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Executive Summary 
Over the past 50 years, the regional pattern of climate change in Canada has 
shown a warming trend in south-western Canada. Temperature in interior 
British Columbia (BC)  is expected to increase by more than 2°C during the 21st 
century.  The effect of global warming on rainfall patterns is more difficult to 
predict and projections of summer precipitation for the interior region of BC vary 
from -25% to +15 % depending on the specific region and climate model. Given 
that climate is one of the main drivers of tree growth, and changes in climate and 
precipitation could greatly influence growth patterns of many valuable tree 
species, accurate estimations of the relations between climate and tree growth are 
needed to improve and update current forest management models, providing 
these tools with simulation of climate change capabilities. Climate change can 
also affect rates of decomposition and nutrient cycling, and therefore create and 
additional source of change in tree growth by increasing or reducing nutrient 
availability. All these changes will increase the uncertainty and reduce the 
capability of current tools to forecast forest productivity. Therefore, an 
improvement in current forest management models is needed to account for 
possible future changes in tree growth due to climate change. 
 
The primary long-term objective of the proposed project is to provide the forest 
management model FORECAST with capability to simulate the effect of climate 
change on tree growth. To achieve his objective two main tasks must be 
completed.  First, the identification and creation of relationships between climate 
and tree growth for three key interior tree species (Douglas-fir -Pseudotsuga 
menziesii-,  lodgepole pine -Pinus contorta- and hybrid spruce -Picea glauca x 
engelmanni-) and the relationships between climate and organic matter 
decomposition. The second task is the inclusion of these mathematical 
relationships and the hydrological model ForWaDy as modules of the model 
FORECAST to create the final version with climate change simulation 
capabilities: FORECAST Climate.  
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Work completed in Year 1 
The project through Year 1 has progressed as planned.  The following tasks have 
been completed: 
• ForWaDy has been converted from the Stella format to Turbo Pascal, the 

language in which FORECAST is developed. The debugging phase of this 
new code has been completed and the linkages with FORECAST have been 
created.  

 
• A set of mathematical models were developed using standard 

dendrochronological methods with cores previously obtained for a related 
PhD to characterize the relationships between tree growth and climate. 
Although the explained variance of tree growth by climate was moderate at 
most, these equations could be included in tree-growth models that already 
account for other sources of variability (i.e. light and nutrient availability, 
inter-species competition) as a way to improve the predictions of future tree 
growth under changing climate conditions.   

 
• A database of mathematical relationships between climate and tree growth 

was created by reviewing the scientific literature on this topic for the Pacific 
Northwest area on the target species. A summary of this review is provided 
in this report. 

 
• A careful review of state-of-the-art and classical scientific references, with an 

emphasis in British Columbia and the Pacific Northwest, was carried out to 
characterize the influence of climate on decomposition rates. A set of 
modifiers of decomposition rates were developed, that will be included in  
FORECAST Climate to provided the model with the capability of simulate the 
effects of climate change on soil organic matter.   

 
• A tree-ring growth model was developed in the Stella modelling framework 

to evaluate potential algorithms for representing the combined effects of 
simulated tree water stress (from ForWaDy) and air temperature on annual 
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early wood production as a proxy for ring width. The model was evaluated 
with tree ring and climate data from northern Alberta. 

 
 
 
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.  
 
One of the most important research questions for the forestry sector in the Pacific 
Northwest, is if forest growth and distribution will follow the current observed 
shift in climate, can be partially addressed by using dendroclimatic methods 
(Fritts 2001). Several studies have shown that climate change has already affected 
vegetation growth and this influence will likely increase in the future (e.g., 
Brubaker 1986, Innes 1991, Graumlich 1991, Peterson and Peterson 2001). 
Changes in tree growth could affect both positively and negatively a wide 
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variety of ecosystem processes, including productivity and carbon sequestration 
(Graumlich et al. 1989). 
 
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 
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 
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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 
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). 
 

Project Objectives 
Long-term Objectives 

The principal long-term objective of the proposed 3-year project is to develop the 
existing forest growth model FORECAST to include a representation of climate 
impacts on forest growth for three of the key interior tree species including 
lodgepole pine (Pinus contorta), white spruce (Picea glauca), and interior Douglas 
fir (Pseudotsuga menziesii). The climate response functions will be calibrated and 
evaluated for selected, specific climate zones (BEC subzones) in which the target 
species occur within the BC interior depending on the availability of data. 
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Specific Objectives 
Year 1 

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.  Use compiled data to derive species-specific climate response variables 
for the selected climate defined subzones within the BC interior.  

4. Assemble data regarding the decomposition of organic matter with 
respect to climate variables.  

5. Use compiled data to derive a climate-based decomposition function 
parameterized for various litter quality classes. 

 

Methods 
Models Description 
FORECAST 
FORECAST is an ecosystem-based, stand-level, forest management model. The 
model uses a hybrid simulation approach in which the rates of key ecosystem 
processes are derived from empirical data on forest growth and yield, combined 
with additional ecosystem information (Kimmins et al. 1999, Seely et al. 1999). 
These process rate estimates are subsequently used in conjunction with a 
management interface to simulate forest ecosystem productivity. FORECAST 
incorporates both light interception and nutrient cycling explicitly as key drivers 
of productivity, but presently it includes only an implicit representation of 
moisture regulation tree growth and decomposition. The model can simulate 
productivity and competition in overstory and understory tree populations, as 
well as minor vegetation (herbs, shrubs and bryophytes). Competition is 
simulated through the differential interception of light by individual species 
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which depends upon the relative height of their foliage. Nutrient competition is a 
function of root occupancy; if the total nutrient uptake demand for two species 
(for example) exceeds the total available nutrients, the supply is divided between 
the species based upon their relative uptake demands. Further details of model 
structure, its simulation algorithms, and calibration are described in Kimmins et 
al. (1999) and Seely et al. (1999). FORECAST is well established as a management 
tool in Canada (see, for example, Wei, et al. 2003, Seely et al. 2002, 2004, Welham 
et al. 2002). 
 
ForWaDy  
ForWaDy (Forest Water Dynamics) (Seely et al. 1997) was constructed around 
the foundation of FORHYM, a general water balance model designed by Arp and 
Yin (1992) for the simulation of water fluxes through temperate forest 
ecosystems.  The major difference between the two models lies in the nature of 
the central potential evapotranspiration (PET) algorithms. While FORHYM uses 
a PET equation based on relationships with air temperature, ForWaDy drives 
PET using a summarized based energy budget approach based on the Preistly-
Taylor equation.  The energy budget approach employed in ForWaDy allows the 
model to partition evapotranspiration into its primary components (See attached 
Figure 1), thereby facilitating the capacity to simulate water competition.  The 
daily energy available for evapotranspiration is divided among canopy trees, 
understory plants and the forest floor based on the proportional interception of 
incoming solar radiation by each layer adjusted for reflection depending on 
surface albedos.  Subsequently, a passive competition for available soil moisture 
is simulated through the use of an algorithm that combines species-specific root 
occupancy information with energy-limited transpiration and evaporation 
demands. Canopy water stress is determined as a function of energy-limited 
canopy transpiration demand and soil-limited actual canopy transpiration 
through the calculation of a cumulative water stress index.  This index represents 
a dynamic measure of tree water stress over a given time period and may be 
used as a parameter to limit tree growth rates based on light and nutrient 
availability in models such as FORECAST and FORCEE. The simulation of 
snowfall and snowpack dynamics in ForWaDy is based on the RHYSSys Snow 
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Model (RSM) (Coughlan and Running 1997). ForWaDy has been validated on SW 
30 Dump reclamation site within the Oil Sands area (Seely et al. 2006).  It has also 
been validated for a Douglas-fir plantation at Shawnigan Lake, BC (Seely 
unpublished data) and the high elevation Montane Alternative Silviculture 
Systems (MASS) site on Vancouver Island (Titus et al. 2006). 
 
Model development, testing, and application  
Work completed in Year 1 
1. A new code has been created to transfer ForWaDy from Stella to Turbo Pascal 
(the programming language of FORECAST).  
2. A preliminary test of the prediction performance of several relationships of 
climate variables and tree ring growth has been completed. 
 
 

Preliminary Results and Discussion. 
 
Climate – tree growth relationships 
 
Lo (2009) in a related Ph.D. research, 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 founded. 
 
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 1). 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 
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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 
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 1. 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. Similar tree-ring/climate relationship patterns have been 
reported previously (Appendix 1). 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 2). This is likely an indication 

Previous year              Current year Previous year              Current year 
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that water stress during the growing season is the most important limiting factor 
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). Our results are generally in agreement with 
previously reported values (Appendix 1). 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 



 13 

  

Figure 2. 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 3). 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. 

Previous year              Current year Previous year              Current year 
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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 
and Hebda 2004). As a consequence, we found a similarity in the response of 
Douglas-fir chronologies to climate variables across its elevation range. Although 
following the same general patterns, our results are different enough from 
previous data (Appendix 1) to support the idea that site-specific relationships 
between climate and tree growth are needed to accurately simulate these 
interactions (Zhang and Hebda 2004). 

 

  

  
 
Figure 3. 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 

Previous year              Current year Previous year              Current year 

Previous year              Current year Previous year              Current year 
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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.  
 
 
Multiple regressions tree ring index vs. climate variables 
We also used regression analysis to explore additional climate variables, and we 
did not find strong linear relationships between tree ring indices and climate 
variables (Appendix 2). Given the reduced amount of variance explained by 
individual variables, we used multiple regression models in order to build 
composite responses of tree ring growth to climate. Interestingly, for lodgepole 
pine in the ESSF zone, most of the selected variables were those related with 
temperatures (from the previous year, plus current May PET) (Table 1). In the 
MS zone, most of the variables came from the previous year’s precipitation 
together with previous May temperature and annual PET. In the IDF zone, 
however, the variables selected were annual minimum temperature and current 
February precipitation. For spruce, in the ESSF zone, all the variables selected 
were temperature-related, while in the MS zone, all the variables picked were 
precipitation-related, which clearly indicates that in the higher BEC zone tree 
growth is temperature limited whereas in the lower zone precipitation is the 
limiting factor. Similarly, for Douglas-fir, most of the variables in the MS zone 
came from the previous year and were related to temperature, while for the IDF 
zone, selected variables included mostly related to current year precipitation. 
Douglas-fir was also the species for which models of tree growth had a higher 
explanation power (Table 1). 
 
Table 1. Models for tree-ring residual index (TRI) selected by stepwise regression 
for different climate variables, for different species, BEC zones and transects. 
PET: potential evapotranspiration; PDO: Pacific Decadal Oscillation Index. 
 

BEC Model R2 

 Lodgepole pine  

ESSF TRI = 1.58 – 0.04 PETMay - 0.01 (Pwinter below 300 mm) + 0.03 PDOJan + 0.01 TNov -1 0.39 

MS 
TRI = 0.82 + 0.03 PDOApril + 0.01 PAug -1 – 0.01 POct -1 + 0.02 TMay -1 – 0.01  Pwinter + 0.02 

PETFeb 

0.53 



 16 

IDF TRI = 1.35 + 0.01 TMinimum  – 0.03 PFeb 0.27 

 Hybrid spruce  

ESSF TRI = 1.39 – 0.02 TAug -1 – 0.02 TJul -1 + 0.02 TJun 0.32 

MS TRI = 0.92 + 0.01 PJul -1 + 0.01 PAug -1 0.12 

 Douglas fir  

MS TRI = 0.97 + 0.028 TMay -1 + 0.01 TJan + 0.02 TNov -1 - 0.01(Winter P below 300 mm) 0.41 

IDF TRI = 1.91 + 0.03 PMay – 0.03TJul -1 – 0.04 PETJul +0.01 PAnnual 0.43 

 
 
 
Climate - decomposition relationships 
Litterfall decomposition in unmanaged systems is influenced mainly by climatic 
variables at regional scale (Meentemeyer 1978, Prescott et al 2004). However, at 
local scale, litter quality influence stands out, particularly during the most 
advanced stages (Berg and Laskowski 2005). Several studies have been carried 
out in the Pacific Northwest region to asses the influence of climate on 
decomposition rates, and the results have been diverse. In Washington, Chen et 
al. (2000) studied decomposition rates of woody and fine roots and found that 
maximum rates are found at temperatures around 40 °C, but temperature was 
not important if the soil is dry. Similar results were observed by Falk et al. (2005) 
in a Douglas-fir forest also in Washington, with soil moisture limiting soil 
respiration if too high or too low, and temperature dominating decomposition 
rates in the intermediate situations. As for British Columbia, Prescott et al. (2000) 
and Hope et al. (2003) pointed to the small range in temperatures the cause of the 
lack of influence of climate on decomposition rates. Exploring further this idea, 
Prescott et al. (2004) compared decomposition rates in different bioclimatic zones 
in British Columbia, describing a negative relationship between decomposition 
rates and potential evapotranspiration caused by summer droughts which 
stopped decomposition. They suggested that the extreme variation of 
precipitation inside British Columbia as the main reason for precipitation to be 
more influential and better predictor of decomposition rates than temperature. 
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Other studies have been carried out covering the influence of climate on 
decomposition rates at a nation-wide scale. Moore et al. (1999), using data from 
decomposition studies from Canada, did not find an influence of water stress on 
decomposition rates, and air temperature was as good predictor as AET. Bhatti et 
al. (2002) in a Canada-wide study of boreal forests described that poor drainage 
affects decomposition by reducing its rates when long time scales (i.e. centuries 
or longer) are involved. Trofymow et al. (2002) stated that most of the variability 
in decomposition rates among Canadian sites can be explained with climate 
variables, being summer precipitation and temperature the most important 
factors. They also suggested that winter precipitation can be important in 
leaching organic matter during the first stages of decomposition of fresh new 
litterfall. Finally, Gholz et al. (2000), in a transect study covering North America, 
found that decomposition of litterfall is not stopped by scarce precipitation.  
 
Simulating  interactions between climate and decomposition rates 
 
a. Temperature 
Multiple techniques have been used to quantify the effect of temperature on 
decomposition. Among them, the most common are correlations weight losses in 
litter bags, field soil respiration measures (either by eddy covariance or gas 
chambers), and laboratory or 14C studies. As in other biological processes, the 
reduction of remaining weight of organic matter is faster in warmer 
environments. This fact has been observed in multitude of field studies (Ghoz et 
al. 2000, Chen et al. 2000, among many others). Dalias et al. (2003) and Agren and 
Wettersdt (2007) elaborated mathematical models link old-recalcitrant SOM 
sensitivity to changes in temperature to litter quality, with SOM from cold 
climate and higher quality more sensitive to changes in temperature, whereas old 
SOM from warm areas would have lower quality as a consequence of litter being 
more deeply decomposed before turning into stable SOM, and then less sensitive 
to changes in temperature. This hypothesis has been supported by some recent 
empirical data (Conant et al. 2008, Hartley and Ineson 2008). Given the latest 
theoretical advances and evidences, it seems adequate to simulate the influence 
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of changes in temperature on decomposition rates of SOM differently for each 
pool represented in FORECAST, with the response to changing temperatures for 
the recalcitrant SOM (humus) slightly more intense than for labil SOM (litterfall 
fractions).  
 
Another important fact to be considered when simulating the influence of 
temperature on decomposition rates is that this influence varies over the range of 
temperatures. As in most biological processes, it has been noticed that 
decomposition reaches its maximum rates around 30 to 40 °C, decreasing outside 
that range (Raich and Polter 1995, Chen et al. 2000). This observation is well 
supported by multitude of studies on the change of Q10 values of decomposition 
ranges along temperature ranges. Typically, the change in Q10 value decreases 
with increases in temperature, usually following an exponential curve. This can 
be translated as a higher sensitivity of SOM in cold environments to changes in 
temperature (Zhang et al. 2007), with implications for B.C. boreal and cold 
temperate forests. Finally, it has also been noticed than even in boreal or alpine 
sites with average temperatures below zero degrees or in hot desserts, a small 
noticeable litterfall decomposition also takes place (Whitford et al. 1981, Frolking 
et al. 2002). Coupling together these three requirements, we can develop a 
theoretical response curve for the variation of decomposition rates with 
temperature (Figure 4).  
 
By using this curve, we can develop modifiers of decomposition rates, rather 
than a new model of litterfall decomposition, therefore simplifying the update of 
the current algorithms in FORECAST. In FORECAST Climate, the user provides 
decomposition rates for different litter and humus types, obtained from field 
studies, data bases, literature, etc., and the average temperature for the area to be 
simulated. Because that temperature is not necessarily the optimum one (and no 

B.C. regions have average temperatures in the region of 30-40 °C), the user-
provided decomposition rate (Kuser) can be defined as;  
 

  (1) 
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where Koptimum is the decomposition rate at optimum temperature and Teffect the 
value of the relative decomposition rate for the average temperature of the area, 
as provided in Figure 4. 
 

 
Figure 4. Variation of temperature decomposition rate multiplier (Teffect) with 
temperature. 
 
For a given time step t, decomposition rates can be calculated depending on the 
effect of the temperature for that period as:   
 

   (2) 
 
The value of Koptimum is usually unknown and can only be determined by 
laboratory incubation studies at optimum conditions. However, from Equation 1, 
we can calculate the decomposition rate at any given time step as: 
 

   (3) 
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Therefore, to simulate the effect of changing temperature conditions at any given 
time step, we only need to know the observed decomposition rate for that litter 
type (defined by the user), and the effects of temperature of the average 
temperature of the area and the temperature for the given time step (provided by 
Figure 4). 
 
b. Precipitation and Litter Moisture Content 
Precipitation as an influencing factor on decomposition rates has received much 
less attention from researchers than temperature. It has been stated that 
precipitation is a threshold regulator of decomposition rates (Meentemeyer 
1978), which means that the direct effects of precipitation on decomposition rates 
only are obvious in extreme situations, when precipitation it is too scarce or too 
high. In any other situation, it is usually accepted that temperature is the ruling 
climatic factor affecting decomposition rates (Epstein et al. 2002). Several recent 
works have pointed out the importance of precipitation on decomposition rates 
(Chen et al. 2000, Ise and Moorcroft 2006, among others). In a study covering 
several BEC zones in British Columbia, Prescott (2003) stated that there was a 
positive relationship between decomposition rates and precipitation in B.C. 
These and other global or regional studies have tended to indicate there is an 
influence that is directly correlated to precipitation until a threshold is reached 
and no effect afterwards. This is the effect reported by Sun et al. (2004) in 
Oregon, with found a flat response of decomposition rates after about 3000 mm 
of annual precipitation. However, Prescott (2005) also reported a decrease in 
decomposition rates when annual precipitation increased in the range of 2200 to 
5000 mm. Similarly, results from Schuur et al. (2001) support the assumption that 
the effect of precipitation on decomposition rates follows a unimodal curve. 
 
Traditionally, modellers have not simulated a direct link between precipitation 
and decomposition rates, but rather a related variable such as soil moisture or 
Litter moisture content has been used. However, a different approach has been 
developed, directly linking precipitation to decomposition rates by using a set of 
multipliers (Ise and Moorcroft 2006). Because our intention is to modify 
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FORECAST algorithms to include climate effect, we have decided that using 
multipliers that modify empirical decomposition rates derived from field studies 
is the most suitable approach in our circumstances (similarly to the simulation of 
temperature effects, as described above). The ForWaDy model keeps track of 
litter moisture content in surface layers as well as deeper soil layers. The model 
accounts for combined the effect of precipitation, canopy interception, surface 
evaporation, and transpiration on moisture contents (eg. Titus el al. 2006).  A 
decomposition multiplier is being developed using litter moisture content (for 
surface litter types) and soil moisture content for subsurface litter and soil 
organic matter to adjust the rate of temperature driven decomposition.  This 
multiplier will effectively limit decomposition rates under dry conditions.  Thus, 
the combined timing of increases in soil temperature and soil moisture content 
will act to modify average mass loss rates determined for specific litter quality 
classes using output from the field incubation studies reported here. 
 
 
 
 
Model of tree ring growth 
A tree ring growth model was developed in Stella for use in evaluating potential 
algorithms for the representation of simulated tree water stress (from ForWaDy) 
and daily air temperature on early wood production as a proxy for total annual 
production.  The model is not described in detail here but the structure of the 
model is illustrated in Figure 5. The model has been structured to account for the 
fact that early wood production in a given year is a function of stored production 
accumulated during the latter portion of the previous growing season as well as 
current-year production accumulated during the initial portion of the growing 
season. The model employs a heat sum threshold to determine the timing of the 
switch between current-year production and storage for the following year. 
Tree ring data from a related project in northern Alberta was used to fit the 
model for white spruce.   Alternative response curves for daily tree water stress 
(determined in ForWaDy using daily climate data from a station located near the 
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field sampling located) were evaluated to produce the best fit between the model 
and indexed ring width.   
 

 
Figure 5. Diagram illustrating the structure of the tree ring growth (early wood 
increment) model in Stella.  TDI stands for Transpiration Deficit Index which is a 
daily measure of tree water stress simulated in ForWaDy as the difference 
between tree transpiration demand and actual transpiration. 



 23 

 
We found that a heat sum threshold of 1350 degrees C in combination with a 
exponential decline water stress response curve (Fig. 6) and a sigmoidal 
temperature response curve (Fig. 7) worked best with respect to the level 
variance explained by the model.  The best-fit model was able to capture 64% of 
the variance in annual ring width observed in white spruce over a 13-year period 
(Fig 8). In the upcoming year the Stella model will be evaluated for the other 
species using tree data from interior BC. The refined algorithms will 
subsequently be used as the basis for the development of algorithms and code for 
representing tree growth response in Forecast Climate. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Transpiration deficit index response curves evaluated in the Stella tree-
ring model. The best model fit was observed for Curve 3.
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Figure 7. Mean daily temperature response curves evaluated in the Stella tree-
ring model. The best model fit was observed for Curve 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Comparison of relative simulated early wood increment against 
measured ring width index for a 13-year period. 
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Year 2 Workplan. 
 
Year 2 

1. Implement Year-1 response functions into the code to simulate the effect 
of climate on length of growing season and relative growth rates. 

2. Implement Year-1 climate-based decomposition functions into the code. 
3. Test model projections of species response to past climate using existing 

tree ring data sets from interior BC for the selected species.  
4.  Refine model based on initial testing to improve performance.  
5. Prepare detailed final report, extension note, and a manuscript for 

submission to The Forestry Chronicle. 
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Appendix 1 
 
Reported relationships between ring growth and climate variables. 
Altitude in m.a.s.l.; T stands for temperature; P for precipitation; suffix “-1” 
indicates data from previous year;. “variance” indicates the percentage of 
variance explained by models including the variables cited; and “-“ indicates 
data not provided. 
 

Reference Region Altitude Positive relations Negative 
relations Variance 

SPRUCE      

Kienast et al. (1987) Colorado – 
USA 3400 PJan, PFeb, PMar, PApr, PMay TDec, TJan, TFeb - 

Wilson and 
Luckman (2003) Interior BC - TJun, TJul, TSep, TDec -1 TAug-1 - 

Zhang et al. (1999) Interior BC SBS zone  TJul, TAug-1 0.30 
Green and 
Miyamoto (2006) Interior BC -  TApr - 

This work Interior BC MS - 1500  PJul-1. PAug-1  TJul-1 0.12 

This work Interior BC ESSF - 
1700 TJun, PJul-1. PAug-1 

TJul-1, TAug-1, 
PJun 

0.32 

LODGEPOLE 
PINE      

Chhin et al. (2008) Alberta 
(Boreal forest) 878 TOct -1 to TApr, PMay-1 to PSep-

1 
TJul-1. TAug-1, 
TSep-1 

0.33 

Chhin et al. (2008) Alberta 
(Foothills) 1262 TOct-1, TNov-1, TFeb, TMar, 

TApr 
TJul-1. TAug-1, 
POct-1 to PMar 

0.32 

Chhin et al. (2008) 
Alberta 
(Cypress 
Hills) 

1382 TNov-1, PNov-1, PFeb 
TAug-1, TSep-1, 
POct-1 to PMar 

0.20 

Chhin et al. (2008) Alberta 
(Rocky Mnt.) 1653 TOct-1, TNov-1, TFeb, TMar, 

TApr 
TAug-1, TSep-1, 
POct-1 to PMar 

0.23 

Oleksyn and Fritts 
(1991) 

California – 
USA - PWinter, PSpring, TSpring  0.30 

Graumlich (1991) Sierra Nevada 
– USA 3200 PJul-1, PAug-1PJun, PJul, PAug, , 

PSummer, PWinter 
TApr, TNov-1 0.27 

Case and Peterson 
(2007) 

Washington – 
USA <1000 PGrowing season TGrowing season 0.41 

Case and Peterson 
(2007) 

Washington – 
USA >1000 TSummer-1 Snow depth 0.55 

Nakawatase and 
Peterson (2006) 

Washington – 
USA >1000  TSummer - 

Green and 
Miyamoto (2006) Interior BC - TOct-1, TNov-1, TDec-1  - 

Anonymous (1998) Interior BC IDF PAug-1 TJun, TAug-1 0.50 

This work Interior BC IDF - 1300 TJul-1, TOct-1, TApr, PAug-1, 
PNov-1, PMay 

 0.27 

This work Interior BC MS - 1500 TMay-1, TDec-1, TMar, TAug PAug-1, PDec-1 0.48 

This work Interior BC ESSF - 
1700 TApr-1, TJun  0.36 
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Reference Region Altitude Positive relations Negative 
relations variance 

DOUGLAS-
FIR      

Fritts et al. (1971) Colorado – 
USA - TSep, TMay, PJun-1, PSep-1, POct-1, 

PFeb, PMar, PApr, PMay, PJun 
 - 

Kienast et al. 
(1987) 

Colorado – 
USA 1900 POct-1, PNov-1, PMar, PApr, PMay 

TJan, TFeb, TMar, 
TJun 

- 

Gonzalez-Elizondo 
et al. (2005) 

Central 
Mexico 

2600 – 
3100 PAnnual, PWinter, PSpring TM, TWinter max  0.84 

Biondi (1997) Central 
West USA - PApr, PMay, PJun TJul - 

Zhang et al. (2000) Vancouver 
Island - TAug, TSep-1, TNov-1, PApr, PMay, 

PJun, PJul, PAug-1 
 - 

Zhang and Hebda 
(2004) Coastal BC - TMar, PMay, PJun, PJul TAug-1 - 

Nakawatase and 
Peterson (2006) 

Washington 
– USA <500 PAnnual -1, T-1  - 

Nakawatase and 
Peterson (2006) 

Washington 
– USA 500 – 1000 PSummer  - 

Case and Peterson 
(2005) 

Washington 
– USA <1000 PGrowing season TGrowing season 0.41 

Case and Peterson 
(2005) 

Washington 
– USA >1000 T, TGrowing season  0.55 

Green and 
Griesbauer (2007) Interior BC - TWinter 

TGrowing season, 
PJul-1 

- 

Zhang et al. (1999) Interior BC SBS zone Tnovember-1, Pnovember-1, Pmay 
TJul-1, TJun-1, 
TJul-1 

0.45 

Anonymous (1998) Interior BC IDF zone PAug-1 TJun 0.50 
This work Interior BC IDF - 1300 TApr-1, TNov-1, TJan, PMay, PJun, PJul TJul-1, TMay, TJul 0.433 
This work Interior BC MS - 1500 TApr-1, TMay-1, TWinter-1 TJul-1, PMay 0.409 

 
Additional References: 
Anonymous  1998.  Scientia Silvica, extension series, 13. 
Biondi 1997.  . Dendrochronologia 15: 139-150. 
Case and Peterson  2005.  Can. J. For. Res. 35: 2743-2755. 
Chhin et al.  2008.  For. Ecol. Manage. 256: 1692-1703. 
Fritts et al. 1971.  J. App. Meteor. 10: 845- 864. 
Graumlich 1991.  Ecology. 72: 1-11. 
Green and Griesbauer  2007.  Predicting the responses of interior Douglas-fir to 

climate change in British Columbia.  Report B.C. Forest Science Program 
#Y071270. Prince George, BC. Canada. 5 pp. 

González-Elizondo et al. 2005.  For. Ecol. Manage. 213: 39-53. 
Kienast et al.  1987.  Can. J. For. Res. 17: 683-696. 
Kienast et al. 2007.  Challenges for Landscape Research, 113-132. 
Nakawatase and Peterson 2006. Can. J. For. Res. 36: 77-91. 
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Appendix 2 
 
Significant regressions between tree-ring residual index and climate. 

ESSF  MS  IDF  
Variable r2 Variable r2 Variable r2 
LODGEPOLE PINE      
T Previous April 0.11  T Previous May 0.08  T Previous June 0.07  
T Previous August 0.07  T Previous August 0.11  T Current February 0.10  
T Previous November 0.09  T Previous December 0.09  Min of Tmin 0.17  
T Previous December 0.08  T Current February 0.12  P Current February  0.08  
T Current May 0.16  T Current March 0.06  P from May to Aug < 150 mm 0.10  
Accum. Winter P < 300 mm 0.13  Annual T mean 0.09  Accum Winter P 0.07  
PET May 0.16  Min of Tmin 0.10  Accum Winter P < 200 mm 0.12  
  P Previous August 0.15  Accum Winter P < 250 mm 0.07  
  P Previous October 0.06  Accum Winter P < 300 mm 0.07  
  Accum. Winter P 0.07  PET February 0.10  
  Accum. Winter P < 300 mm 0.14  CIM February 0.12  
  PET February 0.12  CIM March 0.07  
  PET March 0.06    
  CMI February 0.07    
  Annual PET 0.06    
HYBRID SPRUCE      
T Previous June 0.07  T Previous July 0.06    
T Previous July 0.14  P Previous July 0.06    
T Previous August 0.14  P Previous August 0.06    
T Previous July 0.09  Accum Jun. P to August P 0.08    
T Previous August 0.11      
P Current June 0.06      
PET June 0.07      
CMI June 0.08      
DOUGLAS FIR      

  T Previous April 0.10  T Previous April 0.07  
  T Previous May 0.14  T Previous July 0.07  
  T Previous November 0.07  T Previous November 0.06  
  T Previous December 0.11  T Current May 0.06  
  T Current January 0.06  T Current July 0.07  
  Min of Tmin 0.06  P Current May  0.12  
  Accum Winter P < 300 mm 0.09  P Current June 0.10  
  PET January 0.09  P Current July 0.07  
    GDD above 5°C May to Aug. 0.06  
    GDD above 10°C May to Aug. 0.07  
    P May to August 0.15  
    Accum P May to Aug < 150 mm 0.12  
    Accum P May to Aug < 200 mm 0.19  
    Accum P May to Aug < 250 mm 0.15  
    Accum P May to Aug < 300 mm 0.15  
    P June to August 0.10  
    Accum P June to Aug < 150 mm 0.10  
    Accum P June to Aug < 200 mm 0.10  
    Accum P June to Aug < 250 mm 0.13  
    Accum P June to Aug < 300 mm 0.10  
    Annual P 0.08  
    PET January 0.06  
    PET May 0.06  
    PET July 0.07  
    PET November 0.06  
    CMI May 0.13  
    CMI June 0.11  
    CMI July 0.08  

 


