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1 Abstract 
 
 
The impact of anthropogenic climate change on forest health and growth has 
been identified as a key issue with respect to the sustainability of forest 
management in British Columbia and other temperate forest regions throughout 
the world. While tree growth has been shown to be correlated to climate 
variables, the direct or indirect causal factors are often less clear.  Climate can 
influence nutrient dynamics and subsequently productivity through its impact 
on organic matter decomposition rates. Recent litter decomposition studies have 
shown that temperature and soil moisture influence mass loss and 
mineralization rates . 
Modelling tools are required to help forest planners navigate the potential 
implications of climate change on timber supply through the use of scenario 
analysis and case studies. To be effective for guiding management, such tools 
must be able to capture the current understanding of the effect of specific climate 
variables on ecosystem processes governing forest growth, but still be practical 
for estimating impacts on tangible projections of forest growth and yield and 
other ecosystem values. The FORECAST Climate model  has been developed and 
designed in such a way to give it the capability to explicitly represent the 
potential impacts of climate change on forest growth and development.  In the 
general version of FORECAST, tree growth is limited by light and nutrient 
availability.  The FORECAST Climate model includes an explicit representation 
of soil moisture and forest hydrological processes based on a linkage to the 
Forest Water Dynamics (ForWaDy) model, also developed at UBC.  The linkage 
with ForWaDy provides an additional feedback on tree growth rates based on a 
climate-driven quantification of tree water stress. Moreover, the simulation of 
soil and litter moisture content in FORECAST Climate facilitate a climate-based 
representation of organic matter decomposition and associated nutrient 
mineralization rates. These developments in combination with a simulation of 
temperature effects on length of growing season and forest growth rates will 
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provide the foundation for the representation of climate impacts on forest 
growth in FORECAST.   
The completed model allows users to explore the potential impacts on varying 
climate scenarios on indicators of multiple forest values. Examples of model 
calibration, evaluation and tree ring data and an application to examine the long-
term impacts of climate change on interior Douglas-fir in the dry ICH zone of the 
Kamloops forest region are provided. 
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2 Introduction 
 
The impact of anthropogenic climate change on forest health and growth has 
been identified as a key issue with respect to the sustainability of forest 
management in British Columbia (MoFR 2006). Temperature the Pacific 
Northwest haa increased more than global averages, a trend likely to continue 
into the future (Mote 2003). Over the past 50 years, the regional pattern of climate 
change in Canada has showed a warming trend in southern, western Canada 
while in the north-eastern part it actually gets cooler (C-CIARN and UNBC 
2003). The changing ranges are different from place to place, but the general 
trend is that since last century, south-western British Columbia has become 
warmer and wetter. However, not only the annual temperature and precipitation 
change, seasonal temperature, maximum and minimum temperature, snowpack 
also change (MoWLAP 2002). Although there is some uncertainty about the exact 
changes in precipitation, future summers will likely be warmer and drier, and 
winters will be warmer and wetter than present (based on climate system model 
output) (Mote 2003, Mote et al. 2004, Pacific Climate Impacts Consortium (PICS) 
http://pacificclimate.org/). A warmer, wetter winter will cause more 
precipitation to fall as rain and a longer growing season when compared to 
current conditions.  
 
A recent analysis of the potential effects of climate change on tree distribution 
suggests that important timber species including white spruce and lodgepole 
pine may lose suitable habitat and suffer adversely from a combination of 
warming trends and reduced growing season precipitation.  In contrast, species 
such as Douglas fir and Ponderosa pine may actually expand their range and 
potentially show improved growth rates in parts of their range (Hamann and 
Wang 2006). Recent dendroclimatological studies along elevation gradients in the 
North Cascade Range found that both lodgepole pine and Douglas-fir responded 
differently to climate factors depending on elevation (Case and Peterson 2005, 
2007). At high elevation, trees responded positively to increased temperatures, 
while at low elevations trees showed a negative response to growing season max 
temperature and a positive correlation with growing season precipitation. White 
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spruce has shown variable responses to temperature variables but generally 
positive responses precipitation particularly in drier parts of its range (Andalo et 
al. 2005, Wilmking et al. 2004, Johnson and Williamson 2005).    
 
While tree growth has been shown to be correlated to climate variables, the 
direct or indirect causal factors are often less clear.  Climate can influence 
nutrient dynamics and subsequently productivity through its impact on organic 
matter decomposition rates. Recent litter decomposition studies have shown that 
temperature and soil moisture influence mass loss and mineralization rates 
(Trofymow et al 2002, Prescott et al. 2004). Climate change can also affect rates of 
decomposition and nutrient cycling. The influence of climate and substrate 
quality on fresh litter decomposition has been well documented (e.g., 
Meentemeyer 1978, Aber et al. 1990, Coûteaux et al. 1995, Melillo et al. 2002). 
However, the findings to date are limited by the range of ecological sites, number 
of tissue types, and length of study. The latter limitation is particularly important 
as understanding the factors controlling later stages of decomposition are needed 
to determine the potential fate of the organic matter stores with climate change. 
More recently, several studies have begun to examine decomposition processes 
over a much broader range of site, climate, and litter qualities including the 
Long-Term Intersite Decomposition Experiment in the United States (LIDET 
1995), and the Canadian Intersite Decomposition Experiment (CIDET) in Canada 
(Trofymow et al. 1995, 1998). One of the main goals of these studies is to 
determine the nature of the controls on litter decay by examining decomposition 
over many years (usually 10 years or more). Such data are needed to improve 
national models of C balance (Kurz et al. 1992, Kurz and Apps 1999), and when 
completed these long-term studies will provide critical information on factors 
controlling later stages of decomposition. 
 
Modeling tools are required to help forest planners navigate the potential 
implications of climate change on timber supply through the use of scenario 
analysis and case studies. Although detailed physiological models have been 
useful in exploring climate impacts on tree growth and ecosystem processes, 
they are often data intensive and difficult to apply for management related 
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applications (e.g. Grant et al. 2005, 2006). To be effective for guiding 
management, such tools must be able to capture the current understanding of the 
effect of specific climate variables on ecosystem processes governing forest 
growth, but still be practical for estimating impacts on tangible projections of 
forest growth and yield and other ecosystem values (Landsberg 2003, MoFR 
2006). 
 
2.1 PROJECT OBJECTIVES 

Global Objectives 

The global objective of this 3-year project was to develop the existing forest 
growth model FORECAST to include a representation of climate impacts on 
forest growth. The overall modelling approach was to combine the foundation of 
the existing FORECAST model, in which growth is simulated based upon the 
availability of light and nutrients, with the Stand-level forest hydrology model 
ForWaDy to facilitate the development of the FORECAST Climate model.  
FORECAST Climate model has the capability to explicitly simulate the impact of 
changes in temperature and soil moisture associated with changing climates on 
the expected patterns of tree growth as well as the decomposition of dead 
organic matter. 

Specific Objectives 

1. Create a direct linkage between the forest hydrology model ForWaDy and 
the forest growth model FORECAST to create a new model called 
FORECAST Climate. The new model will facilitate a dynamic 
representation of the effect of soil moisture availability on tree growth 
rates and a climate-driven representation of decomposition. 

2. Compile data regarding the physiological response of target tree species to 
precipitation and soil moisture (water stress) and temperature for selected 
subzones based on data availability. 

3. Assemble data regarding the decomposition of organic matter with 
respect to climate variables.  
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4. Develop simulation algorithms and code to implement feedback from 
climate variables (temperature and simulated moisture stress) tree growth 
rates. 

5. Develop simulation algorithms and code to implement feedback from 
climate variables (temperature and simulated litter and soil moisture 
content) on organic matter decomposition rates. 

6. Develop a methodology for calibrating the growth response functions in 
FORECAST Climate 

7. Use existing tree ring data to test and refine the model 
8. Prepare detailed description of FORECAST Climate functionality for 

reporting. 

 
 
 
3 Methods 
 
The fundamental approach in developing FORECAST Climate was the creation 
of a dynamic linkage between FORECAST (Section 2.1) and the forest hydrology 
model, ForWaDy (Section 2.2). The simulation of soil and litter moisture content 
in ForWaDy facilitates a climate-based representation of organic matter 
decomposition and associated nutrient mineralization rates. This introduces a 
feedback on tree growth rates that also includes a climate-driven quantification 
of tree water stress. These developments, combined with simulated temperature 
effects on length of growing season and forest growth rates, constitute the 
foundation for the climate simulation algorithms in FORECAST Climate.  
 
A basic illustration of the processes represented by the linked models is shown in 
Figure 1. Detailed description of the transfer of data and information between the 
two models is provided in Section 2.3. 
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Figure 1. Schematic diagram illustrating the basic ecosystem processes and dynamics 
represented in the linked FORECAST-ForWaDy models and their relationship with 
climate data. 
 
 
 
3.1 THE FORECAST MODEL 

FORECAST is a management-oriented, stand-level forest growth simulator. The 
model was designed to accommodate a wide variety of harvesting and 
silvicultural systems in order to compare and contrast their effect upon forest 
productivity, stand dynamics and a series of biophysical indicators of non-timber 
values. The model uses a hybrid approach whereby local growth and yield data 
are utilized to derive estimates of the rates of key ecosystem processes related to 
the productivity and resource requirements of selected species. This information 
is combined with data describing rates of decomposition, nutrient cycling, light 
competition, and other ecosystem properties to simulate forest growth under 
changing management conditions (Figure 2). Growth is simulated in annual time 
steps. Depending upon the species, plant populations are initiated from seed 
and/or vegetatively, and stand development can occur with or without the 
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presence of competition from non-target tree species and understory 
populations. As a management model, FORECAST can simulate a wide variety 
of activities including fertilization, brushing, partial harvesting, mixedwood 
management, etc. FORECAST has been used in previous studies for an 
examination of soil productivity (e.g Morris et al. 1997; Seely 2005), and it has 
been evaluated against field data for growth, yield, ecophysiological and soil 
variables (Bi et al., 2007; Blanco et al., 2007; Seely et al., 2008). 
 
Decomposition and dead organic matter dynamics are simulated using a method 
in which specific biomass components are transferred, at the time of litterfall, to 
one of a series of independent litter types. Decomposition rates used for the main 
litter types represented in the model are based on the results of extensive field 
incubation experiments (Prescott et al., 2000b; Camiré et al., 2002; Trofymow et 
al., 2002). Residual litter mass and associated nutrient content is transferred to 
active and passive humus pools at the end of the litter decomposition period 
(when mass remaining is approximately 15-20% of original litter mass). Mean 
residence times for active and passive humus types are typically in the range of 
50, and 600 years, respectively.  
 
The simulation approach utilized in FORECAST provides a solid framework for 
examining the impacts of forest management activities on ecosystem 
productivity (Kimmins et al., 1999). Specifically, the model employs a mass 
balance approach to keep track of the total pool of nutrients within the ecosystem 
and any import or export of nutrients to and from the ecosystem. Nutrient 
storage and release from decomposing litter and soil organic matter represents 
the largest source of nutrients into the plant available pool. Ultimately, tree 
growth and ecosystem productivity are limited by available nutrients such that if 
the availability of nutrients is less than required to support the expected annual 
biomass increment of the trees, the actual growth rate will be restricted to an 
increment level supported by its simulated nutrient uptake. 
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Figure 2. A schematic illustration of the key ecosystem processes and flows represented 
in FORECAST. 
 
 
 
3.2 THE FORWADY MODEL 

ForWaDy (Forest Water Dynamics) is a vegetation-oriented, forest hydrology 
model in which potential evapotranspiration (PET) is calculated using an energy 
balance approach based on the widely used Priestly-Taylor equation. Incoming 
radiation is partitioned among vertically stratified canopy layers (vegetation 
type) and the forest floor to drive actual evapotranspiration (AET) calculations. 
ForWaDy can be used as a stand-alone decision-support tool for evaluating the 
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hydrological interactions between soil, vegetation and climate. It is structured for 
portability, with minimum soil data requirements and parameter values that are 
relatively easy to estimate. The model has a representation of the soil physical 
properties dictating moisture availability, storage, and infiltration.  A schematic 
illustration of the model structure employed in ForWaDy is shown in Figure 3. A 
detailed description of ForWaDy is provided in Seely et al. 2006. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Schematic illustration of the structure of ForWaDy indicating the various flow 
pathways and storage compartments represented in the model. 
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Water stress in ForWaDy is calculated as a transpiration deficit index (TDI), 
based on the following equation: 
 
TDI = (CanT_Total - CanTActual)/CanT_Total 
 

where: 
CanT_Total = energy limited transpiration: f (leaf area index, intercepted 

short-wave radiation, canopy albedo, and canopy resistance) 
 
CanT_Actual = actual tree transpiration: f (CanT_Total, root occupancy, 

available soil moisture) 
 
 
3.3 LINKING FORECAST AND FORWADY 

The construction of FORECAST Climate is underpinned by the creation of a 
dynamic linkage between the FORECAST and ForWaDy models. This linkage is 
based upon the iterative sharing of information between models through the 
creation of feedback loops (see Figure 4).  One of the difficulties in creating the 
feedback loops was the fact that the ForWaDy model operates on a daily time 
step, while the FORECAST model runs on a yearly time step. To address this 
issue, the linkage was structured such that the FORECAST model provides 
annual information to ForWaDy with respect to the nature of current soil, forest 
floor, and vegetation conditions. ForWaDy, in turn, provides annual summaries 
of soil and forest floor moisture conditions, and cumulative measures of water 
stress for trees and plants for use in calculations of forest growth and other 
ecosystem processes represented in FORECAST Climate. 
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Figure 4. A schematic diagram illustrating the feedback loops established to facilitate the 
linkage of FORECAST and ForWaDy. 
 
 
It was necessary to modify ForWaDy to allow for its linkage to FORECAST.  
These modifications allowed ForWaDy to accommodate multiple tree and plant 
species and their competition for the same soil water resources.  In the 
FORECAST Climate version of ForWaDy, each age cohort of a specific tree or a 
minor vegetation species is represented as an independent entity with its own 
unique parameters derived from FORECAST variables.  A list of the vegetation 
and forest floor information passed from FORECAST to the ForWaDy submodel 

in FORECAST Climate is provided in Table 1. 

 
Table 1. A list of vegetation and soil condition variables passed from the forest growth 
model (FORECAST) to the hydrological model (ForWaDy). The function of each 
variable in ForWaDy is also described. 

FORECAST ForWaDy 
Variable Receiving variable Function 

Canopy light 
interception 

Canopy radiation 
interception Drives species specific transpiration 

Foliage biomass LAI1 Canopy interception 

Fine root biomass Lateral root occupancy Soil water uptake capacity within a 
specific soil layer 

Tree age Rooting depth Soil water uptake capacity from 
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vertical soil layers 
Fine litter mass2 Litter mass Litter layer moisture content 
Humus mass Humus depth3 Humus layer water holding capacity 
1. Leaf area index is estimated using a species-specific conversion factor 
2. Fine litter mass includes foliage, bark, and fruit (cone) litter types 
3. Humus depth is estimated from humus mass, based on a parameter that defines the proportion of new 

humus transferred to non-surface layers and an estimate of surface humus bulk-density. 
 
 
 
3.4 REPRESENTATION OF CLIMATE IMPACTS ON TREE AND PLANT 

PRODUCTIVITY  

The representation of the effect of climate on tree growth and development in 
FORECAST Climate is focused on the relationship between temperature and 
water stress and species-specific growth rates.  These relationships are 
represented using curvilinear response functions, simulated on a daily time step 
but summarized annually.  The temperature and water stress response functions 
(illustrated in Figure 5 and Figure 6, respectively) are intended to capture the 
essence of the multiple physiological growth processes governing the response of 
tree growth to daily climate. The temperature growth response function is 
designed to reflect the number of days in a growing season during which air 
temperature conditions are suitable for tree growth.  The curvilinear function 
also allows for a representation of differential growth rates with respect to 
temperature.  The relative effect of temperature as a limiting factor on tree 
growth is captured annually through the sum of daily values calculated 
throughout the growing season.  In this way, the positive effect of a lengthening 
growing season can be simulated.  It is important to note that increases in 
summer temperatures do not always have a positive impact on growth rates. 
Species adapted to cool climates, such as white spruce, have shown reduced 
growth rates under warmer conditions (Wilmking et al. 2004).   The curvilinear 
growth functions used on FORECAST Climate also allow for the representation 
of this effect. The dendroclimatological analyses and field studies (section 4) will 
permit development of appropriate response functions. 
 
While temperature is an important driver for tree growth, it can play a secondary 
role to available soil moisture. Dendroclimatological analyses for many conifer 
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and hardwood species in western North America have shown that growing 
season precipitation is the dominant factor regulating tree growth, particularly in 
drier regions.  Typically, models of forest growth that include available moisture 
as a feedback to forest growth, have quantified tree water stress using a summed 
measure of soil water deficit. One problem with this approach is that it cannot 
capture the short-term dynamics of moisture availability or the interactions that 
occur between different components of the hydrological cycle, and the net effect 
of such interactions on tree water stress. For example, Meyers (1988) 
demonstrated that cumulative soil water deficit was poorly correlated with tree 
water stress as defined by pre-dawn xylem potential; the latter is considered a 
reliable (though difficult to measure) physiological indicator of tree water stress. 
Furthermore, when available moisture is calculated as a monthly summary, this 
can underestimate the development of water stress in cases where precipitation 
occurred only in a small number of isolated but heavy rainfall events with long 
intermittent dry spells. 

 
 

 
 
Figure 5. Examples of temperature response functions for estimating the impact of daily 
mean temperature on tree and plant growth rates in FORECAST Climate. Growth rates 
are scaled as a multiplier of maximum net primary productivity (NPP). 
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The effect of moisture availability on tree growth rates in FORECAST Climate is 
represented as an index of potential daily water stress (simulated in the 
ForWaDy module) called the Transpiration Deficit Index (TDI, see Section 1.2).  
The daily TDI value represents the degree to which a tree species was able to 
meet its energy-driven transpirational demands.  As the TDI increases, trees and 
plants close their stomata in order to conserve water and there is an associated 
reduction in photosynthetic production (see Tansley et al. 2008).  An evaluation 
of alternative TDI growth response curves based on tree ring chronologies (see 
Section 3.2) suggests that a negative exponential curve best reflects the effect of 
TDI on daily and annual productivity (Figure 6). 
 
 
 

 
 
Figure 6. Examples of water stress response functions for estimating the impact of 
moisture availability (expressed as the Daily Transpirational Deficit Index; TDI) on tree 
and plant growth rates in FORECAST Climate. Growth rates are scaled as a multiplier of 
maximum net primary productivity (NPP). 
 
 
 
The impact of the temperature and moisture response functions on simulated 
tree or plant growth in FORECAST Climate is represented by a climate response 
index (CRIgrowth). CRIgrowth is first calculated daily as the product of the 
temperature multiplier (Figure 5) and the TDI multiplier (Figure 6), and then 
summed over the year to create an annual index. Two types of CRIgrowth values 
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are calculated. First, a climate-normal growth value (normal CRIgrowth) is 
determined using a 20-year (or longer) historical climate data set that is 
representative of the region of interest. The process of determining a ‘normal’ 
value for CRIgrowth involves the calculation of a CRIgrowth value for each year of the 
historical climate data set using the temperature and TDI response curves 
described above. An average value for the climate response index (normal 

CRIgrowth) is then determined. During an actual simulation, a climate response 
index (current CRIgrowth(i)) is calculated for each year, i, and a weighted adjustment 
value is derived using the normal CRIgrowth value as the comparative standard (see 
equation below). Finally, the potential growth rate (based on light and nutrient 
availability) in a given year, i, is multiplied by the weighted climate response 
index to yield the actual annual growth rate in year, i (Annual growth rate(i)):  
 
Annual growth rate(i) = potential growth rate(i) * (current_CRIgrowth(i) – 
normal_CRIgrowth) / normal_CRIgrowth 
 
where: 
potential growth rate(i) = expected growth based on light availability and site 
quality, 
current_CRIgrowth(i) = the climate response index for a given year climate 
normal_CRIgrowth= average climate response index based upon long-term 
historical climate data 

 
 
 

3.5 EFFECT OF CLIMATE ON DECOMPOSITION RATES 

The decomposition of dead organic matter (litter and soil organic matter) in 
FORECAST is represented by grouping litter created through the death of 
specific biomass components into different litter types, each with defined mass 
loss rates based on litter quality and determined from field studies (see Section 
2.1). In FORECAST Climate, these litter decomposition rates and their associated 
nutrient mineralization rates are adjusted based on soil moisture content and 
temperature. A base mass loss rate is provided by the user, for each litter and 
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humus type (parameterized from field or literature values), that reflects both the 
quality of the litter and a ‘normal’ climate regime for the target ecosystem type. 
This section provides a description of the methods used to modify the base litter 
quality mass loss rate for litter and humus types to simulate the effects of climate 
on organic matter decomposition and associated nutrient mineralization. 

 
3.6 REVIEW OF CLIMATE – DECOMPOSITION INTERACTIONS 

Generalized litterfall decomposition rates can be derived from climatic variables 
calculated at regional scales (Meentemeyer 1978, Prescott et al 2004) though litter 
quality also needs careful consideration (see Berg and Laskowski 2005). In 
Washington, Chen et al. (2000) studied decomposition rates of woody and fine 
roots and found that maximum rates occur at temperatures ≥ 30 °C, but that 
temperature was not important if the soil was dry. Similar results were found, in 
a Douglas-fir forest in Washington, by Falk et al. (2005) who observed that soil 
moisture limited soil respiration at both wet and dry extremes, but that 
temperature regulated decomposition rates in intermediate moisture situations. 
In a review of decomposition rates in different bioclimatic zones in British 
Columbia, Prescott et al. (2004) described a negative relationship between 
decomposition rates and summer droughts and found a combination of 
precipitation and temperature to be the best predictor of decomposition rates. 
Trofymow et al. (2002) stated that most of the variability in decomposition rates 
among Canadian sites could be explained by climate, with summer precipitation 
and temperature being the most important factors.  
 
3.7 SIMULATING CLIMATE EFFECTS ON DECOMPOSITION IN 

FORECAST CLIMATE 

Temperature 
A variety of techniques have been developed to quantify the effect of 
temperature on decomposition. The most common are simple calculations of 
weight loss in litter bags, field soil respiration measures (either by eddy 
covariance or gas chambers), and laboratory or 14C studies. Consumption of 
dead organic matter by heterotrophic microbes and fungi is generally faster in 
warmer environments (Gholz et al. 2000, Chen et al. 2000, and references 
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therein). Many studies use the Q10 equation (see below) to describe effect of 
temperature on organic matter decomposition rates:  
 
Q10 = (R2/R1) ^ (10/(T2-T1)) 
where:  
R1 =  mass loss rate at temperature 1 (T1 °C) 
R2 = mass loss rate at temperature 2 (T2 °C) 
 
In FORECAST Climate, the impact of temperature on the decomposition rates of litter 
and humus is simulated based upon the Q10 equation. An example of the effect of a range 
of Q10 values on relative mass loss rates is illustrated in  
Figure 7. As was illustrated with the annual growth rate calculation (see above), 
relative temperature-limited decomposition rates are calculated for each day and 
later used in combination with moisture content-based rates to calculate a 
decomposition climate response index (CRIdecomp, details below).  

 
 

 
 
Figure 7. Illustration of the effect of a range of Q10 values on the calculation of a relative 
mass loss rate as a function of mean daily air temperature using the Q10 equation (see 
text). 
 
 
 
Precipitation and Litter Moisture Content 
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Precipitation as a factor in decomposition rates has received much less attention 
than temperature despite the fact that its importance has been clearly 
demonstrated (e.g. Chen et al. 2000; Ise and Moorcroft 2006). In a study 
encompassing several BEC zones in British Columbia, Prescott et al. (2004) found 
a positive relationship between decomposition rates and precipitation. A key 
feature of these studies is that decomposition rates are directly correlated to 
precipitation until a threshold is reached, after which there is little or no effect.  
 
Using a similar approach to that used for the representation of temperature 
effects, moisture content is used to modify litter-quality-based mass loss rates in 
FORECAST Climate. Specifically, a daily relative mass loss rate is calculated for 
each litter and humus type using a curvilinear function based upon simulated 
moisture content in the litter and humus layers (calculated on a daily time-step in 
the ForWaDy submodel) (Figure 8). Simulated litter layer moisture content is 
used to drive mass loss rates for forest floor litter types while simulated humus 
layer moisture content is used for below-ground litter types and humus. 
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Figure 8.  Illustration of the effect simulated daily moisture content (as a proportion of 
the field capacity value) on the relative mass loss rate. 
 
 
FORECAST Climate employs a similar method for scaling decomposition rates to 
climate as was used in scaling annual growth rates (see section 2.4). The 
temperature-limited relative mass loss rate (Figure 7) is multiplied by the daily 
moisture-limited rate (Figure 8) to produce a daily decomposition climate 
response index, CRIdecomp (note that a separate CRIdecomp value is calculated for 
each litter and humus type).  The daily CRIdecomp values are summed over the 
year to provide annual indices. A normal_CRIdecomp value is calculated for each 
litter and humus type based on historical climate data using the same approach 
described in Section 2.4. Finally, the base mass loss rate of a given litter or humus 
type, j, is multiplied by the weighted climate response index to yield the actual 
mass loss rate in year, i (Annual mass loss rate(i,j)): 
 
Annual mass loss rate(i,j) = base_ rate(j) * (current_CRIdecomp(i,j) – 
normal_CRIdecomp(j)) / normal_CRIdecomp(j) 
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where: 
base_rate(j) = expected mass loss rate for each litter and humus type, j. 
current_CRIdecomp(i,j) = climate response index for each litter and humus type, j, for 
the current year, i. 
normal_CRIdecomp(j) = average response index for each litter and humus type, j, 
based upon long-term historical climate data 
 
 
An important benefit to the general formulation of CRIdecomp is that it is highly 
dynamic. It will, for example, allow for an increase in mass loss rates if 
temperatures are higher in spring and early summer, and a decline in rates in 
mid to late summer if a moisture deficit develops. Mass loss rates may accelerate 
again in fall if moisture conditions improve and then gradually decline with the 
onset of winter temperatures. 
 
3.8 REVIEW OF CLIMATE RELATIONSHIPS FOR TARGET TREE SPECIES 

A review of the existing dendroclimatology literature was conducted toward the 
improved calibration of the model for key tree species in the interior of British 
Columbia including Douglas-fir (Psuedotsuaga menziesii var. glauca), lodgepole 
pine (Pinus contorta var. latifolia), and hyrbid spruce (Picea glauca x 
engelmanni).  This included a reanalysis of the data collected by Lo (2009). 
 
3.9 EVALUATION OF THE CLIMATE GROWTH RELATIONSHIPS 

REPRESENTED IN FORECAST CLIMATE 

The successful application of models designed to project the impact of changing 
climate patterns on long-term stand growth and development is largely 
dependent on the availability of data with which to calibrate and evaluate model 
output.  Such data may be derived from a range of sources including long-term 
field studies, analyses of physiological responses of trees to climatic conditions 
(either in the field or in controlled environments), general knowledge of the 
autecology of tree species, and biological records of past growth 
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(dendrochronolgy).   The calibration requirements for FORECAST Climate, with 
respect to its representation of the impact of climate change on tree growth and 
the risk of climate-based stress and mortality, are focused on:  

1) parameters describing the soil water requirements of trees/plants for 
specific climate conditions (leaf area index and canopy resistance to 
transpiration) and their ability to access soil water (rooting depth, root 
occupancy, and permanent wilting point water content); and  

2) the daily growth response functions associated with mean temperature 
(Figure 5) and water stress (Figure 6).  

 
Since tree ring data collected for BC species as part of the associated Kamloops 
Climate Change Project (Nelson 2010) was not ready for analysis by the time of 
this report, the model evaluation was conducted using a tree ring data set from 
the western boreal forest in Northern Alberta.  This data set was used for initial 
model testing and refinement as it was already available as part of an associated 
project funded by the Cumulative Environmental Management Association 
(CEMA) (Seely and Welham 2010), and it was a cleaner dataset than those 
available for BC and allowed for a clearer examination of the climate signal. One 
of the objectives for the associated Kamloops Climate Change Project, is to 
evaluate the model against the dendroclimatological data collected as part of that 
project. 

 
Development of growth ring model in Forecast Climate  

One of the difficulties in evaluating annual production, as simulated by 
FORECAST Climate, against ring width indices representative of past climates is 
the fact that the model calculates total annual production whereas annual tree 
rings represent stored photosynthetic production from the latter half of the 
previous growing season as well as production from the first part of the current 
growing season. As described in the previous section, most temperate zone tree 
species utilize carbohydrates stored in roots to facilitate early growth (prior to 
leaf flush in many cases). Some of this growth is allocated to the production of 
sapwood known as earlywood and is responsible for part of that year’s stem 
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diameter increment recorded as an annual tree ring.  Once leaves have flushed, 
trees continue to allocate production to cambial growth (new sapwood) until a 
certain point in the latter half of the growing season at which any further 
production is allocated towards storage for the next year (Coder 1999). The point 
at which production switches over to storage varies with species and is likely 
triggered by heat sums or some climate correlate.  
 
 To facilitate a more direct comparison of simulated growth against ring width 
indices, a ring growth submodel was developed for FORECAST Climate that 
enables it to estimate the annual sapwood production as a proxy for ring width 
index accounting for inputs from the previous and current year.  A diagram of 

the growth ring submodel is shown in Figure 9.  At the start of every growing 
season, stored carbohydrates (from the previous season) are transferred to 
annual sapwood production.  Daily production is influenced by both air 
temperature and the simulated transpiration deficit index (TDI) (see Section 2.2). 
The submodel uses a heat sum threshold switch to determine the point in the 
growing season when allocation is shifted from production of sapwood for the 
current year to storage for the following year. Thus, simulated relative annual 
sapwood increments should be directly equivalent to measurements of ring 
width index. 
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Figure 9. An illustration of the growth ring submodel used in FORECAST Climate. Daily 
production is allocated either to stored carbohydrates or annual sapwood production.  The 
dashed arrow connecting stored carbohydrates to annual sapwood production indicates 
that, at the start of every growing season, stored carbohydrates (from the previous season) 
are transferred to annual sapwood production. 
 

 

Evaluation of FORECAST Climate against tree ring data 

To assess the ability of FORECAST Climate to reproduce observed annual trends 
in growth rates related to climate, the model was set up to represent the boreal 
forest stands in the Fort Mc Murray region of northern Alberta from which the 
ring width data were derived. This involved creating starting conditions with 
similar soil characteristics and with similar vegetation characteristics.  Each tree 
species was simulated separately to remove competition effects and focus on 
growth response to climate. Trees sampled from the two different field sites (SC 
and SW) were lumped together with the exception of white spruce for which the 
two sites were simulated separately to reflect the fact that trees in the SC site 
were 10-15 years older on average than those in the SW site. Daily climate data 
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from the Mildred Lake climate station (near the location of the stands from which 
tree rings were sampled) were used to drive the model. 
 
The model was run several times for each species to evaluate the use of different 
combinations of temperature response curves (Figure 5), TDI response curves 

(Figure 6), and heat sum switch thresholds (used in the tree ring growth 
submodel, see above).  The range of heat sum switch thresholds evaluated for 
each species is shown in Figure 10. Simulated annual sapwood production from 
each model run was regressed against annual ring width index for each run to 
identify the best fit combination of response curves and heat sum switch 
threshold. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. An illustration of the range of the different heat sum thresholds evaluated for 
each species with the tree ring growth submodel.  The threshold determines when the 
allocation of daily production is switched from current-year sapwood production to 
carbohydrate storage for use in the next growing season. 
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3.10 AN EXAMPLE APPLICATION OF FORECAST CLIMATE TO 
EVALUATE CLIMATE CHANGE IN THE KAMLOOPS FOREST 
DISTRICT 

In a collaborative effort with the Kamloops Climate Change Project (Nelson 
2010),  FORECAST Climate was used to simulate the relative potential impact of 
climate change on tree growth and water stress for Douglas fir in the dry ICH 
zone within the Kamloops Forest District.  Historical climate data (1975-2004) 
from a local climate station was used to calibrate the model and a projected 100-
year climate change data set (based upon a high climate change scenario) was 
used drive the simulation of climate change in FORECAST Climate. 
 
Preparation of climate change data set 

The ForWaDy/FORECAST Climate model requires the development of a long-
term daily climate change datasets to simulate the growth and development of 
stands over a 100-year period.  As part of the Kamloops Climate Change Project 
(Nelson 2010) several long-term climate change data sets were constructed using 
standard downscaling techniques using the combination of historical climate 
data (1975-2004) from a local climate station and regional climate change 
projections from global climate models. The 100-year output for the ICH Dry 
Transitional ecological group used for the example application of method is 
shown in Figure 11. The trends for this high climate change projection show clear 
increases in seasonal temperatures as well as a trend in decreasing summer 
precipitation. The oscillations in temperature and precipitation are the result of 
extrapolating the historical climate data which included trends associated with 
the Pacific Decadal Oscillation (PDO). 
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Figure 11.  A summary of downscaled data for the Dry Transitional ecological group.  
Mean January and July temperatures and total summer precipitation (June-August) are 
shown for the 100-year simulation period. 
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Climate change simulations 

FORECAST Climate was run twice for 100 years to simulate the impact of projected 

climate (high climate change scenario) on a even-aged Douglas-fir plantation growing in 

the dry transitional area of the ICH zone with the Kamloops Forest District.  For the first 

simulation, the historical climate data (1975-2004) were used and simply repeated several 

times to represent a climate with variability but with no clear long-term trends from 

climate change.  For the second simulation, the climate change data set illustrated in 

Figure 11 was used to represent the long-term trends associated with the high climate 

change scenario developed for the dry transitional ICH ecological group within the 

Kamloops Climate Change Project (Nelson, 2011). 
 

4 Results and Discussion 
 
4.1 REVIEW OF CLIMATE – TREE GROWTH RELATIONSHIPS 

Re-analysis of data from Lo (2009) 

Lo (2009) in a related Ph.D. research project, obtained tree cores from the target 
species in the TFL 49. We re-analyzed the data from those tree cores, exploring 
relationships with a battery of 60 different climatic variables. We report here the 
significant relationships found. 
 
Lodgepole pine 
Our results suggest that lodgepole pine growth is limited by low temperatures in 
winter (frost damage or snow break) and also by high temperatures in summer 

(drought effect) (Case and Peterson 2007) (Figure 12). This is supported by a 
positive correlation with previous April and May monthly mean temperatures, 
winter monthly mean temperature and current August and October monthly 
mean temperatures, but a negative correlation with previous June to September 
monthly mean temperature (or August and September monthly mean 
temperature in the IDF zone). This could be because a longer growing season 
allows lodgepole pine to produce more biomass and then allocate more to buds 
when there is no nutrient and water limitation (Litton et al. 2007). However, the 
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relationship with precipitation is not as consistent as that for temperature. 
Lodgepole pine in the ESSF and MS zones showed positive correlations with 
previous August, September and current June and July monthly total 
precipitation, which supports the idea that growing season soil moisture is a 
major factor affecting growth of this species. Lodgepole pine showed negative 
correlation with previous April to June monthly total precipitation and winter 
monthly total precipitation. These negative relationships could be result from 
reduced temperature in the beginning of growing season precipitations in 
previous growing seasons, and also a negative growth effect from snow (the 
most common form of winter precipitation). 
 
 
 

  

  

Previous year           Current year Previous year              Current year 

Previous year      Current year Previous year              Current year 
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Figure 12. Pearson’s Correlation Coefficients between the residual indexed chronology of 
lodgepole pine and climate variables (left panels temperature and right panels 
precipitation) from 1922 to 1997. Yellow bars mean those values are statistically 
significant. The X axis on the left and right are months from previous April to current 
October. The Y axis is the Pearson’s correlation coefficient. 
 
 
On the other hand, the lodgepole pine growing in the IDF zone shows slightly 
different patterns from those of the ESSF and MS zones. It shows positive 
correlation with most monthly mean temperatures except in the fall of previous 
year. It also shows positive correlation with most monthly total precipitation 
except previous summer. This may be an indication that in this lower zone when 
there is no water stress (low temperature and more precipitation) from previous 
growing season, lodgepole pine will be increase the radial growth of current 
year. Lodgepole pine can be very sensitive to summer drought and water stress 
(Krajina 1969, Lloyd et al. 1990) and winter snow could be a water reservoir for 
next growing season. Winter snowfall in the IDF zone is good for water supply 
in summer, whereas snowfall in the MS zone could cause damage to branches or 
buds and reduce the growth in the following year (Levitt 1980, Havranek and 
Tranquillini 1995). 
 
Hybrid spruce 
Spruce showed a positive correlation with previous growing season 
precipitation, but a negative correlation with monthly mean temperature for the 
same period for both ESSF and MS zones (Figure 13). This is likely an indication 
that water stress during the growing season is the most important limiting factor 

Previous year              Current year Previous year              Current year 
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for spruce. Compared with lodgepole pine and Douglas-fir, which have more 
significant correlations with temperature-related variables than precipitation 
variables, spruce seems to respond equally to temperature and precipitation 
variables. However, the strength of the correlations for both sets of variables is 
low. This could be an indication that spruce in high elevation sites is little 
affected by interannual climate fluctuations, and that specific tree- or stand-level 
agents (such as competition history, gap formation, microtopography, nutrient 
availability, etc.) could be more influential in determining tree ring growth. In 
both the ESSF and MS zones, the previous growing season water deficit 
appeared to be the main factor causing smaller ring growth. Our preliminary 
results indicate that spruce was more sensitive to soil moisture than temperature 
(Zhang et al. 1999, Savva et al. 2006). Differences most probably reflect the site-
specificity of tree ring response (Zhang and Hebda 2004, Green and Miyamoto 
2005, Savva et al. 2006, Pichler and Oberhuber 2007, Su et al. 2007). 
 

 

  

  
 

Previous year              Current year 

Previous year              Current year 

Previous year              Current year Previous year              Current year 
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Figure 13. Pearson’s Correlation Coefficients between the residual indexed chronology of 
hybrid spruce and climate variables (left panels temperature and right panels 
precipitation) from 1922 to 1997. Yellow bars mean those values are statistically 
significant. The X axis on the left and right are months from previous April to current 
October. The Y axis is the Pearson’s correlation coefficient. 
 
 
Douglas-fir 
Douglas-fir in the MS and IDF zones showed similar patterns for both 

temperature and precipitation variables (Figure 14). There was a positive 
correlation with previous April and May temperature and also with winter 
temperature. This is the same response as lodgepole pine in the ESSF and MS 
zones, and it may be a result of more vigorous growth with extended growing 
seasons in previous years combined with a warmer fall and winter in the 
previous year and a warm late winter–early spring in the current year. For 
precipitation, Douglas-fir showed a positive correlation with previous August 
and September precipitation and current growing season precipitation. This 
suggests that, in the lower elevation zone, water stress during the growing 
season could also be a limiting factor for tree growth during dry years, which is 
in agreement with previous work (Zhang et al. 2000, Case and Peterson 2005). In 
the MS zone, Douglas-fir had a negative correlation with winter precipitation 
while in IDF there was almost no correlation between tree ring and precipitation-
related variables in winter. This may be because in the MS most winter 
precipitation falls as snow, which could be limiting growth by branch breakage 
or by reducing the length of the growing season for roots. Also, later snowmelt 
has implications for soil and nutrient cycling processes that affect tree growth. 
The Douglas-fir chronologies for the MS and IDF zones were more sensitive to 
temperature than precipitation: the longer the growing period, the better the 
growth. But the summer drought effect also influences tree growth, with this 
variable being more important for the IDF zone than the MS zone. The reason 
why Douglas-fir shows consistent relationships between climate and ring growth 
in both IDF and MS zones could because it is a more climate sensitive species in 
comparison with lodgepole pine (Fritts 1976, Watson and Luckman 2001, Zhang 
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and Hebda 2004). As a consequence, we found a similarity in the response of 
Douglas-fir chronologies to climate variables across its elevation range.  
 

  

  
 
Figure 14. Pearson’s Correlation Coefficients between the residual indexed chronology of 
Douglas-fir and climate variables (left panels temperature and right panels precipitation) 
from 1922 to 1997. Yellow bars mean those values are statistically significant. The X 
axis on the left and right are months from previous April to current October. The Y axis 
is the Pearson’s correlation coefficient.  
 
 
 
4.2 MODEL EVALUATION USING TREE RING DATA 

The best fit temperature and TDI response curves and heat sum switch threshold 

combinations for each of the three species evaluated are shown in Figure 15. As 
would be expected based on autecology, the best fit temperature response 
functions indicate that spruce performed best under lower growing season air 
temperatures with a decline in growth rate as temperatures exceeded 20° C.  In 
contrast aspen and pine showed the best growth when temperatures were about 

Previous year              Current year Previous year              Current year 

Previous year              Current year Previous year              Current year 



 37 

5° C warmer than for spruce. Results with respect to tree species response to 
daily water stress, as measured by simulated TDI, showed that an exponential 
decline in growth rate was better than a linear response for all tree species. Pine 
and spruce appear to respond slightly more negatively to simulated water stress 
relative to aspen (Figure 15).  Interestingly, the best fit heat sum switch threshold 
for pine (1050° C) was quite a bit lower than that determined for spruce and 
aspen (1450° C).  This would indicate that pine begins to shift allocation of 
photosynthetic production from cambial growth (sapwood production) to 
storage of carbohydrates to support next year’s growth around early to mid July 
while aspen and spruce appear to make the shift later in the growing season (late 
July to early August).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Best fit temperature response and water stress growth response curves for 
spruce, pine and aspen with respect to the calibration of the tree ring growth submodel in 
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FORECAST Climate (left). The panel on the right shows the best fit allocation switch 
thresholds (heat sums) among those evaluated for spruce, pine and aspen. 
 
 
 
 
Regressions of annual ring width index against simulated annual sapwood 
production, using the best fit combinations of climate growth response curves 

and heat sum switch thresholds (Figure 15), are shown for spruce, aspen and pine 

in Figure 16, Figure 17, and Figure 18, respectively.  In all cases, FORECAST 
climate was able to reproduce the climate response trend observed in the tree 
ring data with reasonably good accuracy (r2 > 0.5) considering there are many 
external factors that can influence ring growth in a given tree.  
 
The degree to which FORECAST Climate was able predict growth response 
(simulated annual sapwood growth) to climate variation as indicated by tree 
width index is substantially greater (based on the r2 values) than most published 
relationships between climate variables and ring width (e.g. Case and Peterson 
2005; Case and Peterson 207; Grisbauer and Green 2010; Lo et al. 2010).  This 
suggests that the model is able to capture the relationships between the different 
climate forcing factors and species-specific growth response reasonably well for 
the three species examined.  Further testing against more extensive tree ring data 
sets and a range of site types would improve confidence in the model. One of the 
objectives for the associated Kamloops Climate Change Project, is to evaluate the 
model against the tree ring data for Douglas-fir and lodgepole pine collected as 
part of that project. 
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Figure 16. Simulated relative earlywood production against observed ring-width index.  
The top panel shows data for white spruce on the SC site while the bottom shows data for 
white spruce on the SW site. 
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Figure 17. Simulated relative earlywood production against observed ring-width index 
for trembling aspen. Data for the SW and SC site were pooled together for each species 
in this analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18. Simulated relative earlywood production against observed ring-width index 
for jack pine.  Data for the SW and SC site were pooled together for each species in this 
analysis. 
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4.3 AN EXAMPLE APPLICATION OF FORECAST CLIMATE 

 
Simulation results 
Output from FORECAST Climate showing the climate growth rate modifier for 
both the historical climate regime and the high climate change scenario is 
provided in Figure 19. The climate growth rate modifier is calculated as a 
function of the climate response index as described in Section x.  It includes 
components that respond both to changes in temperature and changes in 
simulated tree water stress.  FORECAST Climate predicted that the relative 
growth of Douglas-fir in the dry transitional ICH ecological group of the 
Kamloops Forest District would improve under the high climate change scenario.  
The increased growth was due primarily to the lengthening of the growing 
season under climate change relative to the historical climate regime.  There was 
negative feedback from the simulated increase water stress under the high 
climate change scenario (Figure 20),  but this was more than offset by the benefit 
associated with the lengthened growing season.    
 

 
Figure 19. Output from FORECAST Climate run for interior Douglas-fir showing the 
projected climate growth rate modifier for the historical climate data and the high climate 
change data.  The lines indicate the 5-year running average for each data series. 
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Figure 20. Output from FORECAST Climate run for interior Douglas-fir showing the 
projected a projected index of average annual water stress (TDI).  The lines indicate the 
5-year running average for each data series. 
 
 
 
One factor that was not considered here was the fact that increased water stress 
in Douglas-fir may lead to increased mortality.  There is ample evidence to 
suggest that Douglas-fir may become more susceptible to various insects and 
pathogens when subject to elevated water stress (Allan Carroll, personal 
communication).  Given the potential for this drought-mortality relationship to 
significantly alter the impact of climate change on stand productivity, a mortality 
threshold function has been added to FORECAST Climate to allow it to predict 
the potential impact of climate-change-induced water stress on tree mortality. 
The mortality function includes a water stress threshold based upon an average 
annual tree water stress (TDI), and a mortality rate (%) applied to the population 
of stems within the simulated stand when the annual threshold value is 
exceeded. Stems killed by the mortality functions are taken evenly from all size 
classes within the distribution. 
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To illustrate the effects of introducing this mortality threshold function on 
FORECAST projections of stand productivity over the 100-year time period, we 
conducted a sensitivity analysis using two different average TDI values for the 
water stress threshold (0.35 and 0.40) and two different mortality rates (15 and 
25%).  The results of the sensitivity analysis are shown in Figure 21.  Clearly the 
addition of water stress based mortality function will have a significant impact 
on long-term projections of stand productivity in FORECAST Climate. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 21. Results from a sensitivity analysis conducted in FORECAST Climate to 
illustrate the impact of the addition of a water stress threshold mortality function on stand 
productivity (stem biomass).  The numbers in the legend refer to combinations of water 
stress threshold values (0.35 and 0.40) and associated mortality rates (15 and 25%) 
imposed when the threshold is exceeded. 
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5 Conclusions 

 
Modelling tools are required to help forest planners navigate the potential 
implications of climate change on timber supply through the use of scenario 
analysis and case studies. To be effective for guiding management, such tools 
must be able to capture the current understanding of the effect of specific climate 
variables on ecosystem processes governing forest growth, but still be practical 
for estimating impacts on tangible projections of forest growth and yield and 
other ecosystem values. The FORECAST Climate model  has been developed and 
designed in such a way to give it the capability to explicitly represent the 
potential impacts of climate change on forest growth and development.  In the 
general version of FORECAST, tree growth is limited by light and nutrient 
availability.  The FORECAST Climate model includes an explicit representation 
of soil moisture and forest hydrological processes based on a linkage to the 
Forest Water Dynamics (ForWaDy) model, also developed at UBC.  The linkage 
with ForWaDy provides an additional feedback on tree growth rates based on a 
climate-driven quantification of tree water stress. Moreover, the simulation of 
soil and litter moisture content in FORECAST Climate facilitate a climate-based 
representation of organic matter decomposition and associated nutrient 
mineralization rates. These developments in combination with a simulation of 
temperature effects on length of growing season and forest growth rates will 
provide the foundation for the representation of climate impacts on forest 
growth in FORECAST.  The completed model will allow users to explore the 
potential impacts on varying climate scenarios on indicators of multiple forest 
values. 
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