Overview 
The Agent-Based Model (ABM) that we developed to examine how mobile pastoralists might achieve an IFD is part of a longitudinal study of pastoral mobility in the Far North Region of Cameroon (Moritz et al. 2014c). We used a combination of spatial, ethnographic and modeling approaches to describe and explain the distribution of mobile pastoralists in our study area in five successive years, 2008-2012 (Moritz et al. 2013, Moritz et al. 2014a). ABMs are commonly used tools to examine the dynamics of complex systems. We built the model in NetLogo (version 5.05) (Wilensky 1999) and have published the model at OpenABM (www.openabm.org)(Janssen et al. 2008). The model has been certified by the Network for Computational Modeling in the Social and Ecological Sciences (CoMSES Net)(Rollins et al. 2014). 
In designing our ABM we used a strategy called pattern-oriented modeling (POM) in which the goal is to use multiple patterns observed in the social-ecological system to guide the design of the model (Grimm et al. 2005). Our model is relatively simple but captures the key dynamics of the social-ecological system of mobile pastoralists in the floodplain in which agents (camps consisting of multiple households and their herds) follow simple movement rules to make decisions about when and where to move in the landscape (a representation of the floodplain with spatiotemporal variation in resources). Movement decisions are shaped by agents’ preferences for or attachments to particular campsites, which are shaped by previous experiences (habitude). The resources deplete due to desiccation and grazing and agents gain and lose energy as they consume resources, live, and move. The model description follows the ODD (Overview, Design concepts, Details) protocol (Grimm et al. 2006, Grimm et al. 2010) to provide a clear and comprehensive description of our model below. 
Results from simulations from an earlier simulation of this model (1.0) will be published in Ecological Modelling: 
Moritz, M., I. M. Hamilton, A. Yoak, P. Scholte, J. Cronley, P. Maddock, and H. Pi. 2015. Simple Movement Rules result in Ideal Free Distribution of Mobile Pastoralists. Ecological Modeling x:xx-xxx. 
Purpose 
The purpose of the model is to examine whether and how mobile pastoralists are able to achieve an Ideal Free Distribution (IFD) (and secondarily whether such a system would be adaptive in terms of long-term persistence). Our hypothesis was that an IFD will emerge when camps with complete information, freedom and ability to move, independent decision-making capabilities, have open access to depletable common-pool resources that are variable in space and time (2013, Moritz et al. 2014a). 
Entities, state variables, and scales 
There are two entities in the model: patches are the spatial units that make up the landscape and camps of pastoralists are the agents that move around the landscape. 
The landscape is a representation of the spatiotemporal variation in grazing resources in the Logone Floodplain in which individual patches represent a pasture area of one square kilometer (see Figure 2). In our model the world is 30 by 30 kilometer and wraps around, which means that there are 900 patches and that the world is a small sphere with no boundaries. Patches have grazing resources or ‘patch energy’ that are consumed by camps. Patch energy is expressed in units of cattle energy; in other words, it is the energy available for increases in cattle biomass, given assimilation efficiency. At the start of each season the relative spatiotemporal distribution of grazing resources in the landscape is always the same, but the rate at which they lose value varies from day to day. This mimics ecological processes in the floodplain, including the impact of bush fires on forage availability. 
The agents in our model represent the camps of mobile pastoralists, which consist of multiple households and their herds of cattle. The number of herds and cattle are attributes of the camps; they are not modeled individually. The number of cattle per herd is drawn from a normal distribution with an empirically determined mean and standard deviation (mean = 90 cattle per herd, sd = 15 animals), while the number of herds per camps is drawn from a Poisson distribution with an empirically determined mean (mean = 7 herds per camp) (Scholte et al. 2006). The initial weight of each animal at the peak of the flooding season is 295 kilo or ‘energy units’, which is based on empirical data from similar pastoral systems in Cameroon (Njoya et al. 1997) and Africa (Nicholson and Sayers 1987). The total energy of a camp is a function of the number of herds and number of cattle per herd in a camp. Camps die when their energy is below a threshold and reproduce when it is above another threshold. Camps are randomly distributed in the landscape at start of each simulation. 
Each time step in the model represents one day and 240 days represents one year (or season) in the floodplain. The year starts at the peak of the flooding season (November) when mobile pastoralists enter the floodplain, and ends at the start of the rainy season (June) when they leave the floodplain. 
Process overview and scheduling 
The year starts at the peak of the flooding season (November) when mobile pastoralists enter the floodplain, and ends at the start of the rainy season (June) when they leave the floodplain. At the peak of the flooding season the grazing resources are at their maximum value. As the dry season progresses, the grazing resources are steadily depleted and progressively lose value, primarily due to a steady rate of desiccation as well as consumption by camps (Coughenour 1992, Scholte 2005). Resources are replenished at the beginning of each year, after the floods (Scholte 2007). 
The order of the camps performing the processes is random, e.g., it is not always camp #1 that consumes resources as the first. The order of processes is as follows. Each day, camps keep track of their energy, get energy from consuming grazing resources within a grazing radius of two patches, and lose energy (see schema of pastoralists’ decision-making in Figure 3). A small percentage of the camps, randomly selected, compare their energy with the energy of other camps, and decide to move to areas with more grazing resources if their energy is below the average of all camps (movement rule 1) or when they gain less or lose more energy over a period of 14 days than the average of all camps (movement rule 2) or a combination of these rules. Camps that are in areas without any grazing resources will also move. Camps lose additional energy when they move. Camps that decide to move check areas within their search radius for those that have more grazing resources. To do so, they assess the mean perceived value of resources within the grazing radius of each patch within their search radius. In all simulations, search radius was set to 15, or the whole landscape. 
Camps develop attachments to patches where they spent significant amounts of time. These attachments or preferences are developed after a period of continuous occupation of a patch. In our model, camps develop an attachment to the patch where they have spent more than 90 days and then create a link to that patch. These preferences influence the perceived value of grazing resources of their current location and other locations. The perceived value of patch energy on patches that lack attachments to the camp is lower than that on the current patch or on patches with attachments to the camp. Camps also lose less energy on or near the patches with which they have attachments. Every day, a very small percentage of the attachments (i.e., links to patches), randomly selected, ends. 
When the energy of a camp has doubled, the camps will split into two (each with half of the energy). If a camp’s energy is below a certain threshold (average of 195 kilo per animal) it will die (Nicholson and Sayers 1987, Njoya et al. 1997). 
Initialization 
The following parameters can be adjusted: 
Number-of-camps sets the number of camps to start with. It is initially set to 65. 
Percentage-comparers sets the percentage of camps that are comparing their energy with other camps and make decisions to move accordingly. It is initially set to 0.05 (or 5% of all camps). 
Radius-vision sets how far camps look when they compare their energy with other camps and make decisions to move accordingly. It is initially set to 15, which means that they can look everywhere and have complete knowledge of their environment. 
Desiccation-rate sets the rate at which the resources dry out and lose value. It is initially set to 2.5, which leads to a depletion of the model that mimics what is observed in the Logone Floodplain. Every day 95% of randomly selected patches lose 2,500 energy units. 
Unpredictability sets how many patches lose additional resources due to hazards like fire on a given day. It is initially set to 0.05, which means that very day approximately 5% of randomly selected patches lose additional resources (penergy). 
Hazard sets how much additional resources randomly selected patches lose due to hazards like fire. It is initially set to 5, which means that these patches lose an additional 5,000 units of penergy that day. 
Habitude sets the strength of camps’ preferences for areas (or campsites) with which they have attachments. It is initially set to 1.1 (1.0 means that there is no preference). 
Campsite-duration sets how many days camps have to stay in a particular place before they develop an attachment to that place and set up a campsite. It is initially set to 90 days. 
Loss-of-attachment sets how many camps lose their attachment to a particular area on any given day. It is initially set to 0.50, which means that very day 0.0005% of randomly selected attachments are lost. 
Radius-of-grazing sets the radius within which camps consume resources. It is initially set to 2 patches. 
Movement-costs sets how much of their daily energy consumption camps lose when they move. It is initially set to 0.25, which means that camps lose 25% of their energy consumption on the day that they move. 
Memory sets for how long a period camps keep track of their changes in energy. It is initially set to 14, which means that they consider the average loss and/or gains in energy for the last 14 days when they compare their changes in energy with the overall energy losses and gains of the population. 
Design concepts 
The basic principle or question of this model is how camps achieve an ideal free distribution when following individual foraging strategies and what the long-term consequences are for the population. The ideal free distribution is a well-known concept in behavioral ecology, but what is less clear is how individuals achieve such a distribution. We examine this process for mobile pastoralists. 
The emergent phenomenon in this model is the distribution of camps over the available grazing resources. 
The adaptive traits of the camps are the following: they track their own energy, move to patches with more resources when their energy is comparatively low, and return to sites for which they have developed a preference. 
The objective of the camps is to increase its own energy. When energy of a camp doubles the camp “hatches” another camp. 
Camps sense or gain information about several variables: the distribution of resources in the world, the energy of other camps, and their own energy. This information is used to make movement decisions. 
There are no direct interactions between camps. Instead, camps interact indirectly through the consumption of resources in the different patches of the world. This changes the distribution of resources and the energy of the camps, which is the information that camps use to make movement decisions. 
Some of the processes in the model have a stochastic component: every day a small random percentage of the camps compares its energy with that of others and then makes a decision to move or not; every day a small random percentage of the attachments that camps have to patches “dissolves”; and every day a small random percentage of the patches loses additional resources due to hazards like fire. 
In our simulations we conduct observations of the following data for the camps: average energy, average number of movements per year, average camp age, and average duration in patches. We keep track of these data to check whether the patterns in our model are similar to the patterns we observed in the social-ecological system we are trying to model. In addition, we observe whether our three IFD predictions are met by keeping track of average patch energy (i.e., grazing resources) inside and outside the buffers and the number of cattle inside the buffers. Buffers include patches that are within the grazing radius of a camp. We refer to patches inside the buffers as occupied patches and those outside the buffer as unoccupied patches. We check whether occupied patches have more resources than unoccupied patches; whether variance in resource quantity of occupied patches is lower than that of unoccupied patches; and whether there is a positive correlation between resources and the number of cattle across buffers. 
Input data 
We used a combination of field data and remote sensing data to estimate the distribution of the available grazing resources (Scholte 2005, 2007, Westra et al. 2010). Westra et al. (2010) used a combination of field and remote sensing data to produce a map with different categories of vegetation in the Logone Floodplain, which is based on the height, density, and composition of the vegetation and whether it was flooded or not (e.g., one category is low, dense flooded grassland with mostly Echinochloa pyramidalis and Oryza longistaminata). We then used data from Scholte’s field studies (2005, 2007) to estimate the biomass for the different categories of vegetation in the map of Westra et al. (2010)(e.g., biomass for Echinochloa pyramidalis in the flooded area is on average 400 g DM m-2). We used both sets of data to create a matrix in which biomass of grazing resources is summarized as energy available to cattle, or ‘patch energy’. This matrix with numerical values is used as input data at the start of each season to create a landscape with spatial variation in grazing resources. 
Submodels 
There are several submodels. We will describe those submodels that are critical for reimplementation of our model. 
New Season: At the beginning of each new season, after 240 time steps in the model, all the patches regain their initial grazing resources or patch energy. This mimics the effects of seasonal flooding on the Logone floodplain. Camps move to one of the patches that has the most grazing resources and with which they have an attachment. 
Camp Consumption: Each time step camps consume grazing resources or patch energy within the grazing radius of their location. To model consumption for each camp, we use a Hill function of the form: consumption=((mean patch energy)/μ)/((mean patch energy)/μ+K) maximum consumption. In this function, mean patch energy is the mean of the patch energies of all patches within the grazing radius. The constants μ and K are set at 100,000 and 1.5, respectively, and maximum consumption is set at 4 units of energy. Individual consumption increases asymptotically toward maximum consumption as mean patch energy increases. Individual consumption is multiplied by the total number of cattle in the camp to obtain total consumption by the camp. Consumption is assumed to be equally distributed across all patches within the grazing radius. Therefore, we subtract total consumption / total number of patches within the grazing radius from each patch within the grazing radius. 
Camp Demography: Each time step, camps lose cattle energy. They lose less cattle energy when there are near or on one of the patches with which they have attachments. They lose additional cattle energy when they move to a new patch (25% of their energy consumption of that day). When the cattle energy of a camp falls below a certain threshold (< 195 per head of cattle), the camps “starve”. When a camp doubles the cattle energy with which it started, the camp will “split” and create another “offspring” camp. The energy of the “parent” camp will be equally divided between the two camps. 
Camp Attachments: Camps keep track how long they are in one location (called “duration” in the model). If they stay continuously on one patch for more than 90 time steps, they will develop an attachment to the patch. Duration is set to 0 at the beginning of each season. Camps can have attachments to multiple patches. The attachments give camps several advantages. First, camps will lose less energy when they are on or near a patch with which they have an attachment (9% less). Second, when making movement decisions, camps will value the grazing resources (or patch energy) in the patches with which they have an attachment slightly higher than their real value. The factor with which they value them higher is 0.1 and represents the habitude or preference that camps have for patches where their cattle thrive and lose less energy. Every day a very small random percentage of the attachments that camps have to patches “dissolves” (L=0.0005%). 
Camp Movements: Each time step, a small, random sample of camps (M=5%) will compare their energy with that of other camps in the landscape. In our experiments we compare five movement rules. There are three basic decision rules: First, if their own energy is lower than the average of all camps, a camp will move to another patch with more grazing resources (movement rule 1). Second if their energy gain over the last 14 days is less than the average of all camps (or their energy loss over the last 14 days is more than the average of all camps), a camp will move to another patch with more grazing resources (movement rule 2). Third, in one simulation, we combine rule 1 and 2, in that every time step, a random sample of 2.5% camps uses movement rule 1 and another randomly sample of 2.5% camps uses movement rule 2. Camps that are in areas without any grazing resources will also move. When camps decide where to move and check what areas have more grazing resources, they consider the resources within the grazing radius for each patch in the landscape. Camps’ attachments or preferences influence the perceived value of grazing resources of their current location and other locations. The perceived value of patch energy on patches that lack attachments to the camp is lower than that on the current patch or on patches with attachments to the camp. In other words, camps preferences for patches with which they have attachments are taken into consideration when they make decisions about their new location. 
Patch Consumption: Each time step, patches within the grazing radius of camp lose whatever energy is consumed by these camps. A camp’s consumption of patch energy is assumed to be equally distributed across all patches within the grazing radius. Therefore, we subtract total consumption / total number of patches within the grazing radius from each patch within the grazing radius. 
Patch Desiccation: Each time step, patches reduce their energy by the desiccation rate, which is set to a constant rate of 3,000 units per time step. Every day a small random percentage (5%) of the patches loses additional energy due to hazards like fire. 
Observer Calculations: At the end of each time step, the observer calculates a number of state variables of the camps and patches. An important step in these calculations is the creation of buffers surrounding each camp. The radius of the buffers is the same as the grazing radius (2 patches) and buffers that overlap are merged into one buffer. The buffers are created to compare the grazing resources in occupied areas (i.e., energy of patches inside the buffers) with those in unoccupied areas (i.e., energy of patches outside the buffers) and test the IFD predictions. The observer calculates the number of camps, number of cattle, energy of the camps to assess how the system performs under different movement rules. Finally, the observer also keeps track of the number of movements, number of attachments, camp size, camp age (in seasons), and how long camps stay in one patch to assess whether patterns in the model are similar to that of the system of mobile pastoralists we studied in the Logone Floodplain. 

Things to notice 
All movement rules 1, 2, and a combination of 1 and 2 consistently result in an ideal free-like distribution. Movement rule 2 – comparing relative losses and gains – performing the best in terms of performance of the system and in terms of our IFD predictions (Moritz et al 2013, 2014). Rule 2 results in fewer movements, which allows camps to develop more attachments to more campsites. This in turn, results in a greater number of cattle with greater weight as they are more effectively distributed over the available resources in the floodplain. Rule 0, random movements, results in the collapse of the system. Turning all rules off, results in no movements. This does lead to an IFD but the population of camps is much lower when this happens. 
In this model camps are developing attachments over time and those attachments allow them to get more out of the available resources. If the model starts with too many camps (say, more than 100), camps do not have enough time to learn and develop attachments and the socio-ecological system crashes, i.e., all camps die. However, if you start with 10 camps, the camps have time to develop attachments and the population of camps can grow to 70 or more. 
If the “percentage-comparers” is set too high (say, over 20%), the number of movements of camps is increasing and camps tend to move to the same area with the highest amounts of resources. The result is that camps lose considerable energy due to movements and quickly deplete resources in the areas where they congregate. A lower percentage of “percentage-comparers” results in fewer movements, more heterogeneity in attachments, and a greater distribution of camps over the landscape. 
If the “radius-vision” is set low (say, 5 patches) the camps are more widely distributed over the landscape, they do not move very much, and their number stays also relatively low since they do not optimally exploit the resources in the world. 
[bookmark: _GoBack]If the “desiccation -rate” is set low, the world supports much larger number of camps and the opposite is also true. 
If “habitude” is set to 1.0, camps do not have a preference for areas (or campsites) with which they have attachments. If is set high set (2.0) camps have strong preferences for areas (or campsites) with which they have attachments and they become too conservative and this results in smaller populations of camps. 
Credits 
Please cite model as: 
Moritz, Mark, Ian M. Hamilton, Andrew Yoak, Hongyang Pi, Jeff Cronley, and Paul Maddock. 2014. Ideal Free Distribution of Mobile Pastoralists in the Logone Floodplain, Cameroon 4.0 (28 January 2015). 
Tags 
Spatial, distribution, ecology, social sciences, social-ecological systems, ecosystem, ideal free distribution, biology, population, pastoralists, anthropology, emergent commons. 
References cited 
Fretwell, S.D. and J. H. J. Lucas. 1969. On territorial behavior and other factors influencing habitat distribution in birds. Acta Biotheoretica 19:16-36. 
Grimm, V., U. Berger, F. Bastiansen, S. Eliassen, V. Ginot, J. Giske, J. Goss-Custard, T. Grand, S. K. Heinz, and G. Huse. 2006. A standard protocol for describing individual-based and agent-based models. Ecological Modelling 198:115-126. 
Grimm, V., U. Berger, D. L. DeAngelis, J. G. Polhill, J. Giske, and S. F. Railsback. 2010. The ODD protocol: A review and first update. Ecological Modelling 221:2760-2768. 
Grimm, V., E. Revilla, U. Berger, F. Jeltsch, W. M. Mooij, S. F. Railback, H.-H. Thulke, J. Weiner, T. Wiegand, and D. L. DeAngelis. 2005. Pattern-oriented modeling of agent-based complex systems: lessons from ecology. Science 310:987-991. 
Hamilton, Ian M. 2010. Foraging theory. In Evolutionary Behavioral Ecology, edited by D. Westneat and C. Fox. Oxford (UK): Oxford University Press. 
Janssen, M. A., L. N. i. Alessa, M. Barton, S. Bergin, and A. Lee. 2008. Towards a Community Framework for Agent-Based Modelling. Journal of Artificial Societies and Social Simulation 11:6. 
Moritz, M., E. Soma, P. Scholte, T. Juran, L. Taylor, S. Kari, and N. Xiao. 2010. An Integrated Approach to Modeling Grazing Pressure in Pastoral Systems: The Case of the Logone Floodplain (Cameroon). Human Ecology 38:775-789. 
Moritz, M., P. Scholte, I. M. Hamilton, and S. Kari. 2013. Open Access, Open Systems: Pastoral Management of Common-Pool Resources in the Chad Basin. Human Ecology 41:351–365. 
Moritz, Mark, Ian M. Hamilton, Yu-Jen Chen, Paul Scholte. 2014. Mobile pastoralists in the Logone Floodplain distribute themselves in an Ideal Free Distribution. Current Anthropology. 55:115-122. 
Nicholson, M. J., and A. R. Sayers. 1987. Relationships between body weight, condition score and heart girth changes in boran cattle. Tropical Animal Health and Production 19:115-120. 
Njoya, A., D. Bouchel, A.-C. N. Tama, C. Moussa, A. Martrenchar, and L. Letenneur. 1997. Systèmes d’élevage et productivité des bovins en milieu paysan. World animal review 89:12-23. 
Scholte, P. 2005. Floodplain rehabilitation and the future of conservation and development: Adaptive management of success in Waza-Logone, Cameroon, Leiden University. 
Scholte, P. 2007. Maximum flood depth characterises above-ground biomass in African shallowly flooded grasslands. Journal of Tropical Ecology 23:63-72. 
Scholte, P., S. Kari, M. Moritz, and H. Prins. 2006. Pastoralist Responses to Floodplain Rehabilitation in Northern Cameroon. Human Ecology 34:27-51. 
Sutherland. W.J. 1996. From individual behaviour to population ecology. Oxford (UK): Oxford University Press. 
Westra, T., R. D. Wulf, F. V. Coillie, and S. Crabbe. 2010. Optimal Envisat advanced synthetic aperture radar image parameters for mapping and monitoring Sahelian floodplains. Journal of Applied Remote Sensing 4:043511. 
Wilensky, U. 1999. “NetLogo.” Evanston (IL): Center for Connected Learning and Computer−Based Modeling, Northwestern University.


8


o Ao s o A0y vt v S i v
oy e o o o 21 g
e s '

o e Gt ettt e Sy e e
e . 250001 e o 203 Yt ot Sy A
SR i iy B et i
e ot 0 s ) e o e
B Cran e SN o 00 Theoss
oo ey e e 3 Campsbr Wi o e
g Souren (CaHSES P 13 201

e A v s sy ot st e

L Y —————
ey

ort ML oo, A Yo P Schot, . Cro. P Maddck,
ot s Ceompentosng it

e i s e 13 Mozt 2010



