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Abstract 47 

In many dryland regions, traditional pastoral land use strategies are exposed to various drivers 48 
such as demographic or socio-economic change. This may lead to an adjustment of livelihood 49 
strategies and behavior of pastoral households, involving a change in attitudes toward livestock, 50 
pasture condition and social norms. We use an agent-based model to examine long-term social-51 
ecological consequences and implications for system resilience of such behavioral changes (e.g., 52 
giving up a social norm). The model captures feedback between pastures, livestock and 53 
household livelihood in a common property grazing system. We systematically compare three 54 
stylized household behavioral types (traditional, maximizer and satisficer) that differ in their 55 
preferences for livestock, their compliance with social norms on pasture resting and how they are 56 
influenced by the behavior of others. Simulation results show that the traditional, norm-abiding 57 
household type maintains the pasture condition, provided that overall household numbers do not 58 
exceed a critical threshold. In contrast, a switch to a maximizer type that ignores norms may lead 59 
to long-term pasture degradation and livestock loss, pushing the system to an undesirable state. 60 
A change toward a new satisficing household type that constrains its herd size while diversifying 61 
its income sources can lead to improved pasture conditions and higher total livestock numbers, 62 
even with increased household numbers. We conclude that changes in household behavior have 63 
strong implications for long-term social-ecological system dynamics and have to be considered to 64 
assess the resilience of pastoral common property systems. 65 
 66 
Keywords: multi-agent simulation; social-ecological model; decision theory; social norms; 67 
common property; income diversification 68 

1. Introduction 69 

Approximately 40% of the world’s surface is covered by drylands (UNCCD 2010) that provide the 70 
livelihood for approximately two billion people. In these resource-scarce regions, pastoralism is a 71 
main way of life that allows households to cope with the characteristic environmental variability of 72 
dry rangelands (Krätli et al. 2013). Moreover, it is most often the only relevant way of food 73 
production in marginal lands (Reid 2014), as it is better adapted to the climate than crop farming 74 
is. However, to avoid pasture degradation, appropriate grazing strategies are needed. Pasture 75 
resting is one important component of these strategies and has been in place for centuries. It has 76 
become a social norm in formal or informal regulations, such as the declaration of areas of drought 77 
reserves in Namibia (Müller et al. 2007a) or pasture access regimes of the Agdal in Morocco 78 
(Dominguez et al. 2012). However, in many regions, such traditional norms are at stake as a result 79 
of ongoing transition processes in the last decades. Liberalization trends since the 1980s have led 80 
to an opening of national economies and markets. This has given rise to the privatization of land 81 
and property (Gertel 2015) but also to a change in the economic orientation of many pastoral 82 
households. Alongside these economic transformations, many rangeland territories are 83 
undergoing serious demographic transitions. A significant population increase in many regions 84 
leads to less land being available for pastoralists (Gruschke 2011; Pricope et al. 2013; Wario et 85 
al. 2016). Population growth often also comes along with an expansion of agricultural land into 86 
former grazing areas, resulting in a growing scarcity of pastures for the herds (McPeak et al. 2015; 87 
Dressler et al. 2016). Together, these changes challenge the livelihood of pastoralists and raise 88 
the question whether traditional pastoralist strategies are still viable (Robinson et al. 2010, 89 
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Devereux et al. 2008, Sandford 2007) or how they should be adjusted to cope with the impacts of 90 
land use change in a sustainable way.  91 
Pastoralists’ strategies traditionally valued livestock as a symbol of wealth and aimed at large herd 92 
sizes (Roth 1996; Western 1986). However, in the course of economic liberalization, behavioral 93 
attitudes may change, too, causing customary institutions and regulations to lose their influence 94 
(Gertel 2015; Ruttan 1999). This affects the dynamics of the social-ecological system (SES) in an 95 
unknown way, since the interdependence of household behavior and its impact on land use 96 
sustainability is complex and not well understood (cf. Thébaud et al. 2001 for the Sahel region). 97 
From a systems perspective, we can analyze the impact of changes in household behavior taking 98 
a resilience perspective. Following the definition given by Cumming et al. (2005), resilience is “the 99 
ability of the system to maintain its identity in the face of internal change and external shocks and 100 
disturbances”. Here, the ‘identity’ of a system is characterized by four aspects: a) the components 101 
that the system is made up of, b) the relationships between these components, c) the sources of 102 
innovation that allow the system to generate change or novelty, and d) the sources of continuity 103 
that enable the system to maintain its identity through space and time (Cumming et al. 2005). By 104 
identifying the elements that make up the system’s identity and possible alternative future states 105 
that indicate a loss of identity, we can assess the resilience of the SES in the future.  106 
To explore the implications of changes in behavioral strategies for the future state of the SES, 107 
simulation modeling is a powerful approach. However, in the context of models, especially in land 108 
use science, human behavior is often not considered or is considered only in a simplified manner. 109 
Crooks et al. (2008) state that the implementation of decision models is often ad hoc and rarely 110 
grounded in theory. In a recent quantitative review, Groeneveld et al. (2017) underpin this 111 
statement: they find that in the majority of models human decision-making is not explicitly based 112 
on a theory, and the single most often used theory is the expected utility theory. Thus, agents are 113 
assumed to be selfish rational actors who maximize their personal utility based on stable 114 
preferences, perfect knowledge and unlimited cognitive abilities (Monroe 2001). Humans, 115 
however, rarely act fully rational: they have limited cognitive abilities and often rely on simple 116 
heuristics to make decisions (Gigerenzer and Goldstein 1996; Levine 2015). Furthermore, the 117 
rational actor approach completely ignores the social dimension of human decision-making such 118 
as social learning, imitation or norms (Levine 2015).  119 
Several modeling studies have already addressed the interplay of pastoral land use and 120 
environmental dynamics, e.g., the effects of climate change and droughts on pastoralists’ 121 
livelihood security (Martin et al. 2016, Martin et al. 2014), trade-offs between wealth allocation in 122 
a migratory pastoralist system in Kazakhstan (Milner-Gulland et al. 2006), the emergence of 123 
cooperation in and resilience of a communal livestock production system (Rasch et al. 2016, 124 
Rasch et al. 2017) or on mechanisms of coexistence of wealthy and poor herders in a mobile 125 
pastoralist system in Mongolia (Okayasu et al. 2010). However, there is still a lack of knowledge 126 
to what degree more refined models of human behavior can adequately capture the observed 127 
behavioral changes and how these changes influence SES dynamics. We aim to contribute to 128 
these questions by investigating the consequences of behavioral change in pastoral societies, 129 
using a social-ecological agent-based model (ABM). The model is designed as a virtual lab (Dibble 130 
2006; Seppelt et al. 2009; Zurell et al. 2010) that emphasizes the dynamics of and feedbacks 131 
between household behavior, pastures and livestock. We model a stylized common property 132 
grazing system in which households follow a certain behavioral type that specifies how they 133 
choose pastures on which they relocate, feed and breed their herds. We consider three household 134 
behavioral types that reflect empirically observed trends of behavioral change in different dryland 135 
regions (detailed in Section 2) and that are conceptualized in the model using behavioral theories 136 
(detailed on Section 3.4). We specifically use the theory of descriptive norms – the influence of 137 
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perceiving what other people do (Cialdini et al. 1990) – to design three types that differ in their 138 
preferences for livestock numbers, how they value social norms and how they are influenced by 139 
the behavior of others. Using the model, we assess the social-ecological consequences of 140 
scenarios of behavioral and demographic change and address the following research questions: 141 
 142 

1) Under which demographic conditions (number of pastoralist households) do differences in 143 
decision-making matter, i.e., when do the behavioral types lead to the same or to different 144 
social-ecological consequences?  145 

2) When can behavioral types increase the risk for long-term negative effects such as pasture 146 
degradation and livestock loss, and under which conditions might such a collapse be 147 
prevailed? 148 

3) How does behavioral change affect the resilience of the SES over the long term? 149 
 150 
To address these questions, we take a stepwise approach. First, we analyze all three behavioral 151 
types separately with respect to demographic change. In a second step, we comparatively assess 152 
populations that differ in their composition of household behavioral types to simulate the effects of 153 
behavioral change within the pastoralist community.  154 

2. Empirical background and motivation of pastoralist behavioral types 155 

In our model, we implement three behavioral types that reflect – in a simplified representation – 156 
livelihood strategies of pastoralist households as they were in the past and the direction in which 157 
they are evolving currently. This section provides empirical motivation for these three types and 158 
how we conceptualize them in our study.  159 
Traditionally, pastoralists have always valued livestock, as it constitutes the main asset to secure 160 
their livelihoods. However, pastoralists are also aware of the importance of pastures as a resource 161 
that has to be shared among all. Applying the framework of Cumming et al. (2005), households, 162 
livestock and pastures are the integral components that define the identity of the system. A 163 
substantial loss of any of these components would also imply a loss of resilience. The relationships 164 
between these components are manifold: grazing of livestock on pastures and the mobility of 165 
herds affects both pasture and livestock condition. Different forms of land tenure define how, when 166 
and by whom pastures can be accessed. Access to pastures has always been subject to some 167 
sort of coordination (Ruttan 1999), and access rules, for example to dry season grazing areas, 168 
are often determined consensually and enforced by community sanctions (Galaty 1994). Such 169 
rules have often evolved into social norms over time. Herders also do not act just by themselves; 170 
they rather employ strategies that consider other herder’s behavior as well, e.g., following grazing 171 
decisions of successful individuals in their community (McCabe 1997). Thus, a traditional type of 172 
pastoralist can be described as livestock-oriented, norm-following and socially susceptible to 173 
other’s behavior. Traditional norms and rules provide one source of continuity that enables the 174 
system to maintain its identity.  175 
However, traditional pastoral strategies and customary institutions that regulate resource access 176 
are disappearing in many regions as people change or are forced to change their values 177 
(Goldmann 2013; Galvin 2009). A combination of processes causes these changes: an increasing 178 
resource scarcity due to more severe climatic conditions on the one side, and a growing population 179 
on the other side, economic change that leads to a liberalization of markets, and technical 180 
innovations. Pastoralists on the High Plateau in Eastern Morocco, for example, have traditionally 181 
relied on the camel to relocate their herds and tents in response to the current climatic conditions. 182 
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The last decades, however, have seen an abandonment of the camel in favor of motorized 183 
transport and an increased monetarization of the society (Kreuer 2011). Especially, the increasing 184 
importance of money in the life of pastoralists is changing their attitude: monetary considerations 185 
now come before cooperation and charity, as money facilitates anonymous relationships and 186 
contributes to the breakdown of community relations based on permanent cooperation (Rachik 187 
2000). A significant challenge also stems from population growth. A more than doubled population 188 
in Eastern Tibet’s Yushu Region since the 1950s, for example, has led to an increase in the total 189 
livestock number of the region, and more and more pastoralists are left without pasture and will 190 
fail to subsist from their shrinking number of livestock (Gruschke 2011). Furthermore, agricultural 191 
expansion into former pastoral grazing grounds has been observed in many regions (McPeak et 192 
al. 2015; Brottem et al. 2014; Ruttan et al. 1999). This leads to a fragmentation and loss of pasture 193 
areas (Hobbs et al. 2008; Pricope et al. 2013) and pastoralists being forced to use grazing 194 
reserves in times of the year when they should be rested and community elders being unable to 195 
enforce traditional sanctions (Ruttan et al. 1999).  196 
This has given rise to a devaluation of traditional norms, rules, and changes in economic 197 
orientation and the livelihood strategies of the households. On the one hand, households that do 198 
not follow traditional grazing rules tend to turn toward a higher profit orientation and 199 
commercialization of livestock production (Fratkin 2001), trying to maximize their herd size. On 200 
the other hand, a diversification of economic activities is increasingly used to spread the risk of 201 
relying on a single income source. In Tibet, for example, many pastoralists have specialized in the 202 
collection of caterpillar fungus, which is very profitable (Gruschke 2011). Taking up wage labor 203 
outside of pastoralism is another form of income diversification. Calkins (2009), for example, 204 
reports in empirical narratives of the Rashâyda pastoralists in Sudan that especially international 205 
labor migration plays an important role to support the families’ livelihood at home.  206 
Thus, we see two types of pastoralists emerging from the traditional type: one type that is profit-207 
oriented and tries to maximize its herd size without considering traditional rules or other’s behavior, 208 
and another type that tries to reduce its reliance on livestock and thereby lowers its need for a 209 
large herd size by diversifying its income sources. These new behavioral types represent a source 210 
of innovation. Its effect on the resilience of the SES, however, is not clear. 211 

3. Methods 212 

In the following, we describe the simulation model in a structured form, based on the ODD+D 213 
protocol (Müller et al. 2013). A complete protocol including the description of the submodels can 214 
be found in the appendix.  215 

3.1. Model background and purpose 216 

We aim to enhance the understanding of whether and how human decision-making is influencing 217 
the long-term development of livestock numbers, pasture condition and household livelihood in a 218 
stylized semi-arid pastoral system. A special interest is in the impact of behavioral changes on the 219 
resilience of the SES, i.e., the extent to which a change in the household’s decision-making can 220 
drive the system into a degraded state or can counteract such a development. We want to gain a 221 
principle mechanistic understanding in a virtual lab approach rather than analyze a specific case 222 
study. 223 
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3.2. Entities, state variables, and scales 224 

Agents represent pastoralist households 𝐻𝐻. A population of households consists of 𝑁𝑁𝐻𝐻 households 225 
𝐻𝐻𝑖𝑖, where 𝑖𝑖 indicates the household number. Each household is characterized by its number of 226 
livestock 𝐿𝐿, its current location and the assigned behavioral type 𝐵𝐵𝐵𝐵.  227 
The modeled landscape is represented as a grid of 10 x 10 = 100 pasture patches 𝑃𝑃𝑗𝑗. Each patch 228 
has a size of 100 ha such that the total landscape has an extent of 10,000 ha. Vegetation on 229 
pasture patch 𝑃𝑃𝑗𝑗 is modeled by two functional parts: green biomass 𝐺𝐺𝑗𝑗 and reserve biomass 𝑅𝑅𝑗𝑗. 230 
Green biomass 𝐺𝐺𝑗𝑗 comprises all photosynthetically active parts of the plants and represents the 231 
main fodder for the livestock. Reserve biomass 𝑅𝑅𝑗𝑗 summarizes the storage parts of the plants 232 
below and above ground, e.g., roots or woody branches.  233 
Green biomass growth is driven by precipitation 𝑆𝑆. We assume a semi-arid climate where rainfall 234 
is low on average but highly variable; therefore, we use a lognormal distribution to simulate rainfall. 235 
The model uses discrete time steps, and one time step represents one year. The simulated time 236 
horizon 𝐵𝐵 is 100 years. A conceptual diagram of the model entities and their relationships is shown 237 
in Fig. 1 (Details of the vegetation model can be found in Müller et al. 2007; Dressler et al. 2012).  238 
 239 

 240 
Figure 1: Conceptual diagram of the model showing the entities (households H, livestock L, pastures P and precipitation 241 
S) and their relationships. The model is implemented in NetLogo and available to download at CoMSES Net: 242 
https://www.comses.net/codebases/5721 (last accessed: 2018-06-19). 243 

3.3. Process overview and scheduling 244 

Each year, precipitation and the subsequent growth of green biomass on each pasture occurs 245 
first. After that, livestock reproduces with a fixed birth rate followed by the pasture selection of the 246 
agents. Each agent acts sequentially, whereby the order is determined randomly in each time 247 
step. Households try to find a suitable pasture based on their behavioral type, which considers 248 
available biomass and state of the pastures (i.e., rested or not), their current herd size and 249 
individual preferences. After a household has selected a suitable pasture, destocking of livestock 250 
occurs if necessary (e.g., due to biomass availability on the selected pasture), and livestock will 251 
feed immediately. If a household loses all its livestock (i.e., 𝐿𝐿𝑖𝑖(𝑡𝑡) = 0), it will exit the system. After 252 
that, the next household acts. At the end of the year, the regeneration of reserve biomass occurs.  253 
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3.4. Household behavioral types 254 

Each household 𝐻𝐻𝑖𝑖 is assumed to follow a certain behavioral type that is assigned to it at the 255 
beginning of the simulation and does not change in the course of the simulation. We implemented 256 
three behavioral types 𝐵𝐵𝐵𝐵: a traditionalist (TRAD), a profit maximizer (MAX) and a satisficer (SAT). 257 
Their empirical motivation is reflected in Section 2. Here, we conceptualize them using decision-258 
making theories, and operationalize them using the MoHuB framework (Modelling Human 259 
Behavior, Schlüter et al. 2017). The framework provides a tool to map, describe, and compare 260 
theories of human decision-making and thus, facilitates their implementation within simulation 261 
models. This framework decomposes the decision-making process of an individual actor in our 262 
model into several interlinked parts, which are displayed in Fig. 2.  263 
 264 

 265 
Figure 2: Application of the MoHuB framework (Schlüter et al. 2017) for the behavioral types represented in our model. 266 
Solid arrows and corresponding ellipses indicate processes and boxes represent structural elements. The solid arrows 267 
coming from State and Perceived behavioral options merge in Selection to form the Behavior. Dashed arrows represent 268 
an influence of one element on another, e.g., the state influencing the set of perceived behavioral options. For more 269 
details see the main text.  270 
 271 
Each household’s state is characterized by a set of needs, values, knowledge and assets. The 272 
household’s needs are characterized by a satisficing threshold for the herd size 𝑐𝑐𝑖𝑖 and an intrinsic 273 
preference for pasture resting 𝑞𝑞𝑖𝑖. In our model, we assume a simple resting rule based on a global 274 
resting threshold 𝜃𝜃 relative to the maximum possible reserve biomass 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚: if 275 

Rj(𝑡𝑡) < θ × 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 (1) 
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the pasture 𝑅𝑅𝑗𝑗 is flagged as “resting needed” at time 𝑡𝑡 and when the pasture conditions have 276 
improved, this flag will be removed. We assume that households have their own intrinsic 277 
preference 𝑞𝑞𝑖𝑖 ∈ [0,1] for pasture resting but are also influenced by the resting behavior 𝐵𝐵𝑖𝑖(𝑡𝑡) of all 278 
households of the previous time step. We define the household’s resting behavior as 𝐵𝐵𝑖𝑖(𝑡𝑡 − 1) =279 
1 if it abided by the resting rule and only used pastures that were available for grazing or 280 
𝐵𝐵𝑖𝑖(𝑡𝑡 − 1) = 0 if it ignored this rule. Based on this definition, we can express the average behavior 281 
of all households by a descriptive norm 𝐷𝐷𝑁𝑁(𝑡𝑡) – in contrast to an injunctive norm that states how 282 
people should behave (Cialdini et al., 1990). Agents perceive the behavior of the other households 283 
and the state of the pastures and evaluate the descriptive norm 𝐷𝐷𝑁𝑁(𝑡𝑡), which is defined in Eq. (2) 284 
as follows:  285 

𝐷𝐷𝑁𝑁(𝑡𝑡)  =  
1
𝑁𝑁𝐻𝐻

�𝐵𝐵𝑖𝑖(𝑡𝑡 − 1)
𝑁𝑁𝐻𝐻

𝑖𝑖=1

 (2) 

where NH is the number of households. Agents determine their perceived behavioral options by 286 
calculating their effective propensity 𝐸𝐸𝑖𝑖(𝑡𝑡) (Eq. (3)) to follow the pasture resting rule: 287 

𝐸𝐸𝑖𝑖(𝑡𝑡) = 𝑠𝑠𝑖𝑖 × 𝐷𝐷𝑁𝑁(𝑡𝑡) + (1 − 𝑠𝑠𝑖𝑖) × 𝑞𝑞𝑖𝑖 (3) 

where 𝑠𝑠𝑖𝑖 ∈ [0,1] is the social influence weighting their susceptibility toward the resting behavior 288 
𝐷𝐷𝑁𝑁(𝑡𝑡) of other households over their own preference 𝑞𝑞𝑖𝑖 for resting. This formulation follows the 289 
stylized model of Muldoon et al. (2014) who analyzed the formation of standing ovations based 290 
on descriptive norms. Based on the effective propensity 𝐸𝐸𝑖𝑖(𝑡𝑡), each household selects a pasture 291 
𝑃𝑃𝑖𝑖(𝑡𝑡) from either rested pastures or all pastures, according to the selection process of the 292 
respective behavioral type (either maximizing or satisficing). All agents have the same vision and 293 
can perceive the state of all surrounding pastures. However, agents may be constrained in their 294 
choice of pastures due to different preferences for herd size or pasture resting and their selection 295 
process. Here, the level of livestock that household 𝐻𝐻𝑖𝑖 aims for is defined as the satisficing 296 
threshold 𝑐𝑐𝑖𝑖. If the household’s preference is to maximize livestock numbers, then 𝑐𝑐𝑖𝑖 is infinite 297 
(however, the herd size is limited by the available green biomass on the pasture). 298 
Based on these three parameters – intrinsic preference 𝑞𝑞𝑖𝑖, social influence 𝑠𝑠𝑖𝑖 and satisficing 299 
threshold 𝑐𝑐𝑖𝑖 – we define a three-dimensional behavioral space 𝐵𝐵𝐵𝐵(𝑞𝑞, 𝑠𝑠, 𝑐𝑐) (see supplement S1 for 300 
a graphical representation) in which we differentiate the three types: 301 
 302 

1. The traditional behavioral type (TRAD) aims to reach a large herd size while at the same 303 
time ensuring the ecological state of the pastures by following traditional resting rules. 304 
Thus, TRAD households have a high preference for its herd size (𝑐𝑐𝑖𝑖 = ∞) and for pasture 305 
resting (𝑞𝑞𝑖𝑖 = 0.95). However, we assume that this type is also susceptible to the behavior 306 
of others, depicted in a high social influence value (𝑠𝑠𝑖𝑖  =  0.8). Depending on the behavior 307 
of the other households and the resulting decision to follow or not follow the resting norm, 308 
the household either evaluates all pastures or only the subset of sufficiently rested 309 
pastures. To maximize its herd size (𝑐𝑐𝑖𝑖  =  ∞), this type then selects the available pasture 310 
𝑃𝑃𝑗𝑗(𝑡𝑡) with the highest amount of biomass.  311 

2. The short-term profit maximizer (MAX) is conceptualized as a selfish, rational actor that 312 
aims to maximize its personal utility. Its goal is to maximize its herd size (𝑐𝑐𝑖𝑖  =  ∞), so it 313 
always selects the pasture 𝑃𝑃𝑗𝑗(𝑡𝑡) with the highest available amount of biomass among all 314 
pastures 𝑃𝑃. It is not influenced by the behavior of others (𝑠𝑠𝑖𝑖  =  0) and ignores all resting 315 
rules (𝑞𝑞𝑖𝑖  =  0), as this guarantees it the highest current profit.  316 
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3. The satisficer (SAT) is conceptualized as a household type that covers part of its income 317 
from other sources. Therefore, its goal is to reach a satisfactory level of livestock 𝑐𝑐𝑖𝑖  ∈318 
 [𝑐𝑐𝑚𝑚𝑖𝑖𝑚𝑚, 𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚] instead of the maximum possible herd size. In addition to constraining its herd 319 
size aspiration level, we assume that the SAT type is constrained in the amount of labor it 320 
allocates to pasture selection. Thus, it follows a simple satisficing heuristic to select a 321 
suitable pasture: it will select the first pasture 𝑃𝑃𝑗𝑗(𝑡𝑡) with sufficient available biomass that 322 
matches its satisficing threshold 𝑐𝑐𝑖𝑖. It will stop searching after a limited number of trials 𝑝𝑝𝑖𝑖 323 
and if it did not find a suitable pasture until then, will select the best pasture that it evaluated 324 
so far and destock its herd. Likewise, if it finds a pasture that would allow for more livestock 325 
than its satisficing threshold 𝑐𝑐𝑖𝑖, it will not keep more animals and potentially destock any 326 
surplus animals. As with the MAX type, we assume that this type is not influenced by others 327 
in its behavior (𝑠𝑠𝑖𝑖  =  0) and does not abide by resting rules (𝑞𝑞𝑖𝑖  =  0).  328 

 329 
These three types are stylized representations of the empirical trends of behavioral change 330 
outlined in Section 2. Whereas the MAX type represents a rational “homo economicus” type of 331 
actor, the traditionalist TRAD and the satisficer SAT both represent bounded rational actors, as 332 
their behavior is guided by social norms or follows a decision heuristic, respectively (cf. 333 
Gigerenzer, 2001).   334 

3.5. Individual sensing, interaction and heterogeneity 335 

Households perceive the vegetation state (amount of green and reserve biomass available) of all 336 
pastures. Because households make their decisions one after the other in a random order, they 337 
sense the actions of other households indirectly by perceiving the grazing state of each pasture 338 
when they make their decision. The sensing is not erroneous, i.e., households always perceive 339 
the true biomass amounts. Interactions between households are indirect via the perception of the 340 
pasture state and the social norm. When running scenarios with household populations composed 341 
of mixed behavioral types, households differ in their behavior. However, within a single behavioral 342 
type, all households behave in the same way. 343 

3.6. Analyzed scenarios and outcome measures 344 

Our analysis is structured into two parts: In a first step, we consider populations of households 345 
that are all of the same behavioral type and analyze how the behavioral types perform with respect 346 
to ecological, economic and social output variables. Here, we specifically focus on the influence 347 
of demographic change (i.e., increasing the number of households NH). In the second step, we 348 
simulate populations of households composed of mixed behavioral types. By varying the 349 
composition of the agent population (holding 𝑁𝑁𝐻𝐻 constant), we can map the conditions of 350 
behavioral change. Because we are interested in the long-term sustainability of the system and 351 
the impact of demographic and behavioral change on resilience, we run each simulation over a 352 
time span of 100 years and then evaluate the final state of the system.  353 
To measure resilience, Bennett et al. (2005) suggest monitoring attributes of the system that are 354 
measurable and related to resilience to select resilience surrogates. To evaluate the behavioral 355 
types in our model, we have selected indicators across three dimensions of outcomes: As a social 356 
indicator, we measure the number of households able to stay (i.e., “survive”) in the system 357 
𝑁𝑁𝐻𝐻,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠𝑖𝑖𝑚𝑚𝑠𝑠, i.e., households with livestock numbers > 0 at the end of the simulation. The economic 358 
indicator is the cumulative herd size across all households 𝐿𝐿Σ. As an indicator for the ecological 359 
state of the system, we measure the average reserve biomass of all pastures 𝑅𝑅𝜇𝜇. Evaluating the 360 
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state of these variables with respect to demographic and behavioral change provides us 361 
conclusions regarding the resilience of the SES.  362 
An overview of the analyzed model parameters and their values is presented in Table 1. For each 363 
parameter combination, we have carried out 100 simulation runs for the individual analysis of the 364 
three behavioral types (Section 4.1 and 4.2); 10 simulation runs have been carried out for the 365 
populations of all three behavioral types (Section 4.3), as here, the number of possible behavioral 366 
combinations for a given number of households is very large (e.g., 5151 combinations for 100 367 
households). 368 
 369 
Table 1: Overview of the analyzed behavioral parameters and their values or ranges. A table of all model parameters 370 
can be found in the appendix. 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 refers to the maximum reserve biomass per pasture, which is set to 1500 kg/ha.   371 

Parameter Value / range 

Number of time steps 𝐵𝐵 100 years 

Number of households 𝑁𝑁𝐻𝐻 [20,100] 

Resting threshold 𝜃𝜃 {0.2, 0.4, 0.6} 
Mix of TRAD, MAX and SAT 
strategies 𝛥𝛥 

all combinations of {𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ,𝑁𝑁𝑀𝑀𝑇𝑇𝑀𝑀 ,𝑁𝑁𝑆𝑆𝑇𝑇𝑇𝑇} 
with 𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 𝑁𝑁𝑀𝑀𝑇𝑇𝑀𝑀 + 𝑁𝑁𝑆𝑆𝑇𝑇𝑇𝑇 = 𝑁𝑁𝐻𝐻 

Behavioral types 𝐵𝐵𝐵𝐵 TRAD MAX SAT 

Intrinsic preference 𝑞𝑞𝑖𝑖   0.95 0.0 0.0 

Social influence 𝑠𝑠𝑖𝑖 0.8 0.0 0.0 
Satisficing threshold 𝑐𝑐𝑖𝑖 ∞ ∞ {50,80} 

Satisficing trials 𝑝𝑝𝑖𝑖  - - 10 

4. Results 372 

4.1. System dynamics over time 373 

First, we present one exemplary simulation run for populations of households of the same 374 
behavioral type over 100 years to illustrate the general model dynamics (Fig. 3). The system starts 375 
in a completely non-grazed state with 10 animals per household. Livestock accumulates at the 376 
beginning of the simulation up to a maximum, where the carrying capacity in terms of biomass is 377 
reached. The cumulative livestock 𝐿𝐿Σ in a population of MAX, respectively TRAD households, 378 
reaches a higher peak (~ 8500 animals) than in a population of the SAT households, as they 379 
maximize their herd size, whereas the SAT actors do not stock more animals than their satisficing 380 
threshold 𝑐𝑐𝑖𝑖 = 80.  381 
After this point, the cumulative livestock numbers 𝐿𝐿Σ decrease for all three behavioral types, as 382 
biomass availability is now a limiting factor. When reserve biomass falls below the resting 383 
threshold 𝜃𝜃 = 0.4, and the pastures are closed off for resting, some households in a TRAD type 384 
population have to leave the system, as they are unable to find a suitable pasture, and only 75% 385 
of the initial households survive. As the households in a MAX type population do not abide by 386 
resting rules, all households are able to survive. However, failure to rest the pastures leads to a 387 
breakdown of reserve biomass and, consequently, of livestock. In the TRAD type population, by 388 
contrast, the households achieve a moderate but stable level of reserve biomass and livestock. 389 
The SAT type does not actively abide by resting rules. However, because of its conservative 390 
satisficing threshold of 𝑐𝑐𝑖𝑖 = 80 animals, it indirectly gives the pasture the ability to regenerate. 391 
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Even though reserve biomass and livestock levels drop below the levels of the TRAD type, they 392 
do not collapse but level off after 40 years and even slightly increase afterwards.  393 
 394 

 395 
Figure 3: Exemplary simulation run over 100 years for the three behavioral types 𝐵𝐵𝐵𝐵. Panels show: A) the percentage 396 
of surviving households 𝑁𝑁𝐻𝐻,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠𝑖𝑖𝑚𝑚𝑠𝑠, B) the livestock sum 𝐿𝐿Σ, and C) the average reserve biomass 𝑅𝑅𝜇𝜇. The simulation 397 
started with 𝑁𝑁𝐻𝐻 = 90 initial households, the SAT type had a satisficing threshold of 𝑐𝑐𝑖𝑖 = 80 animals and the TRAD type 398 
an intrinsic preference 𝑞𝑞𝑖𝑖 = 0.95 and social influence 𝑠𝑠𝑖𝑖 = 0.8. The resting threshold 𝜃𝜃 = 0.4 is superimposed in panel 399 
C.  400 

4.2. The effect of demographic change 401 

To investigate the effect of demographic change, we systematically assessed the effect of 402 
increasing the household numbers 𝑁𝑁𝐻𝐻, separately, for the three behavioral types: TRAD 403 
𝐵𝐵𝐵𝐵(0.95,0.8,∞), MAX 𝐵𝐵𝐵𝐵(0,0,∞), and SAT 𝐵𝐵𝐵𝐵(0,0, {50,80}). 404 
We first looked at the number of surviving households 𝑁𝑁𝐻𝐻,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠𝑖𝑖𝑚𝑚𝑠𝑠: As the number of households 405 
increases, competition over pasture biomass intensifies, which then leads to different outcomes 406 
for each household behavioral type. For the TRAD type (Fig. 4A), we see that the resting threshold 407 
𝜃𝜃 has a strong effect. The intrinsic preference of all TRAD households is high, and the resting 408 
threshold forbids certain pastures to be used, so some households cannot find a pasture to graze. 409 
The higher the resting threshold θ and the number of households NH, the stronger is the 410 
competition for accessible pastures, which forces more households to leave the system. By 411 
contrast, for populations of MAX type households, 𝑁𝑁𝐻𝐻,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠𝑖𝑖𝑚𝑚𝑠𝑠 is always 100% (Fig. 4D), as they 412 
use all pastures irrespective of their state. The population of SAT type households (Fig. 4G), 413 
although not abiding by resting rules, shows a different behavior depending on its satisficing 414 
threshold: for 𝑐𝑐𝑖𝑖  =  50, all households are able to survive since small herds do not overuse 415 
pastures. For a higher satisficing threshold 𝑐𝑐𝑖𝑖  =  80, 𝑁𝑁𝐻𝐻,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠𝑖𝑖𝑚𝑚𝑠𝑠 decreases for initial household 416 
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numbers larger than 𝑁𝑁𝐻𝐻  =  60. As populations of SAT type households only carry out a limited 417 
number of trials 𝑝𝑝𝑖𝑖 to find a suitable pasture, the chance of not finding such a pasture and therefore 418 
leaving the system increases with an increasing number of households 𝑁𝑁𝐻𝐻 (for an analysis of the 419 
effect of 𝑝𝑝𝑖𝑖, see supplement S2). 420 

 421 
Figure 4: Results for the TRAD, MAX and SAT type households depending on the initial number of households 𝑁𝑁𝐻𝐻. The 422 
lines depict averages across households/patches at the end of the simulation (𝑡𝑡 =  100) over 100 simulation runs. The 423 
shaded area represents two times the standard deviation of the results. 424 
 425 
Looking at the cumulative livestock numbers 𝐿𝐿Σ (the sum of livestock across all households), we 426 
see that the TRAD and MAX type populations show a maximum number of animals at 𝑁𝑁𝐻𝐻  =  50. 427 
While the cumulative livestock 𝐿𝐿Σ in the MAX type population tends to zero (Fig. 4E) for 𝑁𝑁𝐻𝐻 428 
approaching 100, the TRAD type population keeps livestock at a stable level, depending on the 429 
resting threshold 𝜃𝜃 (Fig. 4B). As the MAX type does not abide by resting rules, it overexploits the 430 
pastures, which is apparent from the declining levels of the reserve biomass (Fig. 4F). The TRAD 431 
type avoids this degradation of the ecological system, and a higher resting threshold leads to 432 
improved pasture conditions.  433 
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For the SAT type population, the cumulative livestock curves exhibit a different shape: for 𝑁𝑁𝐻𝐻 ≤434 
60, both curves increase linearly, indicating that the households are always able to achieve their 435 
satisficing threshold. At 𝑁𝑁𝐻𝐻 = 60, the 𝐵𝐵𝐵𝐵 (0,0,80) type population reaches a peak livestock sum of 436 
4800 head, after which it decreases. Furthermore, beyond an initial number of 70 households, the 437 
𝐵𝐵𝐵𝐵(0,0,50) type population achieves the highest cumulative livestock 𝐿𝐿Σ compared to all other 438 
strategies. Populations of SAT type households reach a higher peak livestock level than those of 439 
MAX or TRAD type households due to their conservative stocking that allows pasture 440 
regeneration. At the same time, herd sizes remain at a stable level over the long term. The 441 
difference between both SAT types is also reflected in the state of the reserve biomass 𝑅𝑅𝜇𝜇 (Fig. 442 
4I): for a low satisficing threshold 𝑐𝑐𝑖𝑖  =  50, the reserve biomass hardly decreases. For 𝑐𝑐𝑖𝑖  =  80, 443 
however, the satisfaction need of households exceeds the regeneration capacity of the pastures 444 
for household numbers 𝑁𝑁𝐻𝐻  >  60, which leads to a sharp drop of the reserve biomass levels.   445 
From this analysis, we see that under low to medium household numbers, pasture resources are 446 
in a sufficiently good state, so that populations of all three behavioral types achieve similar 447 
outcomes. For high household numbers, however, all three behavioral types exhibit a very 448 
different behavior across the social, economic and ecological analysis dimension. 449 

4.3. The impact of changes in the distribution of behavioral types in the 450 
population 451 

We now explore populations that are composed of all three household behavioral types. This 452 
reflects the outcomes of social transitions that can be observed in several pastoral systems. Each 453 
population can be described by a share of household types 𝛥𝛥 = {𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ,𝑁𝑁𝑀𝑀𝑇𝑇𝑀𝑀,𝑁𝑁𝑆𝑆𝑇𝑇𝑇𝑇} with 𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 +454 
𝑁𝑁𝑀𝑀𝑇𝑇𝑀𝑀 + 𝑁𝑁𝑆𝑆𝑇𝑇𝑇𝑇 = 𝑁𝑁𝐻𝐻 for a given number of initial households 𝑁𝑁𝐻𝐻. Here, we examine the case of a 455 
very dense system with 𝑁𝑁𝐻𝐻 = 100 initial households and focus on two values of the resting 456 
threshold, 𝜃𝜃 = 0.2 and 𝜃𝜃 = 0.6 (Fig. 5 left and right panel, respectively). We present the results for 457 
the social, economic and ecological outcome measures in the form of ternary plots, where each 458 
axis defines the share of one behavioral type 𝐵𝐵𝐵𝐵. Each point 𝑘𝑘 of the graph, therefore, corresponds 459 
to one specific share of behavioral types 𝛥𝛥𝑘𝑘. The outcome measures have been classified along 460 
equally spaced intervals (see Fig. 5). 461 
As a starting point, we chose a population that is close to a pure TRAD type population with only 462 
a few MAX and SAT type households integrated, which we mark as 𝛥𝛥𝑇𝑇 in the plot (the origin of 463 
both red arrows). We believe that this distribution reflects the population “how it was” – a stylized 464 
case in traditional pastoral communities, i.e., before the onset of the change. We can now interpret 465 
moving across the space of combinations of behavioral types toward 𝛥𝛥𝐵𝐵 and 𝛥𝛥𝐶𝐶  as potential 466 
trajectories of behavioral change.  467 
For a low resting threshold 𝜃𝜃 = 0.2, no strong qualitative changes occur in a wide area around 𝛥𝛥𝑇𝑇. 468 
Following the trajectory from 𝛥𝛥𝑇𝑇 toward 𝛥𝛥𝐵𝐵 reflects the shift from a TRAD type to a MAX type 469 
“monoculture” population (for a detailed analysis of the shift from a pure TRAD to a MAX 470 
population, see supplement S3). Here, we see that for cumulative livestock 𝐿𝐿Σ (Fig. 5 B1), only an 471 
increase in 𝑁𝑁𝑀𝑀𝑇𝑇𝑀𝑀 to more than 75 (𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 < 20) will lead to a noticeable drop in 𝐿𝐿Σ below 2000 472 
animals. The same decline is apparent for the reserve biomass Rμ with a biomass in a very low 473 
quasi-degraded state.  474 
Assuming an increase in the share 𝑁𝑁𝑆𝑆𝑇𝑇𝑇𝑇 of the SAT type households (moving toward ΔC), 475 
cumulative livestock numbers remain in a range of 2000-2500 animals until a share 𝑁𝑁𝑆𝑆𝑇𝑇𝑇𝑇 of at 476 
least 40 households is reached. Above 𝑁𝑁𝑆𝑆𝑇𝑇𝑇𝑇 ≈ 30, the class breaks run parallel to the isolines of 477 
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𝑁𝑁𝑆𝑆𝑇𝑇𝑇𝑇. This indicates that above a certain share of the SAT type households, the explicit shares of 478 
the MAX and TRAD type households have no effect on livestock.  479 
 480 

 481 
Figure 5: Comparison of the three behavioral types TRAD, MAX and SAT. Each axis defines the share of one behavioral 482 
type. The results are shown for two values of the resting threshold, θ = 0.2 and θ = 0.6 (left and right panel, respectively). 483 
Outcome measures have been classified along equally spaced intervals ζ(x): for surviving households (A1, A2) 484 
ζ(NH,surviving) = 14%; for livestock (B1, B2) ζ(L∑) = 520 counts; and for reserve biomass (C1, C2) ζ(Rμ) = 190 kg/ha. 485 
 486 
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When we turn to the results for a high resting threshold θ = 0.6, we see that the qualitative pattern 487 
changes: In a large range of mixing ratios of household behavioral types (all shares with 𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 >488 
30), the borders between the classes of the outcome measures now run parallel to the isolines of 489 
the share 𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 of the TRAD type households. At 𝛥𝛥𝑇𝑇, a TRAD type monoculture population keeps 490 
the ecological state in a very good condition (Fig. 5 C2). However, such a high level of reserve 491 
biomass can only be achieved at the expense of livestock and surviving households, which are 492 
both at a very low level (Fig. 5 A2 & 5 B2). Already, a slight decrease in the share of the TRAD 493 
type households to approximately 65 leads to a sharp increase in cumulative livestock and an 494 
increase in the percentage of surviving households. This, of course, leads to a decrease in reserve 495 
biomass, as households that do not abide by resting rules (MAX or SAT types) use pastures not 496 
accessed by traditionalist households.  497 
A striking result is the large range of combinations of the three household behavioral types that 498 
are economically most productive (in terms of the cumulative livestock 𝐿𝐿Σ) among all behavioral 499 
combinations. For the shares of the TRAD type households between 70 and 35, the results are 500 
also independent of the shares of the MAX and SAT type households in the population. However, 501 
as 𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 decreases further, breaks between classes are not parallel to isolines of 𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 but are 502 
shifted. In fact, the lower the share of the TRAD type households, the higher is the difference 503 
between the MAX-TRAD and SAT-TRAD populations (see supplement S4 for details). Thus, an 504 
increase in the share of the SAT over MAX type households can effectively increase the herd size 505 
when the number of the TRAD type households decreases.  506 

5. Discussion 507 

5.1. The value of traditional strategies in a changing world 508 

With this study, we investigated the influence of human behavior on the resilience of a semi-arid 509 
pastoralist system. We implemented three household behavioral types that reflect – in a simplified 510 
representation – livelihood strategies of pastoralist households as they were in the past (TRAD) 511 
and the direction in which they are evolving currently (MAX, SAT). We have seen that these 512 
behavioral types represent integral aspects of the identity of the system and that a change from 513 
one type to another can have a strong impact on the ecological, economic and social dimensions 514 
of the system. A change toward a more conservative stocking approach, as applied by the 515 
bounded rational satisficer (SAT), can tolerate larger household numbers and thus increases 516 
resilience toward demographic change. A lower stocking level, though, is only realizable if 517 
households have some other source of income to satisfy their needs and secure their livelihood. 518 
In the following, we will discuss the effect of change on the identity of the system and its 519 
implications for resilience (see Table 2) and highlight empirical evidence from several regions.   520 
Traditionally, the use of common property pastures has always been subject to norms and 521 
sanctions that are determined at the community level (Galaty 1994; Ruttan 1999). However, 522 
traditional pastoral strategies are increasingly under pressure. López-i-Gelats et al. (2016), for 523 
example, reported that livelihood options of pastoralists are becoming narrower, as pastoralists 524 
face a decreased access to rangelands and difficulties in conducting customary management 525 
practices. This increases the likelihood that households may adopt different behavioral strategies. 526 
In addition, many pastoralist regions are facing demographic change. In many East-African 527 
countries, for example, population growth is high, leading to a higher competition over already 528 
scarce resources while at the same time contributing to declining vegetation conditions (Pricope 529 
et al. 2013). In addition, people who newly enter the system might challenge traditional strategies: 530 
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in Mongolia, new herders who settled in the region only after the privatization of the herding 531 
collectives in the 1990s were more likely to violate rights to pasture and to graze reserve pastures 532 
out of the season (Fernandez-Gimenez 1997).  533 
In our model, the traditional household type reflects a strategy that values both herd size and the 534 
ecological state of the pastures. However, as it is socially susceptible to the behavior of others, it 535 
also reflects that herders most often act in consensus with other herders of their community. The 536 
traditional strategy represents a source of continuity (see Table 2) to maintain livestock and 537 
pasture conditions and is thus an integral part of system identity. A loss of the traditionalist 538 
household type will therefore also lead to a loss of system identity and resilience. However, the 539 
changes in households’ behavioral strategies will determine whether the system moves toward a 540 
desirable or undesirable state.     541 
When people gradually adjust their preferences for resting in favor of increasing their own wealth, 542 
other pastoralists might follow suit, leading to the following: a) a marginalization of those who try 543 
to stick to the rules and b) a long-term breakdown of the system, as piece by piece resources are 544 
overexploited. We observed this behavior in our model when we simulated household populations 545 
with a gradually increasing share of the MAX household type in relation to the TRAD household 546 
type: already, a small percentage of the MAX type households that do not abide by the resting 547 
rule could lead to the TRAD type households either changing their behavior (not resting anymore) 548 
or losing their herd and exiting the system, as they were unable to find suitably rested pastures. 549 
Thus, if household numbers increase and households are less likely to follow traditional norms, 550 
the system is prone to lose its identity. Here, the loss of system identity and resilience will cause 551 
a transition toward an undesirable system state. In most communities, however, such ‘free-riding’ 552 
behavior would be subject to sanctions, which we have not included in the current model. Rasch 553 
et al. (2016), for example, showed that sanctioning norm-violating behavior decreases the 554 
probability of a collapse of the SES. Similarly, Wang et al. 2013 demonstrated the effectiveness 555 
of punishment of free-riders to maintain cooperation among the pastoralists.  556 
This emphasizes the role of social norms as a source of continuity to enhance the resilience of 557 
the SES. Therefore, governmental interventions or measures aiming at enhancing pastoralists’ 558 
livelihood should be designed in such a way that they strengthen traditional institutions and norms 559 
rather than undermining them. Not without reason, it has been argued that environmental 560 
regulations based on traditional customs and sanctioned by community institutions are more likely 561 
to be respected than those imposed by external authorities (Ruttan 1999). 562 
So far, we have reflected on factors that might challenge the traditional values and livelihood 563 
strategies of pastoralists. However, there also exist strategies that can avoid negative effects, as 564 
the satisficer household type (SAT) has shown in our model. The main idea behind the SAT 565 
household type is that households might reduce the level of livestock that they need to keep by 566 
diversifying their income sources. Households with a (reasonably) low satisficing threshold in 567 
terms of herd size ensure that pastures are rested, as they reduce the pressure on the pasture. 568 
Our simulation results have shown that this strategy can be long-term sustainable, even though 569 
households do not directly abide by resting rules. Moreover, from the viewpoint of the whole 570 
population of households, the SAT household type could tolerate the highest total number of 571 
livestock in the system. Therefore, the satisficer household type represents a source of innovation 572 
(see Table 2). Although a change to the satisficer household type also changes the identity of the 573 
system, it can drive the system toward a new desirable state with improved household livelihoods 574 
that may be more resilient under change. Here, the indirect resting of pastures is an important 575 
mechanism to ensure pasture productivity and enhance SES resilience. 576 
As mentioned in the introduction, there exist several options for pastoralist households to spread 577 
their risk of relying on livestock production and diversify their income sources. Especially, 578 
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international labor migration plays an important role currently. However, diversification does not 579 
always constitute a voluntary adaptation strategy: in the Borena zone in Southern Ethiopia, the 580 
pastoralists are increasingly engaging in crop cultivation, but their motivation to do so varies by 581 
wealth; for the poorest households – those who have lost enough livestock to survive on 582 
pastoralism alone – farming is a matter of necessity; and only for wealthier households, farming 583 
is a diversification and risk mitigation strategy (Dressler et al. 2016; Solomon et al. 2007; Tache 584 
and Oba 2010). This indicates that income diversification is a strategy that is only feasible for 585 
pastoralists with the necessary means to do so. In addition, a similar diversification from 586 
pastoralism to agro-pastoralism that relies mostly on high-risk rain-fed cultivation has been 587 
observed in Kenya (Boone et al. 2011).      588 
 589 
Table 2: Impact of change on the different aspects of system identity. The impact of change is compiled from empirical 590 
literature and linked to the modeling results to draw implications for system identity and resilience.  591 

Aspect of identity Impact of change Implication for system identity and resilience 

C
om

po
ne

nt
s 

Households Population growth (Gruschke 2011, 
Robinson et al. 2010, Ganya et al. 
2004) 

Increasing pressure on the current state of the 
SES and system identity may lead to loss of 
resilience. 

Livestock Increasing herd sizes (Robinson et al 
2010) 

Pastures Less land available (Wario et al., 2016; 
Pricope et al. 2013; Gruschke 2011, 
Ganya et al. 2004) 

Livestock-
based 
livelihood 

Declining livelihood options (López-i-
Gelats et al. 2016, Robinson et al. 
2010) 

R
el

at
io

ns
hi

ps
 Pasture use Increased grazing pressure (Alemu et 

al. 2015; Robinson et al. 2010) 
Increasing pressure on the current state of the 

SES and system identity may lead to loss of 
resilience. 

Land tenure Privatization of land and property 
(Gertel 2015) 

Expansion of agricultural land into 
former grazing areas (McPeak et al. 
2015, Tache and Oba 2010) 

In
no

va
tio

n 

New 
behavioral 
types 

Higher profit orientation, 
commercialization of livestock 
production (Fratkin 2001, Zaal et al. 
1999) 

Income diversification (Boone et al. 
2011; Gruschke 2011; Calkins 2009; 
Solomon et al. 2007) 

Transition toward new behavioral types leads to 
loss of system identity and resilience. 

Maximizer causes breakdown of herd sizes and 
pasture condition → transition to undesirable 
system state. 

Satisficer is less dependent on livestock, reduced 
grazing pressure provides indirect pasture 
resting → transition toward desirable system 
state possible.  

C
on

tin
ui

ty
 

Traditional 
norms and 
rules 

Customary institutions and regulations 
losing influence (Gertel 2015; Ruttan 
1999) 

Traditional rules no longer carried out 
(Fernandez-Gimenez 1997) 

People changing their values 
(Goldmann 2013; Galvin 2009) 

Traditional household types efficiently manage 
pastures and livestock → social norms can 
preserve system identity and thus be a 
generating mechanism for resilience.  

Increase in household numbers above critical 
threshold challenges traditional type → 
demographic change can lead to loss of 
resilience.   

Pasture 
regeneration 
capacity 

Increased grazing pressure leads to 
reduced pasture regrowth (Hein 2006; 
O’Connor 1994; O’Connor & Pickett 
1992)  

Pasture resting (direct or indirect) is necessary to 
ensure long-term pasture productivity → 
maintain system identity.  
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5.2. The mode of human decision-making matters 592 

Humans and their behavior represent a key uncertainty for sustainable management. The rising 593 
popularity of ABMs that allow the flexible integration of individual decision-making has produced 594 
a number of studies that represent human decision-making explicitly (Groeneveld et al. 2017, for 595 
the field of land-use ABMs). However, many implementations of the decision-making process are 596 
based rather on ad hoc assumptions and only seldom on behavioral theories of economics, 597 
psychology or sociology (Crooks et al. 2008; Groeneveld et al. 2017). In recent years, a rethinking 598 
has taken place that argues for an explicit integration of more sophisticated models of human 599 
decision-making into formal models of natural resource use and ABMs in particular (Schlüter et 600 
al. 2017; Crooks et al. 2008; Parker et al. 2003). In this study, we have explicitly posed the question 601 
of how the composition of households representing different behavioral types affects the long-term 602 
dynamics and resilience of a pastoralist grazing system. We represented the decision-making of 603 
pastoralist households according to economic and psychological theories and have especially 604 
considered the role of social norms, which are known to be a key element that influences human 605 
decision-making. Social norms have been widely studied in the social sciences (e.g., Berkowitz 606 
1972; Bandura 1977; Kallgren et al. 2000; Borsari et al. 2003; Goldstein et al. 2008). Descriptive 607 
norms (that describe how people behave) have been studied, in particular, for environmentally 608 
related problems, e.g., by Schultz et al. (2007) in the context of energy-saving behavior, or by 609 
Cialdini et al. (2003) on pro-environmental behavior. However, in the context of the SES, 610 
descriptive norms have only rarely been considered (one example being the work of Feola and 611 
Binder 2010). Using agent-based modeling, we demonstrated the following: a) the importance of 612 
considering human decision-making for the analysis of SES-dynamics and b) the role of social 613 
norms as mechanisms to maintain the resilience of the pastoral system. Especially, the modeling 614 
of heterogeneous agent populations has already shown that small changes in household’s values, 615 
i.e., their preference toward pasture resting, can lead to drastic changes in the long-term dynamics 616 
of the SES. Modeling a descriptive norm on pasture resting has shown that abiding by common 617 
resting rules can sustain herd sizes and pasture conditions, provided that overall household 618 
numbers keep below a critical threshold. Although we have not included a sanctioning of norm 619 
violation in our model, the combination of a social norm and effective sanctioning is a likely 620 
mechanism to generate SES resilience.  621 
Another reason for the limited use of social science theories in models of SESs can be attributed 622 
to the difficulty of implementing a theory such as descriptive norms within a dynamic modeling 623 
context. Theories often face ambiguities when they are translated into formal equations and model 624 
code, and modelers need to make assumptions to achieve a functional implementation (Schlüter 625 
et al. 2017). Here, using the MoHuB framework (Modelling Human Behavior, Schlüter et al. 2017) 626 
has helped to conceptualize the behavioral types (TRAD, MAX and SAT) in the model. One step 627 
in which the framework has been especially useful was to uncover missing elements within a 628 
theory that need to be specified or filled with elements from another theory. Descriptive norms, for 629 
instance, do not specify how the selection process occurs; therefore, we integrated two processes, 630 
maximizing and satisficing, to fill this gap. Still, implementing a behavioral theory is not a 631 
straightforward task but rather an iterative process, even for such rather simple behavioral 632 
theories. Implementing more complex models of human decision-making, therefore, requires a 633 
stronger involvement of social scientists into the modeling process.  634 
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5.3. Conclusion 635 

In our study, we have shown that pastoralist households might increasingly be under pressure 636 
when social and demographic change renders their traditional livelihood strategies as no longer 637 
viable. As households adjust their strategies, policies that aim at enhancing their livelihood should 638 
consider the inherent variability of dryland areas that makes some strategies less likely to be 639 
successful (e.g., intensification of production). One option that can help to secure household’s 640 
livelihood and maintain the resilience of the SES lies in income diversification. This gives 641 
households the chance to spread their income risk and can reduce the pressure on the ecosystem 642 
because households do not need to rely completely on raising livestock and can lower their 643 
stocking rates. However, social norms also provide a mechanism to maintain resilience if the 644 
number of households does not exceed a critical threshold.   645 
In a stylized ABM of a common property grazing system, we have implemented three different 646 
behavioral types based on social theory and empirical observations. Here, the comparison of 647 
heterogeneous agent populations with mixed behavioral types enabled us to draw conclusions 648 
about the system’s resilience: whereas a displacement of the traditional household type by a short-649 
term profit maximizer can move the system into an undesirable state, such negative ecological 650 
and economic consequences can be prevented by a satisficer household type that tries to diversify 651 
its income sources. This proves that the way human decision-making is represented in ABMs 652 
matters and simply assuming household’s decision-making to be homogeneous and rational (as 653 
many social-ecological models still do) will leave out important details. Thus, we need more social 654 
science research in conjunction with ecological research (Ruttan 1999). Researchers who aim to 655 
analyze SES and their resilience should give greater attention to the impact of human decision-656 
making.   657 

Acknowledgments 658 

We acknowledge financial support for meetings of our working group from the National Socio-659 
Environmental Synthesis Center in Annapolis, USA (SESYNC), the Helmholtz Centre for 660 
Environmental Research (UFZ) in Leipzig, Germany, and the German Centre for Integrative 661 
Biodiversity Research (iDiv), Leipzig. GD, BM and NH acknowledge financial support by the 662 
German Federal Ministry of Education and Research – BMBF within the Junior Research Group 663 
POLISES [grant number 01LN1315A]. CB and CG acknowledge financial support by the German 664 
Ministry for Education and Research – BMBF for the project “Gemeinsam auf dem Weg in die 665 
energieeffiziente urbane Moderne – Einrichtung eines akteursorientierten 666 
Energiemanagementsystems in Delitzsch” [grant number 03SF0408A]. JS acknowledges financial 667 
support from the German Federal Ministry of Education and Research –  BMBF within the Junior 668 
Research Group MigSoKo [grant number 01UU1606]. We also acknowledge the valuable input 669 
and feedback of the participants of the international summer school on “How to model human 670 
decision-making in social-ecological agent-based models” in Kohren-Sahlis, Germany (July 2015) 671 
and Tempe, Arizona (January 2017). 672 
  673 



20 
 

References 674 

Alemu, T., Robinson, L.W., 2015. Systems Analysis for Rangeland Management. Workshop 675 
Report, International Livestock Research Institute, Nairobi. 676 

Bandura, A., 1977. Social Learning Theory. Prentice-Hall. 677 

Bennet, E.M., Cumming, C.S., Peterson, G.D., 2005. A Systems Model Approach to Determining 678 
Resilience Surrogates for Case Studies. Ecosystems, 8, pp. 945-957. 679 
https://doi.org/10.1007/s10021-005-0141-3 680 

Berkowitz, L., 1972. Social norms, feelings, and other factors affecting helping and altruism.  In: 681 
Advances in experimental social psychology. Ed. by Berkowitz, L. Vol. 6. Academic Press, 682 
pp. 63–108. 683 

Boone, R. B., Galvin, K.A., BurnSilver, S.B., Thornton, P.K., Ojima, D.S. and Jawson, J.R., 2011. 684 
Using coupled simulation models to link pastoral decision making and ecosystem services. 685 
Ecology and Society, 16(2): 6, URL: http://www.ecologyandsociety.org/vol16/iss2/art6/ 686 

Borsari, B., Carey, K., 2003. Descriptive and injunctive norms in college drinking: A meta-analytic 687 
integration. Journal of Studies on Alcohol, 64(3), pp. 331–341. 688 

Brottem, L., Turner, M. D., Butt, B., Singh, A., 2014. Biophysical Variability and Pastoral Rights to 689 
Resources: West African Transhumance Revisited. Human Ecology, 42(3), pp. 351–365. 690 

Calkins, S., 2009. Transformed Livelihoods in the Lower Atbara Area: Pastoral Rashâyda 691 
Responses to Crisis. Nomadic Peoples 13(1), pp. 45–68. 692 

Cialdini, R., 2003. Crafting normative messages to protect the environment.  Current Directions in 693 
Psychological Science, 12(4), pp. 105–109. 694 

Cialdini, R. B., Reno, R. R., Kallgren, C. A., 1990. A Focus Theory of Normative Conduct: 695 
Recycling the Concept of Norms to Reduce Littering in Public Places. Journal of Personality 696 
and Social Psychology, 58(6), p. 1015. 697 

Crooks, A., Castle, C., Batty, M., 2008. Key Challenges in Agent-based Modelling for Geospatial 698 
Simulation. Computers, Environment and Urban Systems, 32(6), pp. 417–430. 699 

Cumming, G. S., Barnes, G., Perz, S. Schmink, M., Sieving, K.E., Southworth, J., Binford, M., 700 
Holt, R.D., Stickler, C., Van Holt, T., 2005. An Exploratory Framework for the Empirical 701 
Measurement of Resilience. Ecosystems, 8, pp. 975-987. https://doi.org/10.1007/s10021-702 
005-0129-z. 703 

Devereux, S. and Scoones, I., 2008. The Crisis of Pastoralism: A Response”, Future Agricultures 704 
Consortium, Brighton, U.K. 705 

Dibble, C., 2006. Computational Laboratories for Spatial Agent-Based Models, in: Tesfatsion, L., 706 
Judd, K.L. (Eds.), Handbook of Computational Economics. Elsevier, Amsterdam, pp. 1511-707 
1548. 708 

Dominguez, P., Bourbouze, A., Demay, S., Genin, D., Kosoy, N., 2012. Diverse Ecological, 709 
Economic and Socio-cultural Values of a Traditional Common Natural Resource 710 
Management System in the Moroccan High Atlas: The At Ikiss Tagdalts. Environmental 711 
Values, 21.20 (3). 712 

Dressler, G., Müller, B., Frank, K., 2012. Mobility - a Panacea for Pastoralism? an Ecological-713 
economic Modelling Approach. In: Proceedings of the iEMSs Fifth Biennial Meeting: 714 



21 
 

International Congress on Environmental Modelling and Software (iEMSs 2012). 715 
International Environmental Modelling and Software Society, Leipzig, Germany. 716 

Dressler, G., Robinson, L.W., Müller, B., Hase, N., 2016. The LUCID Model and Its Role in 717 
Supporting Land Use Planning Processes in Southern Ethiopia. ILRI Project Report, 718 
December 2016. 719 

Feola, G., Binder, C. R., 2010. Towards an improved understanding of farmers’ behaviour: The 720 
integrative agent-centred (IAC) framework, Ecological Economics, 69(12), pp. 2323–2333, 721 
http://dx.doi.org/10.1016/j.ecolecon.2010.07.023.  722 

Fernández-Gimánez, M., 2000. The Role of Mongolian Nomadic Pastoralists’ Ecological 723 
Knowledge in Rangeland Management. Ecological Applications, 10(5), pp. 1318–1326, 724 
http://www.jstor.org/stable/2641287. 725 

Fratkin, E., 2001. East African Pastoralism in Transition: Maasai, Boran, and Rendille Cases. 726 
African Studies Review, 44(3). pp. 1-25. 727 

Galaty, J., 1994. Rangeland tenure and pastoralism in Africa. In: African pastoralist systems: An 728 
integrated approach. Ed. by Fratkin, E., Galvin, K. A., Roth, E. A., pp. 91–112. 729 

Galvin, K.A., 2009. Transitions: Pastoralists Living with Change. Annual Review of Anthropology, 730 
38, pp. 185-198, http://dx.doi.org/10.1146/annurev-anthro-091908-164442. 731 

Ganya, F.C., Haro, G.O., Borrini-Feyerabend, G., 2004. Conservation of dryland biodiversity by 732 
mobile indigenous people — the case of the Gabbra of Northern Kenya. Policy Matters, 13, 733 
61-71. 734 

Gertel, J., 2015. Nomaden – Aufbrüche und Umbrüche in Zeiten neoliberaler Globalisierung. Aus 735 
Politik und Zeitgeschichte, 65.26-27/2015, pp. 3–10. ISSN: 0479-611X. 736 

Gigerenzer, G., Goldstein, D., 1996. Reasoning the fast and frugal way: models of bounded 737 
rationality.  Psychological Review, 103(4), pp. 650–669.  738 

Gigerenzer, G., 2001. The Adaptive Toolbox. In G. Gigerenzer & R. Selten (Eds.), Bounded 739 
Rationality: The Adaptive Toolbox, MIT Press. 740 

Goldman, M.J. and Riosmena, F., 2013. Adaptive capacity in Tanzanian Maasailand: Changing 741 
strategies to cope with drought in fragmented landscapes. Global Environmental Change, 742 
23(3), pp. 588-597, http://dx.doi.org/10.1016/j.gloenvcha.2013.02.010. 743 

Goldstein, N., Cialdini, R., v: G., 2008. A room with a viewpoint: Using social norms to motivate 744 
environmental conservation in hotels. Journal of Consumer Research, 35(3), pp. 472–482. 745 

Groeneveld, J., Müller, B., Buchmann, C., Dressler, G., Guo, C., Hase, N., Hoffmann, F., John, 746 
F., Klassert, C., Lauf, T., Liebelt, V., Nolzen, H., Pannicke, N., Schulze, J.,Weise, H., 747 
Schwarz, N., 2017. Theoretical foundations of human decision-making in agent-based land 748 
use models – A review. Environmental Modelling & Software, 87, pp. 39–48. 749 
http://dx.doi.org/10.1016/j.envsoft.2016.10.008. 750 

Gruschke, A., 2011. Nomads and their Market Relations in Eastern Tibet’s Yushu Region: The 751 
Impact of Caterpillar Fungus, In: Economic Spaces of Pastoral Production and Commodity 752 
Systems. Markets and Livelihoods. Ed. by Gertel, J., Le Heron, R. Farnham, pp. 211–229. 753 

Hein, L., 2006. The impacts of grazing and rainfall variability on the dynamics of a Sahelian 754 
rangeland. Journal of Arid Environments 64, 488-504, 755 
http://dx.doi.org/10.1016/j.jaridenv.2005.06.014. 756 



22 
 

Hobbs, N.T., Galvin, K.A., Stokes, C.J., Lackett, J.M., Ash, A.J., Boone, R.B., Reid, R.S. and 757 
Thornton, P.K., 2008. Fragmentation of rangelands: Implications for humans, animals, and 758 
landscapes. Global Environmental Change, 18(4), pp. 776-785, 759 
http://dx.doi.org/10.1016/j.gloenvcha.2008.07.011. 760 

Kallgren, C. A., Reno, R. R., Cialdini, R. B., 2000. A Focus Theory of Normative Conduct: When 761 
Norms Do and Do Not Affect Behavior. Personality and Social Psychology Bulletin, 26(8), 762 
pp. 1002–1012. 763 

Krätli, S., Huelsebusch, C., Brooks, S., Kaufmann, B., 2013. Pastoralism: A critical asset for food 764 
security under global climate change.  Animal Frontiers, 3(1), pp. 42–50. 765 

Kreuer, D., 2011. Land Use Negotiation in Eastern Morocco.  Nomadic Peoples, 15(1), pp. 54–766 
69. https://doi.org/10.3167/np.2011.150103. 767 

Levine, J., Chan, K. M., Satterfield, T., 2015. From rational actor to efficient complexity manager: 768 
Exorcising the ghost of Homo economicus with a unified synthesis of cognition research. 769 
Ecological Economics, 114, pp. 22–32, http://dx.doi.org/10.1016/j.ecolecon.2015.03.010.  770 

López-i-Gelats, F., Fraser, E.D.G., Morton, J.F. and Rivera-Ferre, M.G., 2016. What drives the 771 
vulnerability of pastoralists to global environmental change? A qualitative meta-analysis. 772 
Global Environmental Change, 39, pp. 258-274,  773 
http://dx.doi.org/10.1016/j.gloenvcha.2016.05.011. 774 

Martin, R., Linstädter, A., Frank, K., Müller, B., 2016. Livelihood security in face of drought – 775 
Assessing the vulnerability of pastoral households. Environmental Modelling & Software 75, 776 
414-423, http://dx.doi.org/10.1016/j.envsoft.2014.10.012. 777 

Martin, R., Müller, B., Linstädter, A., Frank, K., 2014. How much climate change can pastoral 778 
livelihoods tolerate? Modelling rangeland use and evaluating risk. Global Environmental 779 
Change 24, 183-192, http://dx.doi.org/10.1016/j.gloenvcha.2013.09.009. 780 

McCabe, J., 1997. Patterns and process of group movement in human nomadic populations: A 781 
case study of the Turkana of northwestern Kenya. In: On the move: How and why animals 782 
travel in groups. Ed. by Boinski, S., Garber, P. A. University of Chicago Press. 783 

McPeak, J., Little, P., Stickler, M. M., Huntington, H., 2015. Pastoral Land Tenure at the Margins 784 
of Intensive and Extensive Land Use: Baseline Survey Results from a Usaid Customary 785 
Land Rights Recognition Project in Southern Ethiopia. 2015 World Bank Conference on 786 
Land and Poverty. The World Bank, Washington DC. 787 

Milner-Gulland, E.J., Kerven, C., Behnke, R., Wright, I.A., Smailov, A., 2006. A multi-agent system 788 
model of pastoralist behaviour in Kazakhstan. Ecological Complexity 3, 23-36, 789 
https://doi.org/10.1016/j.ecocom.2005.05.004. 790 

Monroe, K. R., 2001. Paradigm Shift: From Rational Choice to Perspective. International Political 791 
Science Review, 22(2), pp. 151–172. 792 

Muldoon, R., Lisciandra, C., Bicchieri, C., Hartmann, S., Sprenger, J., 2014. On the Emergence 793 
of Descriptive Norms.  Politics, Philosophy & Economics, 13(1), pp. 3–22. 794 
https://doi.org/10.1177/1470594X12447791. 795 

Müller, B., Bohn, F., Dressler, G., Groeneveld, J., Klassert, C., Martin, R., Schlüter, M., Schulze,J., 796 
Weise, H., Schwarz, N., 2013. Describing Human Decisions in Agent-based Models–797 



23 
 

ODD+D, an Extension of the ODD Protocol. Environmental Modelling & Software, 48, pp. 798 
37–48, http://www.sciencedirect.com/ science/article/pii/S1364815213001394. 799 

Müller, B., Frank, K., Wissel, C., 2007a. Relevance of rest periods in non-equilibrium rangeland 800 
systems - a modelling analysis. Agricultural Systems, 92(1), pp. 295–317. 801 

Müller, B., Linstädter, A., Frank, K., Bollig, M., Wissel, C., 2007b. Learning from Local Knowledge: 802 
Modeling the Pastoral-nomadic Range Management of the Himba, Namibia. Ecological 803 
Applications, 17(7), pp. 1857–1875, https://doi.org/10.1890/06-1193.1. 804 

O'Connor, T.G., 1994. Composition and Population Responses of an African Savanna Grassland 805 
to Rainfall and Grazing. Journal of Applied Ecology 31, 155-171, 806 
https://doi.org/10.2307/2404608. 807 

O'Connor, T.G., Pickett, G.A., 1992. The Influence of Grazing on Seed Production and Seed 808 
Banks of Some African Savanna Grasslands. Journal of Applied Ecology 29, 247-260, 809 
https://doi.org/10.2307/2404367. 810 

Okayasu, T., Okuro, T., Jamsran, U., Takeuchi, K., 2010. An intrinsic mechanism for the co-811 
existence of different survival strategies within mobile pastoralist communities. Agricultural 812 
Systems 103, 180-186, https://doi.org/10.1016/j.agsy.2009.12.006. 813 

Parker, D., Manson, S., Janssen, M., Hoffmann, M., Deadman, P., 2003. Multi-agent systems for 814 
the simulation of land-use and land-cover change: A review, Annals of the Association of 815 
American Geographers, 93(2), pp. 314–337. https://doi.org/10.1111/1467-8306.9302004. 816 

Pricope, N.G., Husak, G., Lopez-Carr, D., Funk, C., Michaelsen, J., 2013. The climate-population 817 
nexus in the East African Horn: Emerging degradation trends in rangeland and pastoral 818 
livelihood zones. Global Environmental Change, 23(6), pp. 1525-1541, 819 
http://dx.doi.org/10.1016/j.gloenvcha.2013.10.002. 820 

Rachik, H., 2000. Comment rester nomade. Afrique Orient, p. 175. ISBN: 9981251240. 821 

Rasch, S., Heckelei, T., Oomen, R., Naumann, C., 2016. Cooperation and collapse in a communal 822 
livestock production SES model – A case from South Africa. Environmental Modelling & 823 
Software, 75, pp. 402-413, http://dx.doi.org/10.1016/j.envsoft.2014.12.008 824 

Rasch, S., Heckelei, T., Storm, H., Oomen, R., Naumann, C., 2017. Multi-scale resilience of a 825 
communal rangeland system in South Africa. Ecological Economics 131, 129-138, 826 
https://doi.org/10.1016/j.ecolecon.2016.08.012. 827 

Reid, R., Fernández-Giménez, M., Galvin, K., 2014. Dynamics and resilience of rangelands and 828 
pastoral peoples around the globe. Annual Review of Environment and Resources, pp. 217–829 
242. 830 

Robinson, L.W., Berkes, F., 2010. Applying Resilience Thinking to Questions of Policy for 831 
Pastoralist Systems: Lessons from the Gabra of Northern Kenya. Human Ecology 38, pp. 832 
335-350,  https://doi.org/10.1007/s10745-010-9327-1. 833 

Roth, R., 1996. Traditional Pastoral Strategies in a Modern World: An Example from Northern 834 
Kenya. Human Organization,  55(2), pp. 219-224. 835 

Ruttan, L., Borgerhoff Mulder, M., 1999. Are East African Pastoralists Truly Conservationists?. 836 
Current Anthropology, 40(5), pp. 621–652. 837 



24 
 

Sandford, S., 2007. Too Many People, Too Few Livestock: The Crisis Affecting Pastoralists in the 838 
Greater Horn of Africa. Report for the Too many people, too few livestock: pastoralism in 839 
crisis? Series, Future Agricultures Consortium, Brighton, U.K. 840 

Schlüter, M., Baeza, A., Dressler, G., Frank, K., Groeneveld, J., Jager, W., Janssen, M., 841 
McAllister, R., Müller, B., Orach, K., Schwarz, N., Wijermans, N., 2017. A Framework for 842 
Mapping and Comparing Behavioural Theories in Models of Social-Ecological Systems.  843 
Ecological Economics, 131, pp. 21–35.  844 

Schultz, P., Nolan, J., Cialdini, R., Goldstein, N., Griskevicius, V., 2007. The constructive, 845 
destructive and reconstructive power of social norms.  Psychological Science, 18(5), pp. 846 
429–434. 847 

Seppelt, R., Lautenbach, S., Volk, M., 2013. Identifying trade-offs between ecosystem services, 848 
land use, and biodiversity: a plea for combining scenario analysis and optimization on 849 
different spatial scales. Current Opinion in Environmental Sustainability, 5, pp. 458–463. 850 

Solomon, T. B., Snyman, H.A., Smit, G.N., 2007. Cattle-rangeland management practices and 851 
perceptions of pastoralists towards rangeland degradation in the Borana zone of southern 852 
Ethiopia. Journal of Environmental Management, 82(4), pp. 481–94. 853 

Tache, B., Oba, G., 2010. Is Poverty Driving Borana Herders in Southern Ethiopia to Crop 854 
Cultivation?. Human Ecology, 38, pp. 639–649. 855 

Thébaud, B., Batterbury, S., 2001. Sahel pastoralists: opportunism, struggle, conflict and 856 
negotiation. A case study from eastern Niger., Global Environmental Change, 11(1), pp. 69-857 
78, http://dx.doi.org/10.1016/S0959-3780(00)00046-7. 858 

UNCCD, 2010. Drylands matter, and why?. United Nations Decade for Deserts and the Fight 859 
against Desertification. URL: http://unddd.unccd.int/fact-sheet.htm. 860 

Wang, J., Brown, D.G., Riolo, R.L., Page, S.E., Agrawal, A., 2013. Exploratory analyses of local 861 
institutions for climate change adaptation in the Mongolian grasslands: An agent-based 862 
modeling approach. Global Environmental Change, 23(5), pp. 1266-1276, 863 
http://dx.doi.org/10.1016/j.gloenvcha.2013.07.017. 864 

Wario, H., Roba, H., Kaufmann, B., 2016. Responding to mobility constraints: Recent shifts in 865 
resource use practices and herding strategies in the Borana pastoral system, southern 866 
Ethiopia.  Journal of Arid Environments, 127, pp. 222–234. 867 

Western, D., Finch, V., 1986. Cattle and pastoralism: Survival and production in arid lands. Human 868 
Ecology, 14(1), pp. 77-94, http://dx.doi.org/10.1007/BF00889211. 869 

Zaal, F., Dietz, T., 1999. Of Markets, Maize, and Milk: Pastoral Commoditization in Kenya. In: The 870 
Poor Are Not Us: Poverty and Pastoralism in Eastern Africa, Ed. by  Anderson, D.M. and 871 
Broch-Due, V., pp. 163-98. Oxford: James Currey 872 

Zurell, D., Berger, U., Cabral, J., Jeltsch, F., Meynard, C., Munkemüller, T., Nehrbass, N., Pagel, 873 
J., Reineking, B., Schröder, B., Grimm, V., 2010. The virtual ecologist approach: simulating 874 
data and observers. Oikos, 119(4), pp. 622–635. https://doi.org/10.1111/j.1600-875 
0706.2009.18284.x.  876 


	Abstract
	1. Introduction
	2. Empirical background and motivation of pastoralist behavioral types
	3. Methods
	3.1. Model background and purpose
	3.2. Entities, state variables, and scales
	3.3. Process overview and scheduling
	3.4. Household behavioral types
	3.5. Individual sensing, interaction and heterogeneity
	3.6. Analyzed scenarios and outcome measures

	4. Results
	4.1. System dynamics over time
	4.2. The effect of demographic change
	4.3. The impact of changes in the distribution of behavioral types in the population

	5. Discussion
	5.1. The value of traditional strategies in a changing world
	5.2. The mode of human decision-making matters
	5.3. Conclusion

	Acknowledgments
	References

