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Abstract

The unique production life cycles of perennial crops make them vulnerable to predicted
future climate changes. This paper describes how a new framework specific to perennial
crops was developed and integrated into an existing spatio-temporal agricultural land
sequencer (STALS) to generate real-world land use insights for a case study region, the
Murrumbidgee Irrigation Area, Australia. Model outputs illuminated the role of peren-
nials in a water-constrained future and highlighted the benefit of the operational tactic of
deficit irrigation in maintaining the feasibility of perennial crops in the mid-to-long-range
planning horizon. Furthermore, diversity of life cycle in land use was shown to maintain
economically viable agriculture in the study region. The future of perennial crops as a
proportion of land use area in a climate-smart landscape may need to be reevaluated.

Keywords: digital agriculture; land use; water resource management; climate change
adaptation; multi-objective optimisation; decision support system

1. Introduction
Agriculture may be a small share of the global economy, but it remains indispensable

to human life [1] and underpins regional economies worldwide, regardless of economic
status or scale [2–4]. The future sustainability of these economies is threatened by predicted
climates that elevate food production risk. In semi-arid regions, which include Australia,
increasing water productivity has become a national priority [5].

Regional-scale land use often includes annual crops (cereals, cotton, and horticulture)
and perennials (tree crops and vines). This diversity of crop mix, production systems
(dryland or irrigated), and soil type complicates water allocation options.

Globally, bulk grains of cereals and pulse crops (annual crops) feed humanity. These
can be complemented by perennial fruits (pome fruits, stone fruits, vines, citrus, and
nuts). Perennial fruits can be considered luxury foods due to their seasonal production
and increased water needs (reflected in commodity prices). However, in the 21st century,
dietary choices prioritise the health benefits of plant-derived sterols and Omega 3 con-
tained in nuts [6] and sustainable food production. This is expressed in the increased
uptake of plant-derived products such as almond ‘milk’ [7] and the willingness of con-
sumers to pay a premium for sustainably produced food [8]. Perennial crops also have
value-added activities that increase the economic multiplier factor of their contribution to
regional economies [9]. These include processed citrus, which is used not only in long-life
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juice drinks but also as additives in other food products [10] and grape seed oil, used in
cosmetics [11].

With increases in minimum temperatures that shorten the duration of winter [12],
coupled with predicted reductions in irrigation water availability [13], perennial crop
production systems face an uncertain future. Water use efficiency is critical to maximising
farm income in scenarios of water scarcity [14]. In a future where these critical abiotic
inputs may be outside of the historical range of perennial crop needs, economic benefit can
be reduced [15,16], with impacts not only for farm income but also regional communities
dependent on agriculture.

Perennial crop production can be considered rigid, compared to the flexibility of annual
cropping systems where fallow land use can be adopted in times of drought [17]. This fixed
land use limits the economic adaptability of a region with perennial crops under climate
uncertainty. A further impediment to the change in land use for perennial crop systems
is the investment of financial capital required to establish and successfully manage biotic
assets and accompanying processing infrastructure [18]. Perennial systems experience a
3–7 year delay period from planting to economic benefit [19], and breeding programs take
3–15 years [20]. In addition, the perennial response to production interruptions, such as
drought, can be carried forward after the cessation of the event [21].

The present study temporally quantifies the role of perennial crop land use in improv-
ing economic water productivity of a region. The findings elucidate land use that maximises
farm net revenue premised on water availability. These forecasts of possible futures may
help with regional policy development and industry preparedness to ameliorate the impact
of climate change on perennial crops. This work fills a gap in assessing the role of perennial
tree and vine crop production in Australia [22].

Previous work in perennial crop modelling has investigated: regional land use [23];
nutritive value obtained from water resources [24]; impact of climate change on physiol-
ogy and production [25]; water use strategies [26]; and optimisation approaches [27,28].
Although all of these studies have advanced our understanding of agricultural production
under climate uncertainty, each of them had a limitation in its scope. The regional land
use objectives of Abdelkader and Elshorbagy [23] and the inclusion of future production
climates are sensible, yet no consideration is given to temporal land use modifications
that may be required to achieve the objectives in the medium-to-long-range future. A
further limitation of that study is the methodological approach, which limits its external
application from the case study country. A case study of California investigating the nutri-
tional value of food measured against crop water consumption classified crops according to
economic value and water consumed [24]. However, it did not consider future production
environments and water availability nor set the investigated parameters as objectives for
optimisation. Expanding on the water–food nexus, a case study of the southern region
of California’s Central Valley identified that perennial crops account for 60% of land use,
driven by market demand, with little relationship to water availability [29]. When future
water availability is considered, crop demand may not be satisfied, with possible revenue
losses [29].

A deficiency in understanding the impact of climate change on the nutritional value
of food highlighted the gap in perennial crop research to prepare for the predicted abiotic-
constrained production environment [25]. The review noted the importance of using
climate models that realistically depict the future climate and its uncertainty. Consistent
with this result, Randall et al. [30] identified in their systematic review that the inclusion
of climate projections is integral to robust optimisation of agricultural land use–water
nexus optimisation.
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Nature-inspired optimisation algorithms have proven useful in solving problems
that would benefit from timely insights facilitating early responses [28,31]. To date,
Randall et al. [27]’s model is one of the more comprehensive approaches that includes
perennial crops (grapes, citrus, stone fruit). Although it did factor in the lead time for a
tree crop to become commercially viable, the model did not consider nut crops. Further
shortfalls are: a simplified assumption of available irrigation water volumes; homogeneous
representation of the soil, omitting characteristics that influence the yield potential; and a
simplified crop coefficient (Kc) with an impact on crop water requirement.

To address food security concerns, producers, food agribusiness, and regional pol-
icy developers must understand alternative land uses that maximise economic benefit to
farmers and regional economies. This research addresses these gaps using two contrasting
climate models that are dynamically downscaled to the case study region (see Section 2.1),
with crop revenue and diversity as objectives, and incorporates temporal land use iden-
tification. The use of land by nut crops is expanding in the case study region [32], which
warrants their inclusion in future land use investigations.

1.1. Background

Digital agricultural modelling supports problem-solving by mathematically repre-
senting the production environment and its interconnected relationships, enabling an
optimisation tool to derive feasible land use options that meet the specified objectives. The
following sections present background information on these components that is relevant
for understanding the present study, namely, perennial crop phenology, water regula-
tion, perennial crop water needs, the rationale of operational tactics, and computer-based
optimisation of land use.

1.1.1. Crop Phenology

The long life of perennial crops is based on the need for exposure to all seasons (vernal,
estival, autumnal, and hibernal) to meet growth and fruit development [33]. Perennial crops
of agricultural importance can be categorised as deciduous (vines, stone fruits, and nuts)
and evergreen (citrus and olives). Of these two subgroups, the deciduous require specific
abiotic metrics to achieve agricultural economic benefit, namely, temperature triggers.

This dependence on abiotic thresholds for growth and the generation of economic
benefit from fruit development increases the risk of perennial crop failure under climate
uncertainty [34–36]. Furthermore, predicted reductions in precipitation and available irri-
gation water [37], compounded by increases in temperature and evapotranspiration [38,39],
exacerbate future production problems for perennial crops. The capacity of orchard pro-
duction to adapt to these abiotic changes requires long lead times of selective breeding
programs and may involve geographical relocation of production [40,41].

1.1.2. Water Regulation and Reform

In Australia, water access entitlements were historically linked to land and were not
transferable. Therefore, to increase water access, the purchase of land with existing water
entitlement was required [42]. As modern Australia developed, government policy focused
on initiatives to ‘drought-proof’ the southern Murray–Darling Basin (MDB) [43]. The
material legacy of this policy shift is the Burrinjuck Dam and the Murrumbidgee Irrigation
Area (MIA) [44].

The nation’s reform of water resources reached a milestone with the Council of Aus-
tralian Governments (COAG) National Water Initiative 2004 [45], closely followed by the
Commonwealth Water Act 2007 [46] and the Basin Plan 2012 [47]. This Commonwealth
legislation is supported by the NSW Government Water Management Act 2000 [48] and
Water Sharing Plan for the Murrumbidgee Regulated River Water Source Amendment Order
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2025 [49]. While these legislative acts direct and inform the datasets used in this study, the
project’s motivation comes from the 2004 National Water Initiative objective [45] (p. 1):

. . . to increase productivity and efficiency of Australia’s water use, to service rural
and urban communities and to ensure the health of river and groundwater systems.

The most significant change in Australia’s water resource management arising from
the National Water Initiative was the creation of water rights. This separation of water
entitlement from land established a water trading market and facilitated the expansion of
food and fibre crops to areas previously constrained to livestock production systems [50].

1.1.3. Perennial Crop Water Needs and Deficit Irrigation

The water infrastructure (dams and conveyancing canals) of the MIA has facilitated
agricultural production, while water reform has encouraged water efficiency, an attempt to
balance economic productivity with limited resources. Nevertheless, the recent expansion
of perennial crops into the MIA challenges both these critical components by placing
year-long demand on water resources.

The water needs of perennial crops are spread throughout the year, year on year, for
the life of the plant (20–40 years). Evergreen perennial crops (citrus) are watered throughout
the year. In comparison, the dormancy period of deciduous crops (nuts, stone fruits, and
vines) enables the timing of water application to align to yield-critical events such as bud
set and fruit fill. The year-long need for water access makes perennial crop systems rigid,
increasing the risk impact of climate change. This is further exacerbated by predicted
volatility in precipitation timing and volume [37], accompanied by increased evaporation
due to climate change [51].

To counteract the impact of water stress, perennial crops have been observed to adjust
their water consumption in accordance with seasonal realities. An example is that walnut
trees can access deep soil water, buffering the impact of low rainfall [26]. This tactic
increases their plasticity to climate change, but, as climate change diminishes the reliability
of precipitation, the opportunity to recharge soil profiles to depth is reduced. A further
metabolic strategy in response to limited water availability is the slowing of growth [52].

An operational management decision that manipulates the physiological response
of plants to water stress is deficit irrigation (DI) [53]. There are a number of different DI
approaches: regulated deficit irrigation, where the limited volume of water is administered
at strategic times (bud set or fruit fill) to maximise commodity quality and yield [54];
root zone drying, which involves the delivery of water to only a portion of a plant’s root
system [55]; and classic deficit irrigation, where the volume of water applied to the crop is
below the full water needs of the crop and delivered consistently throughout the growth
cycle [56]. Each unique approach has its own mathematical representation.

The linkage between abiotic parameters with crop coefficients (Kc) is consistent with
the modelling approach adopted in this research. Although improving the representation
of production realism, it is acknowledged that the Kc values of perennial crops are not well
established globally, which limits the modelling of perennial water needs [57].

For this work, classical deficit irrigation is defined as the intentional application of
irrigation water at levels below the full water requirement of the crop, based on crop
coefficients (Kc) and evapotranspiration. This strategy seeks to increase water use efficiency
by imposing controlled water stress on a plant while avoiding significant reductions in
economic benefit [58]. This tactic facilitates the reassignment of a critical production
resource to other crops. It assists in maximising total food and fibre production for an area
from a finite resource.

Deficit irrigation is gaining momentum as a commercial strategy in the face of receding
agricultural water resources [59,60]. Until now, research into this strategy in Australia
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has focused on annual crops such as rice, soybean, and cotton (see, for example, [61–63]).
This is now being addressed by including perennial fruit crops in the Australian Agri-
cultural Production Systems Simulator (APSIM) [64], although the impact of the strategy
on yield is still unknown (P. Jealous, 2025, Personal Communication). Inclusion of deficit
irrigation in this research is an important aspect in quantifying the region’s perennial crop
water productivity.

1.1.4. Economic Water Productivity

The objective of maximising farm-gate net revenue is to identify commodities that
generate profit, with consideration of the cost of water, the price of which is inversely
aligned with seasonal supply volumes. One strategy to achieve this end is dryland crop-
ping, where crops produced solely on precipitation may experience higher gross margins
associated with reduced water costs. Alternatively, as mentioned previously, DI is another
strategy being developed and adopted to increase water productivity, but balancing deficit
irrigation volumes and yield impact is still in its infancy [65].

Research is being conducted to identify the impact of DI on economic benefit around
the world. In Israel, almonds grown under DI for two years resulted in a 35% reduction in
yield [66], while research in Spain found that DI improved market desirable parameters
in almonds, potentially increasing profits [67]. There is a dearth of Australian research in
this area.

Recent Australian research found that an 11% reduction in full irrigation resulted in
a reduced diameter of the almond tree truck and kernel weight, but did not significantly
decrease the yield [68]. A Hort Innovation technical report [69] on improving citrus
quality with deficit irrigation found that DI modified quality parameters such as Brix
values (sugar levels) and produced smaller fruit, with negative economic consequences. In
comparison, a study on the irrigation behaviour of Australian wine grape growers identified
that water use efficiency is a high priority, although DI was not directly identified as a
strategy [70]. These findings highlight why the inclusion of DI in this research contributes
to Australia’s understanding of future perennial crop capabilities in water-constrained
production environments.

1.1.5. Optimisation of Perennial Land Use

The modelling of perennial crops has mostly involved simulations such as Crop-
Wat [71] and APSIM [64], with optimisation approaches focused on identifying when to
rejuvenate a plantation [28,72]. Within these optimisation studies, linear programming has
been dominant [72,73], and very few papers worldwide have employed multi-objective
optimisation approaches in which multiple conflicting objectives are simultaneously opti-
mised. Within these multi-objective approaches, perennial crops included are citrus and
stone fruit [27] and nuts [23]. To generate answers to real world agricultural problems, new
optimisation models should include mathematical representation of current agronomic
activity and the inclusion of identified feasible alternatives such as DI.

Previous work by Schiller et al. [74] developed a spatio-temporal agricultural land use
sequencer (STALS) and applied it to annual cropping systems. In that work, the model
demonstrated an ability to capture key features of real-world agricultural decision-making
through the explicit representation of crop rotation constraints and temporal memory
within the optimisation algorithms. The solver eliminated annual crops from consideration
based on soil compatibility, previous land use, crop life duration, sowing temperature,
available water for the lifetime of the crop, and the requirement for positive economic
return [74].
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Investigating perennial crops with STALS requires modifications that capture the fixed
land use for the duration of a crop’s lifecycle, with the primary elimination rule being
available water (generally available irrigation water), followed by a positive economic return.
This combinatorial problem suits constructive solution approaches that build cropping plans
by successively adding land uses to parcels of land, in contrast to iterative techniques that
progressively adjust existing plans.

As a result of the above and, in particular, the unique water needs of perennial crops,
the main objective of the study is to quantify the role perennial crops play in maximising
economic water productivity of a case study region in Australia. Furthermore, it qualifies
possible agricultural land use pathways that contribute to a climate smart landscape. It
seeks to answer the following research question:

How can regional economies maintain economically viable agriculture production that con-
tributes to food security under increasing water constraints and uncertain climatic conditions?

2. Materials and Methods
This research builds upon Schiller et al.’s [74] STALS model by extending the frame-

work to support perennial crop production. The core model inputs remain unchanged.
There are two climate projections representing plausible future production environments,
a hotter and drier (ACCESS1.3) and a warmer and wetter scenario (CanESM2) [75]. In
addition, there are five water-availability scenarios that drive crop selection and the concept
of Land Management Units (LMUs) [76], which captures spatial variation in productivity
for the six key soil types within the study area.

The incorporation of DI enables the introduction of a novel experiment: the optimisa-
tion of water productivity at the regional scale. This requires several enhancements to the
STALS solver:

1. Expanding water availability data to accommodate DI (Section 2.2).
2. Enhancing economic measures to more accurately represent market behaviour (de-

mand) and supply realities (yield penalties) associated with DI. (Section 2.3).
3. Modifying constraint handling to accommodate the unique biological and temporal

requirements of perennial crops (Section 2.5).

The overall experimental design is detailed in Section 2.6, while the key assumptions
underpinning this work are presented in Section 2.7.

2.1. Case Study Area

The Murrumbidgee Irrigation Area (MIA), New South Wales, Australia (depicted in
Figure 1), is the selected test region based on its diverse perennial and crop mix, similar
resource allocation issues and characteristics comparable to those observed in other food-
producing areas such as the Central Valley of California (USA) [77], the Mediterranean [78],
and the interior of the Horn of Africa and Western Cape of South Africa within Sub-Saharan
Africa [79].

Centred at 34° S, 146° E, the area has a cold, semi-arid climate [80] and experiences
dry, hot summers, with maximum temperatures of 30–35 °Cand average winter maximum
temperatures of 15 °C [81]. The winter minimum temperature range is −3 °C to 0 °Cand
the summer maximum temperature range is 31 °C to 36 °C [82]. The average annual rainfall
is 400 mm, with some winter dominance [83]. There are two agro-climate zones: East
experiences higher rainfall and lower daily average temperatures compared to West [84].
The MIA is suitable for perennial fruit trees and vines due to the availability of water, a range
of suitable soil types, and climate characteristics that satisfy some species’ vernalisation
and chill portion requirements. Table 1 presents the soil types and their respective areas
(rounded to the nearest 1000 ha for modelling purposes).
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Table 1. Soil types and area in hectares.

Soil Type Area (ha)

Self-mulching clay 49,000
Hard-setting clay 15,000
Transitional red-brown earths 21,000
Red-brown earths 32,000
Sand-over clay 21,000
Deep sandy soils 3,000

Total 141,000

Figure 1. Study location, MIA footprint, and soil distribution. Data source:(S. North, 2022, Personal
Communication); map created by the authors. Note: Indicative soil distribution.

The first perennial crops introduced to the area were citrus, stone fruits, and grapes [85].
The wine grape industry was expanded by Italian immigrants in the 1950s [86], and nuts
(almonds and walnuts) are the most recent addition, arriving in the early 2000s [32,87].
Land use is dynamic, evidenced by the recent introduction of pistachio nuts based on their
lower water needs compared to almonds (the dominant nut crop in 2025) (P. Jealous, 2025,
Personal Communication). Table 2 presents the current area of perennial crop land use in
the study area. The examined footprint comprises a total area of 141,000 ha.

Table 2. Production area by crop 2023/24 [88].

Crop Area (ha)

Vines—Table and Wine Grapes 15,421
Citrus 7343
Nuts—Almonds and Walnuts 8075
Plums 1002

Total 31,841

The governance structure of many perennial crop producers in the study region is
made up of owner-operators. Recently, corporate agribusiness has been expanding its
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holdings within the nut sector [89]. The economic dependence of the region on agricul-
ture [90] increases its susceptibility to future climate changes, with a higher risk to perennial
production due to phenological needs.

2.2. Water Usage

Perennial crop Kc values reported in the FAO Irrigation and Drainage Paper No. 56.
FAO56 [91] were identified as inadequate by [92], who proposes alternative values derived
from field-based observations. In recognition of these improvements, this study adopts
a dynamic approach rather than relying on the static coefficients presented in FAO56.
Specifically, average monthly values of the tree crop coefficients are calculated from the
Almond Optimisation Spreadsheet [93] (P. Jealous, 2025, Personal Communication). Twelve
watering periods were defined in the calendar year, with duration coefficients assigned to
these based on the seasonal growth phase of a crop.

Extending the model to include production realities of DI strategies in low water
allocation scenarios required further adjustments to the Kc values. The Kc were reduced as
a percentage of the coefficient of a crop, thus reducing the water needs of a crop to achieve
economic yield. For this research, the following reduced proportions of the full water needs
of a crop were applied in a given water allocation scenario: low water allocation 50%; very
low 30%, and drought 7%.

There are two main paths of classical deficit irrigation: (1) apply the full amount of
available water to the highest performing land in the hope of securing maximum quality
and yield and (2) apply the full amount available water across all farm land (hedging)
and accept a possibly degraded quality, but hope to achieve an economically insignificant
loss. For this research, the latter was employed. All land parcels received irrigation water.
The yield potential of the mid-range water scenario was set at 100%, based on production
realities, where any shortfall in crop water requirement could be purchased at a reasonable
price. For water scenarios of drought or very low or low water allocation, the primary
assumption was that the high price of water under such conditions would necessitate DI.
The target watering was based on the minimum required to firstly sustain the life of the
plant and secondly generate a minimum yield. These arbitrary values were informed by
industry practices [94] and (P. Jealous, 2025, Personal Communication).

Water trading was not considered in this research, although it is flagged as a model
addition for future iterations.

2.3. Economic

Prior work with the STALS model [74] incorporated a market behaviour mechanism to
adjust the projected crop income based on the projected water scenario for each planning
year. It was assumed that consumer demand was constant throughout the planning
year, leading to premium prices when projected low water availability led to commodity
scarcity [95]. To capture the dynamics of supply and demand more realistically, the present
work added a second supply side mechanism relating to yield potential, representing the
attainable supply under constrained water availability, which informed the DI target
watering as a percentage of full crop watering requirements. This component of the
economic mechanism was informed in part by Sperling et al. [66] and Tahir [96]. Table 3
provides the details of this combined approach, which represents a supply and demand
curve and the impact this has on commodity prices. Values were informed by global
research and reality checked by industry sources [93].
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Table 3. Income coefficients of annual water allocation and target watering impact on market
behaviour and yield potential.

Water Allocation Market Behaviour Target Watering Yield Potential

Drought 160% 7% 20%
Very low 130% 20% 50%
Low 110% 50% 80%
Mid-range 100% 100% 100%
High 80% 100% 100%

2.4. Climate’s Economic Impact

The chosen global circulation models projected two differing climates, one generally
hotter and drier (ACCESS1.3), the other generally warmer and wetter (CanESM2). Both
models showed strong performance in reproducing historical climate, with CanESM2 also
demonstrating good performance in simulating extreme El Niño events [97]. Figure 2
depicts the temporal differences of precipitation and evapotranspiration values for the two
models. The parameters in question were similar for the 2020s but there was a distinct
divergence in the 2050s, increasing to the end of the century. The effect of these climates on
agricultural production in the study region is revealed in Section 3.
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Figure 2. Key climatic indicators from ACCESS 1.3 and CanESM2 for a reference location within the
case study region in NSW, Australia.

2.5. Solver Method

For the spatio-temporal agricultural land use sequencer (STALS) to identify feasible
perennial crop solutions, modifications were needed from its annual crop system set up.
For planning annual crops only, the planning region was logically divided into a number
of fixed-sized parcels within each LMU (this size was a controllable setting). For a parcel of
land that would grow annuals, the solver planned one parcel at a time (in a randomised
order), starting from planning month 1. At each decision point, the set of annual crops that
could be feasibly planted was determined by applying agronomic/biophysical rules relat-
ing to soil compatibility, water available from projected rainfall and unallocated irrigation
inflows, sowing temperatures, and rotation rules relating to crops recently planted on that
parcel. Crops were eliminated from consideration if 100% of their watering needs could
not be met. The solver then made a biassed probabilistic decision concerning which annual
crop to plant at that time and stepped forward by the (assumed) fixed planting duration of
the selected crop. Decisions were biased by the a priori heuristic of gross margin moderated
by the observed utility of the decision, learned during the solver’s operation.

To support perennial crops, the following modifications were made. The proportion
of land parcels to be only perennial crops was pre-allocated. For each such parcel, the
solver made a single decision about which perennial crop to allocate, if any. The selected
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perennial was then allocated to that land parcel for the entire duration of the planning
problem (e.g., 10 years). ‘Planted’ perennials were assumed to be at maturity, so the solver
was in effect modelling the decision to have planted a vine or tree on that land prior to
the planning period. Perennial crops’ watering coefficients were modelled in a piecewise
linear fashion across a calendar year, which in the southern hemisphere corresponded to
the annual pattern of fruiting and dormancy. The set of feasible perennials was determined
by applying a restricted set of filters from those used with annual crops:

1. LMU Compatibility: Only perennials that were well-suited to grow on a particular
LMU (soil type) were considered.

2. Available Water: Each perennial’s ideal monthly watering requirements were deter-
mined by considering its annual watering profile and projected climatic conditions.
The target watering level for each year was determined based on the water allocation
category of the year (see Table 3). The following rules were then applied:

• If the perennial’s monthly target watering could be met by projected precipitation
and as-yet unallocated irrigation inflows, it remained in consideration.

• If its monthly target watering could not be met but its drought-level watering
(7% from full) could be, then it remained in consideration at that lower level for
that year.

• If drought-level watering for any year within the planning horizon could not be
met, the crop was removed from consideration.

If no perennial appeared to be viable (due to the prior allocation of irrigation water to other
land parcels), then a long-duration fallow (with low but non-zero cost) was allocated to the
land parcel.

Most computational agricultural optimisation seeks to maximise revenue [30]. Diver-
sity is also recognised as a tool to reduce economic risk [98] and is an accepted industry best
practice for production maximisation [99,100]. Accordingly, each solution was evaluated
against two maximisation objectives: the net revenue (NR) produced by all crops, given the
cost of projected irrigation water purchased and variations in yield (for perennials) and
crop market price in relation to water availability (both annuals and perennials), and the
diversity of crops planted, measured using the normalised Shannon Diversity Index, which
captures both the number of different species within a solution (richness) and the frequency
of species inclusion in a solution (evenness):

Maximise Diversity =
−∑C

c=1 prop(c) ln(prop(c))
ln(C)

(1)

where c is a crop in [1, C] and prop(c) is the proportion of all non-fallow crop plantings
that are crop c. In determining the proportion of plantings for each perennial, a particular
perennial was counted for each year of the planning problem so that perennials’ counts
were of a similar magnitude to annual crops’.

Over a configurable number of iterations, the solver constructed n solutions using a
multi-objective version of the Ant Colony Optimisation metaheuristic [101], which learned
which years were best suited to particular annual crops or, for the perennials, which crops
led to better solutions in terms of both objectives (this fed back into the solver’s biased
probabilistic decisions during solution construction). The solver maintained a collection of n
best trade-off solutions produced over a run, representing different achievable net revenue
versus planting diversity. At each iteration, newly created solutions were considered for
inclusion in this collection, replacing any inferior solutions as part of Pareto mechanics [102].
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2.6. Experimental Design

The focus of this work is perennial crops. However, in reality, no agriculturally
important region is dominated by a single species or production system. To represent
this reality, a sliding scale of land allocated to perennial crops was investigated: 0%, 25%
(representing the current reality), 37.5%, 50%, 75%, and 100%. The allocation of land use by
crop lifecycle introduces species diversity into the region. Appendix A shows the full list of
investigated crops and their abbreviation for modelling.

The MIA case study region’s six LMUs were divided into land parcels of 1000 ha,
which, while larger than an individual paddock, is suitable for exploring region-scale
planning decisions and induces solutions comprising 141 10-year cropping plans. This
approach enabled the rapid generation of solutions without compromising output quality.

Six problem scenarios were created across combinations of underlying climate model
(ACCESS 1.3 and CanESM2) and decadal planning period (2020–29, 2050–59, and 2090–99,
as shown shaded in Figure 2). The difference in the water scenarios between the climate
models is presented in Figure 3.

Each solver run comprised 1000 iterations in which 20 solutions were generated (hence,
20,000 solutions generated per run), and the best 20 individual solutions across the run
were saved. The solver was applied five times to each combination of problem scenario
and proportion of land allocated to perennials, with the 100 solutions produced by those
five runs merged and filtered to a single set of trade-off solutions.

Figure 3. Water scenarios for the selected decades (within the 2000s) and climate model. Years
2020–2029 are based on the climate model, not observed reality.

2.7. Assumptions

The focus of this investigation was perennial crop water productivity over long-term
horizons, exploring the trade-off between water volumes and economic benefit. As such,
the potential economic value and water consumption are indicative.

This study assumed that all perennial crops were already established and mature and
therefore generated economic benefit. This decision was made to examine what a fully
productive orchard could produce over a 10-year period. Accordingly, land use change was
not modelled; thus, the analysis did not include (i) establishment costs, (ii) the 3–6 year lead
time required for perennial systems to achieve commercial production, or (iii) end-of-life
removal costs of perennial plantings. Orchard ‘mothballing’ was also excluded. Under
these assumptions, once a perennial crop was assigned to a land parcel, it was treated as
fixed and assumed to occupy that land for the full 10-year planning horizon.

Water delivery to crops differs between enterprises. It is common for broadacre crops
to irrigated via surface flooding, while orchards (nuts, vines, citrus) and horticulture crops
of lettuce receive water via drip irrigation. The difference in establishment and operational
costs of these water delivery systems was considered upfront in the gross margins of each
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enterprise included in this research. The cost of changing between these two irrigation
systems was not considered in this study, but may be an inclusion for future work.

Only chill portions were considered as phenology triggers in this work, where, in
reality, the photo-period also plays a role [103]. Future levels of chill portion are difficult to
predict as location influences the choice of chill model [36]. The most suitable model for
warmer climates, such as those of the case study area, is the Dynamic Chill Model [104],
but the data required for this model was lacking and, thus, a direct calculation of chill
parameters was omitted. Instead, an assumption based on Hort Innovation [89] was used
with Shepparton, Victoria, Australia, as a proxy for the study region (MIA). Table 4 presents
the chill portions applied throughout the research horizon based on Shepparton, Victoria,
Australia. The chill portion was satisfied for all considered perennial species across all
investigated decades.

Table 4. Chill portions applied across research horizon derived from Parkes et al. [89].

Year Period Chill Portion

2020–2029 84
2030–2049 74
2050–2099 67

3. Results
The previously described optimisation solver was applied to predict the economic

water productivity of the case study region for two climate model scenarios, with a varying
perennial crop land use area. In addition, the qualification of a species contribution to the
region’s long-range agricultural resilience was assessed through the lens of improved water
productivity by land use planning.

3.1. Prediction Power

The model predicted an economic capacity for the study region of approximately
AUD 2 billion for the 2020s, with 25% assignment of land use to perennial crops. This
valuation is consistent with on-the-ground observations for farm-gate prices of agricultural
commodities included in this investigation [105]. This confirmatory test demonstrates the
usefulness of the model as a decision support system and should enhance user confidence.
It is up to the end users to decide how much land area is assigned to perennial crops,
alongside an examination of alternative solutions to identify feasible land use options that
are consistent with production risk appetite and prevailing social and policy objectives.

3.2. Water Productivity Response to Climate–Land Use Interactions

The results indicate that irrespective of which climate model is closest to the future
reality, the inclusion of perennial production systems helps maximise regional net revenue.
Since water is a critical input in food production, the economic benefit between climate
models does differ. The trade-off attainment curves shown on the left side of Figure 4 (left)
quantify the economic benefit for the region for the two alternative climate models and the
differing perennial crop area. Each attainment surface represents the trade-off values for a
set of solutions (so is actually discontinuous, but depicted as a line to aid interpretation).
Each solution comprises 10-year land use plans for the 141 land parcels. The box and
whisker plots on the right of Figure 4 summarise the irrigation water consumed to generate
the region’s net revenue across different solutions.
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Figure 4. Objective attainment curves (left column) for three time periods optimised under ACCESS1.3
(hotter, drier) and CanESM2 (warmer, wetter) climate projections, with distribution of irrigation
water used across each solution set of differing perennial land use percentage (right column). The
total available irrigation water across each 10-year planning period is shown as a long, horizontal
line in the plots on the right.

Focusing on the 100% allocation of land use to perennial crops, the region’s economic
capacity is around AUD 4 billion in the 2020s. Of interest is the maximum of AUD 4.5 billion
for a hotter and drier climate predicted by ACCESS1.3 (Figure 4a). This may be explained
by abiotic conditions influencing the STALS selection of high value nuts. In comparison,
the warmer and wetter climate (CanESM2) is a more conducive environment for a wider
selection of perennial crops including citrus. This proposition is supported by the generally
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greater diversity index for CanESM2 compared to the ACCESS1.3 solution sets. Diversity
is discussed further in Section 3.4.

Figure 4b shows similar water consumption between climate models for all percent-
ages of perennial land use during the 2020–29 decade. Of interest is that 100% perennial
use consumes 2TL less than annual-only land use due to the explicit use of DI in modelling
perennials. As time passes, the economic capacity of a warmer and wetter climate in
2050–59 delivers AUD 0.5 billion (Figure 4c) with 100% perennial land use, more than
the drier and hotter model due to 1TL more water consumption (Figure 4d). This at-
tests not only to the role of water availability but also to temperature and, specifically,
evapotranspiration, which at high values increases crop water consumption.

Contrary to intuition, the 2090–99 hotter and drier climate delivers AUD 1 billion
more than the CanESM2 environment (Figure 4e), with approximately 0.5TL less water
than the warmer and wetter climate (Figure 4f). This may be explained by the role of deficit
irrigation (DI), where lower target watering levels are more often achieved (elaborated on
in Section 3.6), facilitating high-value nut production. This occurrence reflects the model’s
market behaviour mechanism, triggering elevated commodity prices based on constrained
water volumes.

The net revenue contraction between the two climate models is attributed to water
availability, while the intra-model variation of net revenue is ascribed to land use. This last
relationship represents the economic water productivity of the region and is illustrated in
Figure 5. The effect of crop life cycle on land use is presented in the next results section.
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Figure 5. Regional economic water productivity compared by model through time. Note these values
are indicative due to the large array of possible solutions.

3.3. Life Cycle Land Use Apportioning

Recognising that agricultural landscapes comprise multiple production systems, we
assessed external validity by varying perennial land use (0–100%) across scenarios. Allocat-
ing land between annual and perennial systems produced mixed-cropping solutions within
each LMU. Results indicate a non-linear relationship between perennial proportion and
regional net revenue, primarily constrained by water availability and further influenced by
temperature. Landscape diversity peaked where both crop types co-occurred.

High-value perennial crops contributed positively to regional economic performance,
as reflected in attainment surfaces (Figure 4), with net revenue increasing alongside peren-
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nial area but remaining water-limited. The analysis also demonstrates that even small
soil areas (e.g., 3000 ha of deep sandy soils) can contribute meaningfully to the regional
economy when appropriately matched to crop type.

3.4. Diversity

Diversity in crop species is often used to reduce economic loss in farm businesses.
For this research, this encapsulates annual and perennial species. Crop diversity varies
systematically with the proportion of land allocated to perennial versus annual systems.
At extremes of land use (0% and 100% perennial allocation), diversity is reduced, as
some crops are excluded from the model’s consideration. Furthermore, a modest but
observable decline in diversity emerges as the proportion of land allocated to perennial
crops increases towards 75%. Although the reduction is relatively small, it is consistent
across model outputs and therefore warrants consideration. This pattern likely reflects
the diminishing contribution of annual species as perennial dominance increases due to
their larger economic water productivity returns. However, scenarios that allocate land
across both annual and perennial crops consistently produce the highest levels of diversity,
irrespective of the climate model, underscoring the advantages of mixed systems at the
regional scale.

For the decade 2020–29 (Figure 4a), the diversity index for both climate models is
similar, with the exception of 100% perennial land use, which is higher in a warmer and
wetter climate (CanESM2). By 2050–59 (Figure 4c), the warmer and wetter environment
is producing higher diversity index values than the ACCESS1.3 hotter and drier climate.
This outcome intensifies in 2090–99 (Figure 4e) for all land use percentages except the
100% perennial land use, which is similar. This is explained by the role of LMU and deficit
irrigation (DI) in the model’s crop selection process. It is proposed that the DI tactic ‘frees’
water in a hotter and drier climate to be accessed by a greater range of perennial species
across all LMUs.

3.5. LMU-Based Assessment: Optimising Crop Choice and Production System for Enhanced
Water Productivity

The model’s output solutions were too many to consider in detail in this manuscript.
Instead, aggregate data across solution sets were explored to quantify the region’s economic
water productivity, commencing with a baseline of 2020s and then at intervals that aligned
with climate transition points: 2050s and 2090s. Crop abbreviations are given in Appendix A
Table A1.

To aid in the interpretation of the dense data outputs, median frequency of crop
inclusion across solutions was plotted (Figure 7). However, this approach may not represent
all land use options present in any particular solution, for within each solution there were
situations where the solver returned a zero value for a given crop (i.e., the crop was not
selected in a given year). Nevertheless, these crops contributed to the attainment curves, it
was just that they appeared so infrequently that they did not register in the median-based
visualisation. In such cases, the inclusion frequency was so low that implementing the
corresponding change in land use would be operationally unviable. This contrasts with
solutions in which every instance returned zero, indicating that the crop was not a feasible
option for that LMU under the climate examined.

A climate-smart landscape reflects feasible best-bet combinations of species and soil
informed by climate. The effect of the model’s land use selection mechanism and its role in
maximising economic water productivity is seen in Figure 6. Here, self-mulching clay is
suitable for a larger number of crop species, compared to the select crops for deep sandy
soil’s to maximise economic water productivity.
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Figure 6. Median spatio-temporal land use for 100% perennial under the generally warmer and wetter
CanESM2 and generally hotter and drier ACCESS1.3 climate models. Crop legend: AlmI—almond
irrigated; CJuI—citrus (oranges) juicing irrigated; CTal—citrus (oranges) table fruit; PluI—plums
table fruit irrigated; TGrI—table grapes irrigated; WalI—walnuts irrigated; WiGI—wine grapes
irrigated; WiGD—wine grape dryland. Note the differences in scale due to the interaction of climate
model, crop, and soil type. The higher the value, the more feasible the crop.

When translated into area, Figure 7 illustrates, for the case of self-mulching clay as an
example, where a trade-off is observed with annual cropping. This finding underscores
the importance of including annual crops to maximise water productivity within a land
management unit (LMU). This proposition is further supported by the net revenue curves
presented in Figure 4, which compare scenarios with 50% and 75% perennial land use.

3.6. The Role of DI and Production System

Future years were stratified into five water availability classes (drought, very low, low,
mid-range, and high), thereby specifying the associated deficit irrigation (DI) allocation
ex ante; the optimisation outputs then reported the realised water applied to each crop.
Figure 8 summarises the frequency with which each DI regime was applied across the
alternative perennial land use constraints for the two climate projections. DI regimes were
defined by the proportion of crop water requirement supplied: drought (7%), very low (20%),
low (50%), and mid-high (100%). Under these constraints, fallow remained feasible but
was not selected at the LMU level for the present experiments. Instead, water shortfalls
primarily affected annual land use because annual crops were parameterised to require full
satisfaction of water needs. In contrast, perennials remained feasible through activation of
DI regimes, which reduced applied water relative to the full target.

DI activation occurred more frequently under ACCESS1.3 than CanESM2 (Figure 8a),
indicating that full irrigation targets for perennials were less often attainable in the hot-
ter, drier projection. Interdecadal differences were evident: CanESM2 more commonly
achieved conditions consistent with full satisfaction of crop water requirements, whereas
ACCESS1.3 in the 2050s and 2090s was characterised by greater reliance on lower-allocation
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DI regimes (including very low/low and drought levels), with very low allocations more
prevalent in the 2050s and drought allocations more prevalent by the 2090s. Collec-
tively, these patterns indicate that DI materially expanded the feasible solution space for
perennial land use—particularly high-value orchards—under the more water-constrained
climate projection.
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Figure 7. Temporal heatmap of log-transformed crop area at 50% perennial land use for LMU 1
Self-mulching clay across climate projections. Crops with zero plantings are shown in light grey and
represent absence of species selection across solution sets. Species are grouped and separated by dark
red horizontal lines. Descending group order is fallows, perennials, and then annuals (cereals, pulses,
fibre, oil, and horticulture).
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Figure 8. Comparison of target distribution (watering regime) with (average) observed.

To demonstrate the decision support power of the STALS model, a deep dive of
data was conducted to compare the most lucrative annual and perennial crops based on
economic water productivity. Figure 9 shows the median number of times a crop is selected
across solutions and illustrates the effect of climate on species and production system in
LMUs for 2020 and 2090. Normalised inclusion frequency represents the area planted
within the case study region.

The first notable point in Figure 9 is that the productivity of LMU 6 (deep sandy soils)
is marginal for the crops considered. This does not imply that these soils are inherently
unproductive; rather, it underscores the importance of aligning crop species with soil
attributes. Second, when the proportion of land allocated to perennial crops increases to
37.5%, dryland cotton appears in optimised solutions more frequently than irrigated cotton.
Beyond this allocation threshold, irrigated cotton is selected with greater frequency, as it
competes with high-value perennial almonds for water. Collectively, these results spotlight
differences in economic water productivity and show the trade-off between annual and
perennial cropping systems.

An additional insight into the role that production system plays in land use is shown
in Figure 9a,c. For the warmer and wetter climate, the model assessed dryland cotton as a
good choice for land use, based on higher gross margins due to the exclusion of irrigation
water costs. This proposition is supported by Figure 9b. By 2090, irrigated and dryland
cotton may not be feasible depending on which climate future eventuates (see Figure 9c,d).
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Figure 9. Spatio-temporal comparison of perennial almonds irrigated (AlmI) and annual cotton with
consideration of production system (CotD = cotton dryland and CotI = cotton irrigated) for each
alternative predicted climate (CanESM2 [warmer and wetter] and ACCESS1.3 [hotter and drier]) at
differing perennial land use percentages, based on median solution inclusion frequency percentage
of LMU parcel.

4. Discussion
The development of a perennial crop framework that includes operational tactics such

as DI, incorporated into the existing STALS model, has added more realism to the decision
support system. The optimised objectives illuminate how the case region may maintain
viable agricultural production in a water-constrained future. Using an economic lens of
water productivity, this work reveals which crops contribute to a climate-smart landscape
for the study region over time. Furthermore, it demonstrates the model’s adaptability to
similar food producing regions such as the Central Valley, California, USA, Sub-saharan
Africa, and Mediterranean regions such as the Levante region, Spain.

4.1. Economic Water Productivity

Water is the critical input to agricultural production, and changes in its availability
(timing) and volume have repercussions on food and fibre production. Understanding
which climate trajectory is the unfolding reality is important in preparing for the future
and ensuring agricultural economic stability as best as possible.

Assessment of historical droughts for three scenarios, meteorological (precipitation),
agricultural (soil moisture), and hydrological (catchment runoff), found increasing trends
of agricultural and hydrological droughts for the case study region [106]. Furthermore,
hydrological droughts, which affect the volume of irrigation water, are strongly influenced
by evapotranspiration [106], which is driven by temperature, a parameter that aligns with
a hotter and drier climate (ACCESS1.3). Figure 2 shows the divergence between the two
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climate models, expressed in the 2050s and increasing in the 2090s. Climate drives crop
water usage, with the difference between the climate models shown in Figure 4b,d,f.

Economic water productivity provides an empirical indication of the climatic impact
on the agricultural economy of the study area, determined by the water allocation mecha-
nisms and prevailing water price. The contraction in regional net revenue between climate
models and across perennial land use percentages is quantified in Figure 4a,c,e and at-
tributed to the availability of water, driven by climate. This availability of water, combined
with the choice of land use, defines the economic productivity of water, summarised in
Figure 5. The projected agricultural economic contribution of the study region is sensitive
to the proportion of land allocated to perennial crops.

The prominence of perennial crops in solutions of this research is attributed to the DI
mechanism. The positive effect of DI identified by Capra et al. [107] has gained support
as a useful tool in water-limited production seasons [60] and, as such, warrants further
research into the value of this tactic. However, any expansion of perennial crops should be
evaluated against production constraints, both on-farm and regional infrastructure, along
with operational realities of such establishment costs.

The inclusion of annual crops is justified despite their lower net returns and farm-
gate value relative to perennials. Although perennial systems maximise economic water
productivity, annuals, such as horticulture, play an essential role in domestic food security,
while bulk grains such as cereals and pulses contribute to Australia’s terms of trade [105]. In
contrast, perennials such as nuts are predominately export-oriented [108]. Thus, retaining
annuals reflects a strategic trade-off between maximising returns and maintaining systems
resilience, water use adaptability, and national food supply stability.

The study area encompasses Australia’s principal rice growing region, where industry
is actively pursuing a target water productivity of 1.5 tonnes per megalitre [109]. However,
as a single crop within a farm business, a more profitable focus could be economic water
productivity. Rice is constrained not only by water but also by land suitability. Previous
research identified that the long range feasibility of rice in the study region may be com-
promised [74], an insight that can contribute to industry research and development of
strategic plans. Furthermore, government policy that incorporates on-farm economic water
productivity and staple food mixes would assist in identifying land use alternatives that
support an economically viable agricultural sector in line with food security priorities.

Water trading facilitates improvements in economic water productivity, objective 7 of
the proposed new National Water Initiative [110] (p. 22), by prioritising water to “. . . its
highest value use through trading, to support economic activity and growth . . . ”. However,
this framing does not account for the role of staple foods such as vegetables, bulk grains,
and pulses, annual crops that typically attract lower farm-gate prices than higher-value
perennial crops (e.g., nuts), yet remain central to domestic food security and, more broadly,
national terms of trade.

4.2. Temporal Shifts of Land Use in the Regional Landscape

The combination of perennial and annual species in the production system has been
shown to contribute to the maintenance of agricultural economic water productivity in the
near future to mid-century for the study region, as seen in Figures 4 and 5. Diversity across
agronomically important plant lifecycles, together with intra-lifecycle diversity, can ameliorate
climate-related risk to the study region’s economy (Figure 4). In contrast, farm level risk is more
difficult to manage, particularly for perennial crops because their land use is comparatively
inflexible, unlike the greater plasticity of annual cropping systems [17]. Another consideration
is that although fallow can help maintain farm level viability [17], this land use diminishes
regional productivity of staple foods such as cereals and pulses (Figure 7).
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Although increasing the area allocated to perennial crops looks economically feasible,
the inclusion of establishment costs and production lag may temper this position. In
addition, such a decision should consider the corresponding risks, such as the potential
increased risk of a pest and/or disease outbreak [111], with severe impact on the supply
chain due to a concentration of species in a relatively small area, and the inability of
managed pollinators, such as bees, to keep pace with demand [112], highlighting the need
for diversity in pollinator vectors [113].

The diversity of perennial crops is greater for self-mulching clay, irrespective of the
climate model, illustrating the role of LMU on production capacity (see Figure 6). The
prioritisation of economic water productivity is clearly seen in Figure 6a. Although table
citrus in the 2020s delivers a positive economic benefit, almonds and walnuts outperform
alternative land use in a water limited future. The combinatorial effect of LMU and the
climate (predicted by CanESM2) is amplified in Figure 6d; despite a wetter environment,
the attributes of the LMU limit its crop choices to almonds and dryland wine grapes.

At the outset of this study, it was hypothesised that dryland farming systems could
represent viable land use alternatives, driven by increased gross margins associated with
reduced water costs. However, the results do not support this hypothesis. Across both
climate projections, dryland crops of barley, wheat, chickpea, and canola were consistently
not selected. This pattern is likely attributable to elevated evapotranspiration rates resulting
from rising ambient temperatures, which increase crop water requirements and thereby
constrain the feasibility of dryland production systems. In addition, the solver may be
too conservative with regard to dryland crop water needs; a feature of this iteration of the
model that may benefit from connecting the solver to a bio-simulator, such as APSIM.

In comparison, the projected warmer and wetter climate of CanESM2 can support
more dryland production systems (Figure 6c). Although the model identifies dryland
viticulture as a feasible option, this result should be interpreted in the context of regional
production realities. The study region predominately produces bulk wine, for which
commercial viability is typically contingent on high tonnage yields that are unlikely to be
achieved under a dryland system. In contrast, dryland wine grape production is more
commonly associated with premium-market styles where lower yields and higher sugar
concentrations are valued as contributors to perceived quality [114].

Analysis of the climate-informed spatio-temporal land use map shown in Figure 7 pro-
vides insights that can inform mid-to-long-range strategic plans of stakeholders. Notable is
the increase in fallow land use in a hotter and drier climate (Figure 7a). Although fallowing
land is an industry best practice, the increased area will reduce economic productivity. In
contrast, the warmer and wetter (CanESM2) projected climate facilitates an increase in
annual crop area (Figure 7b).

All soils in the MIA contribute to the region’s agricultural economic productivity.
However, the findings of this research emphasise that optimising productivity requires
land use selection to be explicitly aligned to projected production environments. In this
context, the strategic allocation of land use is critical to maximising economic returns under
varying biophysical and market conditions.

Transitions in land use are not without consequences and typically necessitate asso-
ciated infrastructure realignment. The case of citrus production illustrates this dynamic.
Citrus orchards dedicated to juice production possess a degree of operational flexibility,
as they may be temporarily mothballed in response to elevated water prices or adverse
market shocks. Nevertheless, such decisions carry implications for long-term industry com-
mitment and capital investment. The results of this study provide a framework to support
citrus growers in assessing the availability of sustained participation in the juicing sector,
particularly when alternative land uses may offer more favourable economic outcomes.
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While juicing citrus is identified as feasible for deep sandy soils (Figure 6b), its relative
performance is comparatively lower than other potential land use alternatives.

A further consideration in assessing land use transitions is paddock size, which
constrains viable production systems. Existing vineyard block sizes of self-mulching clays
are also suited to high-value vegetables, whereas nuts and broadacre crops require larger
areas to operate efficiently and are therefore less compatible. It is important to note that
this analysis does not incorporate the contribution of local value-adding industries or
the associated multiplier effects within the regional economy. These factors may play a
significant role in determining overall enterprise viability and should be considered in
future evaluations.

4.3. Limitations and Uncertainty

An inherent condition of optimisation is the difficulty in validating outputs, particu-
larly long-range future predictions. Although the authors acknowledge that there is value
in such an exercise, it is not reasonable to expect that optmising at the regional scale aligns
with current production realities.

This research did not consider other DI techniques, such as partial root zone drying,
nor the timing of irrigation (regulated deficit irrigation) [58]; rather, it applied a classic
DI regime reducing the volume of water applied throughout the calendar year. This
means that the model may be overestimating water consumption due to misalignment with
physiological growth requirements. In addition, only yield adjustments for DI were made
and none for commodity quality. However, it is noted that under deficit irrigation strategies,
almond kernels can be reduced in size compared to full irrigation water application [66].

The list of perennial species only considers those that were planted in the case study
area at the time this investigation was conducted. Since the completion of this work,
farmers have considered alternative crops such as pistachios, based on their comparable
lower water use (T. Pitt, 2026, Personal Communication), which warrant their inclusion in
future investigations.

The limited research in Australia on perennial crop yield response to DI was accommo-
dated by the use of a discounting approach (Table 2). This element could be improved by us-
ing bio-simulator outputs on the effect of DI on yield as inputs to the optimiser. In addition,
the flat percentage adjustments for market behaviour and yield are not commodity-specific;
hence, the model net revenue is only indicative.

It is acknowledged that perennial crop metabolic strategies to ameliorate the impact
of dry conditions, such as slowing growth to align with water availability [52], should be
considered in the model. However, the mathematical representation of such events and
impact on the yield of the following season’s crop [66] is outside the scope of this research,
as was the inclusion of other water sources, such as groundwater or grey water; this model
is based on blue water usage.

Although ecosystem land service is operational in Australia [115], this land use was not
included. It is recognised that this is a potentially feasible alternative land use warranting
inclusion in future investigations.

5. Future Work
During the course of this study, a number of future research directions were identified:

• Incorporation of more complex DI tactics into the model, including application to
annual crops.

• While the optimisation approach is not intended to be an agricultural simulator,
incorporation of a dynamic chill model would allow the model to assess perennial
crops’ long-term suitability.
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• Given growing interest in the production of annual crops under perennial sys-
tems [116], the inclusion of costs and lead time frames for the adoption of such
systems and the change in land use would enhance the utility of the model. Capturing
changes of land use in and out of perennial crops may assist industry in assessing the
long-range viability of such decisions.

• Refinement of market behaviour to capture commodity-specific pricing and forecast
resource costs [117], coupled with the simulation of yield potential based on future
abiotic metrics, would also refine optimisation outputs.

6. Conclusions
This study presented a framework that incorporates novel perennial crop operational

tactics such as DI and integrated this perennial crop-specific framework into the previously
tested STALS model. The output quantified the economic water productivity of the case
study region, in addition to the qualification of species–LMU combinations and the potential
production area.

Alternative solutions were explored for best-bet feasible land use combinations between
annual and perennial crops. The solver outputs sets of solutions representing trade-offs
between regional net revenue and diversity of crop production for different predicted
climate futures and varying proportions of perennial crop area. These results were ex-
amined to assess which land use combinations and crops may be feasible options in the
mid-to-long-range planning horizon.

In all experimental instances (2020s, 2050s, 2090s), the addition of perennial crop
land use to the landscape of the study region improved economic water productivity. The
inclusion of the operational tactic of deficit irrigation improved the feasibility of perennial
crops, particularly in the hotter and drier climate predicted by ACCESS1.3. This finding
emphasises the importance of such operational decisions in maintaining economically
viable agricultural production in a country that is already dry and facing an increasingly
water-constrained future.

The findings of this study can provide industry stakeholders and policymakers with in-
sights that can guide strategic plans and visions outlined in the CSIRO Ag2050 report [118],
while assisting in preparations for a changing production environment, one that supports
a more sustainable and resilient agricultural sector, irrespective of which climate model
becomes reality.
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Appendix A. Modelled Crops and Abbreviations Used
Table A1 lists the crops considered in the optimisation model with their abbreviated

names used in figures. Irrigated crops are indicated by the suffix I and dryland crops by
the suffix D.

Table A1. Crops considered and the associated abbreviations.

Crop Abbreviation Crop Abbreviation

Almonds AlmI Millet MilI
Barley, dryland BarD Mung bean MunI
Barley, irrigated BarI Muskmelon MusI
Beetroot BeeI Oats OatI
Broccoli BroI Onion OniI
Canola, dryland CanD Plums PluI
Canola, irrigated CanI Potato summer PoSI
Carrots CarI Potato winter PoWI
Cauliflower CauI Pumpkin PumI
Chickpea, dryland ChicD Rice RicI
Chickpea, irrigated ChicI Sorghum, dryland SorD
Citrus—juicing CJuI Sorghum, irrigated SorI
Citrus—table fruit CTaI Soybean SoyI
Cotton, dryland CotD Sunflower SunI
Cotton, irrigated CotI Table grapes TGrI
Cucumber CucI Tomato TomI
Eggplant EggI Vetch VetD
Faba bean FBeI Walnuts WalI
Fallow Fal Watermelon WatI
Garlic GarI Wheat, dryland WheD
Lentils LenI Wheat, irrigated WheI
Lettuce LetI Wine grapes, dryland WiGD
Maize MaiI Wine grapes, irrigated WiGI
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22. Mashabatu, M.; Motsei, N.; Jovanović, N.; Dube, T.; Mathews, U.; Nqumkana, Y. Assessing the seasonal water requirement of

fully mature Japanese plum orchards: A systematic review. Appl. Sci. 2024, 14, 4097. [CrossRef]
23. Abdelkader, A.; Elshorbagy, A. ACPAR: A framework for linking national water and food security management with global

conditions. Adv. Water Resour. 2021, 147, 103809. [CrossRef]
24. Fulton, J.; Norton, M.; Shilling, F. Water-indexed benefits and impacts of California almonds. Ecol. Indic. 2019, 96, 711–717.

[CrossRef]
25. Leisner, C.P. Climate change impacts on food security-focus on perennial cropping systems and nutritional value. Plant Sci. 2020,

293, 110412. [PubMed]
26. Wu, W.; Tao, Z.; Chen, G.; Meng, T.; Li, Y.; Feng, H.; Si, B.; Manevski, K.; Andersen, M.N.; Siddique, K.H. Phenology determines

water use strategies of three economic tree species in the semi-arid Loess Plateau of China. Agric. For. Meteorol. 2022, 312, 108716.
[CrossRef]

27. Randall, M.; Montgomery, J.; Lewis, A. An introduction to temporal optimisation using a water management problem. J. Comput.
Sci. 2020, 42, 101108. [CrossRef]

28. West, J. Multi-criteria evolutionary algorithm optimization for horticulture crop management. Agric. Syst. 2019, 173, 469–481.
[CrossRef]

29. Mall, N.K.; Herman, J.D. Water shortage risks from perennial crop expansion in California’s Central Valley. Environ. Res. Lett.
2019, 14, 104014. [CrossRef]

30. Randall, M.; Schiller, K.; Lewis, A.; Montgomery, J.; Alam, M. A systematic review of crop planning optimisation under climate
change. Water Resour. Manag. 2024, 38, 1867–1881. [CrossRef]

31. Schwaab, J.; Deb, K.; Goodman, E.; Lautenbach, S.; van Strien, M.J.; Grêt-Regamey, A. Improving the performance of genetic
algorithms for land-use allocation problems. Int. J. Geogr. Inf. Sci. 2018, 32, 907–930.

32. Ross, C. Coordinated Development of the Australian Tree Nut Industry; Hort Innovation: Sydney, Australia, 2017.
33. Zhao, B.; Wang, J.W. Perenniality: From model plants to applications in agriculture. Mol. Plant 2024, 17, 141–157. [PubMed]
34. Fernandez, E.; Mojahid, H.; Fadón, E.; Rodrigo, J.; Ruiz, D.; Egea, J.A.; Ben Mimoun, M.; Kodad, O.; El Yaacoubi, A.; Ghrab, M.;

et al. Climate change impacts on winter chill in Mediterranean temperate fruit orchards. Reg. Environ. Change 2023, 23, 7.
35. Fernandez, E.; Whitney, C.; Cuneo, I.F.; Luedeling, E. Prospects of decreasing winter chill for deciduous fruit production in Chile

throughout the 21st century. Clim. Change 2020, 159, 423–439. [CrossRef]
36. Luedeling, E.; Brown, P.H. A global analysis of the comparability of winter chill models for fruit and nut trees. Int. J. Biometeorol.

2011, 55, 411–421. [PubMed]
37. Speer, M.S.; Leslie, L.; MacNamara, S.; Hartigan, J. From the 1990s climate change has decreased cool season catchment

precipitation reducing river heights in Australia’s southern Murray-Darling Basin. Sci. Rep. 2021, 11, 16136. [PubMed]
38. Jian, S.; Wang, A.; Su, C.; Wang, K. Prediction of future spatial and temporal evolution trends of reference evapotranspiration in

the Yellow River Basin, China. Remote Sens. 2022, 14, 5674. [CrossRef]
39. Zhang, H.; Chapman, S.; Trancoso, R.; Eccles, R.; Syktus, J.; Toombs, N. Projections of actual and potential evapotranspiration

from downscaled high-resolution CMIP6 climate simulations in Australia. EGUsphere 2025, 2025, 1–30. [CrossRef]

https://doi.org/10.3390/agriculture16131440

http://dx.doi.org/10.1175/jcli-d-20-0084.1
http://dx.doi.org/10.3390/w16233506
http://dx.doi.org/10.3390/agronomy10060796
http://dx.doi.org/10.1016/j.fcr.2011.02.012
http://dx.doi.org/10.1007/s12231-012-9219-y
http://www.ncbi.nlm.nih.gov/pubmed/23538880
http://dx.doi.org/10.1093/plphys/kiad374
http://dx.doi.org/10.3390/app14104097
http://dx.doi.org/10.1016/j.advwatres.2020.103809
http://dx.doi.org/10.1016/j.ecolind.2017.12.063
http://www.ncbi.nlm.nih.gov/pubmed/32081261
http://dx.doi.org/10.1016/j.agrformet.2021.108716
http://dx.doi.org/10.1016/j.jocs.2020.101108
http://dx.doi.org/10.1016/j.agsy.2019.03.016
http://dx.doi.org/10.1088/1748-9326/ab4035
http://dx.doi.org/10.1007/s11269-024-03758-3
http://www.ncbi.nlm.nih.gov/pubmed/38115580
http://dx.doi.org/10.1007/s10584-019-02608-1
http://www.ncbi.nlm.nih.gov/pubmed/20730614
http://www.ncbi.nlm.nih.gov/pubmed/34373547
http://dx.doi.org/10.3390/rs14225674
http://dx.doi.org/10.5194/egusphere-2025-498
https://doi.org/10.3390/agriculture16131440


Agriculture 2026, 16, 1440 26 of 28

40. Meza, F.; Darbyshire, R.; Farrell, A.; Lakso, A.; Lawson, J.; Meinke, H.; Nelson, G.; Stockle, C. Assessing temperature-based
adaptation limits to climate change of temperate perennial fruit crops. Glob. Change Biol. 2023, 29, 2557–2571.

41. Pantelidis, G.; Drogoudi, P. Exploitation of genotypic variation in chilling and heat requirements for flowering in Prunus armeniaca
and Prunus persica (L.) Batsch cultivars. Sci. Hortic. 2023, 321, 112287. [CrossRef]

42. McKay, J.M. Australian water law history: The move from introspective state sovereignty to a national interest approach and the
influence of international law. Sovereignty and International Water Law in the History of Water, Series III; Bloomsbury Publishing:
London, UK, 2015; Volume 2.

43. Musgrave, W. Historical Development of Water Resources in Australia. In Water Policy in Australia; Crase, L., Ed.; Taylor &
Francis: Abingdon, UK, 2012.

44. NSW Government. Murrumbidgee Act, 1910. 1910. Available online: http://classic.austlii.edu.au/au/legis/nsw/num_act/
mia1910n42282/ (accessed on 27 February 2026).

45. COAG. National Water Initiative 2004. 2004. Available online: https://www.agriculture.gov.au/sites/default/files/
sitecollectiondocuments/water/Intergovernmental-Agreement-on-a-national-water-initiative.pdf (accessed on 27 February 2026).

46. Australian Government. Water Act 2007. 2007. Available online: https://www.legislation.gov.au/Details/C2017C00151 (accessed on
27 February 2026).

47. Australian Government. Basin Plan 2007. 2012. Available online: https://www.legislation.gov.au/Details/F2018C00451 (accessed on
27 February 2026).

48. NSW Government. Water Management Act, 2000. 2023. Available online: https://legislation.nsw.gov.au/view/html/inforce/
current/act-2000-092 (accessed on 27 February 2026).

49. NSW Government. Water sharing plan for the Murrumbidgee regualted river water source amendment order 2022. In Water
Management Act 2000; New South Wales Government: Sydney, Australia, 2022. Available online: https://legislation.nsw.gov.au/
view/pdf/asmade/sl-2022-871 (accessed on 27 February 2026).

50. Pollino, C.; Hart, M.; Nolan, M.; Byron, N.; March, R., Rural and regional communities of the Murray-Darling Basin. In
Murray-Darling Basin, Australia, 1st ed.; Elsevier: Amsterdam, The Netherlands, 2021; pp. 21–46.

51. Yang, Y.; Roderick, M.L.; Guo, H.; Miralles, D.G.; Zhang, L.; Fatichi, S.; Luo, X.; Zhang, Y.; McVicar, T.R.; Tu, Z.; et al.
Evapotranspiration on a greening Earth. Nat. Rev. Earth Environ. 2023, 4, 626–641. [CrossRef]

52. Menezes-Silva, P.E.; Loram-Lourenço, L.; Alves, R.D.F.B.; Sousa, L.F.; Almeida, S.E.d.S.; Farnese, F.S. Different ways to die
in a changing world: Consequences of climate change for tree species performance and survival through an ecophysiological
perspective. Ecol. Evol. 2019, 9, 11979–11999. [CrossRef] [PubMed]

53. Goodwin, I.; Boland, A.M. Scheduling deficit irrigation of fruit trees for optimizing water use efficiency. In Deficit Irrigation
Practices. Water Reports 22; Food and Agriculture Organisation of the United Nations: Rome, Italy, 2002.

54. Vanella, D.; Guarrera, S.; Ferlito, F.; Longo-Minnolo, G.; Milani, M.; Pappalardo, G.; Nicolosi, E.; Giuffrida, A.G.; Torrisi, B.;
Las Casas, G.; et al. Effects of organic mulching and regulated deficit irrigation on crop water status, soil and yield features in an
orange orchard under Mediterranean climate. Sci. Total Environ. 2025, 958, 177528. [PubMed]

55. Ma, X.; Han, F.; Wu, J.; Ma, Y.; Jacoby, P.W. Optimizing crop water productivity and altering root distribution of Chardonnay
grapevine (Vitis vinifera L.) in a silt loam soil through direct root-zone deficit irrigation. Agric. Water Manag. 2023, 277, 108072.

56. Sharma, V.; Choudhary, U.; Changade, N.M.; Kumar, A.; Singh, M.; Yadav, K.; Lakhawat, S. Growth and yield response of pea
(Pisum sativum L.) crop to classical and regulated deficit irrigation along with nitrogen fertilization under drip irrigation. Legume
Res.–Int. J. 2025, 48, 1513–1520.

57. López-López, M.; Espadafor, M.; Testi, L.; Lorite, I.J.; Orgaz, F.; Fereres, E. Water requirements of mature almond trees in response
to atmospheric demand. Irrig. Sci. 2018, 36, 271–280. [CrossRef]

58. Kirda, C. Deficit irrigation scheduling based on plant growth stages showing water stress tolerance. Deficit Irrigation Practices,
Water Reports; Food and Agricultural Organization of the United Nations: Rome, Italy, 2002; Volume 22, pp. 3–10.

59. Chen, Y.; Zhang, J.H.; Chen, M.X.; Zhu, F.Y.; Song, T. Optimizing water conservation and utilization with a regulated deficit
irrigation strategy in woody crops: A review. Agric. Water Manag. 2023, 289, 108523. [CrossRef]

60. Gaydon, D.S.; Meinke, H.; Rodriguez, D. The best farm-level irrigation strategy changes seasonally with fluctuating water
availability. Agric. Water Manag. 2012, 103, 33–42. [CrossRef]

61. Champness, M.; Ballester, C.; Hornbuckle, J. Effect of soil moisture deficit on aerobic rice in temperate Australia. Agronomy 2023,
13, 168. [CrossRef]

62. Shukr, H.H.; Pembleton, K.G.; Zull, A.F.; Cockfield, G.J. Impacts of effects of deficit irrigation strategy on water use efficiency and
yield in cotton under different irrigation systems. Agronomy 2021, 11, 231. [CrossRef]

63. Zeleke, K.; Nendel, C. Yield response and water productivity of soybean (Glycine max L.) to deficit irrigation and sowing time in
south-eastern Australia. Agric. Water Manag. 2024, 296, 108815. [CrossRef]

64. Zhu, J.; Parker, A.; Gou, F.; Agnew, R.; Yang, L.; Greven, M.; Raw, V.; Neal, S.; Martin, D.; Trought, M.C.; et al. Developing
perennial fruit crop models in APSIM Next Generation using grapevine as an example. In Silico Plants 2021, 3, diab021. [CrossRef]

https://doi.org/10.3390/agriculture16131440

http://dx.doi.org/10.1016/j.scienta.2023.112287
http://classic.austlii.edu.au/au/legis/nsw/num_act/mia1910n42282/
http://classic.austlii.edu.au/au/legis/nsw/num_act/mia1910n42282/
https://www.agriculture.gov.au/sites/default/files/sitecollectiondocuments/water/Intergovernmental-Agreement-on-a-national-water-initiative.pdf
https://www.agriculture.gov.au/sites/default/files/sitecollectiondocuments/water/Intergovernmental-Agreement-on-a-national-water-initiative.pdf
https://www.legislation.gov.au/Details/C2017C00151
https://www.legislation.gov.au/Details/F2018C00451
https://legislation.nsw.gov.au/view/html/inforce/current/act-2000-092
https://legislation.nsw.gov.au/view/html/inforce/current/act-2000-092
https://legislation.nsw.gov.au/view/pdf/asmade/sl-2022-871
https://legislation.nsw.gov.au/view/pdf/asmade/sl-2022-871
http://dx.doi.org/10.1038/s43017-023-00464-3
http://dx.doi.org/10.1002/ece3.5663
http://www.ncbi.nlm.nih.gov/pubmed/31695903
http://www.ncbi.nlm.nih.gov/pubmed/39579904
http://dx.doi.org/10.1007/s00271-018-0582-z
http://dx.doi.org/10.1016/j.agwat.2023.108523
http://dx.doi.org/10.1016/j.agwat.2011.10.015
http://dx.doi.org/10.3390/agronomy13010168
http://dx.doi.org/10.3390/agronomy11020231
http://dx.doi.org/10.1016/j.agwat.2024.108815
http://dx.doi.org/10.1093/insilicoplants/diab021
https://doi.org/10.3390/agriculture16131440


Agriculture 2026, 16, 1440 27 of 28

65. Magro, R.B.; Alves, S.A.M.; Gebler, L. Computational models in Precision Fruit Growing: Reviewing the impact of temporal
variability on perennial crop yield assessment. SN Comput. Sci. 2023, 4, 554. [CrossRef]

66. Sperling, O.; Gardi, I.; Ben-Gal, A.; Kamai, T. Deficit irrigation limits almond trees’ photosynthetic productivity and compromises
yields. Agric. Water Manag. 2023, 289, 108562. [CrossRef]

67. García-Tejero, I.F.; Lipan, L.; Gutiérrez-Gordillo, S.; Durán Zuazo, V.H.; Jančo, I.; Hernández, F.; Cárceles Rodríguez, B.; Carbonell-
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