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Abstract 
The Sustainable Development Goals (SDGs) of the 2030 Agenda present a comprehensive set of 
environmental, social, and economic objectives for achieving sustainable development, but the 
complexity of analysing their interactions and spillover effects poses a challenge for their attainment. 
To address this, we employed a participatory model co-design process with local stakeholders to 
develop a system dynamics-based model, the Local Environmental and Socio-Economic Model 
(LESEM), for analysing and quantifying context-specific SDG interactions at the local level under a 
business-as-usual (BAU) scenario. Our focus was on quantifying the interactions among four high-
priority SDGs in a case study in the north of Victoria, Australia, namely clean water and sanitation (SDG 
6), agricultural activities (SDG 2), economic growth (SDG 8), and life on land (SDG 15). Our results 
suggest that agricultural lands are likely to decrease due to declining water resources under the BAU 
scenario, but agricultural production may still expand through agricultural intensification. However, 
agricultural intensification could help meet future food demand and lead to increased agri-food 
production, which could benefit the local economy. In other hand, this could lead to increased 
environmental threats due to the intensification process and reduced water availability. The LESEM 
enables policymakers to make holistic decisions and identify potential trade-offs and synergies that 
benefit other SDGs, ultimately promoting sustainability in local communities. 

 

1 Methodology 
1.1 Overview 
The methods included four steps (Figure 1). In Step 1 we identified the socio-economic and 

environmental issues of high priority to local stakeholders in terms of the SDGs using a comprehensive 

contextual analysis involving interviews with local stakeholders, scientific papers and reports, and 

policy documents which has been fully described in Bandari et al. (2022). Also part of Step 1 we 

conducted a participatory process of problem identification to articulate the local challenges and 

construct theories of how the problems arose (i.e., dynamic hypotheses) via a workshop with a 

subcommittee of Goulburn Murray Resilience Taskforce. After delineating the system boundaries 

through problem identification and constructing dynamic hypotheses, we developed the LESEM 

system dynamics model of the GMID (Step 2). A second workshop was also run in Step 2 incorporating 

a participatory model development process to confirm model structure and identify and quantify 

important interactions with local stakeholders. In Step 3 we ran the model, identified those 

parameters which most strongly influence model behaviour, and validated its performance. Finally, in 

Step 4 we parameterised the model based on Business-As-Usual (BAU) and ran the model under these 

assumptions. 

  



  
 

Figure 1. Conceptual schema of the LESEM participatory systems dynamics model-building 
process presented in this paper. 

 

1.2 Study area 
The Goulburn Murray Irrigation District (GMID) stretches from Cohuna in the west to Cobram in the 
east (Figure 2), with an area of 27,000 square kilometres in northern Victoria, and supports a 
population of 170,000 people (RMCG 2019). It includes six local government areas of Moira, Greater 
Shepparton, Loddon, Campaspe, Gannawarra, and Swan Hill (GMIDWL 2018). The GMID is a strategic 
agricultural area comprising 15,000 properties (RMCG 2019), with extensive areas of horticulture, 
dairy, mixed cropping and grazing, and agricultural activities are an essential part of the economy 
(Pearson et al. 2013). The GMID has faced of major drivers of change such as climate change, water 
availability, global market, technological change, water policy reforms, and market access (RPG 2020). 
Over the last twenty years, available water has declined by almost 50% (Bandari et al. 2022) due to 
the effects of climate change, water recovery plan, and competition for water from outside the GMID 
(RPG 2020).  
Declining in water resources could be a threat to the agricultural activities and economy of the region 
(Bandari et al. 2022). While the region is dominated by the agricultural activities, the ageing and 
declining populations are other factors that affected agricultural activities of the GMID and could 
threaten future food production and wellbeing of the region (GBCMA 2013; RPG 2020). Furthermore, 
this region already has experienced environmental pressures like reduced water quality and salinity 
due to a combination of climate change and agricultural activities (Aither 2019). The region comprises 
a complex dynamic system with many interacting elements (e.g., climate, global markets, water 
availability, technology, agriculture, environmental issues, livelihoods) (RPG 2020). The GMID is 
changing faster and using the system dynamics modelling approach well suited to these uncertain 
conditions. The SD approach helps the policymakers to respond to these changes, plan for possible 
futures, and create opportunities for the region. 
 



 

Figure 2. A map of the case study area. The Goulburn Murray Irrigation District (GMID) is specified 

with a black boundary. The inset map indicates the case study location in the context of the state of 
Victoria, Australia. 

 

1.3 Participatory model development 

System dynamics modelling is well suited for capturing multisectoral dynamics such as the complex 
interactions among SDGs within social-ecological systems (Chiu et al. 2019; Moallemi et al. 2021; 
Pedercini et al. 2020). Here, we build a system dynamics model to evaluate the main sustainability 
issues framed by the SDGs and their interactions, which can be a useful analytical tool throughout the 
policy evaluation process. The primary sources of information for defining system boundaries, 
including problem articulations and dynamic hypotheses included policy documents, academic 
papers, local sector reports, and interviews with local stakeholders which has been fully described in 
Bandari et al. (2022). Developing the model in consultation with local expert stakeholders has been 
demonstrated to be a beneficial way of elucidating complex processes in social-ecological systems 
(Pedercini et al. 2020). Hence, we conducted two additional face-to-face workshops with local expert 
stakeholders as participatory model development steps to complement the initial contextual framing.  

In the first workshop, we implemented a face-to-face and hybrid participatory model-building process 
with a subcommittee of Goulburn Murray Resilience Taskforce, including 18 key local stakeholders 
from the Goulburn Broken Catchment Management Authority (GBCMA), the Victorian state 
government Department of Environment, Land, Water and Planning (DELWP), Agriculture Victoria, 
Goulburn Murray Water, Goulburn Valley Water, Regional Development Victoria, and Murray Dairy 
(Figure 3). We presented and shared the identified priority SDGs and local challenges to the 
subcommittee of Goulburn Murray Resilience Taskforce for verification, enrichment, and 



enhancement. To facilitate the participatory process, we displayed large posters to demonstrate the 
priority SDGs and their interactions. The participants were asked to edit the interactions between the 
identified priority SDGs by adding or deleting the interlinkages between the identified priority SDGs 
and write a short explanation of how they felt those SDGs were connected (Figure 33). The first 
workshop confirmed and determined the system boundaries, that is, the sectors within the GMID 
which were of most concern to the local stakeholders, how the different sectors of the GMID interact 
with each other, defining the main local problems, and articulate how those problems arose, and 
determining the contributing factors. On the basis of the first workshop, we understood causal 
relationships between the different sectors of model and thus developed related variables to 
represent those sectors align with related local problems.  

We sketched out the causal relationships between the variables of each sub-model together and also 
with other sub-models in the form of causal loop diagrams and positive and negative feedbacks 
(Sterman 2002). We constructed the LESEM system dynamics model using Vensim DSS version 8.2.1 
(Ventana Systems 2021).  The agricultural activities, local economy, and water quality sub-models 
were constructed from scratch according to the local issues with the concepts and formulations 
extracted from different studies (GMW 2002; Navarro & Marcos Martinez 2021). In accordance with 
the dynamic hypotheses of the water sector and inspiration from the FeliX3 Model (Rydzak et al. 
2010), the water availability sub-model was designed and adapted to the condition of the GMID and 
Goulburn Murray Water (Baker et al. 2018; Cummins 2016; GMW 2018a, 2018b, 2018c; Gupta & 
Hughes 2018; Naderi et al. 2021; Rydzak et al. 2013; Wang et al. 2021). The fertiliser use sub-model 
was inspired by the FeliX3 Model and changed according to the local issues and source of nutrients in 
the GMID (GBWQWG 1995b; Rydzak et al. 2013). The demographic sub-model was repurposed from 
the RUSEM Model (Navarro and Tapiador 2019), and other components like labour force and 
education were added to this sub-model according to the opinion of stakeholders.  

On 15 July 2022, we hosted the second workshop through a face-to-face and hybrid participatory 
model-building process with nine attendees from the Goulburn Murray Resilience Taskforce. We 
presented the draft model, explained how the model works, and how components and key variables 
of the LESEM are connected. We then asked the participants to confirm or improve the LESEM causal 
relationships, using the groups’ collective knowledge (Figure 3). To facilitate this process, we printed 
each sub-model as a separate poster and the workshop participants gave feedback on the model using 
posters in the room, and posters in an online Mural Board for those who were online. The participants 
were asked to write along those causal relationships with an explanation of how they felt those 
components were connected. Following that, we had a group discussion (Figure 3). Some parts of the 
model were improved in consultation with stakeholders to be more compatible with local problems.  

Following the second workshop, causal loop diagrams were integrated and converted into a 
quantitative stock-and-flow systems dynamics model, and parameterised to perform simulations. The 
stock-and-flow systems dynamics model capture accumulations and depletions of stocks over time in 
response to flows throughout the system in a quantitative way based on differential equations (Gohari 
et al. 2017; Naderi et al. 2021). We iterated the model development process many times to improve 
each sub-model and their interactions to best align with the system understandings offered by local 
expert stakeholders. 

 

 

 



 

Figure 3: Five images from the first workshop 1 (image credit: Jamie Rooney) and the second 

workshop (image credit: Reihaneh Bandari). Two bottom images refer to the Workshop 1 and three top 
images relate to the Workshop 2. 

 

1.4 Model validation  

Validation of model outputs is crucial to achieving the ultimate objectives of system dynamics 
modelling, which is to make better decisions and improve socio-economic and environmental 
outcomes by evaluating various policies and scenarios (Saysel et al. 2002). Direct structural tests and 
structurally-oriented behaviour tests were used assess the validity of the model structure (Naderi et 
al. 2021). This involves evaluating mathematical equations, dimensional consistency of equations, sub-
models components, and all logical relationships in the model by comparing them with actual data 
and real-world knowledge and understanding of the local socio-ecological system. Direct structural 
tests can be classified as  theoretical or empirical (Barlas 1996). We undertook theoretical structure 
tests by comparing the model structure with locally available literature like reports, academic papers, 
policy documents, and interviews with local stakeholders (Bandari et al. 2022). We conducted 
empirical direct structural tests in comparing the model structure with qualitative and quantitative 
information available describing the real-world system. The participatory modelling process of this 
research formed the main part of direct empirical structural tests through running two workshops 
with local expert stakeholders.   
Structurally-oriented model behaviour tests were also used to indirectly evaluate the model 

structure’s validity by via the use of simulation to detect potential model structural flaws. Validation 

of the model, including structural and structurally-oriented behaviour tests, was performed at all 

stages of the model development process. Because of the long-term nature of the system dynamics 

model, the emphasis of this test was more on pattern forecasting rather than point forecasting (Barlas 

1996). Once the validity of the model structure  was verified,  the system behaviour patterns under the 

Business-As-Usual (BAU) scenario were compared with historical data from 2010 to 2022 to assess 

model applicability, reliability, and accuracy. We selected 15 target variables from the perspective of 

local sustainability: agricultural land-use, dairy land-use, cropping land use, dairy production, 

environmental water allocation, agricultural water allocation, salinity, annual dairy revenue, annual 

agricultural revenue, stream flow, agricultural surface water use, urban water use, population, labour 

force, and skilled workforce. The complete historical data records were unavailable for these target 

variables, so we used different historical data for each variable depending on their availability. 



Furthermore, we calculated the maximum relative error (M) to quantitatively evaluate model 

performance as the degree of divergence between the historical and simulated data ( Eq.1) (Liu et al. 

2015; Naderi et al. 2021).  

 

𝑀 =
Σ(𝑌𝑠𝑖𝑚− 𝑌𝑜𝑏𝑠)

Σ𝑌𝑜𝑏𝑠
           (1) 

 

1.5 Model sensitivity analysis        

Sensitivity analysis is used to quantify the influence of model parameters on model outputs, to identify 
the most influential parameters, and to determine the uncertainty in model outputs to variation in 
model inputs (Gao et al. 2016; Song et al. 2012). Thereby, model performance can be improved by 
targeting influential parameters for parameter refinement and enhanced accuracy. Sensitivity analysis 
can be beneficial for understanding the behavioural boundaries of the model and testing the 
robustness of scenario analysis and model-based policies (Chiu et al. 2019; Keyhanpour et al. 2021). 
We used Monte Carlo based sensitivity analysis  for analysing the sensitivity and uncertainty of the 
system dynamics model, also known as multivariate sensitivity simulation (Jeon & Shin 2014). Monte 
Carlo simulation involves performing many hundreds or even thousands of simulations, and was 
implemented in the Vensim DSS (Keyhanpour et al. 2021; Ventana Systems 2021). In this multivariate 
method, all parameters are changed together.  

We conducted the sensitivity analysis to identify which constant parameters can cause shifts in 

the sustainability target variables and behaviour of the system, and to demonstrate which 

parameter values form leverage points of the local social-ecological system. A list of 44 

constant parameters across different model components was prepared for sensitivity analysis, 

the maximum and minimum values of each constant parameter was defined (Error! Reference 

source not found.), and simulation results were produced to analyse the behaviour of the nine 

sustainability target variables. As there is no information about the prior probability 

distributions for each model parameter, we assumed an independent uniform distribution for 

each parameter with a symmetrical ±30% variation around the reference value of selected 

constant components as the uncertainty bounds (Gao et al. 2016; Oijen et al. 2005; Song et al. 

2012). We assumed We set the number of Monte Carlo simulations to 20000 and the random 

uniform was employed as the probability distribution of values. Both the validation and 

sensitivity analysis identified flaws in the LESEM, which required many changes in the 

structure of the model, which is an integral part of the iterative model-building process. 

 

 

 

 

 

 

 



Table 1: Model parameter value ranges used for sensitivity analysis. 
Variable Units Reference value Lower Bound Upper Bound  

Demographic 

Avg migration rate 1/Year 0.00352 0.002 0.005 

Fertility rate 1/Year 0.043 0.030 0.056 

Mortality rate (Age group 0-14) 1/Year 0.00031 0.00022 0.00040 

Mortality rate (Age group 15-64) 1/Year 0.00156 0.0011 0.0020 

Mortality rate (Age group +65) 1/Year 0.03694 0.026 0.048 

Water 

Fraction of environmental water allocation Dmnl 0.13 0.091 0.169 

Reference domestic water use per capita Dmnl 0.058 0.041 0.075 

Fraction of agricultural water allocation Dmnl 0.27 0.189 0.351 

Fraction of net water trade-in Dmnl 0.102 0.072 0.134 

Fraction of net water trade out Dmnl 0.05 0.035 0.065 

Average used surface water recovery rate 1/Year 0.12 0.084 0.156 

Fraction of outflow from catchment 1/Year 0.55 0.385 0.715 

Infiltration coefficient Dmnl 0.17 0.119 0.221 

Reference Yarrawonga water yield Gigalitres/Year 4726 3308 6144 

Conveyance water fraction 1/Year 0.1 0.070 0.130 

Land use 

Fraction of urban land area change Dmnl 0.014 0.010 0.018 

Modified land to agricultural land allocation time Year 1.9 1.330 2.470 

Natural land to agricultural land allocation time Year 4 2.800 5.200 

Fertiliser use 

N and P runoff fraction in irrigated area Dmnl 0.2 0.140 0.260 

N and P runoff fraction in dryland area Dmnl 0.075 0.053 0.098 

Fraction of dairy sheds waste discharge  Dmnl 0.05 0.035 0.065 

Fraction of lactation period Dmnl 0.01 0.007 0.013 

Lactation period Day 300 210 390 

TN concentration Milligram/Litre 3 2.1 3.9 

TP concentration Milligram/Litre 0.025 0.018 0.033 

Total nitrogen production per beef Kg/Head 70 49 91 

Total nitrogen and phosphorus production per sheep Kg/Head 10 7 13 

Total phosphorus production per beef Kg/Head 3.939 2.757 5.121 

The environmental water allocation policy Dmnl 1.3 0.910 1.690 

Water quality 

Reference water storage height Meter/Year 185 130 241 

Reference salt loads at Yarrawonga Tonnes/Year 173423 121396 225450 

Reference salt loads at Swan Hill Tonnes/Year 233754 163628 303880 

Economy 

Price elasticity of demand for beef meat Dmnl 0.89 0.623 1.157 

Price elasticity of demand for sheep meat Dmnl 0.89 0.623 1.157 

Price elasticity of demand for sheep wool Dmnl 0.89 0.623 1.157 

Price elasticity of demand for dairy Dmnl 0.95 0.665 1.235 

Price elasticity of demand for crops Dmnl 0.38 0.266 0.494 

Agriculture 

Productivity of sheep live exports  Tonnes/Head 0.048 0.034 0.063 

Productivity of sheep wool  Tonnes/Head 0.007 0.005 0.009 

Productivity of cattle live exports- Irrigated  Tonnes/Head 0.33 0.236 0.438 

Productivity of beef meat-Dryland  Tonnes/Head 0.20 0.142 0.264 

Productivity of cattle live exports- Dryland  Tonnes/Head 0.33 0.236 0.438 

Productivity of dairy- Dryland  Litres/Head 5853.4 4097 7609 

Productivity of dairy - Irrigated Litres/Head 5854.4 4098 7611 

 

1.6 BAU scenario 
The BAU scenario examines the consequences of continuing recent historical trends in key system 
components (Guo et al. 2018; Rydzak et al. 2013). We specified ten parameters and set them under 
the BAU scenario, and the assumptions in each sub-model are presented in Table . All parameters 
throughout the LESEM model were set to historical data values for the model calibration period. Some 
parameters affected just one sub-model, and others involved more than one sub-model. For example, 



the water yield parameter affected water availability and water quality sub-models, but the migration 
rate parameter directly affected the demographic sub-model. However, the migration rate parameter 
may affect other sub-models indirectly, such as water availability through changing the population 
and increasing domestic water demand. Time boundaries for the model simulation were set from the 
year 2010 to the year 2050 to obtain a medium-long term projection of the results.  

 
Table 2: The list of parameters under the BAU scenario setting in each sub-model. 

Sub-model (s) Parameter Description 

 
 
 
 
 
Demographic 

Migration rate The average migration rate from 2010 to 2020 is 0.00352 of the total population in each 

age cohort based on primary data obtained from Australian Bureau of Statistics census 

data (ABS 2022). 

Agricultural education rate The agricultural education rate is 0.0316 of the total population in the age cohort 15-64. 

It was calculated according to historical data obtained from the Australian Bureau of 

Statistics census data for 2011 (ABS 2022). 

Agriculture sector 
employment rate 

The employment rate in the agriculture sector is 0.0825 of the total population in the 

age cohort 15-64. It was calculated according to historical data obtained from the 

Australian Bureau of Statistics census data for 2011 (ABS 2022). 

 
 
 
 
 
Agriculture, 
fertiliser use, 
land use, and 
local economy 

Diet, waste, and feed 
efficiency (Food system) 

This food system is a combination of the diet parameter (Willett et al. 2019), waste 

parameter (FAO 2011), and livestock feed efficiency parameter (Ridoutt & Navarro 

Garcia 2020) time series under SSP 245 scenario.  

Livestock productivity  Livestock productivity time series, including beef, sheep meat, wool (unit: tonnes/head), 

and dairy (unit: litres/head) under the RCP45 scenario was generated using the 

Australian national land use map data and the Australian ABS agriculture database from 

2010 to 2050 (Navarro & Marcos Martinez 2021).  

Agricultural commodity 
yield  

Agricultural yield time series (unit: heads/ha or tonnes/ha) under the RCP45 scenario 

was taken from (Navarro & Marcos Martinez 2021). 

Urban land-use change Average urban land use change was set at 0.014 percents per year from 2010 to 2050. 

This scenario was generated using historical land-cover maps at 30 m resolution from 

1985 - 2015 (Calderón-Loor et al. 2021). 

 
 
 
 
Water 
availability & 
water quality 

Water yield  The average water yield time series under SSP 245 scenario from 2010 to 2050 was 

generated using InVEST model. This model was applied different data sources, such as 

the Australian soil and land use grid, solar radiation data, WorldClim climate data, 

Priestley-Taylor evapotranspiration, and reference plant evapotranspiration coefficient 

(Sharp et al. 2018). The BAU average water yield scenario (i.e., SSP 245) was predicted to 

decrease gradually by 2050. 

Environmental water 
allocation  

The current trend of environmental water allocation was derived from DELWP (2019) 

and DELWP (2021) from 2010 to 2019. We assumed this trend continues to rise and 

reach 1100 GL/Year of environmental water allocation. 

Surface water recovery 
rate 

The average surface water recovery rate of 0.12 of total surface water use by all users 

was used which was calculated based on historic data from 2015 to 2019. Data was 

obtained from DELWP Water Accounts Online. 

2 Results 
2.1 Model structure 

The LESEM (Figure ) is based on the four highest priority SDGs as agricultural activities (SDG 2), water 
availability (SDG 6), economic growth (SDG 8), and life on land (SDG 15) which focus on socio-economic 
development outcomes and environmental impacts throughout the GMID. We split these four priority 
SDGs into the seven main sub-models: (1) demographic, (2) agriculture, (3) water availability, (4) land 
use, (5) local economy, (6) fertiliser use, and (7) water quality. The LESEM captures the main 
characteristics and issues of the study area. The model captures the effects of climate change (SGD 
13) on water yield, agricultural productivity, agricultural yield, and food demand; as well as the effects 
of other ley parameters such as migration rate, employment rate, education, surface water recovery 
rate, urban land-use change rate, and environmental water allocation within and between these seven 
sub-models (Figure ).  

https://deakin365-my.sharepoint.com/personal/rbandari_deakin_edu_au/Documents/SDGs/My%20File%20GM/Paper%202/DELWP%20Water%20Accounts%20Online


The water availability sub-model as an example of these seven main sub-models of LESEM is presented 
in Figure 5. This sub-model shows interactions between surface water storage, water allocation for 
different consumptive uses, water use by different users, surface water recovery, net surface water 
trade in GMID, infiltration to the ground water, evaporation losses through the system, agricultural 
water demand, and domestic water demand in the form of stocks and flow diagrams or other auxiliary 
variables. The water availability sub-model also connected with other sub-models of LESEM like 
demographic (by total population), agriculture (by reference yield of beef, sheep, dairy, and crops), 
local economy (by water requirement of beef, sheep, dairy, and crops-Irrigated), and land use (by 
projected beef, sheep, dairy, and crops land under agricultural land and water limitation-Irrigated). 
The detailed model documentation, including all seven sub-models, problems definition, equations, 
and used data, is available in the Supplementary Information.  

 

 
 
Figure 4. Structure and main sub-models of the LESEM. This model is composed of seven 

sub-models: demographic, economy, agricultural activities, food demand change, land use, fertiliser 
use, water availability, water quality, and ten BAU scenarios.  



 

 

  

Figure 5. Schematic of system dynamics for the water availability sub-model. The water 

availability sub-model separated into structures for water availability (A) and agricultural water 
demand (B). The water availability sub-model includes causal loop diagrams, stock variables, flow 
variables, and other auxiliary variables. All these variables contain an equation which described in 
Supporting Information in details.  

 

2.2 Model validation  
The LESEM simulation results from 2010 to 2050 are shown in Figure , plotted alongside historical 

data. The validation results for the 15 target variables demonstrated that the behaviour of the LESEM 

model was acceptable, and the deviations observed in the simulated data were consistent with the 

behaviours and average trends of the target variables. It is evident from the simulation results that 

the projected trends of agricultural land, dairy land-use, stream flow, agricultural surface water use, 

and agricultural water allocation are decreasing over time. In contrast, based on the simulation results, 

the outcome variables of cropping land use, dairy production, environmental water allocation, salinity, 

(A) 

(B) 



annual dairy revenue, annual agricultural revenue, urban water use, population, labour force, and 

skilled workforce exhibit an increasing trend in their projections. The maximum relative error (M) 

values range from -0.06 for the area of dairy land-use to 0.18 for annual agricultural income (Figure ). 

The validation results of the labour force, urban water use, annual dairy revenue, and cropping land 

use depict better performance with the lowest maximum relative error (M) among the other outcome 

variables.  

  
 
Figure 6. The comparison of the LESEM simulations with historical data. These plots demonstrate the 

BAU scenario projections for 15 outcome variables from 2010 to 2022 as well as future projections to 
the year 2050. 
 

2.3 Sensitivity analysis results  
Regarding the results obtained from the Monte Carlo sensitivity analysis of all constant parameters, 
some target variables were sensitive to the constant parameters. For example, the target variables of 
agricultural surface water use and environmental surface water use showed a high sensitivity to 
variation in constant parameters such as agricultural water allocation fraction and environmental 
water allocation fraction. These constant parameters were mainly affected by local policies and 
program priorities like environmental water and agricultural development policies. Furthermore, the 
blue-green algal bloom variable displayed sensitivity to the variables such as water storage height, 
total nitrogen, and total phosphorus. Both total nitrogen and total phosphorus mainly depend on 
various parameters such as agricultural land use, amount of fertiliser used, nitrogen and phosphorus 
concentration, and the number of cattle and sheep. 
 
 

 

 

 



 

Figure 7. The sensitivity analysis results of nine sustainability target variables. 

2.4 BAU projection 
Business-as-usual (BAU) scenario was run for the period of 2022 to 2050, with the assumptions 

mentioned in Table . Examples of the sustainability variables projections under the BAU scenario are 

shown in Figure  and Figure . BAU scenario analysis projected agricultural land use and agricultural 

surface water use in this region will gradually decrease until 2050. Specifically, the projections indicate 

that agricultural land use will decrease by 17%, and agricultural surface water use will decrease by 

26%. However, the skilled and labour workforce are projected to show a 17% increase, and urban land 

use is expected to increase by 74% by 2050. Additionally, by 2050, blue-green algal bloom and 

electricity conductivity (EC) are projected to increase by 118% and 39%, respectively. In the other 

hand, agricultural revenue and environmental surface water allocation are projected to increase by 

129% and 444%, respectively. 

2.5 Interactions analysis  

Analysing the SDGs in a silo and ignoring potential interactions between them can lead to adverse 
impacts on the overall fulfilment of the goals (Nilsson et al. 2016) and result in incoherent policies and 
adverse effects of development policies in specific sectors on the other sectors (Le Blanc 2015). The 
integrative nature of system dynamics allows for assessing the complex socio-economic and 
environmental system and analysing cross-sectoral interactions (Pedercini et al. 2020). We illustrated 
selected balancing (B) and reinforcing (R) causal loops as a sample of the LESEM’s causal loop structure 
centred on food production (i.e., SDG 2) to demonstrate change across other sectors (i.e., four priority 
SDGs) under different scenarios (Error! Reference source not found.).  

In Error! Reference source not found., the integrated nature of the priority SDGs is illustrated with 
causal loops and the impacts of various scenarios within one SDG and related sub-model(s) propagates 
throughout the whole system. For example, increasing food production and agricultural activities (SDG 
2) with limited ecological protection measures can create trade-offs and led to consequences in 
several other sectors, such as exacerbating water quality (SDGs 15) through using fertiliser (i.e., 
increasing total nitrogen or phosphorus) and reducing water availability (SDG 6). Reduced or increased 
available water affected food production, and consequently, food production impacted water 



availability in feedback loop B1. Concerning the balancing feedback loop B2, the increasing food 
demand scenario causes expanding agricultural land use, but water availability limits food production 
(SDG 2). Increased food production also impacts water availability by using more water in agriculture, 
while declining water availability decreases agricultural land use. 

Reduced available water due to the water yield scenario affects the water-dependent ecosystems’ 
environmental health by exacerbating water quality and limiting environmental water allocation (SDG 
15). Increasing food production also directly influences economic growth (SDG 8) and consequently 
increases the local population. Feedback loops R1 and R2 capture the synergies effects of increasing 
the local population on the number of the labour forces and skilled workforces and their synergies 
impacts on food production in the GMID. Overall, the causal loop diagrams in Error! Reference source 
not found. depict how this system dynamics model integrates the priority SDGs interactions 
throughout all sub-models in the LESEM and how important it is to understand those SDG interactions 
to make coherent policy interventions and perform a sustainability assessment. 
 

 

Figure 4: Selected balancing and reinforcing causal loops representing trade-offs or synergies interactions between  

agricultural activities (SDG 2), water availability (SDG 6), economic growth (SDG 8), and life on land (SDG 15). Positive feedback 
linkages are shown as a positive sign (+), whereas negative feedbac k linkages are shown with a negative sign (-). The purple 
arrows indicate the enviro-biophysical linkages. The green arrows indicate the socio-economic linkages.  Reinforcing causal loops 
are depicted with the positive sign. Balancing causal loops are displayed with the negative sign. The SDGs icons are the courtesy 
of the UN SDGs communications material. Colours should be used for this figure in print.  
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