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Introduction 
 

and tree architectural 
models to assess the relative importance of genetic traits in tree growth, and explore the growth 
response to interacting environmental stresses (Host et al 1999, Isebrands et al 1999, Martin et al 
2001). This paper will describe extensions of the ECOPHYS individual tree model to the scale of 
tree patches distributed across a regional landscape.  The complexity of quantifying hourly light 
interception within the patch canopy has required the use of various high-performance computing 
platforms. Additional extensions include advances in photosynthesis modeling, strategies for 
simulating photosynthetic response to increased atmospheric ozone, and validation of tree growth 
characteristics with experimental data on Populus tremuloides from the Aspen FACE experiment 
(Rhinelander, WI, USA; Karnosky et al 2003). These advances have led to the ability to use the 
patch model to simulating changes in forest productivity under 20 and 40 year ozone forecasts 
across the north central United States. 
 
Parallel Computing 
 
We have implemented a parallel modeling strategy to run simultaneous individual tree models 

-
simulated instances of trees with varied physiological and phenological characteristics, 

and environmental sensitivities, and resulting patch-level responses, can be assessed. 
 
The parallel routines use the standard Message Passing Interface (MPI) Library, and run on 1 to n 
number of computer processors. In the current implementation, a cluster of computer processors 
collaborates on each simulation, with individual computer processors exchanging canopy 
information daily. Direct and diffuse radiation are derived from measured weather traces in 
conjunction with hourly temperature, relative humidity, and atmospheric CO2 and O3 
concentrations to predict individual leaf photosynthate production and respiratory loss. At the end 
of each day, photosynthates are distributed via a carbon allocation model (Martin et al 2001, 
Laconite et al 2002) and used for growth of leaves and branches. Updated canopy information 
from each processor is then distributed to other processors in the cluster, and the process is 
repeated for the duration of the simulation. 
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The code has been tested on patches with core sizes up to 6 x 6, and with simulation lengths of up 
to 6 years.  Code testing has been perform
University of Minnesota Duluth Visualization and Digital Imaging Laboratory.  The model is 

ssessing only 
two processors. Simulations have also been performed on the high-performance facilities of the 
Minnesota Supercomputer Institute (MSI), as well as a heterogeneous cluster of networked Linux 
workstations. Simulating a 6x6 core patch (36 individual trees; 324 trees in full canopy) for three 
years takes approximately six minutes on our cluster of networked Linux workstations, and one 
minute using the BladeCenter supercomputing cluster at MSI. A 6x6 patch run for five years at 
MSI requires approximately eight minutes. The diversity of tree architectures resulting from 
different clonal attributes and inter-tree interactions are shown in Figure 1. 
 

 

 

Figure 1. Side and top views of the canopies of a 4x4 patch during the third season of growth. Images are 
rendered using POV-RAY, a public domain visualization and animation package.  
 
The ability to simulate multiple trees provides the opportunity to assess the sensitivity of the 
model to key tree and patch scale attributes. Patch attributes include tree spacing patterns, the size 
of the core patch, and the number of shade rings. These attributes were evaluated under different 
environmental conditions and with different species characteristics to quantify the relative 
importance of individual variables and identify interactions among variables; we have employed a 
fractional factorial design to identify the most sensitive combinations of patch, environmental and 
tree variables.  Tree spacing, parameters of the random leaf drop algorithm and weather year were 
among the most influential factors; the size of the core patch did not strongly impact growth 
response variables. 
 
Ozone Modeling 
 
We have developed a model of ozone damage that adds new elements to the model of Martin et. 
al. (2001); the model views leaf photosynthetic health as an aggregate, dynamic quantity that is 
reduced by the presence of ozone-produced reactive oxygen species (ROS), but may improve due 
to various leaf repair mechanisms.  The revised model allows for scavenging of ROS as well as 
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repair or recovery of photosynthetic tissues. The resulting ozone damage/leaf recovery model was 
integrated with a photosynthesis production model. The augmented system couples stomatal 
conductance, internal CO2 concentration, the rate of CO2 fixation, leaf photosynthetic mechanism 

hown to be numerically 
solvable using the mathematical package Mathematica, and has been validated by comparing 
model simulations to a variety of chamber studies taken from the literature  it is currently being 
calibrated with leaf gas exchange data from Populus tremuloides published by Noormets et. al. 
(2001). 
 
Landscape-scale modeling 
 
The patch model has been applied to regional ozone 
concentrations projected to 2020 and 2040, under 
warm/dry (1999) and cool/wet (2001) seasonal 
weather traces (Fast and Heilman 2005). Ozone 
concentrations were projected over a 12 x 12 km 
grid, which was resampled to approximately 40 x 40 
km cells, resulting in ~1500 data points distributed 
across the north central United States. The 
underlying photosynthesis model in ECOPHYS was 
modified to simulate water stress effects, following 
Wang et al. (2001). Water stress (fw) is derived 
from soil moisture content ( s) relative to the 
wilting point ( min), and the field capacity ( max). 
Soil moisture content values were obtained from the 
US National Data Climate Center; we used a linear 
interpolation between monthly points to determine a 
value for soil moisture content each day. The fw 
value reduces photosynthate produced by scaling the 
Vcmax and the Jmax values within the 
photosynthesis model. A series of approximately 
1500 patch runs across a three-state region of the northern United States showed significant 
variation related to weather gradients, soil moisture characteristics and regional seasonal trends in 
ozone exposure (Figure 2). 
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