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Abstract

:

Contemporary issues in agriculture and natural resource management (AGNR) span a wide spectrum of challenges and scales—from global climate change to resiliency in national and regional food systems to the sustainability of livelihoods of small-holder farmers—all of which may be characterized as complex problems. With rapid development of tools and technologies over the previous half century (e.g., computer simulation), a plethora of disciplines have developed methods to address individual components of these multifaceted, complex problems, oftentimes neglecting unintended consequences to other systems. A systems thinking approach is needed to (1) address these contemporary AGNR issues given their multi- and interdisciplinary aspects; (2) utilize a holistic perspective to accommodate all of the elements of the problem; and (3) include qualitative and quantitative techniques to incorporate “soft” and “hard” elements into the analyses. System dynamics (SD) methodology is uniquely suited to investigate AGNR given their inherently complex behaviors. In this paper, we review applications of SD to AGNR and discuss the potential contributions and roles of SD in addressing emergent problems of the 21st century. We identified numerous SD cases applied to water, soil, food systems, and smallholder issues. More importantly, several case studies are shown illustrating the tradeoffs between short-term and long-term strategies and the pitfalls of relying on quick fixes to AGNR problems (known as “fixes that backfire” and “shifting the burden”, well-known, commonly occurring, systemic structures—or archetypes—observed across numerous management situations [Senge, P.M. The Fifth Discipline, 1st ed.; Doubleday: New York, NY, USA, 1990.]). We conclude that common attempts to alleviate AGNR problems, across continents and regardless of the type of resources involved, have suffered from reliance on short-term management strategies. To effectively address AGNR problems, longer-term thinking and strategies aimed at fundamental solutions will be needed to better identify and minimize the often delayed, and unintended, consequences arising from feedback between management interventions and AGNR systems.
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1. Introduction


Contemporary agriculture and natural resource (AGNR) problems are becoming increasingly evident and affect the livelihoods of people and resources globally, such as local or global changes in climate (e.g., drought frequency and intensity; [1,2,3,4]), hydrological or water resource management issues (e.g., water security; agricultural water management; [5,6,7,8]), land resource issues (e.g., land transformation, soil quality and soil erosion, urbanization; [9,10,11,12]), biodiversity resource conservation [13,14,15], agriculture and food system challenges (e.g., food security, human health; [16,17,18,19,20]), and/or rural economic conditions and small-holder development. In many circumstances, these problems could be characterized as complex, as they have many interacting and overlapping feedbacks, where a systems approach to problem solving has been increasingly promoted, including strategies for enhancing ecosystem services [21], agricultural intensification [22], manipulation of multiple leverage points [23], and improving systems and resources integration [24].



Complex problems differ from simple or complicated problems in that they exhibit several key system properties: (a) components are tightly coupled and organized (“everything influences almost everything else”); (b) observed behaviors are dynamic (“change occurs at many time scales”); (c) interventions are most often policy resistant (“obvious solutions fail or make things worse”); (d) causal relationships are counterintuitive (“causes and effects are distant in time and space”); and (e) tradeoffs in preferred system pathways are presented (“long-term and short-term solutions are often at odds”) [25,26]. In the real-world, resources and systems often overlap and interact through complex feedback processes, which involve numerous variables, can operate at multiple temporal and spatial scales, and involve human decision making that can exacerbate perturbations or create new and unintended problems [26]. Because of the importance of human decision making, mental models of system stakeholders must be accounted for. Mental models “are deeply ingrained assumptions, generalizations, or even pictures or images that influence how we understand the world and how we take action” [25]. Mental models are dynamic in the sense that they can change as the stakeholder learns new or forgets old information, adopts or discards systems of belief, can change with changing perceptions about the system or problem of interest, and are always incomplete [25,27,28].



Because AGNR systems are complex and difficult to comprehend, previous efforts to address AGNR challenges have historically used traditional methods that are familiar and easy to accept [29], and that were promoted within disciplinary silos. In many of these methods, scientists employ a linear mental model of problems, which assumes simple cause-and-effect relationships between system components and focuses on progressively narrower model boundaries of investigative efforts to isolate components [30,31]. Such isolation exposes any analysis to the risk of not adequately recognizing or diagnosing root causes of issues or not incorporating all of the pertinent factors at work [30,31,32], which could lead to flawed or unsustainable recommendations regarding strategy or policy implementation as well as perpetuating the symptoms of the original problem (i.e., not adequately addressing the root problem) or making the problem even worse. For many of the problems described above, the problem symptoms continue to persist or are amplified (as shown in the above case descriptions [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20]), despite the massive attempts to curtail the problems (e.g., Kyoto and Paris climate agreements; the “Green Revolution” of the 20th century).



System dynamics (SD) is a scientific framework for addressing complex, nonlinear feedback systems [33]. As a methodology, SD draws upon both qualitative (e.g., survey and interview methods) and quantitative techniques (e.g., computer programming and simulation), emphasizes stakeholder involvement (to define mental models within the system), and encourages the researchers themselves to adopt a nonlinear mental model (to seek and describe the feedback processes of a problem’s dynamics). Specifically, SD modeling tools have proven to be useful in addressing AGNR problems. Our objective is to review the use of SD methodology, primarily the use of simulation modeling, for AGNR problems and provide a discussion on the role of SD for future applications in addressing 21st-century resource challenges. We begin with an overview of what SD modeling is and the general tenets of the methodology. Then, we overview successful examples of SD applications to a variety of AGNR issues. From those successful examples, we discuss the potential contribution and role of SD in addressing contemporary natural resource issues.




2. What Is System Dynamics (SD) Modeling Methodology?


The SD method was developed to enhance learning in complex systems, is fundamentally an interdisciplinary science (i.e., pertaining to more than one branch of knowledge; where two or more scientific disciplines are involved in a coordinated scientific investigation), is grounded in the theory of nonlinear dynamics and feedback control, and draws on cognitive and social psychology, economics, and other social sciences to incorporate human dimensions and decision making [33].



There are five general steps (similar to many other modeling approaches) used in applying the SD modeling process: (1) problem articulation; (2) development of a dynamic hypothesis; (3) formulation of a simulation model; (4) testing the simulation model; and (5) policy or strategy design, experimentation, and analysis (Table 1) [33]. The first step describes the researchers’ intentional effort to “admire the problem” rather than jumping to conclusions about the underlying mechanisms perpetuating an issue [34]. This may be achieved through stakeholder interviews or surveys, focus groups, eliciting mental models of the problem from key personnel, as well as collecting or aggregating all the relevant data that can describe the behavior of the problem over time (i.e., a reference mode). The second step aims to synthesize all that is known about the problem into an endogenous (i.e., feedback-based) theory upon which to evaluate the quantitative model (step 3). These first two steps are often associated or compared to “soft systems” methodology due to the emphasis placed on stakeholder engagement, defining decision-making criteria and mental models of the system actors/stakeholders, and conceptual modeling of the root causes of the problem of interest [33,34,35].



The third step is the construction of the quantitative model. Construction is aided by icon-based programming (consisting of stocks, flows, auxiliaries, information links, and clouds; Figure 1) used to conceptualize the primary feedback mechanisms and describe them using coupled partial differential equations. Practitioners advise modelers just setting out to “challenge the clouds” (clouds representing the boundaries of the quantitative model) by expanding their own mental and conceptual models about the problem at hand and resisting temptations to reduce the number of components included in the model for the sake of simplicity alone [36]. The fourth step attempts to “break” the model (i.e., test the model with extreme conditions and/or parameter values far outside the calibrated values which closely correspond to values in the real world) to investigate if assumed parameter values are realistic, if the direction of model responses correspond to expected feedback polarity to check model consistency, and to identify variables that could break the system or improve system function (e.g., potential leverage points) [33,37]. The third and fourth steps are often compared to “hard systems” methodology used in other types of systems analyses due to the emphasis placed on specifying system equations, objectives, constraints, ensuring basic natural laws are respected, and testing the model to understand its change in behavior quantitatively [33,37,38]. Interdisciplinary science is built into the SD methodology by the integration of both “soft” and “hard” components of a system or problem. The final step involves asking and applying “What if?” questions to the model based on proposed strategy or policy interventions (e.g., “what if government subsidies are raised or lowered?”; “what if different management practices are implemented?”) to identify places of management leverage or potential, and future tipping points. This summarizes the basic SD process behind the real-world applications described below. For methodological considerations of SD applied to different disciplines, see [39,40,41,42,43,44,45].




3. Application of System Dynamics to Agriculture and Natural Resource Problems


Before proceeding to the contemporary cases we have reviewed, it is important to acknowledge the first SD model incorporating AGNR relationships, which was the pioneering work of the World3 model published in The Limits to Growth in 1972 ([46]; updated in 1991 and 2004 [47,48]). The World3 model explored the upper limits of human developmental capacity by modeling the interacting feedback loops among five factors: population growth, food per capita production, nonrenewable resource depletion, industrial output, and pollution generation. Food production was considered one of the main drivers of population growth and was limited by reduced land fertility caused by pollution, which in turn was driven by population growth. The model assumed that higher food demand would cause higher land (arable) allocation to food production, thereby representing a limit to human population growth, and food production increases would cease due to land degradation when the arable land reaches its maximum level. Scenarios run with the World3 model resulted in overshoot and collapse of the human population in the mid-21st century due to the depletion of natural resources. The authors were largely criticized both for the novelty and uncertainty of the model and were labeled “pessimistic.” However, a recent comparison of the observed world data from 1970 to 2000 with the original estimates performed by [46] showed that historical data match favorably with the modeled trends [49,50,51].



Having summarized some persistent agriculture and natural resource (AGNR) problems and given an overview of the system dynamics (SD) modeling methodology (including the seminal work in The Limits to Growth study), this section reviews the application of SD to some contemporary AGNR problems, including hydrology and water resources; agriculture, land and soil resources; food system resiliency; and small holder development. Of the case studies presented, many involved stakeholder outreach and participation. Such activities were outside the scope of this review. Here we focus primarily on the integration of multiple scientific disciplines through the use of SD modeling. Although brief, each section directs the reader to multiple relevant resources that provide more detailed descriptions of the work described.



3.1. Hydrology and Water Resource Management


Hydrology and water resource management issues are inherently complex due to local climate characteristics (including variability in rainfall distribution patterns), surface water-groundwater connectivity, natural and man-made reservoir storage, growing populations and demand, among other factors. These characteristics make hydrologic and water resource management problems well suited to study by SD methodology. Scientists have used SD to study such problems beginning as the early as the 1980s with applications on small-scale hydropower analyses [51]. Various SD applications in hydrologic and water resource management problems can generally be categorized into two types: (1) water resource or watershed planning problems (where the research is used to better understand the current situation and/or to inform stakeholders regarding the current state of the system); and (2) scenario analyses of the impacts economics or policies have on water resources (i.e., to explore the behavior space of the current system given changed conditions or alternative strategies). In real-world situations, planning and analysis activities are often performed in tandem (i.e., one activity informs the other—a feedback loop in decisions and results) since they are each a respective step in the resource management process. In the literature, however, articles often focus on one activity or the other. Below, we provide some citations of each use (planning or analysis) with some illustrative applications.



Because of the integrative abilities of the SD method to connect physical and social system components, the emphasis on stakeholder participation, as well as the visual attractiveness of SD models, SD has been an effective tool for water resource planning problems throughout the world. There are many examples, both peer-reviewed [52,53,54,55,56,57,58] or presented at conferences [59,60,61]. Two illustrative cases dealing with groundwater management planning are shown, one in the Tenggeli Desert region, China, using qualitative causal loop diagramming [62], and another in the Palouse region, USA, which created a quantitative model to estimate groundwater drawdown rates useful for regional water planning and management [63].



Water resource planning case 1 Yaoba Oasis, China: Yaoba Oasis is an artificial oasis developed in the 1960s to resettle displaced herdsmen (“ecological refugees”) and relieve pressure from stressed grasslands [62]. Due to the arid environment, groundwater was pumped to support irrigation of newly cultivated land (Figure 2, loop 1). By doing so, aquifer levels were lowered, allowing salt water from the underground Taosuhu Lake to flow into the aquifer as water tables were lowered. Increased water salinity has degraded soils and limited the expansion of cultivated land (Figure 2, loop 2) as well as usable irrigation water (loop 3). As water wells are discarded due to salinity issues, water tables can recover and reduce salinity issues (loop 4). However, due to the delay in management perceptions of water availability, cultivated land continues to grow despite ongoing salinity concerns and a depleting water supply (loop 5). This behavior mimics both “fixes that backfire” (Figure 2) and “tragedy of the commons” archetypes [25,64]. Several contributing policies (subsidized water resource fees to reduce costs of crop production) as well as interventions (encouraging water-saving crops; investments in irrigation technology and well management, and institutional strengthening; loops 6 and 7) were identified. The addition of such strategies into the feedback loop structure highlighted potentially important leverage points for stakeholders regarding mechanisms to balance water consumption with water availability; similar situations of water resource constraints and strategies have been occurring globally.



Water resource planning case 2 The Palouse, USA: The Palouse region in Washington and Idaho, USA, has a growing rural population that is dependent on groundwater, relying on two basalt aquifers for potable water [63]. By synthesizing existing water resources data, researchers developed an SD model to simulate the Palouse hydrologic cycle and project trends in aquifer characteristics assuming that the current infrastructure does not change. By integrating population dynamics and hydrological processes at the surface with the geologic characteristics of the region, they found, in the near future, groundwater withdrawals will likely exceed recharge rates, making maintenance of groundwater resources unsustainable [63]. Another important result was identification of uncertainty in key system components (e.g., storativity and recharge) which are not readily affected by groundwater management efforts. This was a major contribution to the water resource planning effort since a better understanding of the behaviors of inflows and outflows of the aquifer helped inform stakeholders about managing the water resource. For additional material regarding systems thinking applied to water resource planning, see [65].



Similar to SD applications in water resource planning, water resource problem analyses (i.e., testing changing conditions or alternative policies) have had widespread application in the literature [55,66,67,68,69,70,71,72,73,74,75] as well as in the System Dynamics Society [76,77,78,79,80,81] across a broad range of issues from energy production to agriculture to municipal water management. We highlight two cases, one dealing with sensitivity analyses of uncertain socioeconomic parameters in a traditional irrigation community in northern New Mexico, USA [75], and another on scenario analyses of alternative water transfer policies in the Zayandeh-Rud River Basin of Iran [72].



Water resource analysis case 1 New Mexico, USA: Historic irrigation communities in northern New Mexico, USA (known as “acequias”) provide an array of ecosystem and socioeconomic goods and services based on the mechanisms of water distribution and management along hand-dug canals supplied by mountain snowmelt runoff. An SD model was developed to integrate information regarding community leadership, local hydrology, and agricultural economics. The researchers then tested (via scenario and sensitivity analyses) the extent to which community resource management practices centering on shared resources (e.g., water for floodplain irrigation) and community mutualism (i.e., shared responsibility of residents to maintain irrigation policies and cultural traditions) influenced the irrigation system function and ecosystem goods and services [75]. Similar to [63], the model revealed uncertainty in numerous system components, which the researchers explored through comprehensive sensitivity analyses. Sensitivity analyses revealed that agricultural profitability, community make-up (i.e., percentage of residents with historical familial ties), and land use (residential vs. cultivated) were key determinants of irrigation system response. This was due to their influence on feedback processes responding to input parameter perturbations [75]. Their results correspond well with other types of system analysis efforts in the field of socio-hydrology [82].



Water resource analysis case 2 Zayandeh-Rud River Basin, Iran: The Zayandeh-Rud River Basin has traditionally used a supply-chain oriented approach to deal with water stress in the past 60 years [72]. Researchers integrated the basin hydrologic, socioeconomic, and agricultural sub-systems (e.g., the hydrology sub-system, Figure 3) and tested alternative policy options for managing water stress, including business as usual (BAU; basin transfers assumed constant; ag water use efficiency = 45%), agricultural water demand management I, II, and III (AWDM; basin transfers similar to BAU but with different cropping patterns of 80% or 45% water use efficiency), and inter-basin water transfer with and without demand management (IBWT; representing transfers with or without groundwater pumping and improvements in agricultural water use efficiency). Forecasts for each of the policy scenario tests revealed divergent dynamics between the BAU scenario (increasing water shortages) and the AWD and IBWT strategies (consistent or decreasing water shortages). Their results indicated that common policy options for managing water shortages (primarily inter-basin transfers) promoted the growth of the system, and therefore, water demand, further perpetuating water shortage problems. Without considering the dynamics of the interrelated problems (i.e., the connections between hydrology, socioeconomics, and agriculture), water managers are bound to succumb to recurring and more severe water shortage problems. Management “quick-fix” strategies that are often employed (e.g., water transfers) are diagnosed by a common SD archetype (a commonly occurring systemic structure observed across numerous management situations) called “fixes that backfire” [25]. Overcoming this phenomenon requires a shift from short-term to long-term thinking (Figure 4) [25].




3.2. Agricultural Land and Soil Resources


As global populations continue to grow and more land becomes devoted to agriculture, agricultural production will have to be sustained on lands and soils traditionally not rated for intensive or long-term cultivation [11,16,17,19], creating elevated risk of soil erosion and other environmental externalities resulting from agricultural production [11,22,83]. Land use and agricultural practices may vary widely and can change based on modifications in public policies, pressure from urban expansion, changing economic conditions and profitability, and personal and cultural characteristics, among other factors. Because of the variety of influences, SD provides a useful framework for investigating how these socioeconomic characteristics influence the sustainability of land and soil resources, including both their productivity and ecosystem goods and services [84,85,86]. Land and soil models identified by our review may be categorized as: (1) soil modeling at the field scale via horizons; and (2) land management and erosion prevention at the watershed scale. Soil models at the field scale have focused on nutrient management [87], infiltration and water-holding capacity useful for reclamation decisions [88], or soil-water interactions useful for managing irrigation application for improved water use efficiency, reduced salinity, and reduced costs [89]. Likewise, several modeling efforts have documented the development, evaluation, and application of SD models representing reconstructed watersheds [90,91,92], which have been used to test and corroborate the implemented reclamation strategies within certain ranges of hydrologic conditions as well as compare different vegetation alternative for future reclaimed covers. Here, we highlight three illustrative SD applications, one at the soil layer scale, and two at the watershed scale.



Soil management at the soil layer scale with groundwater interactions: Due to the complex nature of water behavior in soils, managing irrigation water can be challenging due to common unintended consequences, including soil salinity issues as well as water table reductions due to reliance on pumping. In order to better understand the complex (nonlinear) interdependent relationships throughout the soil profile affecting soil water storage and the agricultural system, researchers developed a two-part SD model of soil-water-plant relationships with a dynamic link for interactions with the shallow groundwater table to account for natural recharge as well as pumping [89]. The surface layer model (Figure 5a) consisted of two balancing loops (ET → soil water content drawdown → reduction in ET; water content increase → percolation → reduction in soil water at surface) and one reinforcing loop (ET → capillary rise → soil water content → ET) around the soil water stock, while the surface-ground water interaction incorporated seepage, percolation, and lateral flows (Figure 5b). The model was then used to understand supplemental irrigation in aerobic rice systems, and demonstrated various water table drawdowns depending on irrigation application and groundwater abstraction rates. Because maintaining a sustainable groundwater resource is critical to sustainability, increasing irrigation applications can result in a “fix that backfires,” since continued irrigation applications may draw down the water table to the point that maintaining irrigation is too costly for the agricultural system.



Land management and soil erosion case 1 Alqueva, Portugal: The first case studied erosion and sedimentation in the Alqueva dam watershed, an agriculturally dominated area in southern Portugal [93]. The model used the Revised Universal Soil Loss Equation (RUSLE; [94]), which involves complex equations and large quantities of data. SD enabled the authors to circumvent this challenge by using the structural concepts of RUSLE and account for their interconnections while still generating meaningful predictions of soil erosion and sediment deposition at the watershed level (Figure 6). Their findings indicated erosion rates of 2.5–249.4 tons/ha. To aid in the improvement of agriculture practices utilized by farmers in the watershed, the model also identified the most influential factors on soil erosion given the particular soils in the watershed, aiding efforts to prevent soil loss and maximize capital for soil erosion prevention and remediation efforts.



Land management and soil erosion case 2 Keelung River, Taiwan: The second soil erosion case evaluated soil erosion and nutrient impact using an SD model in the Keelung watershed, one of Taiwan’s largest rivers which runs through the capital city Taipei [95]. For two decades prior to the study, Taipei’s urban and agriculture expansion had encroached on areas with steep slopes making the soils increasingly susceptible to erosion. Using a modified version of the generalized Watershed Loading Function [96], they estimated daily erosion up to 18,000 tons/day. Perhaps more importantly, the model captured the complexity of the problem by accounting for feedback between erosion, runoff, sediment, and economic (policy) sub-models. The economic component included subsidies to mitigate environmental risks, including afforestation subsidies, which reduced soil-related damage compared to the status quo. The approach the researchers developed offered a unique interface and data integration to conduct policy analyses for complex AGNR problems (Figure 7), allowing integration of other common computing platforms with SD. It is likely that advancements in Python™ and Statistical Program R [97] will continue to improve GIS integration into SD models.




3.3. Food System Resiliency


From food to food systems: World population increase in the 20th century and ongoing challenges of under- or malnourished populations has increased global food insecurity trends and therefore pressure on food security (i.e., all people at all times have physical and economic access to sufficient and nutritious food to meet their needs for an active life [98]) provided by food systems (i.e., the set of activities from production to consumption, including geographic, biophysical, human and socioeconomic features, and environmental constraints [99]). Since then, models of single food-related variables have been used to predict future outcomes and support territorial food security policies. In particular, food production and consumption and partial indicators of food security are often used to deduce implications of future trends [100] or by performing descriptive flow analysis [101]. On the other hand, focus on food-related boundaries continue to change from those in the last century as society moves from food products to food systems. Others have compared the main features of modern food systems to traditional food systems showing that the modern transformation may be attributed to: increases in urban populations relative to rural populations; increased number of national and global stakeholders of food production relative to local agents; enhancement of the processing phases of the food system relative to production phases; and affirmation of the long-supply chains relative to shorter or more local supply chains [102].



The main factors limiting the achievement of food security were traditionally linked to production shocks due to natural factors (i.e., climate trends such as poor rainfall). However, in modern food systems, food security has been more associated with variation in international prices, foreign trade problems, and income shocks causing food poverty [102]. It is now evident that food systems are affected by AGNR drivers but also produce outcomes in social capital (welfare, employment, wealth, etc.) and natural capital (environmental security, ecosystem services, stock variation, etc.) [93]. In response to these issues, food policies enacted by national ministries or departments of agriculture have switched from agricultural technology and production improvements to regulation around industrial competition, health and food safety, and waste management related to the food chains [99,102].



Other papers have reported insights to support food security policy at territorial and local levels. A non-exhaustive list of published models focusing on regional or local food systems was presented by [103]. SD models have focused on closing the food sufficiency gap. For example, in Colombia, food sufficiency is highly dependent on the land use and food demand, requiring a sustainable goal-seeking behavior of increasing producer training, service infrastructure, as well as adjustments in irrigation and drainage. Models have corroborated that increased productivity and efficiency will be required rather than agricultural land expansion [104]. Other uses of SD in food system research include food system distribution optimization for developing and transition countries [105] showing how food dynamics are deeply embedded in urban and rural dynamics and therefore the food systems cannot be managed as separate parts (e.g., urban versus rural; production versus retailing) [106,107,108].



To be sustainable, food policies have to be directed toward efficient AGNR management, including the supporting infrastructure of the food system (e.g., technology, organizational quality, roads, urban planning, etc.) and will have to be based on minimizing food gaps and maximizing food resilience. The pressure or temptation to lower food security and food system resiliency goals (e.g., 100% to 90% of food gaps closed by 2050) will be immense [107], leading to “drifting goals” behaviors among policymakers likely to support food resiliency for some albeit to the exclusion of others through the persistence of the food availability gap (Figure 8). The food availability gap varies due to two primary drivers: food demand (B1; which is the desired goal) and current food supplies provided by the system (B2; representing urban and rural resources) [106]. Rash policies directed towards infrastructure development in order to facilitate exchanges and food distribution (e.g., road building to generate greater accessibility) might be effective in the short-term but will incentivize continued urbanization, exacerbating congestion of the infrastructure and thereby eroding the ability to deliver food supplies, creating a “fix that backfires” (loops B2 and R3). Policies on resource use should account for natural limits to the system and respect the “limits to growth” (i.e., natural resources capacity; B2 and R4). In this context, it should be identified and emphasized that policies that degrade natural resource capacity (the carrying capacity of the system) might negatively affect food system production and increase the food gap. It indicates that food policy design should be oriented to maintain the system’s capacity to produce and distribute food, taking into account the current socioeconomic structures and the nation-state as a whole in order to support their human developmental capacity while respecting the natural constraints enforced by the local environmental and biophysical limits [108].



From food systems to food resilience: Systems perspectives of food systems that utilize holistic approaches such as SD (which focus on the relationships among the parts rather than the parts only [25,32]) can account for whole-system interactions and improve sustainability outcomes of food systems [109]. Internal and external drivers of change that appear as long-term pressures to the system can increase the system’s insecurity and exacerbate the problem of low food system resilience.



As described by [109], resilience thinking may assume different definitions depending on the area of application. The same authors reported that, in general, resilience is a dynamic concept that is broadly defined as the capacity of a system to continue to achieve goals despite disturbances and shocks [109]. This is an essential part of sustainability and might be measured by the system’s performance in the long run. Resilience is complementary to the concept of sustainability (e.g., the measure of the system performance in the long run) by measuring the capacity of the system to face disturbances. Therefore, food system resiliency was defined as “the capacity over time of a food system and its units at multiple levels, to provide sufficient, appropriate and accessible food to all, in the face of various and even unforeseen disturbances” [109]. A more resilient system can absorb a shock with a more rapid recovery than a less resilient one (Figure 9). Reduced resilience can cause incomplete system recovery resulting in sustainability albeit at an overall lower system capacity (similar behaviors are observed in the system archetype of drifting goals, where original standards are abandoned or forgotten in favor of short-term success or new, albeit lower, standards of resilience). Following the resilience action cycle approach, food resilience problems have been studied and analyzed with SD to develop viable solutions for sustainable economies, especially in developing countries [110,111,112,113]. To build resilience in food systems with aid from quantitative models, three different boundary-scale levels are recommended [109]: (1) national and regional on which territorial policies will be considered; (2) supply chain on which special products and value-chains are considered from local to global level, and (3) individual perspectives regarding smallholders and their livelihoods.




3.4. Integration of Smallholder Crop-Livestock Production and Smallholder Development


Sustainable intensification is a topic recently disseminated to solve social and economic inequalities around the world, and livestock is an intrinsic part of this sustainability enigma [114]. However, because of the complexity of the social-economic-environmental aspects of sustainability, system-oriented approaches for decision making are needed to succeed [24,115,116]. A holistic approach for integrating the crop-livestock-social components of sustainable intensification is required for effective deployment of technologies and assessment of failures. Many attempts in using decision support systems have been documented [114], but the application of SD in livestock is incipient [116]. Smallholder animal farmers are part of the sustainable livestock intensification program; mainly those in tropical regions that are mostly vulnerable to climate change [114]. The social aspect of smallholder crop-livestock production systems is extremely important because it entails subsistence farmers and herders, and small communities that are adapted to specific regions. SD models can be used to link social, economic, production, and environmental aspects because they rely on a big-picture perspective rather than being concerned with small details. For example, researchers have used an SD model to understand the functioning of mixed farming systems in the tropics, specifically in the Yucatán peninsula, including different components such as nutrition and management of sheep; partitioning of nutrients; flock dynamics; local and regional sheep production, marketing and economics; and labor [117]. A multi-objective modeling approach was adopted by combining different computer programs: the Agriculture Production Systems Simulator (APSIM) for crop modeling [118] and the Small Ruminant Nutrition System (SRNS) for animal modeling [119] with an SD model interfacing both programs (Figure 10). Applying their model to compare specialized systems versus mixed farming, they concluded the mixed farming scenario provided more income than specialized enterprises [120]. They suggested that for smallholders in that region, specialization was not sustainable, and therefore, mixed crop-livestock was the best production option.



Smallholders are considered the core of rural growth, especial in developing countries. Smallholders are often subsidence farmers that consider food security as the main objective and profit as the second objective [121]. SD models developed in the last decade were applied to describe rural communities and smallholder farm dynamics to support technical choices [121,122], promote rural growth and improve an efficient use of the AGNR [113,123,124], increase the technical training of farmers in rural communities of developing countries [125], and integrate smallholders in their socioeconomic and environmental context [126].





4. Discussion on the Roles of System Dynamics for Emergent Agriculture and Natural Resource Management Challenges


Based on the above cases, it is clear that SD has a role in addressing AGNR management problems. The role of SD in contemporary AGNR problems dates back to the earliest SD models, including World3 [46], and over the subsequent decades, SD has branched out into varying disciplines in order to account for greater specificity and complexity of the AGNR problems at hand. It is now evident that food systems are primarily affected by AGNR drivers. However, they also produce outcomes in social capital (welfare, employment, wealth, etc.) and natural capital (environmental security, ecosystem services, etc.) through feedback mechanisms between food consumer and producer sectors [99]. SD models have increased their focus on natural resource constraints that potentially limit the behavior of socioecological systems (e.g., food system infrastructure; growth of urban centers) (see [108]). We have highlighted several noteworthy cases of SD applied to water resources, land and soil, food systems, or smallholder livelihood issues. In each of these cases, the SD modeling method facilitated identification of key insights not previously recognized by researchers or practitioners in their respective disciplines. It follows from these cases that AGNR features and dynamics need to be included in future model boundaries of investigations around social and political stability, especially those where natural resources may be a component of the problem or conflict. Incorporating agricultural system resiliency measures into SD models will be useful if the aim is to find appropriate adaptation strategies to changing conditions in the long term [126].



Interestingly, several system archetypes were identified in a number of the case studies (e.g., fixes that backfire [62,65,89,106], Figure 2, Figure 4, and Figure 8; drifting goals [106,109,114], Figure 8 and Figure 9; limits to growth [106]; and tragedy of the commons [62]). The two most commonly identified archetypes were fixes that backfire and drifting goals. The generic fix that backfires situation is characterized by a “quick fix” to alleviate a problem (which works in the short term), but employing the fix creates unintended consequences that reinforce, or perpetuate, the original problem (i.e., the problem persists in the long term). The feedback loop structure is a balancing loop (the “quick fix”) embedded within a reinforcing loop (the unintended consequence). On the other hand, the drifting goals situation is characterized by the person, organization, or system that strives to meet a certain goal (e.g., a quality standard; profitability or production goal), but while waiting to see the results of invested efforts, it becomes easier to be satisfied with less and therefore lower the original goal [25]. The feedback loop structure of the drifting goals archetype is two connected balancing loops (one long-term loop capturing the invested effort to meet the original goal; one short-term loop that captures the pressure to lower the goal to a level that is easier to achieve).



Within SD modeling, archetypes are not unrelated [127,128]. We find that AGNR problems, based on the above cases, are on a path to falling into the common trap known as shifting the burden (Figure 11). The shifting the burden archetype is characterized by two balancing loops (similar to drifting goals) embedded within a reinforcing loop (similar to fixes that backfire). One loop captures a long-term solution to alleviate a chronic problem (e.g., meet societal needs for food and fiber production through regenerative solutions that protect biodiversity and enhance soil and water resources; B1 in Figure 11). Another loop captures the “quick-fix” solution (e.g., reliance on capitalizing easily attainable resources without regard for any social or environmental externalities; “take-make-waste” within B2 of Figure 11). The “quick fix” also represents lowering the overall sustainability goal (i.e., content with “take-make-waste” alternatives since they are generally faster and cheaper). The trap of shifting the burden lies in the unintended consequences (i.e., R loop in Figure 11), where reliance on short-term solutions are reinforced through unintended consequences on social systems (e.g., sunk costs which reduce management adaptability) and environmental systems (e.g., degraded ecosystems that lengthen restoration times and overall productivity). These short-term actions are often based on erroneous assumptions (e.g., infinite and cheap energy; non-limiting waste disposal capacity; non-limiting water and soil; stronger environmental resilience; etc.) [129]. In order to formulate effective policies that support fundamental solutions in the long term, supporting systemic perspectives and testing proposed strategies with tested models and scenarios of future behaviors will require collaborative approaches, where system researchers and stakeholders work together to identify and implement sustainable strategies [129,130]. Although our review has focused on examples of discipline integration through SD modeling, readers interested in stakeholder outreach and participation and how SD can provide aid in the decision-making process are encouraged to see [130].



Whether or not researchers fully adopt SD as their chosen methodology (and certainly not all scientists will become SD modelers in the sense they formulate models and test different policies), future approaches will increasingly become interdisciplinary in order to deal with the multifaceted and complex nature of AGNR problems. In such cases, the recognition and adoption of SD can hold great value, given it provides a proven modeling methodology to identify, describe, and quantitatively test the feedback loops interacting within a given system [33]. Even in most circumstances where not all of the interdisciplinary team members are SD modelers, they will still be integral to the research investigation due to their disciplinary expertise, which can enlighten researchers from other disciplines about the complexity of each respective component of the problem as well as inform the model formulation through the provision of expert knowledge (either personally or through guidance in the scientific literature) to the model developers.



Another unique capability that was observed in multiple case studies is that SD has the ability to connect and interface with other computer programs in a user-friendly manner. This makes SD a useful and necessary tool that should be integrated with different modeling platforms. Those platforms might be less adept at capturing feedback loop-driven processes and could offer different useful information such as data specialization in the case of GIS, agent behavior with agent-based modeling platforms, or input values to set up initial conditions in the case of empirical models specially developed for technical purposes. SD aids in “seeing the big picture” and with the array of SD programs, researchers now have a suite of model-building platforms that can integrate other types of models that otherwise could not be used in tandem.



A major limitation of the SD approach is the risk to formulating erroneous policies by trusting simulations of poor (i.e., unvalidated) models that produce inaccurate results (due to poor technical and evaluation considerations). The wide-ranging availability of modeling tools and software has made model development easier (particularly for novices without deep knowledge of biophysical or socioeconomic processes) and tempts modelers to quickly develop and test models without fully understanding the endogenous dynamics. Model critique and evaluation is critical before policy strategy recommendations are made. In order to build confidence in model results and recommendations, good modeling practices require (1) use of local knowledge and/or historical data to calibrate model predictions to reality; (2) sensitivity analyses of key variables (e.g., Monte Carlo simulation) and model boundary and extreme condition testing to gauge the model’s respect of physical and economic laws; and (3) analysis of scenarios compared to expert opinions (for model calibration and evaluation techniques, see [33,131,132]). Other limitations or criticisms of SD modeling include applications to the work type of problems, incorrectly applying the SD modeling method and its frameworks, and/or the tendency to build unnecessarily large models for “big” problems (for robust descriptions of these and other limitations as well as their handling strategies, see [133,134,135]). In this sense, SD modeling requires equal collaboration across boundaries [129]. For the scientific community, it will require increasing model building and model evaluation capacities, especially enhancing interdisciplinary approaches in modeling, as well as robust protocols of policy evaluation on the effects of applied actions on AGNR systems. Since all models are simplifications of reality and systems continually evolve, it is important that models are updated and improved as we learn more about the complex interrelationships contributing to the problems we face.



Finally, adoption of SD to a wider range of practitioners will remain difficult due to learning barriers observed in complex systems (e.g., limited information; confounding variables and ambiguity; misperceptions of feedback; flawed cognitive maps or (linear) mental models; defensive routines [136,137]). Overcoming these barriers requires improving the learning process (including primary and secondary education offerings in systems thinking), developing learning opportunities through management flight simulators (interactive computer models allowing participants to practice and learn dynamic decision making in real-time), reorganizing organizations to incentivize individuals to pursue systemic cause-and-effect solutions [136,137], and perhaps most importantly, overcoming deeply ingrained preconceptions by pausing to “admiring the problem” to assist in the shift from short-term to long-term thinking (Figure 11; [129]).




5. Conclusions


In this paper, we have described a variety of agriculture and natural resource management (AGNR) problems occurring globally. System dynamics (SD) provides a valuable framework for investigating these complex AGNR issues, specifically through the use of computer simulation modeling. After briefly describing the SD methodology, we provided an extensive review of SD applications to water, soil, food systems, and smallholder issues and illustrated in these cases several system archetype behaviors (e.g., fixes that backfire; drifting goals). Continuing down these paths are likely to lead to reliance upon short-term solutions to AGNR problems (i.e., “quick fixes” or “take-make-waste”), making it more difficult to employ fundamental solutions (e.g., regenerative solutions). If AGNR goals continue to “drift” (i.e., settle for lower sustainability goals regarding resource use and externalities), AGNR systems are likely to fall into the trap of “shifting the burden,” where reliance on “quick fixes” become the only feasible alternative. We conclude that common attempts to alleviate AGNR problems, across continents and regardless of the types of resources involved, have suffered from reliance on short-term management strategies. To effectively address AGNR problems, longer-term thinking and strategies aimed at fundamental solutions will be needed to better identify and minimize the often delayed, and unintended, consequences arising from feedback between management interventions and AGNR systems.



The ability of SD to aid in recognition of complex interacting factors and scientifically test different management or policy strategies was also of key importance. Several cases described ways in which SD was used to integrate with different types of models (e.g., RUSLE or APSIM) or computer applications (e.g., Microsoft Excel or ArcGIS), highlighting the potential that SD programs have to address complex AGNR issues by integrating different types of scientists and models into collaborative interdisciplinary investigations. However, adoption of SD into other disciplines remains slow due to a number of barriers, hindering more transformative or transdisciplinary research. Overcoming these barriers is possible and it will be essential to integrate concepts and models across a wide array of sciences in order to adequately address the emerging AGNR challenges. Due to the strengths embedded in SD methodology, SD provides a valuable framework to investigate AGNR problems, both independently and in tandem with other types of models and disciplines. SD should be a central tool for conducting transdisciplinary research capable of addressing our most pressing AGNR issues.
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Figure 1. Icons used in system dynamics programming. Stocks represent accumulations (expressed mathematically as integrals). Inflows and outflows change the level of the stock over the given time-step and are influenced by current system stock levels, auxiliary functions (which can take on any large number of potential mathematical functions; e.g., pulses; ramps; graphical or table; etc.), and delays, each connected through an information link. Clouds represent the model boundaries (i.e., sources and sinks), while shadows represent variables used in one location that have been formulated in another. The “R” symbol represents reinforcing (or positive) feedback (also denoted “+”) while the “B” symbol represents balancing (or negative) feedback processes (also denoted “−”). Here the Vensim PLE program (Ventana Systems, Inc., Harvard, MA, USA) is used, although there are some different SD programs available (e.g., iThink; STELLA; Powersim Studio; AnyLogic; etc.). 
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Figure 2. Feedback loop structure of cultivated land in the Yaoba oasis region, constrained by water availability, salinity, and well discarding (negative/balancing feedback loops B1–B4) and perpetuated by delayed perceptions of water availability (positive/reinforcing feedback loop R5), with potential leverage points (negative/balancing feedback loops B6 and B7); adapted and modified based on [56]. The common “fix” (installing more wells to pump water) eventually “backfires” as the perceived water availability outpaces actual water available, further developing more land in cultivation. 
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Figure 3. Hydrology sub-system similarly adapted and simplified from [65], displaying natural and anthropogenic-driven water flows, including domestic, industrial, and agricultural water demand that drives inter-basin transfers from surface water, further developing the watershed and ultimately total water demand. 
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Figure 4. “Fixes that backfire” archetype identified by [65]. The “quick fix” of delivering inter-basin transfers alleviates (or balances) water scarcity in the short-term, but makes it worse in the long-term by encouraging (or reinforcing) watershed development. Adapted and expanded based on [65]. 
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Figure 5. Soil water model used to simulate (a) soil water in the surface layer used for estimating soil-water (irrigation)-plant interactions; and (b) the surface water-groundwater interactions driven by irrigation applications and groundwater abstraction between fields. Adapted and simplified from [90]. 
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Figure 6. Soil erosion model based on the RUSLE framework used to simulate erosion dynamics at the field scale, based on local soil, climate, and management practices, with land use change in the watershed. Adapted and simplified from [94]. 
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Figure 7. Conceptual diagram displaying the interface capabilities of SD with other programs used in land use and soil erosion analyses; modified from [96]. 
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Figure 8. Systems analysis of food supply and distribution system (FSDS) adapted from [106]. Each labeled loop indicates an individual flow of information and/or materials. Well-known systemic structures, or archetypes, can be identified considering synergistic actions of the loops: drifting goals (B1 and B2); fixes that backfire (B2 and R3), and limits to growth (B2 and R4), where natural resources capacity represents the system-carrying capacity. 
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Figure 9. The food system resilience concept, adapted after both [109,114], displaying how a disturbance event acts on the function of food security and the possible responses from the food system depending on the system robustness (ability to withstand force), redundancy (ability to absorb force), flexibility (ability to recover rapidly), and resourcefulness and adaptability (ability to return the system back to previous condition). Possible system responses include proactive responses to improve system capacity, stable systems able to resist disturbances, sustainable equilibrium with low redundancy and high capacity losses, resilient recovery back to previous conditions, or unviable system degradation. Both system degradation and stable equilibria at a reduced level are both characteristic of the drifting goals archetype. Time is relative to the system in question, potentially days to years. 
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Figure 10. A graphical representation of an SD model interfacing with two non-SD models (APSIM and SRNS). Adapted and simplified from [119]. 
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Figure 11. Shifting the burden archetype seen across many agricultural and natural resource problems, where societal needs can be met through long-term (regenerative) solutions or short-term (wasteful) solutions. Often short-term solutions are employed because they are faster and less expensive, but create unintended consequences that hinder society’s ability to invest in long-term solutions through more degraded systems and sunk costs associated with relying on short-term strategies. 
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Table 1. An overview of the steps employed in the system dynamics (SD) methodology.
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Step of the Process 1

	
Purpose/Objective 1

	
Description of Activities 2

	
Advice of Practitioners






	
1. Problem articulation

	
Determine boundaries, variables, time horizons, and data sources

	
1. Interviews/surveys

2. Describing mental models

3. Collecting/aggregating reference mode data

	
“Admire the problem” [34]




	
2. Development of dynamic hypothesis

	
Initial explanation of the endogenous dynamics of the problem at hand

	
1. Identify current theories of the problem

2. Causal loop diagramming

3. Stock-and-flow mapping




	
3. Formulation of a simulation model

	
Move from qualitative to quantitative understanding of the problem

	
1. Specifying model structure, decision rules

2. Parameter estimation and setting initial conditions

3. Checking model consistency with dynamic hypothesis

	
“Challenge the clouds” [33,36]




	
4. Testing the simulation model

	
Building confidence in the quantitative model

	
1. Reference mode comparisons

2. Extreme condition testing

3. Sensitivity analyses

	
“Try to ‘break’ the model” [33,37]




	
5. Policy/strategy design and analysis

	
Identifying leverage or tipping points

	
1. Scenario design and analysis

2. Stakeholder outreach

	
“Ask ‚‘What if?’” [33]








1 From [33]; 2 A non-exhaustive list of activities. 








© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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