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Abstract:
Formal models are commonly used in natural resource management (NRM) to study
human-environment interactions and inform policy making. In the majority of applications, human
behavior is represented by the rational actor model despite growing empirical evidence of its
shortcomings in NRM contexts. While the importance of taking into account the complexity of human
behavior is increasingly recognized it remains a major challenge to integrate it into formal models.
The challenges are multiple: i) there exists many theories scattered across the social sciences, ii) most
theories cover only a certain aspect of decision-making, iii) they vary in their degree of formalization,
iv) causal mechanisms are often not specified. With this paper we provide a framework to facilitate a
broader inclusion of theories on human decision making in formal NRM models. It serves as a tool and
common language to describe, compare and communicate alternative theories. In doing so, we not
only enhance understanding of commonalities and differences between theories, but also support a first
step in tackling the challenges mentioned above. This approach may enable modelers to find and
formalize relevant theories, and be more explicit and inclusive about theories of human decision
making in the analysis of social-ecological systems.
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Abstract 1 

Formal models are commonly used in natural resource management (NRM) to study human-2 

environment interactions and inform policy making. In the majority of applications, human behavior 3 

is represented by the rational actor model despite growing empirical evidence of its shortcomings in 4 

NRM contexts. While the importance of taking into account the complexity of human behavior is 5 

increasingly recognized it remains a major challenge to integrate it into formal models. The 6 

challenges are multiple: i) there exists many theories  scattered across the social sciences, ii) most 7 

theories cover only a certain aspect of decision-making, iii) they vary in their degree of formalization, 8 

iv) causal mechanisms are often not specified. With this paper we provide a framework to facilitate a 9 

broader inclusion of theories on human decision making in formal NRM models. It serves as a tool 10 

and common language to describe, compare and communicate alternative theories. In doing so, we 11 

not only enhance understanding of commonalities and differences between theories, but also 12 

support a first step in tackling the challenges mentioned above. This approach may enable modelers 13 

to find and formalize relevant theories, and be more explicit and inclusive about theories of human 14 

decision making in the analysis of social-ecological systems. 15 

 16 

1. Introduction 17 

Formal models have been used extensively to study the interactions between humans and their 18 

environment, as well as inform policy making (e.g., Meadows et al, 1972; Clark, 1976; Nordhaus, 19 

1994). In natural resource management (NRM), modelling has advanced our understanding of the 20 

dynamics of natural resources, their response to management interventions and environmental 21 

change, as well as their vulnerabilities and regenerative capacities. This has informed policy 22 

decisions on harvest quotas, CO2 emission budgets, agri-environmental schemes as well as the 23 

identification of biodiversity hotspots and corridors for inclusion in protection programs 24 

(Karagannakios, 1996; Meinshausen et al, 2009; Myers et al., 2000; Simberloff and Cox, 1987). The 25 

focus on understanding natural resource dynamics and their optimal management has, however, 26 

neglected humans and their behavior as a key uncertainty for sustainable management (Fulton et al. 27 

2011). Given that natural resource use systems are social-ecological systems in which humans shape 28 

and depend on their biophysical environment (Berkes and Folke 1998), their adaptive responses to 29 

policy and environmental change cannot be neglected (e.g., Palmer and Smith 2014). Therefore, 30 

modelling approaches need to explicitly combine ecological dynamics and human behavior to 31 

address the interactions between the different domains. However, integrating human behavior into 32 

formal models on natural resource use and management is still a major challenge (Janssen and 33 

Jager, 2000; Fulton et al. 2011, Milner-Gulland 2012, Schlüter et al. 2012).   34 

Common approaches for integrating human behavior into formal models of social-ecological systems 35 

couple economic theory with resource dynamics (e.g., Clark, 1976; Nordhaus, 1994), capture human 36 

aggregated responses in feedback loops (e.g., Meadows et al., 1972), or use ad hoc assumptions 37 

(Smajgl and Barreteau, 2014). While the former is prescriptive in that it aims to determine the 38 

optimal resource management strategy or the optimal policy option given a set of constraints, the 39 

latter two aim to describe actual system dynamics by explicitly incorporating human behavior. The 40 

first approach is often based on very simple assumptions about human decision-making, namely the 41 

concept of the selfish rational actor, also referred to as homo economicus. The frequent use of the 42 
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rational actor in modelling human behavior and decision-making in NRM is not surprising since it is 43 

the standard model in economic theory and is straightforward enough to include in mathematical 44 

formulations. However, the key assumptions of the rational actor—that she has perfect knowledge 45 

and stable preferences, is selfish and makes calculations to identify an optimal decision that 46 

maximizes utility—are in contrast with empirical observations of how people actually make decisions 47 

concerning natural resource use (Siebenhuner, 2000; Van den Bergh et al., 2000). Also the 48 

assumption that these “deviations from optimal behavior” can be considered as “noise,” and hence 49 

would cancel out in large populations does not hold because much of these deviations are 50 

systematic. For example, in real life, people have their cultural habits, learn from other people, and 51 

often obtain utility from interacting with and helping other people (e.g., see Gintis 2000; Fehr and 52 

Gintis 2007, Fehr and Schmidt 1999). Such behavioral drivers and processes are expected to have 53 

consequences for the dynamics and performance of social-ecological systems at large. 54 

The importance of including the relevant complexity of human behavior in the study of human-55 

environmental interactions has been alluded to in recent publications (e.g., Janssen and Jager, 2000; 56 

Worldbank, 2015). The World Bank’s report on “Mind, Society and Behavior” (Worldbank, 2015) 57 

explicitly acknowledges the importance of capturing the most advanced understanding of how 58 

humans think and how context shapes thinking for the design and implementation of policies. 59 

Others argue that the current focus on a small set of theories of human decision-making in policy 60 

assessment (such as climate policy) limits the relevance of those exercises (Victor, 2015). Since 61 

formal models are used to inform policy making, the lack of inclusion of social science expertise can 62 

considerably limit both the usefulness of formal models and the effectiveness of policies. 63 

There is an abundance of theories in the social sciences that describe and test how people behave in 64 

various contexts. For example, in social and cognitive psychology, research has focused on processes 65 

of decision-making (e.g., Todd, Gigerenzer & the ABC Research Group 2012), social influence (e.g 66 

Cialdini and Goldstein, 2004), information processing (e.g., Anderson 1990), time discounting (e.g., 67 

Hardisty et al, 2012), and reinforcement learning (Skinner, 1953), just to mention a few. Theories 68 

have been developed on the gains and losses of group decision-making and situational and 69 

procedural contexts that affect outcomes (for an overview see e.g., Kerr and Tindale, 2004). In 70 

behavioral economics, the focus is directed at heuristics and biases, prospect theory and the framing 71 

of decisions (see e.g., Kahneman, 2003). However, this impressive body of knowledge has barely 72 

found its way into the field of natural resource management in general and social-ecological systems 73 

modelling of resource management contexts in particular.  74 

Modelers who aim to introduce alternative theories on human behavior and decision-making in their 75 

models of natural resource management, however, face several challenges (see section 2 for a more 76 

detailed discussion): (i) the vast amount of theories on human decision-making, some of which are 77 

even competing, makes orientation in the field very difficult. Moreover, the available knowledge is 78 

fragmented across different disciplines and disciplinary languages. Theories can have different foci, 79 

such as emphasizing the importance of selected social or environmental aspects. (ii) As a 80 

consequence, some theories on human decision-making address very detailed aspects of decision-81 

making, while others are very broad and comprehensive. Modelers need to recognize this diversity 82 

in scope and aims and may even have to combine several theories in order to model the process of 83 

human decision-making in a comprehensive way. (iii) Depending on their methodological 84 

background (experimental, conceptual, empirical), theories on human decision-making vary also 85 

with respect to the degree of formalization. This implies that modelers will have to specify elements 86 
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and/or processes of these theories to varying extents. (iv) Modeling social-ecological systems means 87 

simulating these systems over time, requiring the specification and representation of causalities in 88 

the models. Many theories on human decision-making tend to focus on correlations and thus lack an 89 

understanding of causal mechanisms that can be translated into a dynamic model. Modelers, thus, 90 

have to make assumptions about causalities when using such theories in their models. Overall, these 91 

issues make the selection of relevant theories for natural resource management situations and their 92 

formalization in social-ecological models and comparison very challenging. 93 

This manuscript is a modest step toward providing a framework to address these challenges and 94 

facilitate a broader inclusion of knowledge on human decision-making in formal models of SES. The 95 

aim is to support the identification, operationalization and integration of alternative behavioral 96 

theories into formal models of natural resource management. More specifically we aim to 97 

encourage modelers to think more systematically about the implementation of human decision-98 

making in their models and make use of the diversity of human decision-making theories from the 99 

social sciences where possible. The purpose of this framework is therefore threefold:  100 

● to provide a tool and common language for mapping, describing, organizing, comparing and 101 

communicating theories of human decision-making and by doing so  102 

● to enhance understanding of commonalities and differences such that modelers can make 103 

informed choices of which theory is relevant for a given context and research question, and 104 

● to support the operationalization of behavioral theories in formal models by providing 105 

guidance on relevant factors and processes of decision-making and facilitating a more 106 

systematic implementation procedure 107 

To provide a framework that meets these purposes is an ambitious goal. In order to make concrete 108 

progress, we narrowed down the type of decisions we were focusing on. The result is a focus on 109 

resource users (representing individuals, households or villages) making decisions on when, where, 110 

how and how much to appropriate from a resource— these are decisions on what crop to plant, 111 

where to fish and how many trees to cut. We do not include, for now, higher- level collective choice 112 

decisions, such as changing institutional rules, but we do include decisions on compliance to rules 113 

and social norms. 114 

The remainder of the paper is organized as follows: In section 2, we discuss the challenges modelers 115 

face when formally modelling human behavior. In section 3, we introduce the framework and apply 116 

it to a number of concrete theories from various social sciences in section 4. In section 5, we discuss 117 

the framework and conclude by considering how we may use this framework to implement different 118 

theories in simulation models, compare them and inform policy analysis. 119 

 120 

2. The challenge of formally modelling human decision-making 121 

Modelers need to overcome a number of challenges if they want to include theories on human 122 

decision-making in their dynamic models. As outlined above these relate to the need to navigate a 123 

vast amount of theories scattered across many fields; to deal with different foci, levels of 124 

comprehensiveness and formalization; and to assign causality where a theory may remain rather 125 

unspecific. In the following we briefly discuss these challenges in more detail.  126 



5 
 

The first challenge is finding relevant theories and navigating the vast amount of available theories 127 

and knowledge about human decision-making. Various social sciences (economics, psychology, 128 

anthropology, sociology, political science, etc.) study human behavior in diverse and sometimes 129 

specialized contexts, using various theoretical approaches and terminology. In fact, each discipline or 130 

even sub-discipline experiences a range of alternative theories that aim to explain very specific 131 

aspects of human behavior. For example, explaining why people cooperate in one-shot prisoner’s 132 

dilemma experiments can depend on cultural factors, emotions, cognition, and neural or hormonal 133 

processes (Henrich et al., 2001; Hopfensitz and Reuben, 2009; Moll and Tomasello, 2007; Rilling et 134 

al., 2002; Eisenegger et al., 2011). This has lead to many specific theories that relate to partial 135 

processes of human decision-making and behavior, next to a few generic (overlapping) theories. The 136 

Theory of Planned Behavior (Ajzen, 1991), for instance, is a more generic theory describing how 137 

behavioral beliefs and attitudes, normative beliefs and subjective norms, together with control 138 

beliefs lead to an intention to perform a behavior and influence the actual execution of that 139 

behavior. Hence this theory describes a full process, ranging from the formation of beliefs towards 140 

the performance of behavior. An example of a specific theory would be the Elaboration Likelihood 141 

Model (Petty and Cacioppo, 1984). This theory addresses the process of persuasion. It discriminates 142 

between central processing, where involved and capable people process arguments in shaping their 143 

beliefs, and a peripheral route, where less involved and less capable people evaluate cues—such as 144 

the attractiveness of the source—in in shaping beliefs. This fragmentation of knowledge makes it 145 

challenging to know the implications of different theories for different context interacting with each 146 

other at a system level.  147 

A second challenge is that, from a modeler’s perspective, decision-making theories are often not 148 

complete.  Formalizing a theory often uncovers logical gaps in the theory that must be filled in order 149 

to make a simulation work. Assumptions thus have to be made by the modeler that were not given 150 

by the theory (Sawyer, 2004). For example, when modelling human decision-making according to the 151 

Theory of Planned Behavior (Ajzen, 1991) one needs to specify the subjective norm, which refers to 152 

an individual's perception about how significant others (e.g., parents, spouse, friends, teachers) 153 

would judge the behavior under consideration. For the modeler the theory does not specify this in a 154 

way that allows for formalization. It remains open what other agents are “significant others” and 155 

what their level of significance is. The theory does not specify what principle should guide the 156 

formalization of the significance of other agents. Obviously, more specific theories can serve as a 157 

guide in this formalization, such as perspectives on interpersonal attraction. Variables can be 158 

identified (such as similarity, expertise, physical attractiveness, familiarity) that have an effect on 159 

who is considered to be a significant other, and, obviously, this differs among people, among 160 

situations, and over time, confronting the modeler with a vast unlimited horizon. This requires that a 161 

modeler identify the main drivers to be modelled, and make “crude assumptions” on the modelling 162 

details and then carefully check the robustness of model results to these assumptions. These 163 

challenges are not unique to formalizing of theories of human behavior. In fact most theories in the 164 

life and social sciences experience some ambiguities when translated into formal equations. This is in 165 

contrast to many theories in economics and physics that are described through mathematical 166 

equations. 167 

The third challenge is introducing causality.  Simulating human interactions with the environment 168 

over time requires the specification of causal relationships about how psychological, social and 169 

environmental factors influence an agent’s decision-making. Many of the theories, however, do not 170 
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specify causal mechanisms since they are based on empirical correlations and focus on the 171 

relationship between factors at one moment in time. Modelers thus need to make explicit 172 

assumptions on processes and mechanisms, for example, how the provision of factual information 173 

about the actual behavior of individuals within a community, such as the average energy 174 

consumption in a neighborhood or the amount of alcoholic consumption in a student population, 175 

affect decision-making (Cialdini and Goldstein, 2004). To translate this into causal relations for a 176 

model, we need to specify functional forms on how information about the behavior of others 177 

changes the likelihood of certain choices. This relationship can be explained in various ways, for 178 

example, by the fact that people want to conform to others or that the option that is dominant in 179 

the community becomes more salient.  Ambiguities or lack of knowledge on how variables relate to 180 

each other and determine the development of the system over time make it very important to be 181 

explicit about assumptions made and their implications for model results.  182 

In sum, the challenge of modelers is to identify and transform relevant theories on human decision-183 

making into crisp causal relationships, while the best available knowledge is fragmented, context 184 

dependent and descriptive. Given these challenges it is no surprise many models rely on rational 185 

choice, which is based on a clear, unified theory that has and can be easily formulated in 186 

mathematical equations. But rational choice theory does not represent our empirical knowledge on 187 

human decision-making. By providing a framework to communicate the knowledge from various 188 

relevant theories we want to support a first step in tackling these challenges and enable the 189 

modelling community to find, filter and formalize relevant theories. This may enable them to be 190 

more explicit and inclusive about the various theories of human decision-making in the analysis of 191 

social-ecological systems.  192 

 193 

3. A framework of human behavior in natural resource use contexts  194 

We took an iterative approach in developing the framework that involved formulating its elements, 195 

mapping theories and revising the formulation. We based its formulation on insights from a review 196 

of reviews of human decision-making in social-ecological systems (Cooke et al. 2009; Meyfroidt, 197 

2013; Scarlett et al. 2013; Van Vugt and Griskevicius, 2014) and in agent-based models (Carley and 198 

Newell, 1994; Bousquet and Le Page, 2004; Hare and Deadman, 2004; Matthews et al. 2007; 199 

Heckbert et al. 2010; An, 2012; Balke and Gilbert, 2014) as well as experience with our own 200 

implementations of different decision-making models in agent-based models of natural resource 201 

management. Definitions given below for the components of the framework draw upon general 202 

definitions, e.g., given by the Merriam Webster dictionary, to avoid biasing the framework towards 203 

one specific scientific discipline.  204 

A framework that supports communicating and comparing different theories of human decision-205 

making needs to be generic enough to capture the majority of theories and at the same time allow 206 

for a meaningful distinction between them. With this aim in mind we decomposed the decision-207 

making process within an individual into three major parts: 1) what comes in (perception), what goes 208 

out (behavior) and what happens in between (i.e., rules’ and representations that lead to the 209 

selection and execution of a behavior) (Figure 1). In Figure 1, the outer box represents the social and 210 

biophysical environment and thereby the decision context of an individual. The individual herself 211 

(inner box) is represented by the structural elements (state and perceived behavioral options) and 212 

processes involved in decision-making. Decision-making involves both conscious and unconscious 213 
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processes that lie in the interface of the individual and the environment (perception and behavior) 214 

and internal processes (evaluation and selection). We argue that different theories of behavior can 215 

be described as alternative configurations (presence and/or specification) of the structural elements, 216 

processes and context of an individual.  217 

The seven elements that make up our framework are defined and further detailed in Table 1. They 218 

are connected through flows of information or processes that make up the decision-making process 219 

as indicated by the solid arrows in Figure 1. An agent perceives the state of its environment, 220 

evaluates the information and possibly updates its state. The state and the perceived behavioral 221 

options enter the selection process, where the behavioral option that fulfills given 222 

goals/needs/satisfaction criteria is identified. The behavior is executed and affects the state of the 223 

social and bio-physical environment. For simplicity we focus on the main interactions between the 224 

elements, however, other ones are possible and likely. It is also important to note that not every 225 

theory includes or specifies all of the steps and that they do not necessarily follow this sequence.  226 

The dashed arrows represent the influence of one element on another. The state of an agent for 227 

instance may influence the perceived behavioral options, by either constraining an originally broader 228 

set of perceived behavioral options (e.g., due to limited available assets) or by enabling the agents to 229 

choose from additional behavioral options (e.g., due to new knowledge). The set of perceived 230 

behavioral options can also change over time as the result of learning, forgetting or changes in 231 

attention. Furthermore, the state may impact on the selection process by activating a different 232 

selection process (e.g. due to being dissatisfied). Finally, the perceived behavioral options may 233 

influence the search process regarding the search routines that can be executed on a given set (e.g., 234 

an optimization is not useful for a set with only one option). 235 
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 236 

Figure 1. The framework of individual decision-making, allowing for the comparison of selected 237 

behavioral theories to model human behavior. Solid arrows and corresponding ellipses indicate 238 

processes, boxes represent structural elements. Dashed arrows represent an influence of one 239 

element on another, e.g. the state influencing the set of perceived behavioral options.    240 
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Table 1: Definition and specifications of the different elements of the framework. Definitions are adapted from the Merriam Webster dictionary. 

Element Definition Specification/Examples 

Context 

Social & 
Biophysical 
Environment 

The environment the individual and her 
behavior are embedded in 

Social Env: actors and institutions
1
 that might affect individual decision-making through information exchange, 

coordination, satisfying need for belonging, etc.  
Biophysical Env: the biophysical properties and dynamics of elements such as a resource, a population or an 
ecosystem relevant for a particular decision context. Actors’ behavior can affect the amount, quality and location of 
a resource or population or the integrity of an ecosystem such as its food-web or habitat quality.  

Structural Elements 

State The internal state of an individual Attributes of an individual that influence the behavior selection process and possibly the perceived behavioral 
options. There are four classes of attributes: needs/goals, knowledge, assets, values 

State: 
Needs/Goals 

Physiological, psychological or material 
requirements for the well-being of an 
individual 

Needs are motivational goals/factors for behavior. Theories often include one or several of the following: utility, 
financial income, safety, reputation. Maslow developed a hierarchy of needs: physiological, safety, social, esteem 
and self-actualization needs (Maslow, 1943). Max-Neef classified subsistence, protection, affection, understanding, 
participation, leisure, creation, identity, freedom as basic human needs (Max-Neef, 1991).  

State: 
Knowledge 

The information and understanding an 
individual has about her social-
ecological environment and her own 
behavior within this context 

A) Declarative or factual: knowledge about the state and dynamics of the ecological system, the relation between 
actions and outcomes, memory of the outcomes of past actions or past system states; B) Procedural: knowledge 
about behaviors and the skills/abilities to perform; C) Relational: knowledge about the behavior and opinions of 
other relevant actors , e.g. knowledge about other actors the individual knows and what they typically do  

State:  
Assets 

Resources and other advantageous 
characteristics of an individual 

A) Personal (e.g., skills), B) Social (e.g., social networks, trust); C) Financial assets. Note that knowledge or value 
aspects can also be considered assets in some theories. 

State:  
Values 

Something (as a principle or quality) 
intrinsically valuable or desirable, i.e. 
not directly linked to the well-being of 
an individual or her motivational goals 

Values reflect deep, slowly changing beliefs, e.g. a conservation value reflecting how an agent values the 
conservation of nature per se without any direct monetary benefits or the value of future benefits (discount rate). 
Note that depending on the context and on the theory, considering others could be either a need or a value. 
Similarly, preferences can be related to either values or needs. 

Perceived 
behavioral 
options 

The set of options the individual 
perceives and thus can choose from 

Continuous, e.g. the amount of time an agent allocates between labor and leisure; or discrete, e.g. a set of 
behaviors the agent can choose from.  

Processes 

Perception The process by which an individual 
senses the surrounding social and 

Complete: the individual receives all possible information from the environment that is relevant to a decision; or 
Incomplete: i.e., the individual does not receive all information and as such is bounded in her knowledge 

                                                           
1
 in the sense of formal and informal rules/norms 
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biophysical environment  

Evaluation The process by which an individual 
determines the significance, worth, or 
condition of the perceived state of the 
social and bio-physical environment 

For example evaluation of the outcome of a past decision with respect to the returns provided, of fairness or equity 
of distribution of benefits within a group/society, or of the compliance with a social norm in the population.  

Selection The process by which an individual 
chooses her behavior from the set of 
perceived behavioral options taking its 
state into account 

Consists of either one or a multiple of different types of selection processes, e.g. 
● Random: randomly select one of the possible options 
● Optimization: evaluating all options and choosing the one with highest expected outcome 
● Satisficing: evaluating options until a behavior is found that is expected to satisfy  
● Imitation: selecting the most popular behavior of your friends, or larger community. 
● Social Comparison: evaluating options observed among others similar to you and selecting the one with the 

highest possible expected outcome. 
● Habitual (2 selection processes): 1. Automatic: (If satisfied) Repeating the behavior performed earlier otherwise 

switch to 2. Deliberate: (If not satisfied) any other selection process to select, explore and evaluate another 
behavior. 

Behavior the action that an individual executes 
as a result of the decision process 

Behavior impacts the socio-environmental system and, in addition to perception, is the second interface between 
an individual and its environment. Selected behaviors may fail to be executed if the behavior is physically 
impossible. 
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4. Positioning different behavioral theories in the framework 241 

We will now apply the framework to a selection of well-known theories of decision-making from 242 

different disciplines. By doing so we demonstrate its potential use and highlight how theories differ 243 

from each other, but also indicate challenges of mapping different theories. We selected the 244 

example theories with the aim to span a broad range of theories with respect to their application in 245 

different fields (economics, psychology) and their comprehensiveness in covering different drivers of 246 

human behavior (individual, social, environmental). Rational actor and bounded rationality are 247 

theories widely used in natural resource management. Prospect theory is a rather specialized 248 

psychological theory about individual perceptions of gains and losses used in economics. 249 

Reinforcement learning is a behavioral theory of how very basic processes of reward shape future 250 

behavior. The theory of planned behavior is a comprehensive theory widely used in environmental 251 

psychology to explain pro-environmental behavior. And, finally, the theory of descriptive norms 252 

focusses on the role of the social context. 253 

For the mapping we went through the concepts and relationships of each theory and the elements 254 

of the framework in an iterative way to relate a concept from the theory with a framework element.  255 

We for example identified self-interest as a value of the rational actor (state), utility maximization as 256 

its needs (state) and optimization as the selection process (Figure 2).  When a theory specifies a 257 

certain element the specific details of the theory with respect to this element are included in the 258 

figure. Elements that are not mentioned in the theory still remain in the mapping figure; however, 259 

they do not include any details (e.g. evaluation in the rational actor model, Figure 2). 260 
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4.1. Rational actor  261 

 262 

Figure 2: The rational actor mapped to the framework. 263 

The rational actor theory (homo economicus) takes root in neoclassical economics. Scholars cite 264 

works of economic philosophers Thomas Hobbes and Adam Smith as the earliest foundations of the 265 

rational behavior theory (Monroe, 2001). For the rational actor - who is sometimes also referred to 266 

as the “economic man” - rationality first and foremost means maximization of personal utility 267 

(Simon, 1978). Selfish maximization implies that a rational actor always chooses the behavioral 268 

option that results in highest personal utility gain (Frank, 1987). She is not only self-interested and 269 

maximizing, but also goal-oriented; she has agency, stable and organized preferences, advanced and 270 

even perfect knowledge of the environment and unlimited cognitive abilities for calculating 271 

outcomes of all possible behavioral options (Monroe, 2001).  272 

The principle of rationality as self-interested utility maximization and the rational actor model itself 273 

have been frequently applied in economics and political science, as well as in psychology, 274 

international relations and other social sciences. As stated in the introduction to the paper, the 275 

rational actor has been and still is used widely for modelling human decision-making in natural 276 

resource use - especially when dealing with the so called “tragedy of the commons” or guiding 277 

environmental policy (Jager et al., 2000; van den Bergh et al., 2000).  278 

When applying our framework to the rational actor model, the state reflects self-interested needs of 279 

the homo economicus, a certain utility function, clear and stable values (or preferences), an 280 

individual skillset and a complete knowledge about the social-ecological system. The agent is aware 281 
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of all behavioral options available to her and thus the “perceived” behavioral options include all 282 

possible options. The options are nevertheless still restricted by the agent’s skillset. We identify 283 

optimization as the selection process of the homo economicus model. When optimizing, a selfish 284 

rational agent selects the behavioral option that maximizes her own utility, given the possible costs 285 

and constraints. Since the rational agent is “all-knowing”, with unrestricted cognitive capacity, she is 286 

always able to calculate and select the optimal option. Her actions then affect the social-ecological 287 

system. If the rational actor considers a long-term time horizon (and therefore has perfect 288 

knowledge about outcomes that occur), the feedback from the system in this time step does not 289 

carry any information that is new for this actor. However, in some cases, a rational actor can be 290 

modelled with complete information only about outcomes of current actions and therefore would 291 

need to perceive additional knowledge from the system in order to decide on behavior during the 292 

next time step. The perception of the rational actor is not restricted by cognitive capacity, and she is 293 

fully aware of her impacts on the system and payoffs resulting from her actions.  294 

4.2. Bounded rationality 295 

 296 

Figure 3: Bounded rationality mapped to the framework. 297 

The theory of bounded rationality was proposed by Simon (1957) who argued that the model of 298 

economic man does little in terms of describing how actors behave rationally under real-world 299 

constraints such as uncertainty and limitations in the capacity of human mind (van den Bergh, 2000; 300 

Monroe, 2001). Simon’s model retains some key assumption of rationality (goal-oriented, conscious 301 

self-interest), however suggests introducing constraints on information-processing ability of a 302 
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rational actor (Simon, 1972; Monroe, 2001). Specifically, the actor is “bounded” by her own 303 

cognitive capacity as well as the environment and has incomplete or uncertain information about 304 

the world. Finally, the goal of the boundedly rational actor is not limited to utility maximization. 305 

According to Simon (1957) the actor may choose a course of action that is “good enough” instead of 306 

continuing to search for the best one. In this case the actor is still being rational, but engages in 307 

satisficing, rather than maximizing behavior. Apart from maximizing and satisficing, a boundedly 308 

rational actor may choose behavior according to heuristics - simple ‘rules of thumb’ that can be 309 

adapted to the environment and do not involve calculation of possible outcomes (Gigerenzer and 310 

Selten, 2001).  311 

Models of boundedly rational behavior have found use in a broad variety of disciplines, starting from 312 

economics - to address economic decision-making of individuals and organizational behavior; for 313 

studying political behavior, voting decisions and linking individual behavior to macro-politics in 314 

political science.  The frequent use of boundedly rational actors in agent-based modelling of social-315 

ecological systems is not explicitly mentioned since the theory does not specify the many different 316 

ways to implement boundedly rational actors. 317 

Bounded rationality can be represented within the framework as a modification of the rational actor 318 

model. As mentioned above, apart from utility maximization, a boundedly rational actor’s goal may 319 

be getting just enough to be satisfied. Most importantly, it has incomplete or uncertain knowledge 320 

about possible behavioral options and their outcomes as well as system processes (e.g., rate of 321 

resource renewal). When considering possible behavioral options, the boundedly rational actor may 322 

look for the optimal one (albeit using imperfect information and considering search costs), select the 323 

one that potentially fits a certain satisfaction criteria or apply known heuristics.  Information the 324 

actor perceives from the system may be incomplete (e.g., due to cognitive, physical or financial 325 

constraints). When evaluating new information, a boundedly rational agent may adjust preferences, 326 

gain new knowledge or update and learn heuristics.    327 
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4.3. Theory of planned behavior 328 

 329 

Figure 4: Theory of planned behavior mapped to the framework. 330 

The theory of planned behavior (Ajzen 1991) assumes that behavior is mediated by intentions and 331 

perceived behavioral control. Intentions are based on three beliefs: behavioral beliefs (attitudes), 332 

normative beliefs (subjective norm), and control beliefs (perceived behavioral control). Attitudes are 333 

aggregated beliefs about the strength of the effect of the behavior (e.g., how important resting a 334 

pasture is for nature conservation) and their normative value (e.g., whether conserving nature is bad 335 

or good). Subjective norms are aggregates of the beliefs of approval/disapproval of the behavior by 336 

important individuals or groups and the motivation to comply with important others; perceived 337 

behavioral controls are aggregates of the beliefs about a control factor (e.g., money) and the 338 

perceived power of the control factor (e.g., is money important).   339 

The theory of planned behavior has been used extensively in different contexts, such in 340 

environmental psychology, among others, to explain pro-environmental behavior or lack thereof. It 341 

is mostly applied in empirical studies to measure the three beliefs and to relate them to intentions 342 

as well as to behavior. However, recently there are some modelling studies that use the theory to 343 

study the adoption of new practices or technologies (Schwarz & Ernst, 2008; Kiesing et al. 2012).  344 

When mapping the theory on our framework, attitudes, subjective norms and perceived behavioral 345 

control are placed in the state. Attitudes relate to the knowledge (belief of the effect and its 346 

strength) and values or needs (evaluation, e.g., good or bad). The subjective norm relates to the 347 

knowledge of the agent (beliefs about the approval or disapproval of the respective behavior by 348 
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others and their importance for the agent). The control factors correspond to the assets, while the 349 

perceived power of a control factor is part of the knowledge. Attitudes, subjective norms and 350 

perceived behavioral control act as a filter that determines the intentions for the different perceived 351 

behavioral options. The selection process is a function (which needs to be specified by the modeler) 352 

that links behavioral options to performed behavior, mediated by the perceived behavioral control. 353 

Options that have a higher intention and that are perceived as being in the control of the actor are 354 

more likely to get executed by the agent.  355 

4.4. Habitual/reinforcement learning 356 

 357 

Figure 5: Habitual Decision-making/Reinforcement learning (psychology) mapped to the framework. 358 

Habit - "is a behavior we do often, almost without thinking" (Graybiel, 2008, p. 359). For example, 359 

always eating potatoes, meat and vegetables, not considering a pasta or stir fry. Habits are "learned, 360 

repetitive, sequential, context-triggered behaviors" (Graybiel, 2008, p. 363). They perform the best 361 

in relatively stable situations, and save on cognitive effort (e.g., Jager, 2003). Reinforcement learning 362 

is an approach to describe/represent habitual behavior. It addresses a relevant principle in 363 

behavioral learning that originates in the classical (Pavlov, 1927) and operant (Skinner, 1953) 364 

conditioning theories. These behaviorist approaches indicate that if an organism receives a reward 365 

after performing new behavior, the chances increase that this behavior will be repeated. Theories on 366 

habits/reinforcement learning are - in contrast to many other theories - explicitly incorporating 367 

feedback, i.e., the positive outcomes of performed behavior result in reinforcement of this behavior 368 

in a next time-step. This cyclicity is an essential component of habitual/reinforcement learning. 369 
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When mapping the key concepts of reinforcement learning onto the framework the importance of 370 

cyclical processes of action and rewards is reflected in the focus on the selection (of action/behavior) 371 

and evaluation (reward) processes. The theory includes two selection processes whose choice is 372 

influenced by the state of the agent, namely the satisfaction of its needs. If a person's state is 373 

satisfactory, the selection of behavior will be automatic, and relies on a script that defines the 374 

behavior to perform under this condition (Abelson, 1981). The script is part of the agent’s 375 

knowledge. A script can address a single behavior-outcome link (e.g., irrigating when the soil is dry), 376 

but also more complicated structures of behavior-outcome relations are possible (e.g., a farmer may 377 

have a repertoire of habitual responses to different conditions of weather, season and state of the 378 

crop). The performance of a behavior is evaluated concerning the satisfaction of different needs 379 

(evaluation).  When agents repeatedly go through the cycle from perception and evaluation to 380 

behavior, choices that satisfy are reinforced. The more often new behavior is being performed, and 381 

the more consistent the person experiences reinforcement, the stronger the script gets, and the 382 

more stable/strong the new habitual behavior becomes. 383 

When no reinforcement follows after performing the habit, after some time the need satisfaction 384 

will drop below a certain critical level (e.g., linked to the person’s ambition level), causing the person 385 

to switch towards deliberating about alternative behaviors. For example, one or a few times fishing 386 

with a very disappointing catch is not likely to change the behavior of a fisher. However, after a few 387 

instances the fisher will start thinking about possible causes and alternative behaviors. This 388 

deliberation will also include the longer-term outcomes and goals, which are not being considered 389 

while in automatic mode. Note that the habitual/reinforcement learning does not specify the 390 

deliberative processes when a habit is being reconsidered. Here different theories can be applied 391 

depending on the context of deliberation, such as the other theories addressed in this paper (i.e.,: 392 

the rational actor, prospect theory, theory of planned behavior or descriptive norms). 393 

 394 
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4.5. Descriptive norm 395 

 396 

Figure 6: Descriptive norm mapped to the framework. 397 

Within different social science disciplines social norms are studied as a key element affecting 398 

decision-making (Kallgren et al. 2000;  Berkowitz, 1972; Fishbein & Ajzen, 1975; Kerr, 1995; Staub, 399 

1972; Triandis, 1977; Bandura 1977; Borsari and Carey, 2003; Cialdini et al. 1990). A common 400 

distinction is descriptive versus injunctive norms (Cialdini et al., 1990). Descriptive norms refer to the 401 

influence of perceiving what other people actually do, while injunctive norms refer to what one’s 402 

perception is about socially acceptable behavior. Observing the behavior of what other people do 403 

may, under certain circumstances, have an impact on a person’s behavior. This observation may take 404 

place in an almost subconscious manner, where the observed behavior becomes more salient for 405 

selection, or this observation may be more deliberately processed, as where other people’s behavior 406 

serves  as a cue in deciding the proper action to take in a particular situation. 407 

Experimental research has demonstrated that descriptive norms influence environmentally related 408 

behavior, such as littering (Cialdini, 2003), reuse of towels in hotels (Goldstein et al. 2008), voting 409 

behavior (Gerber & Rogers, 2009) and energy use (Schultz et al. 2007).  Except for the work of Feola 410 

and Binder (2010) the authors do not know of the explicit use of descriptive norms in models of 411 

social-ecological systems. 412 

When placing the descriptive norm within the framework we can directly relate it to perception and 413 

behavior options and observe how it affects behavior through the decision-making process by 414 

making the dominant behavior of others more salient. Perception is the process of observing the 415 
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actions of others, either by direct information or by receiving information on other people’s 416 

behavior. People learn the descriptive norm based on repeated observations (Kashima et al, 2013). 417 

During the evaluation, the observations of the behaviors of others are evaluated and the dominant 418 

behavior of others is determined. This makes it more likely that this dominant behavior is selected. 419 

Values within the state component are important in understanding how a person may react to a 420 

descriptive norm. Here a distinction can be made between conformism, non-conformism and anti-421 

conformism (see e.g. Levine & Hogg, 2009). A non-conformist is not much affected by the observed 422 

behavior of other people in contrast to the conformist and anti-conformist. Here the conformist is 423 

likely to comply to the group behavior, and the anti-conformist wants to deviate from the group 424 

behavior. The perceived dominant behavior of others influences the saliency (activation) of the 425 

perceived behavioral options. Also, following the majority behavior can result in a higher social 426 

need satisfaction in the state for conformists, and a lower social need satisfaction for anti-427 

conformists. The dominant behavior becomes more salient for those who are more socially 428 

susceptible, and is therefore more likely to be selected by conformists, and less likely by anti-429 

conformists. 430 

 431 

4.6. Prospect theory 432 

 433 

Figure 7: Prospect theory mapped to the framework 434 

Prospect theory introduces important aspects from cognitive psychology to the rational actor model, 435 

particularly with respect to how people make decisions between alternative options that involve 436 
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probabilistic events.  The central assumption in prospect theory is that people bias a rational 437 

decision because the context (social or physical setting of a decision situation) shapes their aversion 438 

to risk (Kahneman and Tversky, 2000). Prospect theory generally assumes a degree of risk aversion, 439 

whereby actors bias decisions toward avoiding loss over chancing a gain (Hastie and Dawes, 2001). 440 

When the stakes are small however, actors tend to “gamble” and seek more risk (Lefebvre et al., 441 

2010).  442 

The theory has been used to understand human decisions in multiple arenas, such as international 443 

relations (Goldgeier and Tetlock, 2001; Levy, 1992), financial risk management (Fiegenbaum, 1990), 444 

and insurance markets (Sydnor, 2010). Recently the theory has been applied to problems related to 445 

NRM in variable environments (Rajagopalan et al., 2009).   446 

When mapping Prospect theory onto the framework, much emphasis is put on the evaluation 447 

process as this is where the probability of events is evaluated as well as the values of an agent such 448 

as its risk attitude. In the context of prospect theory people evaluate possible future outcomes 449 

differently based on the probability of the events. Each of these events occurs with a certain 450 

probability that may, or may not, be perceived by the decision-maker.  Commonly, people 451 

underestimate chances of rare events eventuating, for example extreme storms that have a 452 

probability of occurring once every 100 years. In contrast, people can overestimate the implication 453 

of such rare events.  An example is the perceived risks from Ebola virus vs. influenza in the USA. 454 

While an Ebola case occurs with much less probability people tend to weigh the risks more heavily 455 

and this may influence the expected value of the possible actions.   456 

Furthermore people’s values play a major role in defining the perceived behavioral options. Agents’ 457 

attitude toward risky behavior will weigh gains and losses differently, but just how will depend both 458 

on the person, and how large the potential loses or gains are. What defines a loss vs. a gain is a 459 

threshold, or more precisely a reference point that is a reflection of people's expectations or beliefs 460 

about past outcomes. It is important to note that the function that defines the risk attitude can 461 

represent different types of behavior, such as risk aversion, relentless or indifference to the 462 

perceived risk (Wakker, 2010).  463 

While a range of factors influence how an individual weighs loses and gains, in a modelling context, 464 

once the total value function for each behavioral option can be defined, the selection of behavior is 465 

thereafter based on selecting the optimal return, and hence prospect theory can be operationalized 466 

as a specialized version of the rational actor model. 467 

4.7. Summary of mapping of all theories on framework 468 

Table 1 summarizes the main attributes of the different theories as identified from the mapping 469 

process. 470 

 471 

  472 
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Table 1: Summary of the mapping of the theories  473 

Theory Perception Evaluation Selection State Perceived 
behavioral 
options 

Rational actor all information 
needed for 
decision 
available 

not specified optimization self-
interest/utility/ 
preferences 

all are known 

Bounded 
rationality 

constrained by 
cognitive 
capability or bio-
physical reality 

can include 
learning 

optimization 
satisficing 
heuristics 

preferences limited 
knowledge 
about available 
options 

Prospect 
Theory 

probabilities of 
events 

weighting of 
different 
possible 
outcomes 

optimization risk attitude 
reference point 

filtered by risk 
perception and 
attitude 

Theory of 
Planned 
Behavior 

social network approval/ 
disapproval of 
behavior by 
others 

intention with 
highest value 
becomes most 
important 

beliefs, strength 
of beliefs, 
others’ 
importance, 
resources, 
opportunities 

intentions 

Descriptive 
Norm 

behavior of 
others 

dominant 
behavior 

dominant 
behavior 
becomes more 
salient 

social need 
social 
susceptibility 

behaviors and 
dominant 
behaviors of 
others 

Habitual/ 
Reinforcement 
Learning 

not specified need 
satisfaction 

automatic or 
deliberate 

needs 
scripts 

scripts 

 474 

 475 

5. Discussion 476 

Managing natural resources is managing people. Despite the widespread recognition of the 477 

importance of complex human behavior for sustainable resource management, many formal models 478 

are still based on the over-simplifying assumptions of the rational actor. This is particularly critical 479 

when models are used for real world policy support where humans may behave very differently than 480 

assumed in these models. Empirical and experimental research in psychology, behavioral economics, 481 

sociology, or anthropology on the other hand has developed many alternative theories of human 482 

behavior. We argue that this gap between our representations of human behavior in formal models 483 

and the rich evidence of the nuances of human decision-making in the real world is to some extent 484 

due to the plethora of theories developed scattered within and among the different disciplines 485 

(some of which are generic while others are very specific), the different terminologies used in 486 

different fields, and the lack of understanding of causal mechanisms that explain how factors 487 

interact over time in determining decisions and behaviors. When implementing a behavioral theory 488 

in a formal model a modeler thus faces the challenge to identify a relevant theory, potentially 489 

dealing with incompleteness in the representation of  the decision-making process and the lack of 490 

specification of causal relationships.  491 

In this paper, we proposed a framework for operationalizing theories of human decision-making in 492 

natural resource management contexts to tackle some of these challenges. The framework supports 493 
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mapping, describing, organizing and comparing different behavioral theories as a first step towards 494 

choosing and implementing them in formal models of social-ecological systems. Each theory uses a 495 

vocabulary that is specific to the discipline it belongs to. Our framework provides a generic language 496 

that can be used to describe multiple theories using the seven elements of the framework – social 497 

and biophysical context, perception, evaluation, state, perceived behavioral options, selection 498 

process, and behavior. This facilitates mapping and comparison of different theories with respect to 499 

their structure and dynamics and their implications for understanding natural resource 500 

management. Furthermore it can be used to communicate how a theory was formalized to 501 

implement it into an agent-based model. We do not claim that the framework can capture all 502 

theories of human decision-making in a natural resource use context, but we hope that, as a first 503 

step, it will be useful to capture many relevant theories and in the long run supports a broader 504 

inclusion of these theories in social-ecological models. 505 

5.1. Mapping theories to clarify their focus and underlying assumptions 506 

Our experience with the mapping of the six selected theories showed that it was possible - with a bit 507 

of flexibility in the interpretation of the elements - to map each theory onto the elements. The 508 

comprehensive process of specifying the elements of a behavioral theory facilitates communication 509 

about the assumptions of the theory and can help clarify the meaning of the diversity of concepts 510 

used in different theories. It also makes explicit the focus of a theory, e.g. which of the elements are 511 

considered important determinants of behavior (Table 2 – “Focus”). The mapping highlights which 512 

ones are represented and which ones not, how they are represented and how they may interact 513 

over time to determine the behavior of the actor. As such it can facilitate the identification of 514 

commonalities and differences between theories. For instance, a theory may focus on the role of 515 

actor characteristics (state), the options an actor can choose from (perceived behavioral options) or 516 

the way she makes her choices (selection process). For instance, our mapping of the rational actor 517 

clearly shows that, in this theory, actors maximize their needs (e.g. expected utility) by exploring all 518 

available options. In contrast, in the descriptive norm theory, decisions are almost exclusively 519 

influenced by the perception of the behavior of others in the social environment. In some theories 520 

the needs and goals of the actor are driving a decision (e.g., bounded rationality, prospect theory) 521 

while others don’t specify any needs and goals (e.g. theory of planned behavior, descriptive norm). 522 

The theory of planned behavior is very specific on elements of the state of an agent such as its 523 

attitudes, subjective norm and perceived behavioral control, even specifying the components that 524 

determine its value. Yet it remains very unspecific on the actual selection process that selects among 525 

different intentions.  526 

The mapping also reveals where a theory lacks detail or relevant information on particular aspects of 527 

the decision -making processes needed to implement it in a formal model (Table 2 – “degree of 528 

completeness”). In the rational actor model, for instance, changes of behavior over time are not 529 

made explicit, i.e., the informational feedback from the social and biophysical environment is not 530 

specified.  In the theory of planned behavior all components of attitudes, subjective norms and 531 

perceived behavioral control could possibly change over time if aspects of that are perceived and 532 

evaluated dynamically. However, the theory itself does not state so. In the boundedly rational actor 533 

the selection process is not specified, rather several processes may be used. The 534 

habitual/reinforcement learning theory does not describe how an agent decides deliberately when it 535 

explores a new behavior. Gaps in a theory may however open up opportunities to link it with 536 
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another theory that specifies the missing process. For instance one could combine the habitual 537 

model with the descriptive norms model to represent deliberate decision-making such that an agent 538 

follows the norm when it explores and carries out its habitual behavior when it is in an automated 539 

mode. The framework can thus facilitate a process of integrating different theoretical perspectives.  540 

5.2. Limitations of the framework 541 

The mapping of the theories, however, also revealed limitations of the framework or difficulties in its 542 

application. It does not capture well the processes that go beyond a single time step such as 543 

learning. This becomes particularly problematic when the decision of an agent depends on the 544 

decision- making process in the previous time step as is the case in the habitual model. Here the 545 

decision of an agent to explore new behavior can only happen when it did not receive positive 546 

reinforcement after repeatedly performing the habit. Hence processes related to learning and 547 

habitual behavior can only be understood in terms of repeatedly running through the framework 548 

cycle. The dynamics of behavior and behavioral change are a result of iterations of the decision- 549 

making processes over time (i.e., running the model). For example, learning emerges as a change in 550 

selected variables of the state such as knowledge or values or as a change in the behavioral options 551 

resulting from new information or the observation of the behaviors of others (social learning).   552 

For some theories it was difficult to map specific terms of a theory onto the framework vocabulary. 553 

In general, flexibility is required to relate a theory- specific concept to the concepts of the 554 

framework. The term “preferences” for instance could be mapped as needs and goals or values 555 

depending on the theory or application context. The concept “intentions” from the theory of 556 

planned behavior does not have a direct equivalent in the framework but can be mapped onto the 557 

behavioral options.  It also does not specify whether the intention with the highest values is always 558 

executed. When mapping and later implementing a theory in a formal model the modeler has to 559 

make many assumptions on causal relationships, particularly when the theory is based on 560 

correlations as in the case of the theory of planned behavior. Finally, as the framework focusses on 561 

individual decision-making it cannot deal with processes or theories that include group or collective 562 

decision-making.  563 

  564 
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5.3. Operationalizing behavioral theories in SES models 565 

A comparison of the six theories analyzed here revealed their strengths and weaknesses with 566 

respect to the elements of decision-making that are well represented and those that are missing. 567 

Table 2 summarizes an assessment of the different theories with respect to additional criteria that 568 

may be relevant for the choice of one or several theories to be implemented in a social-ecological 569 

model such as the degree of formalization, degree of completeness, the representation of dynamics. 570 

One can see, for instance, that only one theory explicitly includes details on the change of decision-571 

making over time (dynamics) and that most theories except for the rational and the boundedly 572 

rational actor have so far not been used much in formal models. 573 

When choosing a theory for implementation in a formal model it is important that the selected 574 

theory represents those aspects of human decision-making in detail that are considered crucial for 575 

the particular context or research focus of the model. If for instance for a given context cooperation 576 

between users of a natural resource is critical, then theories focusing on interactions with others will 577 

automatically be relevant for the modeler. A choice may also be influenced by the degree of 578 

formalization of a theory since as a theory that is already highly formalized will be easier to 579 

implement into a model and less assumptions on missing elements will have to be made. Finally the 580 

degree of completeness of a theory can also be important since as a theory that already covers many 581 

aspects means that modelers do have to make less assumptions than for theories that focus on 582 

single elements and leave out others. The framework can help identify which aspects a theory 583 

focusses on (Table 2) and which details it includes.   584 

When operationalizing a theory for use in a social-ecological model, one has to make choices on 585 

causal mechanisms. In the case of the theory of planned behavior, for instance, one has to decide 586 

how the behavioral, normative and control beliefs are aggregated to determine intentions and how 587 

an intention leads to behavior. These choices are necessarily more or less well-founded assumptions 588 

that will vary between different model implementations. The framework can thus be very valuable in 589 

encouraging modelers to make these assumptions explicit and their effects comparable between 590 

different models. It also stimulates a critical reflection on whether the degree to which one has to 591 

make assumptions on causality limits the usefulness of a particular theory for SES modelling. Such a 592 

process can thus help identify theories that are most relevant. 593 

Furthermore the structure of the framework makes modelers aware of the different elements of 594 

decision-making that need to be tackled in any kind of implementation in a formal model. By going 595 

through the framework in a systematic manner a modeler will have to think about the relevance of 596 

each element, even if a theory does not specify it. For instance, a theory may not be explicit about 597 

what information an agent can perceive from the biophysical and social environment. For example, 598 

the implementation of the rational actor model shows that one needs to specify a feedback from the 599 

biophysical environment if the agent makes decisions over time. The ideal model of the theory 600 

cannot be implemented (next to that the agent will always be a boundedly rational actor). The 601 

mapping will alert the modeler to the fact that she needs to investigate whether this is an important 602 

aspect for the particular decision and decision context to be modelled. This process can be 603 

complementary to the use of the ODD+D protocol (Müller et al. 2013) in guiding the development of 604 

the decision model. The framework however goes beyond ODD+D in that it structures the decision- 605 

making process in more detail into specific elements and specifies how they interact. This enables a 606 

more systematic and comparable development of a decision- making model.  607 
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Table 2: Assessment of the different theories with respect to their use in formal modelling of SES. 608 

Theory Focus 
(element(s) of 
the framework 
that is/are 
most 
important) 

Degree of 
formalization 

Degree of 
completeness 
(are all 
elements 
described) 

Representation 
of dynamics 

Frequency of 
use in models 
of natural 
resource 
management 

Rational actor Goal-oriented 
needs  

optimization 
(selection) 

High (equations) Medium  No High 

Bounded 
rationality 

Imperfect 
perception and 
selection 

Medium (no 
equations given, 
but clearly 
described) 

High No High 

Prospect Theory (E)valuation of 

the probability of 
different events  

High (equations) Medium No  Medium 

Theory of 
Planned 
Behavior 

Elements of the 
state that 

determine 
intentions  

Medium High No Low 

Descriptive 
Norms 

Perception of 

the behavior of 
others and 
evaluation of 

dominant one 

Low High No Low 

Habitual/Reinfor
cement 
Learning 

Two different 
types of 
selection 
processes 

(automatic 
versus 
deliberative) 

Low Medium Yes Low 

 609 

5.4. Final remarks  610 

There is an increasing recognition of the importance of including a broader knowledge base of our 611 

understanding of human behavior in the study of social-ecological systems. The inclusion of this 612 

knowledge in formal models faces major challenges due to the required specifications of 613 

assumptions that are not addressed in the original theories. Our proposed framework is a modest 614 

step to facilitate this translation process. The next step for this research endeavor will be the 615 

systematic implementation of a set of behavioral theories in models of social-ecological systems. 616 

Implementing different behavioral theories into a formal model allows for a sensitivity analysis of 617 

human behavior within a natural resource management context. We see the value of this sensitivity 618 

analysis initially as a conceptual understanding of how different behavioral theories affect the 619 

dynamics of social-ecological systems. Moreover, including different behavioral theories on decision-620 

making in formal models of social-ecological systems enables the ability to assess the consequences 621 

of a mismatch in behavioral theories for designing policies. For example, one may optimize a tax 622 

policy to meet some environmental management goals assuming rational choice of selfish actors. 623 

Implementing alternative behavioral theories, we can test the consequences of this policy if actors 624 
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are not rational and selfish, but make decisions according to other behavioral theories. Such an 625 

analysis enables assessing the robustness of the performance of policy options to different 626 

assumptions of human behavior. 627 

 628 
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