipitation and ET0. As shown in
Figure 7, the salt export rate increases with precipitation and decreases with ET0, so the sensitivity is
positive for precipitation and negative for ET0. Overall, the transport model is more sensitive to the
changes in precipitation than in ET0, particularly during wet seasons. The highest sensitivity to ET0 is
in September and March, probably because of a combination of lower precipitation but large water
availability to evapotranspiration during these months.
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Figure 7. The sensitivity of the salt transport model to 30% variations in monthly ET0 and Rainfall
expressed as the percentage change in the total exported salt.

The ranking of the months of the year for precipitation and ET0 based on these sensitivity levels
is given in Table 5. The monthly sensitivities are thus ranked in order of importance based on the
absolute magnitudes of sensitivity.
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Table 5. Ranking of monthly precipitation and ET based on the sensitivity indices.

Month
Precipitation ET0

Sensitivity Rank Sensitivity Rank

January 0.031 22 −0.051 17
February 0.043 21 −0.059 14

March 0.078 9 −0.078 8
April 0.106 5 −0.075 11
May 0.176 4 −0.064 13
June 0.222 2 −0.049 19
July 0.263 1 −0.059 15

August 0.177 3 −0.058 16
September 0.085 7 −0.097 6

October 0.072 12 −0.076 10
November 0.028 23 −0.050 18
December 0.020 24 −0.049 20

3.2.1. Impact on Catchment Salt Load

Simulated results of the cumulative salt export for S1–S4 configurations from two representative
GCMs and the baseline case are shown in Figure 8 for both the RCP 4.5 and RCP 8.5 scenarios.
The shaded area represents the range of the uncertainties from the choices of GCMs. Under the RCP
4.5 scenario, the baseline case stores slightly more solute mass than CanESM2, the fastest salt export
scheme, but generally less than HadGem2-CC, the slowest salt export scheme. The S1 configuration is
very different from all the others, which show a progressive reduction in salt export rate over time.
In addition, the uncertainty range is wider than S2, S3, and S4, indicating that the salt export rate is
most sensitive to climate uncertainty under the S1 configuration.
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The S2 configuration shows a cumulative discharge curve with a smaller curvature compared to
other configurations. As the salt export rate is smaller for S2, it is likely that not all the accumulated salts
have left the catchment at the end of the simulation period, while in other configurations, especially
S4, the curve tends to be flatter, indicating the termination of salt export. While the representative
GCMs yield similar results under RCP 4.5, GCMs generally show a slower salt export compared to the
baseline case under RCP 8.5. Results for the S3 and S4 configurations are rather similar in that both
show a faster salt export rate than the baseline case under RCP 4.5 and a slower rate than the baseline
case under RCP 8.5.

3.2.2. Impact on Top Soil Salinity

The mean salinity of the top 10-cm soil spatially averaged across the surface of the catchment is
shown in Figure 9. Under both RCP scenarios, both S1 and S2 configurations have the peak salinity
occurring at a later time, and the peak salinity is slightly larger under RCP 8.5 for all configurations.
These two configurations, particularly S1, result in more saline soil profiles on average. Under each
RCP, the S4 and S3 configurations show the same peak values. However, the decay rate is larger
for S4, resulting in a final soil salinity, under RCP 4.5, of ~600 mg L−1 for S3 and 500 mg L−1 for S4.
A similar trend is observable under RCP 8.5 with both the peak and the final soil salinity being larger
by ~100 mg L−1 compared to that under RCP 4.5.
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For all the configurations under RCP 8.5, the simulation with the fast transport (HadGEM2-CC) is
not associated with the lowest soil salinity. This is in contrast to that found under RCP 4.5, likely due
to the larger projected ET0 by this model resulting in a drier soil and hence larger salinity. Both overall
soil salinity and uncertainty within GCMs decrease progressively from S1 to S4. Figure 10 depicts
the 3D visualization of soil profile salinity simulations at the start and the end of the study period
for the S3 configuration under RCP 4.5. A significant salt depletion is evident, as this is the scenario
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with overall the least solute mass accumulation and the highest salt export rate among the simulated
scenarios, resulting in the least salinized area at the end of the study period (Figure 11).Water 2020, 12, x FOR PEER REVIEW 14 of 18 
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(2107) (b) of the study period for the S3 configuration under RCP 4.5. (c) and (d) illustrate the soil
profile salinity along the streams of the catchment (i.e., the white dashed line).
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3.2.3. Impact on Total Salinized Area

Salinized area is defined where the top 10 cm of soil is affected by a salt concentration larger than
2000 mg L−1 (Figure 11). Overall, the salinized area increases throughout the period when moving the
afforested area downslope and hence increasing the proximity of plant roots to the water table. In each
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individual configuration, this area decreases with the gradual salt depletion of the catchment over
time. The S4 configuration has salinized area approaching zero faster than other configurations, and
this is consistent among all representative GCMs. Under RCP 8.5, as a result of the larger maximum
and minimum daily temperatures and thus larger ET0, some areas remain salinized until the end
of the study period regardless of the insignificant variation in salt export rate when compared to
the afforestation configuration under RCP 4.5. Under RCP 8.5, this depletion rate is highest for the
HadGem2-CC model; however, the salinized area shrinks faster for the MIROC5 model. This is again
because of an overall larger projected ET0 by MIROC5. The salinized area is always larger under RCP
8.5 in all configurations except S3.

4. Conclusions

Vegetation cover change, such as the removal of native vegetation in Australia for agricultural
and pasture activities, may lead to significant changes in catchment water balances, resulting in
the development of dryland salinization in arid and semi-arid regions. Therefore, it is necessary to
quantitatively assess the potential impacts of partial afforestation spatial configurations that may
improve salinity conditions without dramatically affecting streamflow. In addition to the common
debate on the impacts of percentage of afforested area, this study evaluated the processes affected by
partial afforestation under different climate-change scenarios. The MIKE SHE model was used here
to quantify the impacts of partial afforestation on the water and salt dynamics under climate-change
scenarios of a rural catchment in the semi-arid climate of southeast Australia. The results show that a
partial afforestation established at the lower elevations, closer to the catchment outlet, exerts a stronger
influence on the water and salt balance, whereby a closer proximity of trees to groundwater enhances
root water uptake. Moreover, the locations of afforestation can induce a retarding effect in the outflow
of groundwater salt, with the lower elevation configuration showing the steadier salt depletion rates.
MIKE SHE also helped to identify the best GCMs for the assessment of climate change based on the
system sensitivity to climate forcing in each month of the year. The combined simulations of partial
afforestation and climate change reveal that, except for S1 with trees planted near the outlet of the
catchment, the streamflow is maintained under all configurations. It appears that under both RCP 4.5
and RCP 8.5 scenarios, the HadGEM2-CC is the GCMs with the fastest salt export scenario, whereas the
CanEsm2 and MIROC5 represent the slowest salt export scenarios. In terms of mean soil salinity and
total salinized areas, the RCP 4.5 is the more ideal scenario while RCP 8.5 shows only slightly larger
mean values than the baseline case. For the salt discharge rate, it is found that the location of partial
afforestation generally plays a more significant role than the climate change scenarios or GCM choices.

Overall, our study demonstrates that partial afforestation might be used as an effective salinity
management option, but it needs careful planning to be integrated within existing headwater catchments
while maintaining the intermittent streamflow. It is shown that water and salt dynamics in arid
and semi-arid intermittent catchments are highly sensitive to partial afforestation. It appears that
for the same percentage of afforestation area, the spatial configuration plays an essential role in
influencing long term salinity conditions. Moreover, with the objective to accelerate salt export,
different combinations of climate change scenarios and partial afforestation configurations will lead to
significantly different and sometimes adverse results. Therefore, where well-observed and data-rich
catchment is available, ISSHM models are efficient tools to study such complex dynamics for each
specific catchment. The findings of this study seem critical for water resources managers because
they show that success of partial afforestation under climate change depends on consideration of its
spatial configuration.
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