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 Introduction 

 

Mixed conifer–broadleaves forests (mixedwoods) are highly diverse, 

consisting of a broad range of species combinations, successional stages, spatial 

patterns and degree of intimacy of the component species mixtures. From a resource 

perspective, they are highly valuable both as sources of fibre and as areas rich in 

biodiversity (Aitken et al. 2002). Mixedwoods represent a significant portion of the 

boreal forest biome of Canada, being widely distributed across the country. In 

British Columbia they comprise more than a third of the productive forest landbase 

(Comeau 1996). The most widespread species combination in BC is the white spruce 

– aspen mixture (Picea glauca (Moech) Voss - Populus tremuloides Michx.), although a 

wide range of mixtures are found, including aspen– pine (jack pine (Pinus banksiana 

Lamb. or lodgepole pine (Pinus contorta Dougl.), and white spruce - balsam poplar 

(Populus balsamifera L.) (Andison and Kimmins 1999). Most of the boreal mixedwood 

landscapes in BC are found in the Boreal White and Black Spruce (BWBS) 

biogeoclimatic zone in the north-east corner of the province, but a significant area of 

boreal-like mixedwoods occurs in the adjacent Sub- Boreal Spruce (SBS) zones 

(DeLong et al. 1990, 1993).  

 

Historically, these forest types have been managed as single-species stands 

with herbicide and manual brushing treatments employed to promote conifer 

growth in plantations (Comeau et al. 2000). Research with respect to the production 

ecology of mixedwood ecosystems has illustrated that mixtures of conifers and 

broadleaf species can be more productive than pure stands (Man and Lieffers 1999) 

and that reasonably good conifer growth can be maintained in mixtures if steps are 

taken to reduce broadleaf competition (e.g., Simard and Hannam 2000, Comeau et al. 

2000, Simard et al. 2004). It has been shown, for example, that broadleaf removal can 

lead to increased incidence of disease (e.g., Baleshta et al. 2005) and increased risk of 

insect infestations among residual conifers (Simard et al. 2001). These observations 
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have been explained focusing on the differential utilization of resources by 

broadleaves and conifers (light, nutrients and water) (Man and Lieffers 1999), the 

positive impacts of broadleaf species on nutrient cycling rates (Comeau 1996, Côté et 

al. 2000) and shared mycorrhizal networks (Simard et al. 1997).  

 

In addition to these new observations on the benefit of maintaining the 

mixture of mixedwood forest,  the development of new silviculture techniques and 

equipment, the swift from exploitative forestry to sustainable forest management 

and the arrival of new challenges to forest management (e.g. new climatic 

conditions, production of biomass for bioenergy, plantations for carbon fixation, new 

invasive species, insect outbreaks) are making many general assumptions used daily 

in forest management becoming increasingly obsolete. Among them, traditional 

stand-level growth and yield tables and non-spatial stand simulators are two of the 

management tools that may need to be used with caution or revisited (Andison and 

Kimmins 1999). The primary objective of this 3-year research project was to 

develop the spatially-explicit, individual tree, ecosystem-level, stand model 

FORCEE for analysis of the consequences of forest management on ecosystem 

dynamics. 

 

Specific Project Objectives 

Year 1 (2006/07)  

1. Design for individual tree stem shape and canopy form: Tree foliage, outside stem, 
snag, and root structures were developed. 

2. Test of the FORCEE at this point indicated that sapwood/heartwood and branch 
structure was in need of minor improvement.   

3. Implement the simulation of soil layer and decomposing litter structure.  

 

Year 2 (2007/08) 

4. Link simulation of decomposition and tree growth. Decomposition of litter 
provides most of the nutrients for tree uptake and growth.  
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5. Software development of water balance model. The ForWaDy model (Seely et al. 
1997) is integrated into the FORCEE model. 

6. Test the water balance model. Moisture deficit adds an additional tree growth 
limiting factor in addition to available light and nutrients. 

7. Software development of climate change effects. 

8. Upgrade of visualization module. 

 

Year 3 (2008/09) 

7. Link water balance model with decomposition and tree growth modules. 

8. Link climate change effects code to FORCEE. 

9. Literature review to identify tree growth – climate and decomposition rates – 

climate relationships. These relationships are included in the climate change section 

of FORCEE. 

 

Methods 

Description of existing modelling framework 

FORCEE is a spatially explicit, individual tree, stand-level, ecosystem 

management (EM) model. Based on the modelling approach developed for the non-

spatial, stand level, EM model FORECAST (Kimmins et al. 1999), FORCEE grows 

trees and understory plants based on simulated photosynthesis, nutrient cycling, 

nutritional regulation of growth, and competition for light and nutrients. The 

simulation rules are based on input data that describe past tree and plant growth on 

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

estimates of the rates of the key processes are obtained from a back-casting 

procedure: what rates must have occurred to have resulted in the observed growth 

of plants and trees, and soil biomass/nutrient accumulation. FORCEE is designed 

for the analysis of complex stands - complex in vertical and horizontal structure, age 

and species composition, and spatial variation in biotically - induced forest floor and 

soil characteristics. 
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FORCEE simulates individual trees growing in pure or mixed stands. It uses 

visualizations to directly illustrate the outcomes of the simulation routines. All 

representations are pixel-based (with a 10 x 10 cm resolution) except tree stems 

which are vector based. The FORECAST model was based on a “data first” approach 

to model construction, whereby development began with available data on 

ecosystem processes and the model was then built around those data. FORCEE, in 

contrast, is based on a “structure first” approach in which priority is given to the 

structure of the computer program and its relationship to the structure of the reality 

it represents. Its design includes optimization of calculations, data structures which 

organize numbers into logical groups, and visual displays of the data structures 

arranged to appear on screen as the real structures that they represent. 

 

Methods employed to achieve specific objectives 

A description of the methods employed to meet the specific project objectives 

is provided below.  

 

1. Design for individual tree stem shape and canopy form: Tree foliage, outside 

stem, snag, and root structures. Stems are represented by a tapering stack of nested 

cylinders (Figure 1), with three nested cylinders between each foliage grid to define 

heartwood, sapwood and bark diameters (Figure 2). Each cylinder is one meter long 

except for the top one which terminates at tree top height. Lower cylinders are fatter 

because they started growing sooner, and because wood and bark cylinder 

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

cylinders to connect with the roots. Cylinders represent diameter over bark, so they 

start very narrow and increase in diameter over time (Figures 2 and 3). Each cylinder 

may be offset from the one below it to represent the stem leaning. Simulated as 

vectors, coordinates are kept for the top and bottom of each cylinder so that tree 

stems may lean in any direction. Stems may bend to recover from lean as the stem 
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elongates (Figure 2). Stems may divide as in a deciduous tree. Tree stems sprout 

from the top soil layer. Tree roots spread from the stem bottom through the soil layer 

cells to access and uptake nutrients.   

 

 

Figure 1. A screen capture of the FORCEE interface, showing the simulation of 

stems. 

 
 

Each foliage cell is held aloft to intercept light for further growth and to cast 

shade below according to hemispherical view analysis (Figure 3). A foliage-light 

calculation is used to determine the amount of new growth and the spatial 

distribution of that growth; foliage tends to grow into areas with the best light 

conditions. Foliage growth within a single grid of cells is directed most to those 

existing foliage cells which are performing the best but are not yet full, and to new 
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empty cells adjacent to these better performing cells. Branch length limits how far 

the new cells can be from the stem (Figure 4).   

 

 

Figure 3. A screen capture illustrating simulated shading within a tree causing 

asymmetrical canopy hollowing. 

 

Foliage cell performance depends on light intensity, foliage age and cost of 

supporting stem segments and roots. Poorly performing cells are more likely to die, 

with the foliage drifting in the wind to land in soil cubes, adding to the forest floor. 

The canopy for each tree becomes hollow as the foliage of inside cells is shaded by 

that of cells around and above. Less foliage grows in cells on the north side, and 

lower foliage dies sooner on the north side (Figure 3). Shade cast by adjacent trees 

affects the foliage in lower levels in the same tree, in other smaller trees or plants, 

and on the ground.   
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A) 

 

B) 

 

C) 

 

D) 

 
 

Figure 2. Simulation of stems in FORCEE. A) One typical stem section. B) 2.4 m stem section with 

exaggerated taper. C) 2.4 m stem section with lean angle that corrected. D) 2.4 m stem section with 

exaggerated foliage cell size. The simulated tree would have hundreds of foliage cells. 



A) 

 

B) 

 
 

C) 

 

D) 

 

E) 

 

F) 

 

Figure 4. Simulation of foliage in FORCEE. A) Flat grid (aerial view) depiction of foliage disk located at top stem (black 
dot) section. B) 3D-view of foliage disk for a given stem height. C) Hemispherical view approximation is used to reduce 
light to lower cells. Cell A reduces light in cell B more than in cell C because of sun angle. D) Pattern of shading cast by 
one foliage cell on the layer below from hemispherical view analysis. E) Growth of foliage into new cells. F) Foliage death 
(in conifers) or failure to replace litterfall (deciduous) is greater in cells with less light, causing the foliage disk to become 
hollow, doughnut-shaped. The stand is assumed to be in the North Hemisphere (sunlight coming from the South).



 

2. Implement the simulation of soil layer and decomposing litter structure.  

A fundamental part of FORCEE is the spatial representation of soils: both 

horizontally and vertically. Below-ground distributions of root systems are 

simulated. The spatial representation of soil allows representing windrowing, 

piling and burning, spot fertilization, soil compaction, erosion and the action of 

soil animals in mixing litterfall down into the mineral soil. Soil is represented by 

a 3D grid of 10 cm cubes. Each cube can have a content of litter, humus and 

mineral soil, or the cube can be impermeable like bedrock. Bedrock surface and 

mineral soil surface are mapped as landform grids.  

 

When litter falls from one foliage cell and drifts to land on a column of soil 

cubes, it accumulates in the topmost cube. If the topmost cube is already full then 

it starts to fill a new cube above. Litter decomposes to humus which mixes with 

mineral soil. Litter and humus decomposition releases nutrients into soil cubes. 

When compaction of litter and humus reduces the volume of a cube which is not 

on top, then material will drop down from the cube above. The resulting piles of 

litter can be seen at the base of trees (Figures 5 and 6). Humus moves between 

cubes through soil mixing, and released nutrients can seep from cube to cube. 

Roots favour growth into those contiguous cubes with the greatest content of 

nutrients, providing that the cubes also contain some mineral soil.  
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Figure 5. A screen capture showing the litterfall piles (dark colour) generated 
underneath each tree.  
 

 

Figure 6. Simulation of litterfall accumulation under a tree. Litterfall accumulates 
follwing the topography, but the prevailing wind pushed the litterfall so the 
accumulation is higher in the upwind side. 
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3. The difficulties of integrating a water balance model within FORCEE  

ForWaDy (Seely et al. 1997) is a water balance model developed in our lab 

at UBC. It has been successfully integrated into the FORECAST stand level 

ecosystem simulation model, and we had intended to use the same basic protocol 

to adapt it for use in the FORCEE model, as follows.  FORECAST assumes 

uniform layers of litter and humus.  However, litter and humus layer depths 

vary over the surface of the forest floor in FORCEE as litter falls from individual 

pixels of foliage disks to spread with the wind and to land on particular soil cells 

where it can build up into non-uniform piles. ForWaDy must therefore be 

modified to accommodate the irregular distribution of litter.  This has proven to 

be a non-trivial exercise. Initially, the integrated model appeared to be working 

satisfactorily but more rigorous testing exposed irregularities in model 

performance. These issues were not only a consequence of simple programming 

errors, however; there may also be a problem inherent to software capability 

itself. As a consequence, subsequent modifications to the computer code were 

only partially successful and there was concern that the time and effort required 

for their complete resolution would compromise the core activities of model 

development and implementation. Hence, this aspect of the project was deferred 

to ensure that a solid, functioning model could be  delivered within the project 

timeframe. 

 
 
Results and Discussion 
 
Development of the individual tree growth model FORCEE and its suitability 
to simulate mixedwoods and their response to natural disturbances  

 

A critical property of a model suitable to simulate individual trees in a 

mixedwood environment is the spatial scale over which it best applies and 
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whether there is explicit representation of the spatial location of trees and other 

plants. Temporal and spatial scales interact and provided mixedwoods with a 

dynamic nature. If mixedwood composition and the main variables driving its 

regeneration after disturbance can be assumed to remain constant, regeneration 

and stand composition can be linked using a simple stand-level processes 

(Blanco et al. 2009). However, the dynamic nature of mixedwoods implies that 

this is unlikely to be the case. Therefore, a more complex model such as FORCEE 

is needed to simulate mixedwoods.  

 

Mixedwood forests can be defined from a mosaic of pure stands of 

different species at landscape level to an intimate mixture tree-by-tree of two or 

more species. Gap models are one of the few types of forest models developed to 

simulate mixedwoods (Bartelik 2000). Gap models are usually a distance-

independent tree-level approach where forest development is simulated by 

summing the dynamics of a number of regeneration patches (Botkin et al. 1972, 

Bugmann 2001). Stand-level gap models, for example, are usually applied to 

small and medium-sized canopy gaps (JABOWA’s neighbourhood plot size, for 

example, is usually set at 10 m x 10 m (Botkin 1993) but they contain no spatial 

representation of individual trees (but see Busing 1991, Mailly et al. 2000). This 

represents a significant limitation in mixedwood boreal forests where conifers 

have narrow crowns and their spatial relationship determines the actual gap size 

(Oliver and Larson 1990). In some models, the spatial interaction between trees 

has been simulated indirectly via its effect upon resource depletion (e.g. Wu et al. 

1985, Pacala et al. 1993). For this reason, the spatially-explicit simulation of trees 

and soil resources in FORCEE is a much more adequate approach to model 

mixedwoods.  However, the area capable of simulation is necessarily small (10 

ha, or less), though the stand has no edges since exterior boundaries join 

seamlessly i.e., the left side continues on the right side, the top on the bottom, 

and each corner on the opposite corner. A tree on the boundary will show 
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foliage, cast shade and drop litter on both sides or on all four corners. Edge can 

be studied by removing trees from part of the plot. Individual trees can be cut, 

harvested, and new seedlings planted to achieve desired scenarios. 

 

Early gap models of forest succession assumed that light was transmitted 

vertically through the forest canopy (Botkin et al. 1972). In more recent models, 

the geometry of light transmission has been included and it exhibits a profound 

effect upon vegetation dynamics (Canham et al. 1994), particularly at high 

latitudes. Three-dimensional approaches to modeling light transmission thus 

represent an important addition to mixedwood models (Canham et al. 1994, 

Groot 2004). Good examples are SORTIE (Pacala et al. 1996), FORSKA (Leemans 

and Prentice 1989) or ZELIG (Larocque et al. 2006). These light-driven gap 

models track the fate and location of each individual tree. We have included this 

feature in FORCEE, producing realistic representations of canopy, with foliage 

being kept in the tips of the bottom branches, and canopy becoming hollow in 

the area closer to the stem and underneath a layer of foliage (Figures 3 and 4).  

 

Gap models, however, are developed to study natural developments 

rather than growth and yield of managed stands. Management of mixedwoods 

requires an understanding of competitive relations among species, and 

competition thresholds can be used to identify management activities that 

produced short-term gains with other beneficial interactions (Burton 1996). 

Moreover, empirical relationships between growth and tree or stand 

characteristics are applicable only to a limited range of growing conditions. Some 

empirical models at tree level have been developed that focus on mixedwoods 

(Hasenauer 1994). Empirical models, however, have a limited applicability due to 

the restricted range of the data set from which they were derived (Bartelink 

2000), and they are unable to simulate the effects of environmental factors on tree 

growth if no similar conditions are included in the data base were they were 
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developed from (Kimmins 2004). The high number of species combinations, 

management regimes, and site-dependent interactions in mixedwoods, even 

when a small number of species is involved, would make a causal approach 

much more suitable (Bartelink 2000). Therefore, to simulate growth and 

development of trees in mixedwoods, it is necessary to model the relationships 

between individual tree growth and resource availability, but also keeping the 

already observed data as the guidelines for process simulation. In other words, a 

hybrid approach (Kimmins 2004) would be likely the most suitable way for 

successfully simulating mixedwoods. In such a hybrid model, the impact of 

thinning, pruning, selective harvesting and other management activities on 

competition among trees and understory and on forest growth and yield can be 

quantified. This is the approach originally used in FORECAST (Kimmins et al. 

1999) and that has been transferred to FORCEE. Our preliminary tests have 

shown a more than acceptable representation of light and nutrient competition in 

the simulated stands, following the same line as other rigorous validation test of 

FORECAST (Blanco et al. 2007, Bi et al. 2007, Seely et al. 2008). 

 

Among the forest management issues for which individual-tree models 

are well suited to work as decision-support tools are the levels of inter-specific 

competition acceptable in commercial forests. For example, conifer plantations 

are routinely weeded of competing broadleaf trees to increase productivity and 

meet reforestation requirements in northern temperate forests (Lieffers et al. 

1996). Most treatments involve complete broadleaf removal because it greatly 

reduces the costly risk of not meeting free-growing standards (Comeau et al. 

2000). Conifer productivity has been shown to increase following complete 

removal treatments (Simard et al 2001), but there are increasing concerns that 

there are associated costs to forest health and biodiversity (Simard et al. 2001, 

Aitken et al. 2002). Extensive application of broadleaf removal treatments also 

has the potential to reduce the diversity of stand types in semi-natural 
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landscapes, which should include a mosaic of managed pure and mixed conifer 

plantations. Both inter- and intra-specific competition are crucial in the stand 

dynamics of mixed-species forests. The responses of individual-trees to resource 

availability and the impact of silvicultural operations on stand structure and 

composition, affecting inter-specific competitive relationships, are much more 

diverse than in the case of even-aged, monospecific stands (Holmes and Reed 

1991). 

 

Individual-tree models of mixed can greatly improve the capabilities of 

decision-support systems when compared to stand-level models, and to do so 

mixedwood modelling should therefore focus on tree growth and the responses 

of individual-trees to management. This means that simulation of the 

development of mixedwoods requires the modeling of interaction processes 

between neighbouring trees of different species and age, and of gap level 

processes controlling the regeneration process (Shugart 1984). These processes 

may lead to certain synchronization phenomena (dieback waves and patches), 

which can only be understood by including interaction processes in forest 

models.  

 

Mixedwood forests have distinctly different biological and ecological 

characteristics as compared to monoculture forests. These differences have 

implications for wildlife habitat, regeneration, biodiversity, operability, and 

timber quality. The dynamic nature of mixedwood forests presents a number of 

management challenges, not the least of which is how best to project their 

growth and development under different management systems (Seely et al. 

2008). Traditional empirically based models are best suited to even-aged 

monoculture plantations. However, mixedwood forests require ecosystem-level 

models to capture the complexity of the interactions within and between tree 

species, between the overstory and understory, and with abiotic conditions.  
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FORCEE has been designed to overcome this problem.  

 

FORCEE is a true ecosystem-level model, which models tree and 

understory growth and its ecological links to soil processes. One critical issue in 

previous models is the disconnect between the models being used to simulate 

growth and yield in mixedwood stands and the underlying biological processes 

governing forest growth dynamics in such stands. For example, two prominent 

mixedwood models in North America, the Mixedwood Growth Model (MGM) 

(Huang and Titus 1994) and TWIGS (Miner et al. 1988) rely primarily on the 

development of empirical (non-mechanistic) relationships with height and 

diameter increments to predict future growth of individual stems in the context 

of a given stand with a specific distribution of stem sizes. This approach may be 

reasonable for predicting growth over relatively short periods of time under 

relatively constant conditions but with changing management objectives and 

environmental conditions, past observations of diameter and height growth may 

not be reliable as the basis for predicting future growth (Seely et al. 2008). To 

meet the broader objectives of sustainable forest management, model capabilities 

have been expanded from the original FORECAST (stand-level, non-spatial) 

model, to include a better representation of the biological processes regulating 

forest growth dynamics and to account for changing growth conditions 

(Landsberg 2003). This provides FORECAST with a good representation of inter-

specific competition.   

 

It has been assumed that in the Pacific North West, broadleaves in 

mixedwoods compete with conifers primarily by pre-empting light in the stand 

(Coates and Burton 1999). Therefore, it is not surprising that light and light-

related competition indices are part of a number of individual-tree forest growth 

models. These studies clearly show the need for an adequate representation of 

light levels in both the canopy and the understory and ground layers. As can be 
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seen in Figure 7, light levels on the ground are directly connected with the 

shadow created by the trees. This provided FORCEE with the capability to 

simulate how those undercanopy light levels affect understory growth. 

 

Other studies, however, have found that competition between conifers 

and deciduous neighbours followed a resource pre-emption pattern, where taller 

individuals passively intercepted light to understory conifers, but where 

competition for soil resources could not be discounted (Simard and Sachs 2004, 

Baleshta et al. 2005). Increasing densities of deciduous have also shown to 

negatively affect conifer growth by decreasing both light and soil water 

availability. Supporting this fact, Baleshta et al. (2005) and Comeau et al. (2003) 

have found that light transmittance through deciduous canopy explained only a 

small part of the variation in conifer growth; suggesting light interception was 

not the sole mechanism of competition in their mixedwoods. This knowledge has 

been incorporated in FORCEE by simulating nutrient cycling in decomposing 

litterfall, organic matter in soil and nutrient reserves in the mineral soil. Each of 

the pixels in the soil grid has associated variables of available nutrients, litterfall 

content and humus content. During the simulation, each tree uses the resources 

from the soil cells that its roots are occupying, and the tree is also generating 

litterfall that accumulates in the surrounding cell soils (Figure 8).  
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Figure 7. A screen capture showing an aerial view of the light map as simulated 

in FORCEE. 
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Figure 8. A screen capture showing an aerial view of the litterfall and humus 

map as simulated in FORCEE. The lighter the colour, the bigger the amount of 

accumulated litterfall. 

 

 

The need for ecosystem-level models that incorporate not only tree 

populations but also representation of understory and soil processes is 

exacerbated in mixedwoods with strong understory component. Plantation 

establishment is usually hindered by aggressive and abundant competition 

(Harvey et al. 1995) including understory (Man et al. 2008), and competition 

among trees and understory has also been shown important in mixedwood 

modelling, involving not only nutrient competition but chemical interactions as 

well (Blanco 2007). This competition is particularly important in softwood stands 

where shrub and herb layers dominated y species that are intolerant to full-light 
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conditions are overtaken by abundant regeneration of adventitious species (De 

Grandpré and Bergeron 1996). FORCEE addresses this issue by simulating 

understory growth as a simplified version of tree growth. Although the model 

does not simulate individual shrubs or plants, it grows patches of the target 

species, how they grow in mass and height. 

 

Among the capabilities of mixedwood models that need to be strengthen 

in the near future is the simulation of climate change effects. Marked changes in 

climate are expected to have a significant impact upon boreal mixedwoods 

(Chapin et al. 1992). Several reviews of existing models have been conducted to 

determine their capability to simulate climate change effects (Bungmann 2001, Lo 

2009). Wullschleger et al. (2001) have argued that within the context of climate 

change, more attention is needed to below-ground processes. To address these 

concerns, the last submodule included in FORCEE includes better descriptions of 

the soil environment, including a multi-layered representations of soil water and 

nutrient availability, better information on biomass allocation to roots and root 

distribution within the soil profile, improved treatment of inter- and intra-

specific competition for available soil resources, increased consideration of 

spatial processes as related to land-surface hydrology, and improved attention to 

above- and below-ground interactions.  
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