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Abstract
[bookmark: _Hlk163670796]Within the coupled human and natural systems (CHANS), social-water interactions exhibit the ‘green-loop’ and ‘red-loop’ patterns, where social development is dependent on the local and external environment for resource provision, respectively. Sustainable management requires coordinating the interactions between water and the other socio-environmental systems, which we term ‘systems water management (SYWM)’. To understand the generic social-water interactions and obtain management implications for green-red loop systems, we develop a SYWM meta-model that conceptualises high-level social-environmental components and formulates their interactions into casual loops. This meta-model is evaluated via structural equation modelling using global datasets. Red- and green- loop scenarios are constructed to investigate the SYWM differences, and mediation analysis is conducted to quantify the reciprocal effects through the loops. Results show a critically weak causal link (0.22) from environmental state to quality of life, implying that the current water management performances have not been successfully incorporated for guiding further social development. Green- and red- loop systems have different direct causal effects in each link, which drives the corresponding behaviour. Red-loop systems have stronger total effects in causal links within the human system, depicting their strengths in socio-economic and water management decision-making. In contrast, green-loop systems have stronger total effects within the natural system, which symbolises receiving more environmental feedback. A sustainable SYWM that enhances both decision-making and feedback is recommended for green-red loop systems. The meta-model provides a platform for interdisciplinary collaborations and practical tools development that implements systems thinking in water management for sustainable development.
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1. Introduction
[bookmark: _Hlk163653909][bookmark: _Hlk167298610]In the long history of humankind, the interactions between people and the natural environment have been widely developed, forming a coupled human and natural system (CHANS) (Liu, J., et al. 2007a). The intensified interactions generate significant sustainability challenges worldwide, including resource shortage (Cook and Bakker. 2012; Prosekov and Ivanova. 2018) and environmental degradation (Cardinale, et al. 2012; Eswaran, et al. 2019). Cumming et al. (2014) have attempted to reveal global-scale resource over-exploitation by classifying the CHANS into ‘green-loop’ and ‘red-loop’ systems based on the characteristics of their social-environmental interactions. In the ‘green-loop’ systems, social development is highly dependent on the local environment for resource provision and is thus susceptible to local environmental degradation. In contrast, in the ‘red-loop’ systems, social development is supported by external resources and is disconnected from the local provision. Both types of interactions will lead to unsustainable scenarios once they are poorly managed, resulting in either a degraded local environment unable to support social development (‘green trap’) or social development by over-exploiting external resources (‘red trap’), exacerbating the inequalities among countries globally. 
[bookmark: _Hlk167298723]Specifically for water as a vital life-supporting resource, its interactions with societies also exhibit the green-red loop patterns. For example, catchments with significant agricultural land use abstract water for irrigation from local water bodies (green-loop), while domestic water use in urbanised catchments is supplied from reservoirs in upstream catchments (red-loop) (Garrick, et al. 2019; Mutiga, et al. 2010). International trade enables the transfer of virtual water, defined as the water used throughout the production of goods, which results in red-loop countries using water resources from green-loop countries (Dalin, et al. 2012; Hung. 2002). Investigating social-water interactions can thus provide insights into understanding the mechanisms driving the green-red loop patterns and management implications for sustainable development. 
Managing social-water interactions requires integrating other socio-environmental systems into the scope of traditional water resources management that focuses on water infrastructure and water use. We term such extended water resources management as ‘systems water management (SYWM)’, which is defined as coordinating the interactions between the water system and the other social-environmental systems for maintaining long-term human development and environmental health. In this context, Integrated water resources management (IWRM) (Agarwal et al., 2000; Al-Jawad et al., 2019) and sociohydrology studies (Baldassarre et al., 2013; Han et al., 2017) have attempted to conceptualise the components within CHANS and their interactions in detail for specific water management problems, including flood (Chen, et al. 2016; Yu, et al. 2017), water scarcity (Gonzales and Ajami. 2017; Medeiros and Sivapalan. 2020) and transboundary rivers (Li, et al. 2019; Lu, et al. 2021). These interactions are typically formulated into causal links and simulated via models of various complexity, across system dynamics (Di Baldassarre, et al. 2013; Elsayed, et al. 2020), agent-based (Giuliani and Castelletti. 2013; Haer, et al. 2017) and hydrological models (Abebe, et al. 2019; Müller, et al. 2017). The models have been further applied with optimisation algorithms (Wang, et al. 2023), fuzzy programming (Zeng, et al. 2016), and decision-making methods (Zeng, et al. 2019) to identify the optimal solutions that balance the trade-offs between social and environmental objectives. Though these studies have successfully explained the mechanisms and developed management strategies for isolated water management issues, it still lacks a common understanding of the generic, systems-level interactions between socio-economic development, environmental state, water infrastructure, and environmental impacts by human activities, which exist in any CHANS. On the other hand, the conceptualisation of these interactions, especially those involving socio-economic components (e.g., human behavior), has been mostly based on empirical evidence (e.g., phenomena descriptions (Liu, D., et al. 2015), stakeholder engagement (Sohns, et al. 2021), and statistical correlations (Cumming and von Cramon-Taubadel. 2018)). A more rigorous method (e.g., theory of causation (Pearl and Verma. 1995)) with quantitative multi-disciplinary datasets should be adopted to validate the conceptualised interactions. Overall, a SYWM meta-model should be developed to achieve such a generic conceptualisation of coupled human-water systems with rigorous validation.
[bookmark: _Hlk167298849]A key hypothesis of this study is that a SYWM meta-model can conceptualise social-water interactions within both green- and red-loop systems. We expect that the causal effects of green- and red-loop links are different, which drives the system to exhibit two respective patterns. As an example, red-loop systems may have a weaker causal effect from environmental impacts to the environmental state than green-loop systems, due to the disconnections from the local environment. The SYWM meta-model should be able to reveal such mechanisms by evaluating the causal effects of each link in green- and red-loop systems, respectively. Moreover, the causal links can form loops that result in reciprocal effects and feedback as a ubiquitous systems characteristic (Liu, J., et al. 2007b; Mashaly and Fernald. 2020). Such loops can deliver positive feedback (reinforcing loop) or negative feedback (balancing loop), with the total reciprocal effects in the system as a sum of them (Jeong and Adamowski. 2016; Mai, et al. 2020). Neglecting the reciprocal effects can result in unintended consequences, which may undermine the efficacy of the management (Di Baldassarre, et al. 2019). For example, installing water-saving irrigation appliances can increase irrigation efficiency and thus encourages farmers to grow water-consuming crops, which consequently increases the total amount of water used for irrigation than before (Dumont, et al. 2013). The meta-model should be able to quantify such reciprocal effects as systems-level information for guiding future SYWM in green- and red- loop systems.
[bookmark: _Hlk163639679][bookmark: _Hlk169115982]This study develops a SYWM meta-model to understand and manage the generic social-water interactions in CHANS for sustainable development. This meta-model conceptualises five high-level components and formulates their causal links into three loops based on empirical evidence (Section 2). The novelty of this meta-model lies not in its immediate application as a practical tool for solving specific water management problems, but rather in two key contributions: (1) validating the role of water management within CHANS by evaluating the causal links using global datasets of social-environmental indicators, and (2) serving as a preliminary framework for diagnosing CHANS with unsustainable water management outcomes. As a case study, the meta-model is applied to reveal the mechanisms underlying the green-red loop behaviour. Scenarios are constructed to investigate the differences in causal effects for each link between systems, allowing for the identification of critical interactions that should be prioritised in management. These findings provide insights for sustainable water management tailored to the green- and red- loop systems. The main results of causal effects and their SYWM implications are discussed in Sections 3 and 4, respectively, based on which future directions are proposed in Section 5.
2. Methodology 
[bookmark: _Toc36729884]A methodological framework is proposed to understand the green-red loop human-water interactions in Fig. 1. A SYWM meta-model is first presented in this section, along with the components’ definitions and causal links establishment. The meta-model is derived from a streamlined version that is used for diagnosing sociohydrological phenomena presented by Mijic et al. (2024). Indicators and data used for evaluating the causal strengths to validate the meta-model are then listed, followed by the method descriptions of SEM. Scenario construction and mediation analysis are explained in the end. 
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Fig. 1 A methodological framework for understanding the green-red loop pattern in coupled human-water systems
2.1 System water management (SYWM) meta-model 
2.1.1 Components
We delineate the CHANS into five high-level components (Fig. 2). We use ‘quality of life (QoL)’ to represent social well-being and ‘socio-economic development (Dev)’ to represent the level of economic activities in society, following Cumming et al. (2014)’s configuration. ‘Environmental state (Env)’ is adopted to represent a combination of both conditions of and service provision by ecosystems, due to the latter’s heavy dependence on the former (Collados and Duane. 1999). ‘Water Infrastructure (Inf)’ and ‘environmental footprint (Ftp)’ are included to explicitly conceptualise the role of water management. Detailed definitions of these components are described below.
[image: ]
Fig. 2 System water management meta-model in the scope of coupled human and natural systems (R = reinforcing loop, B = balancing loop, + = positive causal effects, - = negative causal effects)
In human societies, meeting physical and mental needs(Costanza, et al. 2007) through various products and services indicates social well-being (Vita, et al. 2019). We define quality of life (QoL) as the degree of satisfaction of human basic physical needs, including nutrition supply, income, education, long life expectancy, etc (O’Neill, et al. 2018). We only focus on physical needs because their satisfaction is the major goal of water management.
The provision of products and services via economic activities, including production, consumption, and trade (Henderson, et al. 2018), to satisfy the physical needs is represented by the socio-economic development (Dev). The ability of such provision largely lies in the prosperity of the economy, which is reflected in economic output, economic structure (Constantine. 2017), etc. Space and infrastructure are important physical conditions for supporting economic activities, provided by land use for agriculture, urban, and industries (Holl. 2004; Zare, et al. 2019). 
In the natural system, the overall conditions of ecosystem components (e.g., soil, atmosphere, water, biology) define environmental state (Env). Natural capital (Collados and Duane. 1999) and biocapacity (Niccolucci, et al. 2009) are similar concepts but attempt to quantify the environmental state using synthesised proxies, which are monetary value and area of biologically productive land, respectively. In comparison, we emphasise viewing the environment as a system in our definition, whose state should be determined by all its components as a whole.
Specifically for water resources management, water infrastructure has been widely built and operated worldwide with various functions, including supply, drainage, storage, treatment, etc. We summarise the functions and define the water infrastructure (Inf) as the facilities engineered by humans for utilising and protecting water resources.
Human water use activities, which extensively exist in domestic and agricultural production and consumption, have generally negative impacts on the local environment, whose absolute quantity is defined as environmental footprint (Ftp) and explicitly conceptualise as another important form of water management in the meta-model. We do not directly use ‘water footprint’ because it aims to quantify water use embedded in products (Hoekstra, et al. 2011) but less on what impacts such water use will cause on the environment. Though ‘ecological footprint (EF)’ measures such environmental impacts, it has been quantified as the area of biologically productive land needed for natural resources and carbon emissions (Global Footprint Network,. 2019). The impacts on freshwater resources are not explicitly accounted for in this concept, which we would like to emphasise in the Ftp. 
2.1.2 Causal loops
We formulate the interactions between these five components into three hypothesised causal loops (Fig. 2), supported by empirical evidence in previous sociohydrology studies (Kandasamy, et al. 2014; Liu, Y., et al. 2014).
Social development loop (R1)
The social development loop describes the interactions between QoL and Dev. It is hypothesised that people’s desire to pursue better QoL drives them to take actions for socio-economic development, including land use expansion, industrialisation, entrepreneurship, etc. As a result, more economic output will be generated, with the improved provision of goods (e.g., sufficient supply of commodities and clean water) and services (e.g., accessible education and medical treatment), which in return satisfies human physical needs and improves people’s QoL (Costanza, et al. 2007; Haq and Zia. 2013). Better QoL has advantages in stimulating more advanced development, such as attracting skilled workforce (Wong. 2001) and fostering technological innovations (Vukoszavlyev. 2019), which forms a reinforcing loop.

The other two loops consider the causal effect on QoL from Env. A good Env can benefit QoL via delivering provisioning (e.g., resources) and regulating (e.g., maintenance) ecosystem services (Collados and Duane. 1999).However, Env can be affected differently by Dev via the two water management loops.
Environmental footprint expansion loop (B)
Ftp keeps expanding along with Dev, indicating the generation of more environmental impacts caused by intensive water use in production and consumption activities. Industrial production generates highly polluted wastewater severely threatening the aquatic environment (Carmen and Daniela. 2012). The associated urbanised land use reduces rainfall infiltration, resulting in less groundwater recharge and more flashy stormwater (Han, D., et al. 2017; National Research Council. 2009). Meanwhile, developed societies generally have higher resource consumption (Seppelt and Cumming. 2016; Srinivasan, et al. 2017) and irresponsible consumption behaviour that potentially generates more waste (Filimonau and Gherbin. 2017). As another piece of supportive evidence, EF and Human Development Index (HDI) have been found positively covarying among global countries by Cumming & von Cramon-Taubadel (2018). Overall, such expanded Ftp driven by the Dev generally causes negative impacts on the Env, which forms a balancing loop.
Water infrastructure development loop (R2) 
Satisfying the increasing water resources demand for production and consumption caused by Dev requires building and operating water infrastructure, including treatment plants, pipes, reservoirs, tube wells, and canals. We hypothesise that water infrastructure, if designed and managed as part of the wider water management system, can (and should) have positive impacts on the Env and the associated ecosystem services. The operation of water infrastructure enhances the provisioning ecosystem services for resource supply and prevents natural hazards such as drought, floods, and water-borne diseases (Tortajada. 2014). It can also mitigate pollution emissions from human systems to the environment via wastewater treatment facilities (Eggen, et al. 2014), which avoids significant environmental deterioration. Though there have been side effects reported where water infrastructure disturbs ecosystems (e.g., biodiversity losses due to dams on rivers (Arthington, et al. 2010)), we argue that the overall benefits of enhancing ecosystem services are dominant.
2.2 Indicators and data
[bookmark: _Hlk39518198][bookmark: _Hlk167350843]We select a range of indicators to quantify the five components and collect the associated data at a national level for global countries (Table 1). These indicators correspond to the five high-level components for the subsequent evaluation, based on their relations to the latter’s definitions, which are justified as follows.
Table 1 Summary of indicators and data sources for quantifying the five components in the meta-model
	Components
	Indicators
	Type1
	Abbrev-iations
	Data sources
	Temporal range2
	Units

	Quality of Life 
(QoL)
	Population growth rate
	T
	Q1
	Worldbank
	1960 - 2018
	-/year

	
	Human Development Index (HDI)
	S
	Q2
	UN Human development report
	2018
	-

	
	[bookmark: _Hlk111993358]Poverty headcount ratio at $1.9 a day
	S
	Q3
	Worldbank
	1977 – 2017
	% of population

	
	Average calorific intake of food and drink
	S
	Q4
	FAOSTAT
	1961 - 2013
	kcal/capita/day

	Socio-economic development 
(Dev)
	Change in agricultural area
	T
	D1
	Worldbank
	1961 - 2016
	-/year

	
	Percentage of population living in the urban area
	S
	D2
	Worldbank
	1960 - 2018
	%

	
	GDP per capita
	S
	D3
	Worldbank
	1960 - 2018
	Constant 2010 US $

	
	Agriculture, forestry, and fishing, value added (% of GDP)
	S
	D4
	Worldbank
	1960 - 2018
	%

	
	Services, value added (% of GDP)
	S
	D5
	Worldbank
	1960 - 2018
	%

	Environmental state 
(Env)
	Change of biocapacity per capita
	T
	E1
	Global footprint network
	1961-2016
	-/year

	
	Water quality index
	S
	E2
	Srebotnjak et al. (2012) 
	2008
	-

	Water infrastructure (Inf)
	EPI drinking water score
	S
	I1
	Environmental performance index (EPI)
	2018
	-

	
	EPI wastewater score
	S
	I2
	Environmental performance index
	2018
	-

	
	EPI sanitation score
	S
	I3
	Environmental performance index
	2018
	-

	Environmental footprint (Ftp)
	EF consumption per capita
	S
	F1
	Global footprint network
	1961-2016
	Gha/year

	
	EF production per capita
	S
	F2
	Global footprint network
	1961-2016
	Gha/year


1 T = ‘trend’, S = ‘state’. 
2 It is noted that some countries only have available values in a shorter period.
[bookmark: _Hlk111989828]For QoL, we follow Cumming & von Cramon-Taubadel’s study (2018) that uses the Human Development Index (HDI) and population growth rate for revealing social well-being in green-red loop countries. HDI is an aggregated indicator that reflects the satisfaction of needs on health, education, and living standard (Anand and Sen. 1994). Such satisfaction will affect human fertility needs and demographics in a society, which is indicated by the population growth rate (Götmark and Andersson. 2020). In addition, poverty and hunger as social problems reflect inequality in the satisfaction of humans’ basic physical needs and are also taken into account in this study (O’Neill, et al. 2018). We use the ‘Poverty headcount ratio at $1.9 a day’ and ‘Average calorific intake of food and drink’ to quantify both problems, respectively.
For Dev, indicators for both economy and land use are included for quantification. GDP per capita measures the per capita value of the economic output in a nation and is adopted to evaluate the overall economic prosperity. Value added (% of GDP) of agriculture and service measures the net economic output of these two sectors and is adopted to indicate the economic structure (Malik and Ali. 2015). The percentage of population living in the urban area reflects the level of urbanisation, and the change in agricultural area indicates the expansion/reduction of agricultural production scales. These indicators have been used by Cumming et al. (2014), Cumming & von Cramon-Taubadel (2018) and Seppelt & Cumming (2016), to reveal different levels of socio-economic development in green-red loop societies. 
For Env, biocapacity (Global Footprint Network,. 2019; Niccolucci, et al. 2009) is defined as “the ecosystems’ capacity to produce biological materials used by people and to absorb waste material generated by humans” and measured as the area of biologically productive land, which is used for quantifying land environmental state in this study. The water quality index (Srebotnjak, et al. 2012) that aggregates multiple variables including nutrient concentration and dissolved oxygen in global water bodies, is used to represent the state of water environment. 
For Inf, environmental performance index (EPI) scores for drinking water, sanitation, and wastewater treatment (Wendling, et al. 2020) that measure people’s access to water supply and drainage collection facilities are adopted. Finally, EF (Global Footprint Network,. 2019) for production and consumption are adopted for quantifying overall human impacts on the environment as Ftp.
[bookmark: _Hlk167299913]These indicators can be divided into two types (Table 1): ‘state’ indicators that illustrate the condition of the component and ‘trend’ indicators that illustrate the changes during the available period of the data. The data used for ‘state’ indicators is the latest available value () to reveal the current situation (Eq. 1), whereas both the earliest () and the latest available values are used to evaluate the ‘trend’ indicators (Eq. 2), which are listed in the Supplementary Material. The ‘trend’ indicators are calculated as the annual rate of changes (in %) for each country, which is the percentage of increase/decrease divided by the number of years () in the available period. 
					(1)
				(2)
2.3 Causal effects estimation using SEM
[bookmark: _Hlk167300712]To evaluate the causal effects of each link in the meta-model, structural equation modelling (SEM) is used. SEMs are multivariate methods that build the linkage of measured indicators to test the hypothesised causal relationships between unobserved latent variables (Thakkar. 2020). Latent variables are constructs of the measured indicators and can be divided into latent endogenous variables (caused by one or more variables) and latent exogenous variables (independent and not caused by other variables) (Gunzler, et al. 2013). In this study, the five components are all latent endogenous variables (), as they are causing each other, with no exogenous variables. The matrix representation of SEM models is shown in Eq. 3-4  (Bollen. 1987).
                                                  (3)
                                                  (4)
Where  is the matrix of coefficients that describe the effect of an endogenous variable on another,  is a vector of measured indicators,  is a coefficient matrix of the effects of endogenous variables on measured indicators,  and  are a vector of errors or disturbance terms.
[bookmark: _Hlk167300169][bookmark: _Hlk167300507]As SEM essentially estimates the assumed linear relationship between variables  (Lowry and Gaskin. 2014), a ranking-and-scoring approach is adopted to process the data for enhancing the linearity. This approach starts by ranking the countries of each indicator from the largest value to the lowest value, and then scores the country series from 1 to 0 linearly based on the rank. The scores obtained will be input into the SEM, which is built using the Lavaan package in R programming (Rosseel. 2012). The matrix of coefficients  is generated and standardised as the direct causal effects for each link. The goodness-of-fit indices are calculated for model evaluation. This study chooses the Chi-square (χ2) to illustrate the goodness-of-fit because it has been deemed as a suitable index for sample sizes below 200  (Moss. 2009), which is the case in this study. 
2.3.1 Scenarios
Three scenarios with different sizes of data are designed for different study objectives (Table 2). The first objective of this study is to evaluate the current situation of SYWM at a global scale, and hence the full dataset that includes 123 countries with available values for all these indicators is used in the all-country scenario. 
Table 2 The number of countries included for scenarios that are designed for different study objectives
	Scenarios
	Number of countries
	Objectives

	All-country
	123
	To evaluate the current situation of SYWM in global countries’ CHANS

	Red-loop
	Removing 30% of countries from the green-loop side based on HDI
	To investigate the SYWM differences that drive CHANS to exhibit green- and red- loop patterns

	Green-loop
	Removing 30% of countries from the red-loop side based on HDI
	


The second objective is to investigate the SYWM differences that drive CHANS to exhibit green- and red- loop patterns. To fulfil this objective, a green- and a red- loop scenario that only includes green- and red- loop countries should be generated, and the causal effects in both scenarios should be evaluated using SEM, respectively. However, based on the Cumming & von Cramon-Taubadel’s study (2018) that determines green-red loop countries using HDI, there are 32 and 42 countries in each category, respectively. The sample size for both scenarios is thus too small to conduct a SEM. Alternatively, we generate both scenarios by removing the red- and green- loop countries, respectively (Table 2). We firstly follow Cumming & von Cramon-Taubadel (2018)’s method and evaluate the likelihood for a country to have green or red loop systems using HDI. Countries with higher HDI are deemed more likely to be red-loop countries, while those with lower HDI are deemed more likely to be green-loop countries. Given that the sample size of the all-country dataset is relatively small (123 countries), large removal of data may cause failure to find any results by SEM, whereas too little removal may fail to reveal the green- or red- loop characteristics in the scenarios. We then conduct a sensitivity test to determine the maximum allowable removal by removing data from each side by every 5% and then using SEM to check whether valid results can be found. As a result, a 30% removal from each side is found to be applicable and is thus adopted to generate data input for red- and green- loop scenarios, respectively.
2.3.2 Mediation analysis
[bookmark: _Hlk163587882]The final objective is to evaluate the reciprocal effects in green-red loop systems for guiding future SYWM. In the meta-model, such reciprocal effects exist in each link through all three loops. For example, QoL can affect Dev via the causal link (QoL → Dev) as direct effects but also through the R1 (QoL → Dev → QoL → Dev), R2 (QoL → Dev → Inf → Env → QoL → Dev) and B (QoL → Dev → Ftp → Env → QoL → Dev) as indirect effects mediated by other latent variables. We evaluate the reciprocal effects by calculating the total effects that are a sum of the direct and indirect effects for each link via mediation analysis. For a non-recursive SEM that contains loops, the reciprocal effects are calculated by following Eq. 5-7 derived by Bollen (Bollen. 1987).
                                                       (5)
                                         (6)
                                             (7)
where  is the matrix of direct effects between latent endogenous variables,  is the matrix of indirect effects between latent endogenous variables,  is the matrix of total effects between latent endougenous variables, and  is the identity matrix with the same dimension as . A convergence check where the largest eigenvalue of  should be less than one (Bentler and Freeman. 1983) is conducted before applying these equations. 
3. Results
3.1 Causal effects in the all-country scenario
The standardised coefficients obtained in the all-country scenario for each link illustrate a consistent pattern with positive/negative causal effects that are hypothesised in the meta-model (Table 3). All links have a p-value less than 0.05, which is deemed statistically significant. Most links have strong positive direct effects (above 0.7, p < 0.001). The weakest link is from Env to QoL, with a direct effect at 0.22 (p < 0.05). Ftp to Env is the only link that has a negative direct effect, with a value of -0.50 (p < 0.01). Indirect and total effects share the same pattern as direct effects (shown in Table A1). For goodness-of-fit, the Chi-square is 274.24, with a degree of freedom equal to 89 and p < 0.001, which is comparable with results in existing SEM studies (Klöckner. 2013; Schulz, et al. 2018). Alternative structures of meta-model were also tested via SEM with the same dataset to identify potentially missed links that have strong causal effects or redundant links that should be removed. However, either non-identified models or insignificant direct effects (p > 0.05) are obtained, which validates the configuration of the meta-model based on the indicators and data used.
Table. 3 Standardised direct effects for each link in the all-country scenario
	Causal links
	Human system
	Natural system

	
	QoL to Dev
	Dev to QoL
	Dev to Inf
	Dev to Ftp
	Inf to Env
	Ftp to Env
	Env to QoL

	Direct effects
	0.77
	0.89
	0.79
	0.97
	1.24
	-0.50
	0.22

	p-value
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.01
	< 0.05



3.2 Direct effects in the green- and red- loop scenario
Direct effects in green- and red- loop scenarios are different for various links (solid columns in Fig. 3). The green-loop scenario has stronger direct effects in most links than the red-loop scenario, particularly in the links that cause effects on Env. Ftp to Env has a direct effect of 0.72 in the green-loop scenario, which is 67.4% larger than that in the red-loop scenario (0.43, statistically insignificant with p > 0.05). Similarly, Inf to Env has a direct effect of 1.29 in the green-loop scenario, which is 24% larger than that in the red-loop scenario (1.04). In contrast, the red-loop scenario only has stronger direct effects in QoL to Dev (0.69) and Dev to Inf (0.69) than the green-loop scenario (0.65 and 0.62, respectively). The Chi-square for both green and red loop scenarios is comparable with the all-country scenario, with 222.03 and 246.18, respectively.
[image: ]
Fig. 3 Direct (solid columns) and indirect (transparent columns) effects for each link in the meta-model (blue = all-country scenario, red = red-loop scenario, green = green-loop scenario)
3.3 Total effects in the green- and red- loop scenario 
The indirect effects exhibit variation across the causal links and are significantly influenced by the direct effects in the mediated pathways, as exhibited in Eq. 6. In nearly all scenarios, the indirect effects of the causal links involved with QoL and Dev are more than double those of the direct effects. This is attributed to the strong direct effects (generally > 0.7) in the reinforcing loop (R1) formed by these two latent variables, which amplifies the causal effects passing through the loop. In contrast, the links from Inf to Env and from Ftp to Env have much smaller indirect effects, with less than two-fifths of their direct effects. This discrepancy is due to the substantial diminishment caused by the weak direct effects (< 0.3) from Env to QoL. 
After taking into account indirect effects (transparent columns in Fig. 3) through loops, the total effects in both green- and red- loop scenarios for each link exhibit a different pattern from direct effects. The red-loop scenario has stronger total effects in all links in the human system, including QoL to Dev (2.28), Dev to QoL (3.36), Dev to Inf (2.29), and Dev to Ftp (2.98). These links have 20%, 18%, 24% and 11% less total effects in the green-loop scenario, with 1.82, 2.76, 1.74 and 2.64, respectively. In contrast, the green-loop scenarios have stronger total effects in most links in the natural system, including Inf to Env (1.37) ad Ftp to Env (-0.77), compared to 1.22 and -0.51 in the red-loop scenario, respectively. Both scenarios have the same total effect in Env to QoL, with 0.76. 
4. Discussion
4.1 Current SYWM situation at a global scale
[bookmark: _Hlk163824439]Based on the collected indicators and associated global datasets, the causal effects obtained by SEM are all statistically significant (p < 0.05), which validates the hypothesised causal loops in the SYWM meta-model. Compared to traditional correlation analysis, these causal effects provide more information on directionality for understanding the generic social-water interactions, as stronger evidence for developing detailed causal loop diagrams and system dynamics models in sociohydrology studies. 
Different causal effects of each link can be interpreted as an indication of the current uncoordinated approach to manage social-water interactions in CHANS, especially between the social development loop (R1) and the two water management loops (R2 and B). In R1, the strong causal effects between QoL and Dev demonstrates that the socio-economic development is driven by the people’s desire for QoL improvement and improves QoL in return. Socio-economic development causes expansion of environmental footprint via resource use and pollution emission, which damages environmental state (B). This is illustrated by the strong positive and negative causal effects in Dev to Ftp and Ftp to Env, respectively. 
[bookmark: _Hlk115186343]Meanwhile, water infrastructure is built and operated to enhance the ecosystem services provision in the R2, which is demonstrated by strong positive causal effects between Dev to Inf and Inf to Env. However, the extremely weak link from Env to QoL demonstrates that the respective positive effect and negative effect through R2 and B are not significantly delivered to the QoL, especially compared with the strong causal link from Dev to QoL. In other words, water management has been conducted, but its consequences on the environmental state and ecosystem services are not reflected in indicators that can be used to guide IWRM decision-making. As a result, people will further drive social development based on the economic benefits obtained without implementing robust water management based on the environmental state, which will eventually lead to an unsustainable CHANS. 
4.2 SYWM mechanisms driving green-red loops
[bookmark: _Hlk163846761][bookmark: _Hlk163824499]Direct effects are statistically defined by how much change is induced with a unit change of one latent variable to the other with the absence of mediating latent variables (Allen. 1997). They eliminate the interfering indirect effects caused by mediating latent variables, which may be embedded in the previous investigations of relationships among empirical indicators. In this study, comparing the results of direct effects for the same causal link in green- and red- loop scenarios thus has advantages in revealing the fundamental SYWM differences in both systems. This is the reason why we focus on interpreting the results of direct effects, depicted in Fig. 3, as the mechanisms driving the green-red loop behaviour in this section.
In the social development loop (R1), QoL to Dev is stronger in the red-loop scenario (Fig. 3). This can be interpreted as red-loop countries with high living standards and better education having more advantages (e.g., attraction to skilled workforce  (Fratesi. 2014), technologies (Dutta, et al. 2019)) that can stimulate more advanced development such as high-tech manufacturing (Hashemkhani Zolfani and Bahrami. 2014). The minor differences in direct effects from Dev to QoL between both scenarios indicate that the benefits delivered by socio-economic development are almost equally important in improving QoL in green- and red- loop countries.
[bookmark: _Hlk163891469]Such socio-economic development in the red-loop scenario drives more water infrastructure development in the R2, with stronger a direct effect from Dev to Inf (Fig. 3). As water infrastructure development requires significant financial investment, a stronger economy is more supportive. Grames et al., (2016) modelled flood damage and economic growth and found that poor societies not able to develop flood protection infrastructure are exposed to more flood damage and economic losses than rich societies. However, water infrastructure seems to be more effective in enhancing ecosystem services provision in the green-loop scenario, with a stronger direct effect in Inf to Env. This highlights water resource provision as a more critical ecosystem service in green-loop countries, whose economy relies on the supply from the local environment. Building and operating water infrastructure are thus more important not only in improving domestic water use but also in supporting production economic activities (e.g., irrigation for agriculture, industrial use for manufacturing, etc.) in green-loop countries. Another reason may be that green loop countries currently have poor water infrastructure in general (Zhu, et al. 2021), the development of which can have significant improvement in providing clean water and sanitation and effluent treatment for water use safety. In contrast, red-loop countries generally have developed water infrastructure that already provides enhanced services for water use. Further expansion of water infrastructure may not improve the services as much as in green-loop countries.
On the other hand, the socio-economic development in the red-loop scenario causes less environmental footprint generation in the B loop, manifested as a weaker direct effect in Dev to Ftp in Fig. 3. Though the absolute amount of environmental footprint is still higher in red-loop countries (Global Footprint Network,. 2019), its generation per GDP increase might be lower than that in green-loop countries. This is supported by Fu et al., (2015) that reported China’s ecological footprint per GDP has been decreasing from around 0.4 million ha/yuan to 0.1 million ha/yuan after a long-term development, due to the increased resource use efficiency via technology improvements. However, the environmental footprint causes more damage to the environmental state in green-loop countries (i.e., a stronger direct effect in Ftp to Env). This may validate a key characteristic in the interactions between green-red loop systems, where red-loop countries’ environmental footprint is not fully applied to their local environment. Instead, part of it may be transferred onto the environment in green-loop countries (Dam, et al. 2017; Torras. 2003; Wu, et al. 2021).
As a shared link between R2 and B loops, Env to QoL has a slightly stronger causal effect in the green-loop scenario (Fig. 3), though it is still as weak as the all-country scenario. This qualitatively supports that social well-being in green-loop countries seems to be more dependent on their local environment for ecosystem services provision, while a disconnection between them exists in red-loop countries. 
4.3 SYWM towards sustainability for green-red loop countries
[bookmark: _Hlk163824557]The formulation of the three causal loops in the meta-model enables quantifying the reciprocal effects as feedback information, which helps to diagnose the strengths and weakness in current SYWM in green-red loop systems and inform designing strategies towards sustainability. We analyse the total effects that are a sum of direct effects and indirect effects through the loops and represent a consequent performance in the system. Specifically for each link, we interpret the total effects as the ability to make and implement decisions on socio-economic development (QoL to Dev), water infrastructure management (Dev to Inf), and environmental footprint expansion (Dev to Ftp), respectively; and the consequences of such decisions in affecting QoL as socio-economic feedback (Dev to QoL) and environmental feedback (Inf to Env, Ftp to Env, and Env to QoL) for future decision-making, respectively. According to such interpretation, the causal links are classified into socio-economic/water management and decision-making/feedback, respectively, whose total effects (shown in Fig. 3) are averaged for each cluster and illustrated in Fig. 4. 

[image: ]
Fig. 4 Averaged total effects (in absolute value) for causal links that demonstrate socio-economic/water management decision-making and feedback in green- and red- loop scenarios (solid lines), with hypothetical situations for green and red traps and sustainable SYWM qualitatively illustrated (dashed arrows).
In the social development loop (R1), red-loop countries are more successful in making and implementing social-economic development strategies and incorporating feedback from such development than green-loop countries. In the two water management loops (R2 and B), red-loop countries also have more ability to facilitate water infrastructure development and environmental footprint expansion but are less able to understand the consequences on the environment and perceive such environmental feedback. This attributes to their dependence on the external environment for resource provision, which might cause negligence on potential environmental impacts caused by their production and consumption. If the failure to perceive the environmental feedback persists, the limit of provisioning ecosystem services they can obtain would be overestimated, which results in intensified production and consumption with enormous resource demand that cannot be promptly satisfied. This may strengthen the socio-economic development that continues to support water infrastructure development but significantly expands the environmental footprint as well. A large proportion of the expanded environmental footprint keeps being transferred externally, leading to less perceived environmental feedback. As a result, a ‘red trap’ situation happens where the total effects of the causal links in the human system are enhanced while those in the natural system are weakened (hypothetical red dashed arrows in Fig. 4). 
On the other hand, green-loop countries receive more environmental feedback regarding what benefits and damage are caused by water infrastructure and environmental footprint to ecosystem services provision, respectively. However, they are less successful in launching effective social development and water management based on such feedback. Without such effective management, they will keep developing industries that heavily depend on local resources supply but may not be profitable enough to strengthen their economy (e.g., agriculture). Such a weak economy remains not able to support water infrastructure development nor significantly improve social well-being. The situation may be worse considering the high population growth rate in green-loop countries (Cumming and von Cramon-Taubadel. 2018), which results in even less access to clean water and sanitation and economic income per capita. Though the total environmental footprint may be expanded, its per capita value might decrease. All of these result in weaker total effects of causal links in the human system. Meanwhile, people will more significantly recognise the critical role of water infrastructure and environmental footprint in affecting their environment and consequently affecting their QoL, leading to stronger total effects of links in the natural system (hypothetical green dashed arrows in Fig. 4). As a result, green-loop countries enter ‘green trap’ with severely deteriorated environment and insignificant improvement in QoL. 
For avoiding both traps, red- and green- loop countries should conduct SYWM that coordinates decision-making and feedback according to their respective current situation. Red-loop countries should explicitly account for environmental feedback and incorporate it into decision-making. This accounting includes environmental footprint evaluation, regarding the total amount generated, the proportion transferred externally, and the impacts on people’s QoL in the external CHANS such transferred environmental footprint can cause. This evaluation aims to avoid irresponsible production and consumption that over-exploit external resources. The accounting should also include the conditions of water infrastructure and how their water infrastructure functions in enhancing ecosystem services and mitigating the damage to the local environment. Such enhanced inclusion of environmental feedback can increase the total effects of links in the natural system.
Green-loop countries need to promote more effective social development and water management based on the perceived environmental feedback. More profitable industries are needed for adjusting the economic structure and building a stronger economy. Such a stronger economy can significantly improve social well-being, including increased household income and accessible public services. It can provide sufficient investment in water infrastructure development, which helps to enhance the ecosystem services provision such as clean sanitation and sufficient water supply that are in urgent need. It can also increase the resource productivity via technological upgrades and reduce pollution emissions via cleaner production, which generates less environmental footprint per unit GDP  (Dong, et al. 2017; Fu, et al. 2015). However, the per capita environmental footprint is likely to be expanded along with the improved QoL which has higher GDP per capita and resource consumption. All these changes can increase the total effects of links in the human system. 
Overall, we believe that a sustainable SYWM situation (hypothetical blue dashed arrows in Fig. 4) for both green- and red- loop countries is the same, with strong total effects in all the causal links in both human and natural systems. This means both socio-economic and environmental feedback can be successfully perceived and incorporated into decision-making for effective socio-economic development and water management. As a result, co-benefits can be potentially generated to achieve multiple SDGs for global countries, including good health and well-being via QoL improvement (SDG3), clean water and sanitation via water infrastructure development (SDG6), and sustainable use of terrestrial systems via environmental state maintenance and environmental footprint management (SDG15).
5. Future directions
This study proposes a system water management meta-model that aims to conceptualise generic social-water interactions and provide insights in understanding and managing green-red loop systems towards sustainability. During the development and use of the meta-model, several lessons that may be useful for future research directions are obtained and summarised below.
[bookmark: _Hlk163845389][bookmark: _Hlk163844871]The development of the meta-model as a comprehensive framework follows a ‘top-down’ methodology and thus disregards detailed components and interactions, which might become dominant in specific regional issues. The causal effects are assessed using SEM that linearises the interactions, thereby being unable to capture non-linear behaviour between a pair of components. Based on the latest indicator values, the causal effects provide an evaluation of the current situation. To examine the historical evolution of social-water interactions, the analysis presented in this study can be replicated using data from different past decades. In addition, the causal effects can only provide qualitative insights in comparing the relative strengths of interactions rather than quantitative predictions of physical variables. These limitations hinder the meta-model’s utility in understanding mechanisms and designing and testing detailed management strategies tailored for local problems. 
The meta-model, however, can guide in developing practical modelling tools for managing social-water interactions to resolve specific problems. We suggest that all the causal links in the meta-model should be integrated into such tools with different focuses. The focus of modelling decision-making links is to formulate management plans that combine various measures into scenarios where detailed changes in biophysical conditions are applied, such as size, type, and locations of water infrastructure and land use. For the environmental feedback links, we need better systems models that can simulate how the water management measures intervene in physical processes embedded in the natural system as a whole, such as the interactions between supply and drainage, urban and rural water cycle, etc. The feedback links also emphasise holistically evaluating the QoL based on both socio-economic and environmental information, which requires multi-criteria analysis to coordinate different management objectives (e.g., economic development and biodiversity maintenance). A modelling tool that integrates all these links enables providing systems insights in social-water interactions to decision-makers for robust SYWM.
[bookmark: _Hlk169098004]Choices of indicators and the associated data may have significant impacts on the evaluation of causal effects using SEM. This is particularly significant in the high-level meta-model whose conceptualised system components have broad context. The selection of indicators is influenced by researchers’ perceptions of the components. Another factor affecting the choice of indicators is the data availability at the global scale. Some indicators might be more informative (e.g., ‘Population affected by water-related disease’ to reveal Env to QoL (FAO. 2016)), but the associated data is only available for a limited number of countries, which are thus excluded in this study. The substitution and addition of indicators with available global datasets might obtain causal effects that are different from this study. Hence, using SEM to robustly understand social-environmental interactions imposes higher requirements on interdisciplinary collaborations between researchers from different backgrounds that reach consensus on indicator choices, as well as the associated data availability on the global scale. Data error detection and correction methods (e.g., machine learning algorithms (Sun, et al. 2019)) could be applied for further enhancing the robustness of the results.
Finally, the guiding principles for future SYWM (Section 4.3) are obtained for green- and red- loop countries, respectively. These principles should be implemented firstly by evaluating each country’s likelihood to be a green- or red- loop system. Previous studies have used HDI as an index (Cumming and von Cramon-Taubadel. 2018) to accomplish such clustering. We argue that the characteristics of social-environmental interactions should be the focus of developing such an index because they are the key differences that distinguish green-red loop systems. The causal effects evaluated in the SYWM meta-model illustrate the characteristics and might provide useful information for deriving such an index.
Overall, interdisciplinary knowledge is encouraged to enrich the content of the meta-model to better reveal the complexity of the CHANS. Future case studies based on the meta-model would provide more useful insights into the application and validation of system thinking in water management toward a sustainable future.
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Appendix
Table A1 Direct, indirect and total effects for each link within all-country, red- and green- loop systems (significance of direct effects: * = p < 0.05, ** = p < 0.01, *** = p < 0.001, no mark = p > 0.05)
	Systems
	Causal links
	All-country
	Red-loop
	Green-loop

	
	From
	To
	Direct effects
	Indirect effects
	Total effects
	Direct effects
	Indirect effects
	Total effects
	Direct effects
	Indirect effects
	Total effects

	Human
	QoL
	Dev
	0.772
***
	2.598
	3.370
	0.688
**
	1.588
	2.276
	0.652
***
	1.172
	1.824

	
	Dev
	QoL
	0.890
***
	3.469
	4.359
	0.937
***
	2.418
	3.355
	0.950
***
	1.808
	2.758

	
	Dev
	Inf
	0.789
***
	2.655
	3.444
	0.693
***
	1.600
	2.293
	0.624
**
	1.122
	1.746

	
	Dev
	Ftp
	0.973
***
	3.274
	4.247
	0.899
***
	2.075
	2.974
	0.944
***
	1.697
	2.641

	Nature
	Env
	QoL
	0.218
*
	0.734
	0.952
	0.231

	0.533
	0.764
	0.274
*
	0.493
	0.767

	
	Inf
	Env
	1.243
***
	0.455
	1.698
	1.041
***
	0.183
	1.224
	1.290
***
	0.084
	1.374

	
	Ftp
	Env
	-0.496
**
	-0.182
	-0.678
	-0.431

	-0.076
	-0.507
	-0.715
***
	-0.046
	-0.761



Table A2 Standardised coefficients between latent variables and measured indicators variables in all scenarios
	Latent variables &
measured indicators
	All-country
	Red-loop
	Green-loop

	Dev =~
	
	
	

	D1
	-.600
	-.569
	-.242*

	D2
	.760
	.561
	.713

	D3
	.975
	.948
	.942

	D4
	-.868
	-.806
	-.712

	D5
	.709
	.652
	.518

	QoL =~
	
	
	

	Q1
	-.740
	-.599
	-.590

	Q2
	.987
	.977
	.965

	Q3
	-.827
	-.560
	-.790

	Q4
	.820
	.692
	.684

	Env =~
	
	
	

	E1
	.619
	.505
	.530

	E2
	.642
	.516
	.461

	Ftp =~
	
	
	

	F1
	1.004
	1.005
	.990

	F2
	.914
	.851
	.875

	Inf =~
	
	
	

	I1
	.980
	.950
	.959

	I2
	.853
	.754
	.661

	I3
	.983
	.954
	.976


* p-value = 0.018, p-values for the rest are all < 0.001
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