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ABSTRACT 18 

 19 

Agroforestry is a complex land use with features from both forest and agricultural 20 

systems. As a consequence, it creates complex systems with impacts ranging from the site 21 

or practice level up to the landscape level and beyond. Successful design of agroforestry 22 

practices depends on the ability to pull together very diverse and sometimes large sets of 23 

information (i.e., ecological, biophysical, economic and social factors), and then 24 

implementing the synthesis of this information across several spatial and temporal scales 25 

from site to landscape and from crop to tree rotation. Although empirical studies and 26 

appropriate experience will always be the most believable approach, we argue for the 27 

need to understand ecosystem processes as a component of forecasts of the possible 28 

consequences of modifying traditional agroforestry practices to meet contemporary and 29 

future circumstances. Although agroforestry lacks the large research foundation of its 30 

agriculture and forestry counterparts, the development and use of computer-based tools in 31 

agroforestry have been substantial and are projected to increase as the recognition of the 32 

productive and protective (service) roles of these tree-based practices expands. Some of 33 

the different tools used in agroforestry and their applications are reviewed in this chapter, 34 

with special attention to the individual-tree model FORCEE and the related family of 35 

models that we have developed in the Faculty of Forestry at the University of British 36 

Columbia. Initially developed for forestry applications, these ecosystem management 37 

models are now equipped for application in agroforestry and several such applications are 38 

underway. The utility of these and future tools for decision-support in agroforestry must 39 

take into account the limits of our current scientific information, the diversity of aspects 40 
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(i.e. economic, social, and biophysical) that must be incorporated into the planning and 41 

design process, and, most importantly, who the end-user of the tools will be. This 42 

integrated approach can provide forecasting and decision support tools that are able to 43 

examine the sustainability of alternative agroforestry scenarios within the context of 44 

ecological, economic, and social value trade-offs. We assert that the modeling approach 45 

presented here is an effective way of combining traditional knowledge and science-based 46 

disciplinary understanding. 47 

 48 

INTRODUCTION 49 

 50 

Until recently, agroforestry practices were based largely on experience-based wisdom as 51 

to what was successful and what was not (Hsiung 1996). The development of an 52 

agroforestry system then bespeaks of a long history of trial and error. A successful 53 

agroforestry system did not depend upon knowledge of the underlying processes and 54 

mechanisms, but with the introduction of new crops, the spread of invasive species, new 55 

farming techniques and/or a changing climatic regime, this is likely no longer the case 56 

(e.g. Brosius 1990). Understanding the processes that determine the productivity and 57 

sustainability of an agroforestry system provides a basis from which to adapt experience-58 

based systems to changing social needs and environmental circumstances. Experience 59 

(traditional knowledge) can be integrated with an understanding of key components and 60 

processes (both social and biophysical) to develop appropriate conceptual models, and 61 

ecosystem-based forecasting and decision support tools (see Kimmins et al . 2008 a, b). 62 



When properly implemented, the combination of experience + process-level 63 

understanding can capture the benefits of traditional systems but also have the flexibility 64 

to respond to the changing needs and desires of individuals and societies, and to changing 65 

social and environmental conditions (Kimmins et al. 2008b). Furthermore, an integrated 66 

approach can provide forecasting and decision support tools to examine the sustainability 67 

of alternative agroforestry scenarios within the context of ecological, economic, and 68 

social value trade-offs. In this chapter we provide examples of models used in 69 

agroforestry systems, illustrate how these systems can be represented using ecosystem-70 

level models and provide a detailed description of the family of models developed at the 71 

University of British Columbia, with a particular emphasis on the FORCEE model. The 72 

modeling approach presented here is an effective way of combining traditional 73 

knowledge and a science-based disciplinary understanding. 74 

 75 

MODELS IN AGROFORESTRY 76 

 77 

The scientific knowledge needed to develop ecosystem-based simulation models 78 

applicable in any land-use system, including agroforestry, should include those aspects of 79 

the following biophysical components that are relevant for the system being simulated 80 

(Kimmins 1993, Kimmins et al. 2008b): (i) production ecology - the relationship of leaf 81 

area, leaf efficiency, and carbon allocation to different plant parts (including harvestable 82 

crop components) as a function of climate, moisture, light, nutrient availability, and plant 83 

nutrition; (ii) population ecology - intraspecific competition for space and resources; the 84 

effects of competition (plant density) on individual plant size, carbon allocation, and 85 



mortality; (iii) community ecology - interspecific interactions, ecological niches; ―over-86 

yielding‖ due to niche differentiation, and mutualistic or symbiotic interactions; ―under-87 

yielding‖ as a consequence of antagonistic interactions, herbivory, and niche overlap; and 88 

(iv) ecosystem ecology - soil physical properties, nutrient cycling, water balance, and 89 

hydrology; ecosystem change over time due to management and plant/animal mediated 90 

disturbance; interaction of stand and landscape-level processes. The potential 91 

consequences of climate change scenarios should also be considered if protracted time 92 

scales are being considered.  93 

 94 

Ideally, the following information should be collected, depending on the type of model 95 

employed: (i) the temporal and spatial distribution of branches, leaves and root systems; 96 

(ii) the relative water use efficiency of each species in the agroforestry system and the 97 

relative uptake efficiency of resources from different depths in the soil profile; (iii) the 98 

nutrient uptake demands of the crop and tree species and temporal changes in the soil 99 

solution concentrations of the major nutrients; and (iv) the efficiency in capturing and 100 

using light for each of the species involved in the agroforestry system (Gregory 1996, 101 

Kimmins et al. 2008b). Which biophysical components are needed in an agroforestry 102 

model will depend on the particular system, the type of predictions required, and the 103 

tradeoffs between generality (a model that can be applied over wide areas but with less 104 

accurate predictions) and accuracy (specific predictions that pertain to local conditions). 105 

 106 

A thorough understanding of the competitive, symbiotic, and facilitative interactions 107 

among trees, crops, and associated fauna are necessary to determine the sustainability and 108 



profitability of agroforestry systems. To optimize production and sustainability of these 109 

systems, major research initiatives are needed: testing alternative tree and herbaceous 110 

species combinations for different temperate agroforestry systems, cultural practices that 111 

minimize competition and maximize crop and tree niche separation, and genetic trials to 112 

increase productivity and reduce competition (Jose et al. 2004).  Some of these research 113 

needs can be preliminary assessed trough ecological models; modeling provides a means 114 

for integrating different positive and negative interacting vectors so that resource 115 

allocation and yield can be predicted. Models can help synthesize experimental and 116 

empirical evidence on how different components of an agroforestry system interact in 117 

space and time. They also be used to extrapolate research results to a new suite of climate, 118 

soil, species and management, whose combination is too numerous to be studied with 119 

field experiments (Jose et al. 2004, Kimmins 2004).  120 

 121 

Agroforestry systems differ from regular agricultural systems because of the 122 

heterogeneity introduced by combining crops or pastures with a tree component (Huth et 123 

al. 2003). Agroforestry systems are also different from traditional forestry systems 124 

because in conventional forest stands, competition between trees is actively managed to 125 

induce self-pruning and self-thinning to produce high quality timber. (Cabanettes et al. 126 

1998). In agroforestry, seedlings are generally planted at wider spacing so that trees grow 127 

in an ‗open-grown‘ condition, at least during the first part of the rotation and between-128 

tree competition is minimal. Interactions between trees and the other components of the 129 

system (crop, grass, and/or animals) are also more predominant in an agroforestry system. 130 

These interactions can be positive or negative. For example, legume crops can be a 131 



valuable source of nitrogen to other species, while grasses may be strong competitors for 132 

water; fertilizer and pesticides can promote crop growth, but some herbicides may be 133 

detrimental to particular species. Finally, animals may browse and damage trees but they 134 

help re-circulate nutrients through there droppings (MacDicken and Vergara 1990, 135 

Cabanettes et al. 1999).  136 

 137 

Conceptually, it may be possible to describe growth and development of an agroforestry 138 

system as a series of discrete components with flows of mass or energy between each 139 

component. This approach is generally of limited utility in predicting the behaviour of  140 

these complex systems, however, and often this necessitates the use of computer models. 141 

These models are required to not only simulate the dynamic processes within each 142 

component, but also represent the interactions between components (Huth et al. 2003). 143 

Initial modeling efforts focused on integrating separately developed crop and tree models 144 

into agroforestry have not been very successful (van Noordwijk and Lusiana 1999, Jose 145 

et al. 2004). More recently, models have been developed that integrate the principles of 146 

above- and belowground resource capture and utilization in mixed cropping systems 147 

(Jose et al. 2004). 148 

 149 

Statistical models based in historical data series of observed growth and yield values have 150 

been used extensively in forestry but they are poor predictors when circumstances differ 151 

significantly from the conditions under which they were derived (as is typically the case 152 

in agroforestry; Assman 1970).  A process model simulates the structure and function of a 153 

complex system directly, using mathematical representations of the underlying biological 154 



processes that control the behaviour of the system (Godfrey 1983). They have the 155 

flexibility to accommodate changing conditions (Korzhukhin et al. 1996), but only if all 156 

the key components and processes of the system are represented explicitly (Kimmins 157 

1993). Agroforestry models must represent the competition between crop species for the 158 

three essential resources—light, water and nutrients— in a coupled vegetation–soil 159 

system (Mobbs et al. 1998). In this respect, models that represent only water use or light 160 

interception have limited utility (Wang and Jarvis 1990b Muetzelfeldt and Sinclair 1993). 161 

Important interactions also occur among the different components of a system in terms of 162 

space occupation (vertical and horizontal stratification, both above and below ground) 163 

and resource allocation (light, water, nutrients) (Anderson and Sinclair 1993). Hence, a 164 

useful agroforestry model has to be capable of incorporating key ecosystem drivers 165 

within the context of evaluating management options such as species selection, planting 166 

density, thinning regimes, grazing and harvest in order to properly define the most 167 

efficient management strategy (Balandier et al 2003). 168 

 169 

Approaches in modeling agroforestry systems can be defined by the complexity in which 170 

ecosystem process are represented (Gregory 1996, Kimmins 2004, Kimmins et al. 2008a, 171 

b). The simplest models incorporate measured or estimated uptake and nutrient-use 172 

efficiencies but growth and distribution of roots, branches, foliage and shoots are not 173 

modeled explicitly. Competitive ability is inferred simply from plant shoot growth and 174 

simple measures of uptake and soil depletion. These models have been used widely in 175 

agriculture (Van Noordwijk and Van de Geijn, 1996) and forestry (Kimmins 2004). For 176 

agroforestry systems in which roots of trees and crops are not in direct competition and 177 



time scales are yearly or greater, these models may be sufficient to address questions of 178 

tree and crop selection and nutrient management (see below for some examples).  179 

 180 

The next step in complexity is models that include measured or calculated branch, shoot, 181 

foliage and root length and distribution based on variables such as time or temperature. 182 

These models are process-based, simulate the activities of a clump of plants or small 183 

group of trees, and incorporate distance-dependent competitive relationships (Gregory 184 

1996). These models are useful when the ability of shoot and root systems to acquire 185 

resources at time-scales of days and weeks is important. Models of this type that 186 

incorporate root architecture, concepts of nutrient demand by trees and crops, root 187 

interaction within the soil matrix, and processes of mass flow and diffusion in the soil, 188 

offer a means to explore competitive advantage based on universally applicable processes.  189 

 190 

The most complex models include a representation of the spatial configuration for each 191 

member of the dominant vegetation types, simulates root and shoot growth explicitly, and 192 

includes interactions with the above- and belowground environments. It is has been 193 

argued, however, many of this type of process-based models are so complex that they are 194 

difficult to calibrate, lack portability, have limited management options, and thus are 195 

useful as a research tool only (Blanco et al. 2007). This introduces a dilemma because 196 

without sufficiently complexity models will be unable to represent an agroforestry system 197 

with enough accuracy and flexibility that they can function as a useful management tool 198 

(Kimmins et al. 2008a). One solution to construct a hybrid model by combining 199 

empirically based data with a limited set of processes (Kimmins et al. 2008a; see below). 200 



 201 

A variety of agroforestry models have been developed following the principles just 202 

discussed (Ellis et al. 2004). This diversity represents a positive development and reflects 203 

that fact there is no single ―best‖ model. Model requirements in agroforestry vary in 204 

terms of desired performance and the data available for calibration and validation 205 

(Kimmins et al. 2008b). There is also a general recognition that agroforestry models need 206 

to better synthesize experimental and empirical data on tree and crop interactions, 207 

pinpoint and prioritize knowledge gaps, extrapolate research results to new combinations 208 

of soil, climate, species and management conditions, and to provide decision support to 209 

policy makers, researchers and extension staff (Mobbs et al. 2001).  210 

 211 

The simple approach of breaking a given agroforestry system into discrete functional 212 

units and then attempting to integrate each unit within a general model system behaviour 213 

is intuitively appealing, though it is challenging to incorporate knowledge from differing 214 

disciplines into one integrated framework (Jones et al. 2001, Huth et al. 2003). The 215 

HyPAR model (Mobbs et al. 1997), for example, combines two models, HYBRID, a 216 

forest canopy model (Friend et al., 1997), and PARCH (Fry and Lungu, 1996), a crop 217 

growth model developed for application in the dry tropics. HyPAR incorporates 218 

biophysical processes to calculate light interception through a disaggregated canopy of 219 

individual trees in known positions along with water competition, nutrient competition, 220 

daily carbon allocation, hydrology and the impacts of different management scenarios in 221 

crop-tree agroforestry systems (Mobbs et al. 1998). Using a similar approach, Matthews 222 

and Lawson (1997) created HyCAS by combining HYBRID with a cassava model 223 



(GUMCAS, Matthews and Hunt 1994) in order to evaluate various agroforestry 224 

management options. Lawson et al. (1995) used this framework to evaluate crop 225 

productivity under different environmental conditions with a range of existing tree 226 

canopy models (MAESTRO, Wang and Jarvis 1990; ERIN, Wallace 1996) in addition to 227 

HYBRID and PARCH). This approach was also employed to develop APSIM 228 

(Agricultural Production Systems Simulator, McCown et al., 1996). Its modular, 229 

component-based design allows individual models to communicate via a common engine. 230 

At present, several individual crop and pasture modules are available within APSIM, 231 

including a forest production module (Huth et al., 2001). Similarly, Agroforestry 232 

Modeling Environment (AME, Muetzelfeldt and Taylor, 1997) is a modelling framework 233 

designed to help visualize, construct, integrate and exchange agroforestry models. It uses 234 

an object-oriented environment for model construction where users can select and link 235 

predefined components and run mathematical processes (Muetzelfeldt and Taylor 1997).  236 

Qi et al. (2001) employed the CROPGRO (Boote et al. 1998, Zamora et al. 2008) model 237 

to predict soybean yield in windbreak systems, and to simulate similar interactions 238 

between crop yield and tree windbreaks, the model WIMISA (WIndbreak MIllet Sahel) 239 

has been developed (Mayus et al. 1998, 1999). 240 

 241 

Traditional non-modular or self-containing models have also been developed for 242 

agroforestry systems. WaNuLCAS (Water, Nutrient and Light Capture in Agroforestry 243 

Systems, van Noordwijk and Lusiana 1999) is designed to model tree-soil-crop 244 

interactions for a wide range of agroforestry practices. The model links litterfall 245 

production, soil fertility and shading effects of trees on crop yields, and plant competition 246 



for resources (van Noordwijk and Lusiana 2000). The model allows for different 247 

management options such as plot size, tree spacing and choice of tree species, cropping 248 

cycles, pruning, organic and inorganic fertilizer inputs and crop residue removal (van 249 

Noordwijk and Lusiana 2000). SCUAF (Soil Changes Under Agroforestry, Young and 250 

Muraya 1990) is a nutrient cycling model that predicts annual changes in soil conditions 251 

(e.g. soil erosion, carbon, nitrogen, phosphorus and organic matter) and the effect of soil 252 

changes upon plant growth and harvest (Lojka et al. 2008). FALLOW (Forest, Agroforest, 253 

Low-value Landscape or Wasteland, van Noordwijk 2002) is a model that scales-up the 254 

assessment of land-use systems by evaluating the impacts on soil fertility, crop 255 

productivity, biodiversity and carbon stocks of shifting cultivation or crop-fallow 256 

rotations at a landscape scale. The SBELTS model (Qi et al., 2001) simulates crop 257 

production influenced by windbreaks, whereas RothC-26.3 (Kaonga and Coleman 2008), 258 

a compartment model of C fluxes in soils, can be used to track the effects of different 259 

fallow and crop rotations on the evolution of soil organic matter. Another model dealing 260 

with carbon sequestration is CO2FIX V.2 (Masera et al. 2003), a multi-cohort ecosystem-261 

level model based on carbon accounting of forest stands, including forest biomass, soils 262 

and products. 263 

 264 

Agroforestry models generally fail to allow for the role of animal production and rarely 265 

take into account management practices (Balandier et al. 2003). A fairly specialized 266 

category of agroforestry models then are those designed to simulate agri-silvopastoral 267 

systems. The few models that test management options of silvopastoral systems have 268 

been developed at the farm level and are based on theoretical constructs (Talamucci et al. 269 



1996), or have simple representation of tree-crop-animal interactions (Etienne and Rapey 270 

1998/1999). The model ALWAYS (Alternative Land-use With Agroforestry Systems, 271 

Bergez et al. 1999) simulates the complex biophysical functioning of silvopastoral 272 

systems (Balandier et al. 2003). PATUMOD (Phytocoenotic system of wooded pasture, 273 

Gillet et al. 2002) simulates vegetation dynamics at community level non-spatially. A 274 

spatially explicit representation of tree-grass interaction is used in TREEGRASS 275 

(Simioni et al. 2000), a 3-D process-based model of heterogeneous tree–grass systems, 276 

that predicts plant individual radiation capture, and carbon and water fluxes. Finally, the 277 

BEAM model (Bio-Economic Agroforestry Model, Thomas et al. 1993) predicts the 278 

physical and financial performance of agri-silvopastoral systems under a range of 279 

management scenarios. 280 

 281 

It should be noted that although many agroforestry models have been successful in 282 

simulating the specific systems for which they were created (Ellis et al. 2004), there is 283 

little evidence of use by decision makers, planners, extension agents and landowners. 284 

There has been little effort in their application to extension and planning purposes (Huth 285 

et al. 2003, Ellis et al. 2004).  286 

 287 

THE ―FORECAST‖ APPROACH TO MODELING AGROFORESTRY ECOSYSTEM 288 

MANAGEMENT 289 

 290 

Here, we describe the FORECAST family of ecosystem management models, the hybrid 291 

simulation approach on which they are based, and their applicability to agroforestry 292 



systems (for further information, see Kimmins et al. 1999; Seely et al. 1999, 2004). These 293 

models simulate the management of complex systems by integrating empirically-based 294 

knowledge with representations of key ecological processes. The basic approach 295 

(―backcasting‖; mining empirical data to obtain estimates of process rates) is to use 296 

empirical input data to estimate the rate at which key ecosystem processes (e.g. efficiency 297 

of light capture by each species, nutrient cycling, and nutritional regulation of growth) 298 

must have operated to produce observed trends in ecosystem process variables, 299 

productivity and biomass accumulation (see Kimmins et al. 1999; Seely et al. 1999, for 300 

further details of this approach). These rate estimates, obtained in the ―setup‖ stage, are 301 

then used to drive the model‘s simulations, which in turn project future conditions given a 302 

particular management and/or natural disturbance or environmental change scenario. 303 

Empirical (historical bioassay) data are entered into the setup input files. These data are 304 

processed by the setup programs to create the simulation rules and estimates of process 305 

rates used in the ecosystem simulation module. FORECAST provides the user with 306 

graphical output in the setup phase with which to assess the simulation rules and how 307 

faithfully they represent the empirical input data. The user can chose any combination of 308 

herbs, shrubs, trees, and bryophytes, managed under a wide variety of management 309 

scenarios. The simulation module provides a rich set of graphical and tabular assessments 310 

of the model‘s forecasts for diverse ecosystem and management variables. These help the 311 

user to assess the model output. To facilitate the analysis of ecosystem production, 312 

FORECAST can be operated at different degrees of complexity - as a light-only model 313 

(with nutrient cycling and nutrient limitation disabled), or with both light and nutrient 314 

cycling/limitation/competition enabled, or with light, nutrients, and moisture represented. 315 



The present version of FORECAST is a non-spatial model and so it works best when the 316 

spatial distribution of vegetative components in a given ―layer‖ (canopy, shrub, herb, etc. 317 

is more or less homogenous. A climate change component of the model has been added. 318 

 319 

Agroforestry often involves dynamic spatial relationships, at both the individual tree and 320 

landscape level. To accommodate the latter, FORECAST has been incorporated into 321 

LLEMS, the Local Landscape Ecosystem Simulator. LLEMS simulates plant 322 

development and ecosystem processes in interacting grid cells as small as 10 × 10 m 323 

within a framework that can accommodate up to 2 million cells (for a total area of 2000 324 

ha). Cells are clustered at the start of a run into polygons on the basis of a series of 325 

attributes (for example, vegetation structure, density, species composition, age, soil 326 

condition). As the simulation proceeds, individual cells may transition into other 327 

polygons as developing vegetation changes light and nutrient conditions or the ingress of 328 

crops, weeds, or trees changes vegetation structure. Natural regeneration is simulated as a 329 

consequence of seed dispersal within and between polygons. In agroforestry applications 330 

this would represent invasion of ―weed‖ or other non-crop vegetation. This approach 331 

permits very detailed spatial process (―bottom-up‖) simulation over relatively large areas 332 

(―top-down‖) as well as maintaining flexibility in the face of management activities or 333 

natural disturbance. LLEMS is well suited to many agroforestry applications since it can 334 

represent trees, shrubs, herbs, the independent management of each of these plant life 335 

forms and species within a life form, site-level management treatments, and the actions of 336 

herbivorous animals. It can represent the interactions between rows of trees and crops in 337 

alley farming or other spatial arrangements of trees and crops.  338 



 339 

In addition to scaling up, there is also a clear need for scaling down models in 340 

agroforestry. Tropical homegardens, for example in which there is a complex intermixing 341 

of trees, shrubs, and herbs (Price 1989) requires experience of how to manage such 342 

spatially and ecophysiologically complex systems. Farmers in areas that employ 343 

homegardens have acquired experience-based knowledge, but this is of limited utility as 344 

the needs and demands of culture and societies change. This scenario is most applicable 345 

to the FORCEE model, an individual tree, spatially explicit application of FORECAST 346 

that will provide an analysis of agroforestry systems at very fine spatial scales. FORCEE 347 

grows trees and crops based on simulated photosynthesis, nutrient cycling, nutritional 348 

regulation of growth, and competition for light and nutrients. As with FORECAST, the 349 

simulation rules are based on input data that describe past tree and crop growth on sites of 350 

differing nutritional quality and the rates of certain processes. From these, estimates of 351 

the rates of the key processes are obtained from a back-casting procedure: what rates 352 

must have occurred to have resulted in the observed growth of plants and trees, and soil 353 

biomass/nutrient accumulation. In the FORCEE model, the spatial coordinates are known 354 

for each individual tree and so any configuration of tree distribution and density can be 355 

represented. FORCEE has extensive management capabilities and produces a rich array 356 

of output variables. Individual trees and other plant forms can be cut, harvested, and new 357 

seedlings planted to achieve desired outcomes. 358 

 359 

FORCEE simulates nutrient cycling, the light profiles, and patterns of litterfall for each 360 

tree (details below), and their effect upon growth of tree and agricultural crops. Rules for 361 



the simulation of plant growth and interactions are based upon the same algorithms 362 

developed in the FORECAST model except that they are applied to individual trees and 363 

patches of crops with additional input data on individual plant dimensions in different 364 

competitive environments. FORCEE uses visualizations to directly illustrate the 365 

outcomes of the simulation routines. All representations are pixel-based (with a 10 x 10 366 

cm resolution) except tree stems which are vector based. The area capable of simulation 367 

is necessarily small (10 ha, or less), though the simulated area has no edges since exterior 368 

boundaries join seamlessly i.e., the left side continues on the right side, the top on the 369 

bottom, and each corner on the opposite corner. Edge effects can be simulated by 370 

removing trees from part of the plot. FORCEE is based on a ―structure first‖ approach in 371 

which priority is given to the structure of the computer program and its relationship to the 372 

structure of the reality it represents (i.e., it is a hybrid simulation model). Its design 373 

includes optimization of calculations, data structures which organize numbers into logical 374 

groups, and visual displays of the data structures arranged to appear on screen as the real 375 

structures that they represent.  376 

 377 

In FORCEE, each foliage cell is held aloft to intercept light for further growth and to cast 378 

shade below according to a hemispherical view analysis. A foliage-light calculation is 379 

used to determine the amount of new growth and the spatial distribution of that growth; 380 

foliage tends to grow into areas with the best light conditions. Allocation of growth to 381 

foliage itself varies regionally within each foliage grid depending on the light experience 382 

of individual foliage cells. Foliage growth within a single grid of cells is directed most to 383 

those existing foliage cells which are performing the best but are not yet fully developed, 384 



and to new adjacent empty cells. Branch length limits how far new cells can extend from 385 

the stem. Cell performance depends on light intensity, foliage age and cost of supporting 386 

stem segments and roots. Poorly performing cells are more likely to die, and which after 387 

death are added to the forest floor litter pool. The canopy for each tree becomes hollow as 388 

the foliage of inside cells is shaded by that of cells around and above. In ecosystems 389 

located in the northern hemisphere, less foliage grows in cells on the north side, and 390 

lower foliage also dies sooner on the north sides. Shade cast by adjacent trees affects 391 

adjacent foliage and on the shadows cast on the ground. 392 

 393 

Tree stems in FORCEE are represented by a tapering stack of nested ‗cylinders‘.  There 394 

are up to three nested cylinders between each foliage grid to represent heartwood, 395 

sapwood and bark, respectively. Each cylinder is one meter long except for the top 396 

cylinder which terminates at tree top height. Lower cylinders are have greater diameter 397 

because they have been growing for longer, and because wood and bark cylinder 398 

increment depends on the amount and productivity of foliage and which must use those 399 

cylinders to connect with the roots. Hence, cylinders are narrow when they form and 400 

increase in diameter over time. Coordinates are kept for the top and bottom of each 401 

cylinder so that tree stems may lean in any direction. Stems may bend to recover from 402 

lean as the stem elongates. Stems may also divide as, for example, can occur when 403 

leaders are killed. Tree stems sprout from the top soil layer. Tree roots spread from the 404 

stem bottom through the soil layer cells to access and uptake nutrients.   405 

 406 



Soil is represented by a 3-D grid of 10 cm cubes. Each cube can be composed of 407 

combinations of litter, humus and mineral soil, or the cube can represent an impermeable 408 

layer (bedrock, for example). Bedrock surface and mineral soil surface are mapped as 409 

landform grids. When litter falls from one foliage cell and drifts to land on a column of 410 

soil cubes, it accumulates in the topmost cube. If the topmost 10 cm cube is full then a 411 

new cube is added above. Litter decomposes to humus which mixes with mineral soil. 412 

Litter and humus decomposition releases nutrients into soil cubes. When compaction of 413 

litter and humus reduces the volume of a cube which is not on top, then material will drop 414 

down from the cube above. The resulting piles of litter can be seen at the base of trees 415 

(see Figure 1). Humus moves between cubes through soil mixing, and released nutrients 416 

can seep from cube to cube. Roots favour growth into those contiguous cubes with the 417 

greatest content of nutrients, providing that the cubes also contain some mineral soil.   418 

  419 

EXAMPLES OF AGROFORESTRY SYSTEMS SUITABLE TO BE SIMULATE 420 

TROUGH ECOSYSTEM-LEVEL MODELS 421 

 422 

Several examples exist around the globe of agroforestry systems that may benefit from 423 

the development of ecologically based decision-support tools. One agroforestry system 424 

that can be simulated with a non-spatial ecosystem model such as FORECAST is the 425 

―talun-kebun‖ system in Java, Indonesia (Soemarwoto 1984). The talun-kebun has been 426 

replaced in parts of Java by fixed field cash-cropping systems. In these systems, bamboo 427 

is no longer a desirable species and manual weeding or herbicides are used to eliminate it 428 

and other ―weed‖ species. Bamboo is a key component of the traditional system, however, 429 



and it serves an important role in maintaining nutrient reserves and in nutrient cycling 430 

(Christanty et al. 1997). Replacing bamboo with cash crops – tropical fruit and other food 431 

crops - may mean that productivity can be maintained only with the addition chemical 432 

fertilizers and possibly the use of pesticides. Christanty (1989) studied the ecological 433 

mechanisms driving sustainability in the talun-kebun system. In its traditional form, this 434 

system consisted of a 6-7 year management cycle in which a 4-5 year fallow period of 435 

perennial clump bamboo was alternated with 2 years of food crop production. 436 

Clearcutting, raking the forest floor and slash into piles for burning, and hoeing the soil to 437 

a depth of 25 cm reduced the vigour of the bamboo to the point at which it posed no 438 

competitive threat to the first year of planted food crops (Christanty et al. 1997). These 439 

crops are (typically) cucumber, bitter solanum and hyacinth (pole) beans. Ash from the 440 

burned slash piles, plus some animal manure are used to increase the production of these 441 

vegetables. In spite of these nutrient additions, the fertility of the upper soil layers 442 

declines during the first year, and the field is planted to cassava (a less nutrient-443 

demanding root crop) the second year after clearcutting. After 2 years of cultivation, 444 

bamboo regrowth and declining soil fertility prevent continued food cropping. The field 445 

is abandoned and permitted to revert to an unmanaged stand of bamboo for 4-5 years. 446 

Christanty (1989) reported that the historical success of the system appeared to be based 447 

largely on the massive root system of the bamboo, which prevented erosion in the steeply 448 

sloping fields, reducing leaching of nutrients. Bamboo also acts as a ‗nutrient pumping‘, 449 

returning to the surface in litterfall much of the nutrients leached deeply into the soil 450 

profile during the cropping period, and provided a substantial input of dead organic 451 

matter to the soil in the form of dead fine roots as the upper soil layers in the cleared 452 



fields were hand cultivated. Studies reported in related papers (Christanty et al. 1996, 453 

Mailly et al. 1997) supported the interpretation that the bamboo recovers much of the 454 

nutrients leached deeper into the soil profile during the 2 years of cropping and deposits 455 

them at or near the soil surface as above-ground litter and dead fine roots. Replacement 456 

of bamboo by crops that lack such an extensive root system reduces these important 457 

ecological functions and threatens sustainability unless the loss is compensated for by 458 

increased external inputs. FORECAST was able to simulate the sustainable dynamics of 459 

the traditional talun-kebun system and that its conversion to a cash-cropping system 460 

resulted in long-term nutrient depletion and reduced productivity (Kimmins et al 461 

unpublished). 462 

 463 

Another example of agroforestry system than can be simulated with ecosystem-level 464 

models is the swidden agriculture of the Karen hill people in northern Thailand (Dove 465 

1093). Wangpakapattanwong (2001) examined this system to elucidate the ecological 466 

principles underlying its sustainability. He confirmed that a decline in rice production 467 

from extended cropping was due to weed, insect, and disease problems (which the local 468 

people are aware of), issues that are controlled naturally by allowing a period of forest 469 

fallow. He also speculated that another key role of the fallow period was to maintain a 470 

coarse soil structure with large, robust peds, and large pore spaces. This soil structure is 471 

critical in preventing erosion on the sloping fields during the heavy monsoon rains that 472 

characterize the region. Soils lacking such structure have higher bulk densities and 473 

reduced infiltration rates, which increases surface runoff and erosion. It is thought that the 474 

extensive root systems and the above- and belowground litterfall (which sustains an 475 



active soil fauna) that develop through the fallow period are critical for the maintenance 476 

of soil structure as well as helping to restore soil fertility post-cropping. Replacement of 477 

this system by fixed fields without a fallow would not permit these key ecological 478 

functions of the fallow to operate, with implications for sustainability and the need to use 479 

agricultural chemicals. This system is suitable for being simulated with ecosystem-level 480 

agroforestry models, but because soil is the most important player in the long-term 481 

sustainability of any management in this system, only models that explicitly simulate 482 

soil-plant interactions are suitable for being applied in this or similar systems. 483 

 484 

Ginkgo-crop systems in eastern China are another example of agroforestry systems 485 

whose management could benefit from the application ecosystem-level models. Cao 486 

(2000, 2003) studied a variety of Ginkgo biloba - crop agroforestry systems in eastern 487 

China, investigating both intraspecific (Ginkgo density) competition, interspecific 488 

competition (Ginkgo/crops at varying densities), the interactive effects of nutrition, light, 489 

and moisture on biomass and carbon allocation in trees and crops, and foliar bioflavonoid 490 

levels in Ginkgo. He also quantified the changing performance of Ginkgo and crops as 491 

the Ginkgo ages across a chronosequence. In the absence of appropriate experience, such 492 

production ecology information is an essential foundation for the design of optimum 493 

agroforestry systems. While trial and error could discover optimum designs, this would 494 

require a large area of field trials over several cycles of perhaps 25–30 years each, a land 495 

commitment and delay that could be avoided by basing new designs on an understanding 496 

of the production, population, and community ecology of these systems, as provided in 497 

Cao‘s studies. For this type of agroforestry system, the spatially-explicit ecosystem-level 498 



model FORCEE is being calibrated and applied (see Figure 2). Simulations with 499 

alternative tree densities and tree alleys lay-outs and their influence on crops are being 500 

tested in order to determine which of these combinations are sustainable and provide the 501 

best yields. 502 

 503 

A final example of agroforestry systems that could benefit from ecological-based 504 

simulation models is the ―dehesa‖ system. The Spanish term ―dehesa‖, (and its 505 

Portuguese equivalent ―montado‖), relates to an agroforestry system typical of the 506 

southwestern Iberian Peninsula, with equivalents in other Mediterranean areas such as the 507 

oak woodland ranches in the Sierra Nevada foothills of California (Campos et al. 2007). 508 

The dehesa can be defined as a multi-purpose agroforestry system that includes a small 509 

and managed population of oak trees (Joffre et al. 1988, 1999). Two main oak species are: 510 

cork oaks (Quecus suber) or holm oaks (Quercus ilex). Historically, the traditional 511 

system was highly diversified in terms of livestock types (sheep, goats, Iberian pigs, and 512 

cattle) (Figure 3). Today, the grazing of the high value Iberian pig is the most profitable 513 

component of the dehesa system, with pigs grazing the seasonal acorn production in 514 

autumn-winter. The herbaceous layer can be of either cultivated cereals (oats, barley, 515 

wheat) or, more commonly, native vegetation dominated by annual species used as 516 

grazing resources. Although pig production is the main source of income for farmers 517 

managing these systems, several other secondary resources such as cereal, cork, firewood, 518 

charcoal, cheese, honey, game, truffles and tannin are nevertheless still important in the 519 

dehesa economy (Joffre et al. 1999, Campos et al. 2007). This tree-herb system prevented 520 

from transitioning into a chaparral-type shrubland by manual control of shrub species 521 



(Cistus spp.) or by goat and sheep grazing.  Trees are important sources of food and 522 

shelter for animals, and as an integral part of these agri-silvopastoral systems, they are 523 

carefully managed. Holm oaks have a high direct value as fodder crop, providing acorns 524 

and leafy branches. Several prunings are done during the life of the oaks (Montoya 1980). 525 

In cork- oak-dominated systems, the main tree production is cork, whilst in holm-oak 526 

dehesas the aim is to maximize acorn production. Cork oaks are debarked in a regular 527 

basis to obtain a highly valuable production of cork (destined mostly for the wine 528 

industry). Holm oaks, however, are selected for the production of sweet acorns as a high 529 

quality stock feed, and pruned to maximize corn production by increasing light levels in 530 

the tree crown. The effect of pruning in these oak woodlands has long been controversial 531 

(Cañellas et al. 2007). Light or moderate pruning is likely to be good for the tree. Pruning 532 

of overshadowed and weak branches is considered important for promoting healthy trees 533 

(Hubert and Courrand 2002). The economic cost of pruning is very high, however, and 534 

there are attempts to compensate for these costs by obtaining income from firewood, 535 

charcoal or virgin cork. This can lead to an increase in the intensity of pruning, which can 536 

be too intense and cause damage to the tree (Cañellas et al. 2007). This system appears 537 

ideal for the application of an ecosystem-level model that can simulate the interaction 538 

between the pasture vegetation, the trees and the animal grazers. The density, 539 

configuration and management of the tree population is critical and thus a spatially 540 

explicit model such as FORCEE is necessary to develop and assess sustainable 541 

management practices. 542 

 543 



FUTURE CONSIDERATIONS IN MODELING AGROFORESTRY: CLIMATE 544 

CHANGE 545 

 546 

Climate change and its possible effects upon ecosystems have received considerable 547 

attention of late (Houghton et al. 1990). If the potential of agroforestry is to be realized 548 

and maintained, this issue must be addressed whenever projections are made regarding 549 

the future productive capability of a given system. With respect to model development, it 550 

would be desirable to simulate the response of key ecosystem processes (e.g. 551 

photosynthesis, phenology, decomposition) to variations in daily air temperature and 552 

occurrence of frost, daily precipitation, and elevated CO2 concentrations. Response 553 

functions for the main drivers of ecosystem production (see above) should be included 554 

with consideration for the fact that many are likely to be species-specific. Climate change 555 

capability is currently being added to the FORECAST model and when this model is used 556 

as the driver for the LLEMS model, this will also permit an assessment at the landscape 557 

level. 558 

 559 

The impact of climate change on ecosystem development is fraught with uncertainty, 560 

both in terms of predicting future climates and weather patterns, and how organisms, 561 

ecosystems, and natural disturbance agents will respond to a changing climatic regime., 562 

Effects have been predicted to be positive, negative, or neutral, depending on the 563 

particular ecosystem and the predicted direction in atmospheric change. This uncertainty 564 

further emphasizes the need to move away from a dependency on empirical, correlation-565 

type approaches in favour of mechanistic, process-based models. As argued above, 566 



however, there is merit in combining the best of these two approaches and creating a 567 

hybrid system. The extent of our knowledge and ability to represent what we do know in 568 

process models continues to be limited, and combining representations of key processes 569 

with empirical models will probably be the most effective strategy, at least in near future. 570 

Combining traditional wisdom about agroforestry with a western science-based 571 

understanding of key processes (unless of course the traditional knowledge already 572 

incorporates this explicitly) is suggested as the optimum approach.  573 

 574 

CONCLUSION 575 

 576 

Traditional agroforestry systems will need to change if they are to continue to meet 577 

society‘s needs in the face of a continued increase in human population and per capita 578 

standards of living (i.e. in total human pressure on global ecosystems) and in 579 

environmental conditions (e.g. climate change). We assert that the best chance for 580 

developing management practices for sustainable agroforestry systems is to incorporate 581 

past experience and traditional knowledge within a framework that includes computer-582 

based modeling tools and science-based knowledge of key ecosystem processes. This 583 

honours the roots of successful agroforestry practices by combining accumulated wisdom 584 

and modern ecosystem-based thinking. Combining accumulate wisdom with process-585 

level understanding to create a hybrid knowledge-based system is the most effective way 586 

to develop appropriate decision support tools.  587 

 588 



Historically, forestry and agriculture have often been single value systems with a focus 589 

on either timber extraction or crop biomass production, respectively. The future is more 590 

likely to emphasize the potential multiple benefits of these systems, including crop yield, 591 

employment, economics, maintenance of soil function, non-crop vegetation, wildlife 592 

habitat, hydrology, carbon and energy budgets, and pathogens. While no single model 593 

can incorporate all values, the use of ecosystem-level models permits the user to address 594 

many of the biophysical variables, and, in combination with social sciences, to interpret 595 

these in terms of multiple values and environmental services. Forestry and agroforestry 596 

have generally focused on stand and field-level issues.  These are important. However, 597 

they cannot be considered in isolation from their context within the landscape. 598 

Unfortunately, most landscape-level models lack a detailed representations of stand or 599 

field-level ecological processes. There is a need then to scale up from small to larger 600 

spatial scales. Agroforestry decision support tools should as simple as possible but as 601 

complex as necessary for the system in question, multi-value, and able to address a 602 

variety of spatial scales. The complexity of many computer-based decision support tools 603 

often renders them of little value to policy makers and producers. If possible, these 604 

decision tools should be constructed with a user-friendly interface that facilitates their 605 

application by a wide range of users. The development of the FORECAST family of 606 

models has been guided by this principle.  607 

 608 
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Figure captions 

 

Figure 1. Screenshot of a simulated stand of trees in the FORCEE model. Two tree 

species are shown. Green areas on the forest floor illustrate the distribution of litter. 

 

Figure 2. Examples of output from the individual tree FORCEE model showing alley 

cropping (A) and an evenly-dispersed tree grouping (B). Real-world analogues are 

shown in C, a Gingko (Ginkgo spp.)-broad bean (Vicia faba) alley-cropping system, 

and in D, uniformly-distributed Gingko trees interspersed with canola (Brassica 

napus). 

 

Figure 3. View of the ‗dehesa‘ silvo-agricultural system in the Iberian Peninsula. Top 

panel: free-range cattle using the shade provided by evergreen oaks. Bottom panel: 

landscape dominated by dehesas. 

 

 



 

Figure 1. Welham et al. (2009).



 

Figure 2. Welham et al. (2009).



 

 

 

Figure 3. Welham et al. (2009). 


