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Study  region:  Water  stress  and  over-allocation  are  at the  forefront  of  water  management
and  policy  challenges  in Australia,  especially  in  the  Murray–Darling  Basin  (MDB).  Because
irrigated  agriculture  is  a major  social  and  economic  component  of  the  MDB,  farmer  decision-
making plays  a major  role  in  water  sustainability  in  the region.
Study  focus:  This  study  used  a  fuzzy  cognitive  mapping  methodology,  ‘mental  modeling’,
to  understand  the  perceived  constraints  of irrigator  water-use  decisions  in the  MDB,  for
two  different  types  of  irrigation:  permanent  and  annual  crops.  The  approach  elicits  and
documents irrigator  insights  into  the  complex  and  networked  nature  of  irrigation  water
use decisions  in  relation  to farm-based  dynamics.
New hydrological  insights  for the region:  Results  suggest  support  for greater  local  and  irri-
gator  involvement  in water  management  decisions.  Many,  if not  most,  of  the  irrigators
understood  the need  for,  or at least  the  inevitability  of, governmental  policies  and  regu-
lations.  However,  a lack  of  accountability,  predictability,  and transparency  has  added  to
the uncertainty  in farm-based  water  decision-making.  Irrigators  supported  the  concept
of environmental  sustainability,  although  they might  not  always  agree  with  how  the  con-
cept is implemented.  The  mental  modelling  approach  facilitated  knowledge  sharing  among
stakeholders  and can  be used  to  identify  common  goals.  Future  research  utilizing  the  mental
modelling  approach  may  encourage  co-management  and  knowledge  partnerships  between
irrigators, water  managers  and  government  officials.
© 2016  The  Authors.  Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC

BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).

. Introduction
As the driest inhabited continent on the planet (Vaze et al., 2011), Australia faces significant water stress and water
llocation issues, and is at the forefront of water management and policy discussions. One of the most compelling examples
s the Murray–Darling Basin (MDB) which covers more than one-seventh of the continent and is home to two million people
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(including the capital city of Canberra). Even though the area is water-limited, farmland within the Basin generates 40% of
Australia’s total agricultural production and utilizes 60% of all irrigation water withdrawn nationally (CSIRO, 2008). The long-
term average annual flow of the MDB  has been reduced to less than 40% of the average pre-development flow (Wentworth
Group, 2010). Australian society has reaped an enormous benefit from agriculture in the Basin, but this benefit has come
at great cost to MDB  flow regimes and river ecosystems (ibid). In addition to the development and population stresses, the
MDB has experienced three major droughts over the approximately 120 year period of record (Chiew et al., 2011; Wheeler,
2014). Most recently, the so-called Millennium drought (1997–2010) was the worst by many measures (Kirby et al., 2014).
As damaging as this drought was to agricultural, economic and ecologic systems, Wheeler (2014) notes that droughts have
been critical in bringing about cooperation and driving institutional water reform in Australia. To help catalyze social reform,
methods for structuring decision-making and promoting social learning (Pahl-Wostl et al., 2007) are necessary. This paper
illustrates the use of one such method applied to water-use decisions made by irrigators in the MDB.

Concerns over water availability and use in the MDB  are not new. Various irrigation acts, commissions, caps, regulations
and property rights have been implemented in the MDB  over the past century to attempt to deal with water scarcity and
quality issues. With the ratification of the MDB  management plan (MDB Plan) in November 2012, Australia leads the world in
integrated water management policy reforms, which, over the last two  decades have moved Australia from strongly opposing
the transfer of consumptive (irrigation) water to the environment to a large government-led, market-based environmental
water buyback program (Lane-Miller et al., 2013). But, successful implementation of this policy depends critically on the
involvement and willingness of irrigators to sell their water to the Commonwealth and on states cooperating with the
Commonwealth on water policy. Given that irrigators’ interests often drive states positions, it becomes critical to understand
irrigator decision-making and to utilize tools that can capture and illustrate irrigator’s complex water-use behavior. Much
of the literature supports this stance: for example, Mooney et al. (2012) suggested that distributional equity (fair access to
resources) and procedural equity (fair process in decision making) were most important to irrigators; while Whittenbury
and Davidson (2009) argued that improvements in water-use efficiency by irrigators that can to lead to real environmental
benefits require an understanding of both macro and structural influences on irrigator behavior. In this research, we portray
(and illustrate) the wide range of influences on the decision-making process of two groups of irrigators in the MDB, which
has not been shown fully in previous literature.

Although farmer water-use decision-making has been investigated previously (e.g., ABARES, 2014; Wheeler et al., 2012b;
Ashton et al., 2009), often regression models and overview reports are limited in terms of their capacity to include attitu-
dinal drivers and more qualitative factors in decision-making. Our approach incorporated a more individual-level analysis
of water-use decision-making by farmers and deepens the understanding gained from previous studies. Specifically, our
research objectives were to: (1) define and model how individual irrigators make water-use decisions, including the net-
worked manner in which market, water authority, business, and environmental factors are related in the minds of irrigators;
and (2) through this process, gain insight into how irrigator knowledge may  be better incorporated into broad water decision-
making within the Basin. This paper does so by implementing a fuzzy cognitive mapping methodology (known as mental
modeling and explained further in Section 2.3) to allow us to highlight and discuss the range of influences on irrigators’
water-use decisions. By doing so, we are investigating whether irrigators can provide a mental map  of their farm as a sys-
tem, and as such, how much do farmer mental maps differ between two  very different forms of irrigation: permanent and
annual cropping?

2. Understanding farmer behavior and decisions about irrigation water-use

2.1. Influences on farmer behavior in general

Edwards-Jones (2006) provides an overview of the literature on decision-making, and summarizes the six key influences
on farmers: socio-demographics, psychological factors, farm household characteristics, farm business structure, the wider
community and characteristics of the farming techniques. Within the Australia literature related to farmer behavior there
is the adoption literature (e.g., Pannell et al., 2006); the sustainability and governance literature (e.g., Marshall, 2009); the
systems literature (e.g., Wilson, 1995) and the psychological literature (e.g. Maybery et al., 2005). In relation to the application
of cognitive mapping to farming decisions, Fairweather and Hunt (2011) and Fairweather (2010) found that farmers in New
Zealand could map  their farm systems, both as individuals and in groups, and concluded that cognitive mapping had the
potential to contribute to knowledge, and other stakeholder management issues.

2.2. Influences on farmer water-use decision-making and behavior

Changes in water policy, in combination with stressed hydrological flows, have presented enormous uncertainty in
irrigated agriculture in the MDB. Prior to the Millennium drought, irrigation water allocations were near or at 100% of
entitlements meaning that farmers received their expected allotments of irrigation water. But, water allocations fell from

approximately 12,000 GL in 2000–2001 to just below 4100 GL in 2008–2009 as a result of the Millennium drought; even so,
irrigated production gross value declined by only 20% (on aggregate), largely due to irrigators adopting a suite of adaptation
strategies that varied by farm type (Kirby et al., 2014). In addition to reduced physical water availability, the government
has changed the way it announces seasonal allocations resulting in a shifting of uncertainty in cropping decisions from the
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ater managers to the farmers. Prior to 1997, not only did irrigators receive 100%+ of their water entitlements, but final
llocations were announced well before planting decisions had to be made, ostensibly allowing farm-based decision-making
o coincide with water resource allotments. However, beginning in 1998, water managers began making water allocation
nnouncements based solely on the current storage levels and minimum expected flows (Wheeler et al., 2014), which
ramatically increased the level of uncertainty in planting decisions made by irrigators. Other changes faced by irrigators

nclude irrigation infrastructure funding and changes to the water market.1

There are many influences on irrigator’s water-use decisions. Cuddy et al. (2005) found that farmers often put more weight
n natural indicators that were locally ecologically relevant (e.g., ant behavior) and their own “gut feelings” than in seasonal
orecast information. Factors that may  influence water trade decisions include debt or farm restructure (e.g., Wheeler and
heesman, 2013); long-term goals and farm succession issues (Wheeler et al., 2012a); farmers adaptive capacity (Park et al.,
012); and age and health (Wheeler et al., 2013). We  utilized cognitive mapping to capture these and other influences and
ow they relate to water-use decisions made by irrigators in the MDB.

.3. Cognitive mapping with mental modeler

The successful management of complex social-ecological systems requires the coordination of actions which in turn
equires a level of shared understanding of the system or situation; a shared or common mental model (Mathevet et al.,
011). A mental model describes how a person views the world and how those views affect their interactions. Mental models
ave been widely used in facilitating group decisions and consensus in public and private management settings (Giordano
t al., 2005) as well as in risk analysis, education, natural resource management, and climate change adaptation (Biggs
t al., 2011). An emerging participatory modeling approach that captures both individual and group mental models using

 fuzzy-logic cognitive mapping (FCM) software is Mental Modeler (http://www.mentalmodeler.org/). Although there are
 number of ways to present a mental model (Biggs et al., 2011), Mental Modeler uses an influence diagram to illustrate
actors and relationships between factors. Both the factors and the relationships (including the direction and strength of
he relationships) can be defined collectively as the group mental model is developed using this software. This software has
een used to capture mental models held by individual or communities thought to influence decision-making (Gray et al.,
013, 2014). Although the term ‘mental model’ refers specifically to individually held internal beliefs about the external
orld (Johnson-Laird, 1983), such cognitive mapping approaches in group settings is argued to facilitate social-learning and
roblem structuring, reflecting the shared beliefs of the groups of people included in the modeling process (Henly-Shepard
t al., 2015). Originally developed by Kosko (1986) as a semi-quantitative form of concept mapping, and popularized in
nvironmental decision-making contexts by Ozesmi and Ozesmi (2004), the FCM approach is becoming an increasingly
opular way to incorporate local or expert knowledge into ecological decision making (Nyaki et al., 2014; Halbrendt et al.,
014). Mental models are informed by social and cultural influences, and to understand the factors that influence the
ecision-making of cultural groups (Biggs et al., 2011) such as farmers (Halbrendt et al., 2014).

Elsawah et al. (2015) and Jones et al. (2011) note numerous strengths in the use of mental models including the benefits
f mixed methodologies, model clarity and transparency and ease of explanation. Documenting mental models can highlight
oth consensus and lack thereof, among stakeholders, which can be useful in improving coordination and social learning

n resource management (Abel et al., 1998; Biggs et al., 2011; Mathevet et al., 2011). However, weaknesses include the
ecessity for the researcher to have a good understanding of the decisions to be mapped and the ability to discern details
hat may  or may  not be applicable to a particular mapping outcome. Jones et al. (2014) found that mental models can be
reatly affected by the location of the interviews used in their development. Despite these shortcomings, perhaps one of the
ost important characteristics of this approach is that it affords transparency to information gathering and can be used to

ransfer knowledge between science and policy (Kolkman et al., 2005).

.4. Application of mental modeling to water-use and farming decisions

Mental models have been used to identify the issues underlying water conflict and to evaluate alternative strategies
n order to overcome obstacles to sustainable water management (Giordano et al., 2005; Mouratiadou and Moran, 2007).
hey have also been used to translate the results of scientific experiments in support of improving crop management
Papageorgiou et al., 2009) and to better understand individual farmer decisions (Isaac et al., 2009; Fairweather and Hunt,
011). Fairweather (2010) demonstrated that mental models from individual farmers in different locations could be aggre-
ated to develop a broader model of the farming-ecological system in a region. In Australia, mental models have been used
haracterize short-term and long-term water use decisions made primarily by viticulturists (Whittenbury and Davidson,

009; Elsawah et al., 2015).

We  sought to test whether the Mental Modeler software could be used to translate irrigator expert knowledge into a
etworked model of irrigation water-use decision-making. This was done through a series of workshops with irrigators

1 In the MDB, there are well-developed water markets in both permanent and temporary trade. A water entitlement (permanent water) represents
xclusive access to a specific share of water within a water resource plan area. A water allocation (temporary water or lease water) is annual access to a
ortion of that entitlement based on current and projected hydrologic conditions.

http://www.mentalmodeler.org/
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Fig. 1. Irrigation districts in the southern portion of the Murray–Darling Basin (MDB) in southeastern Australia. Our workshops were focused in two
irrigation districts (red boxes): Riverland in South Australia and Riverina in New South Wales.

in two regions in the MDB, where individual and group beliefs were discussed and debated, and the model revised until
consensus was reached. Model factors and the relationships between factors (including direction and strength) were defined
by the irrigator groups. Such group-level mental modeling practices have recently been found to be important in terms of
communicating complex systems into easily understood form or concept mapping (Gray et al., 2012). The following section
describes the areas and methods specifically applied to our research.

3. Study areas and methods

3.1. Case study areas

We  held workshops with two communities of irrigators in the MDB: the Riverina and the Riverland, each characterized
by different irrigation, agricultural and environmental conditions. Our first study site was  located within the Murrumbidgee
Irrigation Area (MIA, a.k.a, Riverina; Fig. 1) in New South Wales. The Murrumbidgee River basin, a sub-basin within the MDB
comprises 27% of the MDB’s population. Sources of irrigation water include the Murrumbidgee River and its tributaries, the
Snowy Hydro Scheme and its associated storages, aquifers and wetlands. Irrigated agriculture is the predominant economic
driver within the region with farm types ranging from broadacre (annual) crops (rice, corn, vegetables, soybeans, cotton,
winter cereal grains and pasture) to horticulture (permanent) crops (grapes, citrus, sugar plums). Rice and horticulture
producers make up around 90% of farms and have a very high dependency on irrigation (MDBA, 2010).

Murrumbidgee Irrigation Ltd. (MI) is one of the largest private irrigation companies in Australia serving over 3200 land-
holdings owned by over 2500 customers within an area of 660,000 ha. MI  manages irrigation water for MIA  farmers, holding
a water license of 1416GL, including 314GL of High Security (water that farmers will receive full water allocations 95 years
out of 100, typically used by permanent crop farmers) and 815GL of General Security (implying irrigators receive full water
allocations up to 70 years out of 100; typically used by annual crop farmers) water entitlements. Private diverters in the
region hold 625GL general security water entitlements and 21GL high security water entitlements. Over 90% of the irriga-
tion water in MIA  is applied using gravity-fed surface irrigation systems (typically flood or flood-furrow), with distribution
efficiency reported around 80% (MDBA, 2010).

The Millennium Drought considerably influenced the gross value of irrigated agriculture production in the region (MDBA,
2010). Broadacre farms in the MI  network saw the biggest drop in water allocations (from nearly 100% prior to 2000 to a
low of 10% in 2006) while their high security water allocations remained nearly constant at 90–95% during this time. This

is reflected in the agricultural productivity of the region. From 1997 to 2002, the region produced over 500,000 t of rice
annually, as compared to an average of less than 187,000 t annually from 2004 through 2009. Less than 13,000 and 52,000 t
of rice were produced in 2007–08 and 2008–09 respectively. In comparison there were 148,000 t of wine grapes produced in
2000 and 256,000 t in 2008, a 73% increase over the eight-year period (MDBA, 2010). However, water trading (such as selling
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heir available water on the temporary market at prices around AUD$1000 per megalitre (ML)) brought in a much-needed
ource of farm income for rice farmers during the peak of the drought (Wheeler, 2014).

Our second study area was the Riverland irrigation area straddling the lower Murray River in South Australia (see Fig. 1),
rowing more than 50% of South Australia’s wine grapes and also well known for its production of citrus, stone fruit, almonds
nd vegetables. Riverland population is around 33,500, including approximately 3000 growers. The regional economy of
round AUD$2.2 billion is highly dependent on high security irrigation water and permanent crops, with wineries, packing
heds and other food processing reliant on a consistent supply of irrigated crops (MDBA, 2010). Water-based recreation
s also an important contributor to the regional economy in the form of houseboat accommodations, canoeing, kayaking,
shing, swimming and tourism.

The Central Irrigation Trust (CIT), located in Barmera, South Australia (SA), manages water for twelve irrigation districts
n the Riverland and conveys water from the Murray River through large-diameter pipeline systems. Irrigated agriculture is
redominantly grapes (55%), fruits (25%) and citrus (15%) with the remaining area in vegetables and pasture. Irrigation has
rogressed from flooded furrow systems (as late as the mid-1990s) to piped sprinklers and drip irrigation infrastructure,
ll but eliminating conveyance losses and creating highly water-efficient, albeit more energy-intensive, irrigation systems.
IT farmers do not have the luxury of adjusting irrigated area in response to reduced water allocations; permanent crops
uch as grapes must be watered to preserve the productive potential for future years and to meet contractual obligations;
ndeed, Riverland agriculture was developed based on the expectation of full allocations. The Millennium drought resulted
n several years of exceptionally low water allocations for SA (60, 32 and 18% in 2006–07, 2007–08 and 2008–09; MDBA,
010), forcing many irrigators to purchase temporary water at high prices to maintain their crops. The price of permanent
ater also increased during this time, but at a slower rate and remained above $2,000/ML until 2010–11 (Wheeler and
heesman, 2013). Combined with an approximately 20% drop in grape prices during that time, rising farm debt became a
ressing issue in the Basin.

Traditionally (and especially so in wet years) irrigators have not used all the water allocations that have been allocated to
hem. MDBA (2012) suggests that the water utilization average over the past fifteen years is around 60–80%, with generally
A irrigators utilizing a higher percentage of their water allocations received than NSW irrigators.

.2. Fuzzy cognitive modelling (FCM) methodology and workshop design

A workshop was held in each of our case study areas in 2014 to develop a model representation of irrigator water-use
ecision-making using the Mental Modeler FCM-based software. Ten irrigators participated in the MIA  workshop and 13

n the CIT workshop. The premise of our workshops was  that irrigators would elucidate important variables that would
ot typically be identified or quantified in academic research, thereby allowing a more cultural group analysis of water-
se decision-making. Though more qualitative in nature, we  believed that this local or expert knowledge could be used to
ugment the academic and governmental-level decision models since farmers hold important expertise at the local-scale in
hich irrigation decisions are made.

At the beginning of the workshops, the goal of building a group mental model of irrigation water-use decisions was
xplained and that we were interested in both the quantifiable (i.e., water allocations, farm size, etc.) and the non-quantifiable
risk appetite, information sources, etc.) variables—borrowing from methods developed by Ozesmi and Ozesmi (2004). Rather
han starting with a pre-defined list (see Gray et al., 2015a), we  asked the irrigators to list the variables via free association
Gray et al., 2014) that were important to water decision-making from their perspective. Once an initial list of variables was
ompiled, the networked structure and degree of influence (represented by the direction and thickness of the arrows in the
oftware) that one variable is perceived to have on another; either positively or negatively, was  defined by the irrigators. The
ariables were listed on a white board and the Mental Modeler was  projected on a screen. An independent facilitator developed
he model in real-time while another researcher facilitated the conversations and discussions during the workshops. Both
orkshops continued (about three hours at each site) until there was  agreement within the group that the mental model

ccurately represented their perceptions of the interaction between market, water authority, business, environmental and
ny other factors perceived to be relevant as defined by the irrigators. Notes were also taken (by the workshop facilitator) to
apture the model building process and document our justification for the variables and relationships ultimately represented
n the model.

. Results and discussion

.1. MIA  workshop: a group mental model for annual crop water-use decisions

Seven of the ten participants from the MIA  were broadacre irrigators (growing annual crops such as rice, corn, wheat,
egetables); the other three were permanent crop (grapes and citrus) irrigators. Because the majority of participants grew
nnual crops (namely rice), we focused on building a mental model of irrigation water-use for a rice farm. The outcome of

nterest was “irrigated area”, which was considered to be the direct proxy for irrigation water used on a rice farm. We  first
sked the irrigators to list the variables that were most related to irrigation area; and 35 variables were identified (Table 1).
he quantifiable variables are listed in the left hand column and the non-quantifiable variables are listed in the right hand
olumn.
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Table 1
List of variables that are considered in making irrigation water use decisions.

Quantitative factors Non-quantitative factors

Type of water license (high vs. general security) Unpredictability of government decisions Policy stability
Type  of crop (permanent vs. annual) Layers of bureaucracy
Environmental water storage Decision-maker accountability
Farm  size Communication
Water level in dams Water sharing rules
Farm equity Water entitlement priorities
Selling water Timing of allocation announcements
Forward contracts for produce Water budget year
Opening water allocation Anticipating peer behavior
Water carry over Whole farm plan/agronomic plan
Return on investment Farmer characteristics (age, risk appetite,
Input  costs succession plan)
Weather Farming practices
Seasonal rainfall forecasts Water trade signals
Autumn break (excess soil moisture in fall) Water activation
Water trade Security of water delivery
Crop  price guarantees Delivery entitlements
Current commodity prices
Fig. 2. Group mental model of water use decisions for broadacre (annual) rice cropping. Blue boxes are primary variables that directly influence water
use  decisions. Blue lines represent positive relationships, orange lines represent negative relationships. Line thickness represents strength of relationship
(thick  = strong, thin = moderate, dashed = weak).

Interestingly, most of the discussion for the first hour or so centered on the non-quantifiable variables, especially those
related to government decisions and policy making. Many farmers often felt “at the whim”  of changes that they could not
predict. It should be noted that many of these changes relate to previous government policy changes, and not necessarily
current government policies. Following on from this, in the end, while these variables were identified as the things that “keep
me up at night”, they were not directly linked to irrigated area. By the end of the workshop, the irrigators had developed the
so-called “simplified” model of irrigation water-use decisions (shown as blue boxes in Fig. 2).

The seven variables that were useful in determining the amount of irrigated area on a rice farm were: opening alloca-

tions, water levels in the Blowering and Burrunjick dams in late winter (August/September), current catchment conditions
(whether is it wet or dry), the price of temporary water, large-scale climate indicators (ENSO, SOI) and long-term seasonal
rainfall outlook, commodity prices and the “desire to farm”.
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Fig. 3. Increased uncertainty in planting decisions due to a combined shift in water allocation amounts and timing in Riverina. Blue symbols are the
seasonal maximum water allocations (capped at 100% for graphing purposes) and the orange symbols are the month in which that the maximum allocation
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nnouncement was  made. Below the dotted line represents the time within which irrigators must make planting decisions for the upcoming season (July
–October 1).

The last variable was perhaps the most unexpected and interesting. Several farmers stated that, despite the risks and
ncertainty inherent in all the other decision variables, they would choose to plant because “we are farmers, this is what
e do.”  This was a desire to always farm. The “final” mental model that was developed and agreed to by the irrigatos is

hown in Fig. 2. As recommended by the farmers during the workshop, many of the non-quantifiable (and less emphasized)
ariables listed in Table 1 (right-hand side) were lumped into single boxes that represented farmer/farm characteristics
age, risk appetite, farm size, whole farm plan, etc.) and unpredictability of government decisions (policy stability, layers of
ureaucracy, accountability, etc.) and were linked to the “desire to farm” variable. After the workshop, researchers grouped
he decision variables into broad categories of environment, market, business, water authority (in this case, MI), government
state and federal) and farmer characteristics. This illustrates the broad range of factor types as well as scales that have to
e considered in making water-use decisions. A couple of times, one of the farmers commented that “we need to figure all
hese things out before 5am!”.

The “desire to farm” was one of the enlightening outcomes of this exercise. From the discussion, it became quite clear that
iven positive indicators in the farm/farmer characteristics variable (for example, age, farm equity, reasonably high appetite
or risk), and a reasonable understanding of near-term government policy decisions, a farmer wants to choose to farm even
n the face of negative environmental indicators such as a low rainfall outlook or low dam levels. Selling temporary water
n the market was perceived by the irrigators as a failure. This as a pertinent and telling observation; political uncertainty
dded to the other uncertainties inherent in farming (e.g., weather, market prices, etc.) could be the factor that tips the
alance from willingness to farm (in spite of other risks) to selling water and finding other means to make a living. However,
he irrigatos also generally agreed that if water allocations were too low (exact threshold was  not identified) and/or water
rices were too high (suggestions of water prices >$80/ML), then they would be more likely to sell water than plant crops.
ne irrigator quipped, “But as food producers, its really sad to have to say that were not going to grow food this year, we’re going

o sell water,”  suggesting that this choice would be made only under fairly high level of duress, at least for some irrigators.
Water allocations received was deemed a primary, and obvious, variable in water-use decisions. The more water allocated

n a season, the more irrigated planting that can potentially occur. What is not so obvious is the effect of the timing of allocation
nnouncements by a water manager, in this case, MI.  Planting decisions for rice generally must be made by early October
nd for other summer cereal crops, by mid-November. Uncertainty in water availability has increased dramatically in the
urrumbidgee region through both reduced seasonal water allocations and later allocation announcements (Fig. 3). After

ecord low storage levels were experienced in 1998 (storage dropped to 8.5% of capacity in the Burrinjuck by May  1998

nd to <5% in the Blowering dam by April 1998), water managers began making seasonal water allocations announcements
ased solely on current storage levels and the minimum projected inflows to the system. Hence, the announcement of the
aximum allocation that irrigators could expect for a season came much later and usually well after planting decision time.
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Fig. 4. Group mental model of short-term (annual) irrigation water use decision for permanent crop growers in the CIT area. Blue lines represent
positive relationships, orange lines represent negative relationships. Line thickness represents strength of relationship (thick = strong, thin = moderate,
dashed = weak).

Prior to 1997, the maximum allocation averaged >100% and announcement generally occurred within a month of July 1
(start of the water year). Since 1997, the average maximum seasonal allocation has dropped to 60% and the announcement
is made, on average, in January of the next calendar year. Even during 2010–2012, when the maximum allocation was  again
100%, the timing of this allocation was in December (see Fig. 3). The effect has been a dramatic shift of risk from water
managers to irrigators, and this was clearly reflected in the mental model.

4.2. CIT Wworkshop: a group mental model for permanent crop water-use decisions

As nearly all the participants in the CIT workshop were permanent crop growers (meaning irrigated area remained fairly
constant), the decision outcome that we asked irrigators to focus upon was “irrigation water-use”. Irrigators were asked to
list the variables that were most related to irrigation water on a typical farm in the CIT. The list was very similar to that shown
in Table 1, with the following exceptions: environmental water storage, dam levels and carryover were not listed; while
water profile strategy, productive efficiencies, emotional drivers, critical human needs, source water quality and evaporative
cooling were added. The phrase “desire to farm” from MIA  growers was roughly synonymous with “farming enjoyment”  in
CIT. Whereas MIA  farmers viewed two different levels of water-use decision variables (primary and secondary, see Fig. 2),
the CIT irrigators noted two distinct time-frames in water-use decision-making: irrigation water decisions in the short-term
(immediate) and water-use decisions over the medium-term (approximately 3–5 years). These two  models are shown in
Figs. 4 and 5.

As in Fig. 2 (for annual crop irrigators), the decision variables could be broadly categorized into those that represented
environment, water authority (in this case, CIT), market, government and farmer characteristics, although not all categories
were present in both models. Interestingly, CIT farmers considered risk appetite to be a primary driver of irrigation water-
use in the area, which was highly influenced by the cost of water (a combination of the market price of water as well
as energy and delivery costs). There was a lot of discussion about emotional and well-being factors, but in this case, the
irrigators considered this as an influence that keeps them in farming over the long-term rather than an immediate influence
on water-use decisions. This differed from the MI  model.

A new factor in the permanent crops water-use model was evaporative cooling, which is unique to viticulture. During
extreme heat, it is necessary to irrigate grapes in excess of plant water demand in order to keep the vineyard cool and to
prevent grape vine sunburn. This is accomplished by spraying the vines directly with sprinklers and/or by irrigating the
ground cover maintained between the rows of vines, and serves two  purposes: (1) the ground cover maintains a more
uniform soil moisture profile under the vineyard; and (2) evapotranspiration from the ground cover cools the surrounding
vines. Although the proportion of irrigation water used for this purpose was not discussed, it is an adaptation to more

frequent extreme heat days.

Water quality is another consideration in the CIT model that is not in the MI  model. Irrigation water in the Riverland comes
either from the Murray River or the Darling River. Murray River water tends to be higher in salt and turbidity than Darling
River water, meaning that in order to prevent soil salinization and pore clogging, additional water needs to be applied to the
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Fig. 5. Group mental model of medium-term (3–5 years) irrigation water use decision for permanent crop growers in the CIT area. Blue lines represent
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ositive relationships, orange lines represent negative relationships. Line thickness represents strength of relationship (thick = strong, thin = moderate,
ashed = weak).

rops when the source is the Murray. The CIT announces the source of irrigation water, which is why this was  categorized
s a water authority variable rather than environmental. In addition, the soils in the Riverland area naturally have a higher
mount of salinity due to a shallow, naturally saline groundwater table (Jolly et al., 1993; MDBA, 2013) and farmers generally
ush their soils with irrigation water at the end of every season to prevent buildup of salt in the root zone (Biswas et al.,
006).

An interesting observation can be made when comparing Figs. 4 and 5 in the differing factors influencing risk. In annual
ater-use decisions (Fig. 4), risk is almost completely defined by the cost of water. As cost increases (be it through market
rice, or energy and delivery costs), farming risk increases. In the medium-term decisions (Fig. 5), financial considerations
uch as farm equity and infrastructure investment also drive the farmer’s appetite for risk (as would be expected), but so
oes emotional well-being. Again, “farming enjoyment”  (similar to “desire to farm”) was a key factor in water-use decisions
nd the socio-economic well-being was affected by the long-term viability of the farm. In the MI,  the desire to farm was
ne factor that made farmers choose to plant in a year where other indicators would suggest selling their water instead
f planting. The long-term viability of the farm (representing farm succession) was considered by the CIT farmers to be a
edium-term decision factor and was included as part of farmer well-being. This is supported by Wheeler et al. (2012b)
ho found the presence of a farm succession plan to be a positive factor in long-term farm management decisions and in the

bility of agriculture to adapt to changing conditions. Interestingly, increased uncertainty in water security was also found
o have a negative impact on farm succession, suggesting that the relationship between water security and long-term farm
iability could be considered a feedback loop.

The “farmer” category did not show up in the short-term CIT model; there was a lot of discussion about emotional factors,
ut they were considered to play a role in the longer-term outlook rather than in annual water-use decisions. In CIT, farming
njoyment is what kept farmers in agriculture over the long-term. There was  a lot of discussion about how farmers make
hort-term decisions based on emotional factors as well, which they agreed may  not always be the best decisions, but was
ften unavoidable. One of the participants is director of a collaborative farming operation, a collective of several farms
n which the farmers own title to their land but work as employees of the collaborative enterprise. This irrigator argued
trongly that one of the benefits of the collaboration is that farm decisions and operations are run by the collaborative (a
ype of corporation) and not individual farmers, hence taking the emotions out of farming decisions.

Environment, water authority and market factors were key ingredients in the short-term water decision model, but

ere absent in the longer-term model, where risk was defined as a combination of irrigator characteristics and business

onsiderations. The main role of the government focused on the security of water allocations. Because CIT farmers are
ependent on high security water, they feel vulnerable to government decisions that affect water security. Additionally, the
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farmers understood their role as water users upstream of major urban areas like Adelaide and agreed that they were part of
a larger governmental scheme to ensure that critical human needs (household water-use as well as agricultural) were met.
In contrast to MIA, where the role of government was mostly seen as a hindrance (multiple layers of bureaucracy, changing
policy, lack of accountability for decisions), in CIT, the role of the government was  seen as critical in ensuring water security
for irrigators and urban dwellers, with a key role in ensuring the integrity of the water licensing scheme.

4.3. Insights gained from mental models

This research used cognitive mapping to visualize the influences on irrigator water-use decisions in order to understand
the relationships between institutional, environmental, market and farm-based factors from the farmer perspective. Ulti-
mately the models presented herein could be refined further and used by decision makers to better understand the effects
of some types of water management and policy changes on stakeholder activities (for examples, see Nyaki et al., 2014;
Halbrendt et al., 2014; Gray et al., 2013; Gray et al., 2015b; Vanwindekens et al., 2013; Lorance et al., 2011). Nevertheless,
there are a number of key insights gained from this research that may  prove useful to decision-makers. First, this research
supports the concepts of co-management and knowledge partnerships between irrigators in the MDB  and water managers
and government officials. In particular, Berkes (2009) outlined many strategies that can improve co-management, which
could be a valuable next step in MDB  plan implementation. Second, irrigators in the MDB  may  have been misperceived
when it comes to accepting policy change. Many, if not most, of the irrigators we talked to understood the need for, or at
least the inevitability of, governmental policies and regulations. But a lack of accountability and predictability has added to
the uncertainty in farming decisions. “Downward accountability”, a mechanism for making agencies responsible to users
(Berkes, 2009), could improve this in the MDB. Irrigators are able, and in most cases willing, to adjust to policy changes when
given enough lead time and input into the process. Finally, irrigators in the MDB  subscribe to the concept of environmental
sustainability, although they might not always agree with how the concept is implemented. Irrigators believe they should
be recognized for their significant investments in the long-term sustainability of their farms and their communities and
appreciated for their role in the sustainability of the Basin. The mental-modeling approach used in this research could be
used to educate all stakeholders in commonalities and differences in perspectives and help to advance the implementation
of sustainable management practices.

5. Conclusions

This research solicited the input of irrigators in two  important, yet quite different, agricultural areas of the MDB: broadacre,
annual crop (mostly rice) irrigators in Riverina with flood and furrow irrigation and permanent crop (mostly viticulture and
citrus) irrigators with pressurized drip or sprinkler technologies in the Riverland. Both types of irrigators have been substan-
tially impacted by the Millennium drought and by MDB  water reform within the last decade. Uncertainty in end-of-season
water allocations, drought and uncertainty about governmental water policy changes have all increased the difficulties in
irrigators making water-use decisions. As would be expected, the variables that influence irrigation water-use decisions
were similar, but there were some key differences. The “desire to farm” (the driving force that makes a farmer choose to
plant despite the risk) is influenced by the constraints to the farming system (farmer characteristics, business model, envi-
ronmental and market conditions) and governmental decisions and policy changes, which are mostly viewed as negative
influences out of their control. In the Riverland, permanent crops such as grapes and citrus must be watered to maintain
the long-term health of the crop, regardless of the environmental conditions or water availability. Unlike Riverina irrigators,
risk and uncertainty for the Riverland irrigators was, in the short-term, predominantly driven by the cost of water, which
includes market price and cost of delivery (energy and infrastructure maintenance). In the longer-term, risk (uncertainty)
was seen to be influenced by the irrigator’s water profile strategy (whether they owned water entitlements or leased water
each year) and well-being. Whereas in Riverina governmental policy was seen mostly as a hindrance to farming, in the
Riverland the role of the government was seen as critical in ensuring water security for irrigators, with a key role in ensuring
the integrity of the water-licensing scheme. Future research utilizing the mental modelling approach may  prove fruitful in
providing a methodology to encourage co-management and knowledge partnerships between irrigators, water managers
and government officials.
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