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1. Introduction

Climate change is already altering tree species ranges, with tree lines shifting upwards and
polewards around the world (Dullinger et al., 2004; Soja et al., 2007; Harsch et al., 2009). A
recent analysis of the potential effects of climate change on tree distribution in British
Columbia (western Canada) suggested 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 (Hamann & Wang, 2006). 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 existing range. A recent study
in the mountains of interior British Columbia showed how at high elevation, trees
historically responded positively to increased temperatures, while at low elevations trees
showed a negative response to growing season maximum temperature and a positive
correlation with growing season precipitation (Lo et al., 2010a, 2010b).

Given these species-specific responses it is not surprising that recent research has failed to
identify direct links between warmer temperatures and observed changes in species ranges
(Dullinger et al., 2004; Wilmking et al., 2004). The important ecological and socio-economic
consequences of such changes have prompted multiple modelling efforts to predict the
future location of habitat suitable for tree species and to assess the potential implications for
tree growth of changes in climate. Defining such areas and estimating the losses or gains
due to climate change in timber production have important consequences on forest
management and conservation.

The most popular approaches to project future areas of suitable habitat for commercial tree
species have involved analysis of historical records of tree lines in boreal and alpine
environments (Dullinger et al., 2004), using climate envelope models (Hamann & Wang,
2006). Similarly, dendroclimatology (studying historical tree growth rates by analyzing tree
ring width) has been used to link climate and tree growth rates (Wilmking et al., 2004; Lo et
al., 2010a, 2010b). These approaches are based mostly on climatic information, although
their combination with other information such as soil or topography has been used to
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produce maps of potential future habitat suitability (e.g. Iverson et al.,, 2008). Such
predictions are useful to understand the relationships between climate and tree distribution,
abundance and growth, and could be a starting point for helping to plan forest management
at broad scales under changing climate. However, such approach has several shortcomings,
which have been discussed in the scientific literature before but it seems that this discussion
has not been translated into the forest management community yet. Readers can find
detailed discussions on these shortcomings in Pearson & Dawson (2003) and Thuiller et al.
(2008), with only a basic description following below.

2. Basic shortcomings of climate-based models for their use in forest
management

The vegetation that can be seen around the globe at the present has persisted through
significant climatic changes, especially in forests with ancient trees. Herb and shrub growth
and distributions often respond more to changes in soil moisture and nutritional gradients,
which are determined by many non-climatic variables. However, additional non-climatic
factors such as competition, seed production, invasibility and migration rates will be equally
or more important (Davis et al., 1998; Grace et al., 2002; Dullinger et al., 2004), as well as
factors only indirectly related to climate such as rate, type and intensity of disturbances
(Bergeron et al., 2004). If the ecological effects of these other determinants are well correlated
with climate, climate-based models may prove useful for general planning at broad regional
scales. However, at landscape and stand scales (the most meaningful for forest planning),
topography, geology, slope, aspect and soils will, among other ecosystem characteristics,
modify the direct effects of climate on trees (Pearson & Dawson, 2003).

Previous studies have advanced maps of future suitable habitat for commercial tree species
under different climate scenarios (Hamann & Wang, 2006; Iverson et al., 2008). These
models are based on the assumption that present-day tree distributions are in an
equilibrium state determined by the interaction of climate with topographic and edaphic
conditions. However, without accounting for dynamic changes in inter-specific competition,
migration rates, seedling production, invasibility or disturbances, climate envelope models
lack practical utility to support management decisions (Davis et al., 1998; Grace et al., 2002;
Thuiller et al., 2008). This issue is increased when moving from continental and regional
scales, where climate can be the main driver of current tree abundance and distribution, to
landscape scales where local factors can be as important as climate, or even more (Pearson &
Dawson, 2003).

Evidence from field studies shows that observed shifts in tree ranges are not always linked
to changes in climate. For example, Harsch et al. (2009) found that only 50% of the reported
treeline movements were connected to warmer temperatures, mostly because of the
importance of non-climatic local factors. Bergeron et al (2004) showed that the limit between
mixedwood and coniferous forest in north-eastern North America, which apparently
matches climatic boundaries, is actually the result of wildfires. Therefore, climatic
conditions of present species distributions are also not necessarily a valid proxy for possible
future tree distributions, because forests, especially in the northern hemisphere, have not yet
reached equilibrium after the last glaciation, neither fully occupy their current potential
habitats (Bergeron et al., 2004; Sveming & Skov, 2004).

Responses to changing climate are species-specific and modulated through the
ecophysiological responses of each tree species and their relationships with the rest of the

www.intechopen.com



Linking Climate Change and Forest Ecophysiology to
Project Future Trends in Tree Growth: A Review of Forest Models 65

ecosystem. The same change in climate may be beneficial for the growth of some tree
species, but detrimental or non-important for other species in the same ecosystem (Lo et al,,
2010a, 2010b). At high elevation, trees usually respond with more growth to increased
temperatures, while at low elevations trees typically show reductions in growth when
growing season water stress increases in warmer environments. 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 photosynthesis and respiration rates, nutrient dynamics and
subsequently productivity through its impact on organic matter decomposition rates. Recent
litter decomposition studies have shown that soil temperature and soil moisture influence
mass loss and mineralization rates (Trofymow et al., 2002; Prescott et al., 2004).

As climate changes, different species will respond differently and at different speeds: some
will migrate, grow faster or stop growing, but many current tree populations will remain in
their present ranges (just modifying their growth rates), making it difficult for southern and
lowland species to successfully establish themselves outside of their current ranges, unless
the present populations at those locations are eliminated via disturbances. In addition, it is
known that many species can grow well in environments warmer than their current ranges,
but are prevented from doing so through mechanisms of competition with faster-growing
species, not because of poor adaption to climate (Hurtley, 1991).

As a result of these changes at species and population levels, new biological communities
will be created. These new communities will be established on biotopes also different from
the present (i.e., same geology and topography but different climate). As a consequence,
new ecosystems will appear, in a process similar to post-glaciation colonization, which
in some areas is still underway. Therefore, planning future forest management under the
wrong assumption that current ecosystems will just be displaced northwards or upwards
and keeping their current species ensemble and growth rates seems condemned to fail (Lo
et al., 2010Db).

Taking into account the mentioned shortcomings, it is clear that predicting changes in tree
distribution and tree growth with models based only on climatic information is not a
suitable approach. Predicting geographical changes in soils, trees, lesser vegetation and
wildlife at scales meaningful for forest management involves greater complexity than is
included in climatic envelope models. Therefore, we advocate the use of more complex,
process-based models that incorporate a greater proportion of the key determinants of
possible forest futures to deal adequately with the increasing uncertainty of future tree
growth and climate change effects on forests, and that account for a more detailed
description of the ecophysiological processes involved in tree growth rates (Kimmins et al.,
2008). A review of the most important forest models of this kind follows below.

3. Forest models linking climate and ecophysiology

There is a wide variety of forest models available nowadays, simulating ecophysiological
processes from leaf to landscape levels. Among them, fifteen stand level models used for
predicting climate change effects have been reviewed and compared in this chapter.
Although nowadays there are many simulation models capable to access climate change
impacts, we have focused our review on those whose conceptual models or model
structures are defined at stand level, which is the most meaningful level for forest
management. A list of the basic features of these models can be found in Tables 1 and 2.
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3.1 PnET

PnET is a process model of stand dynamics. It uses monthly time steps because the
developers assumed the aggregation of daily data into months would not cause a significant
loss of information. This assumption has been tested and proven before (Aber & Federer,
1992). The model structure focuses on water and carbon balances. It deals with climate
change via temperature and precipitation (water balance), but it does not include the effects
of atmospheric CO; concentration. The physiological process used to produce biomass is
similar to the CENTURY model (described below). PnET has similar structures to simulate
carbon and water balance to FOREST-BGC and BIOMASS (see below) models, with the
exception that their time steps are different (Aber & Federer, 1992). The central concept
behind the PnET model is that photosynthesis is a function of foliage nitrogen, and water
use efficiency is a function of vapour pressure deficit. Therefore, the function of maximum
net photosynthesis per unit leaf area (NetPsnmax, pmol CO, m2 sec!) and foliage N content
(N%) is:

NetPsnmax =-5.98 + 4.86 x N% (1)

Aber & Federer (1992) assume that the basal respiration of the foliage is 10% of the basic
photosynthesis rate, and therefore the maximum gross photosynthesis (GrossPsnmax) is 1.1
times the maximum net photosynthesis. In this model, the authors assumed the actual gross
photosynthesis (GrossPsn) would be affected by temperature (DTemp), water stress
(Dwater) and vapour pressure deficit (DVPD) as indicated in Equation (2).

GrossPsn = GrossPsnmax x DTemp x Dwater x DVPD (2)

The latest improvement of this model includes the development of a soil organic submodel
to enhance the model description of carbon and nitrogen coupling and to study changes in
ecosystem carbon storage across a nitrogen deposition gradient (Tonitto et al., 2009).

3.2 Forest-BGC and tree-BGC

Forest-BGC (Running & Coughlan, 1988; Coughan & Running, 1997) is a process-based
ecosystem model that runs in a mixed time scale (daily and yearly; Running & Coughlan,
1988; Korol et al., 1995). It is used to predict stand growth and to provide site quality index
estimations. The key processes considered in this model are the effects of carbon, nutrient
and water availability on forest ecosystems. Short-wave radiation, air temperature, dew
point and precipitation are daily input data used to drive the model (Running & Coughlan,
1988). The model calculates daily canopy photosynthesis (PSN; kg CO, day?) by
multiplying CO, diffusion gradient (ACO»; kg m?3), radiation and temperature-controlled
mesophyll CO; conductance (CM; m s1).

PSN = [( ACO,-CC * CM) / (CC + CM)] * LAI x DAYL 3)

The other parameters of this equation are CC: canopy conductance (m s?), LAIL: leaf area
index (m? m?), and DAYL: day length for a flat surface (s day!). The mesophyll CO;
conductance (CM) is calculated from three modifier functions: nitrogen (CMn), light (CMq)
and temperature (CMt). These modifiers are all scaled from 0 to 1.

CMn = 67.0 LEAFN 4)
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CMq = (Q-Qo) / (Q+ Qus) )
CMt = (TMAX -TAIR) x (TAIR-TMIN) / TMAX2 (6)

LEAEFN is leaf nitrogen concentration (fraction of dry weight). Q is canopy average radiation
(k] m?2 day?). Qo is the photosynthesis light compensation point (k] m?2 day-). Qos is
radiation level where CMq is 0.5 of maximum (k] m-2 day-1). TMAX and TMIN are high and
low temperature (°C) at photosynthesis compensation points. TAIR is daylight average air
temperature. Based on those values, the model calculates daily canopy photosynthesis, then
subtracts the value of night canopy respiration (calculated from night average temperature
and LAI) and gets daily net canopy carbon fixation.

This model considers respiration because it is a key process of the carbon budget. Daily
maintenance respiration of stem and root biomass is calculated from compartment size and
average air and soil temperature under a Qi = 2.3 assumption

Risr= aexp (0.085 TEMP) x Cis (7)

where Ry, is maintenance respiration of leaf, stem and root compartments (kg day?); a is
scaling factor for leaf, stem and root compartments (0.00015, 0.0010 and 0.0002 kglkg)
; and 0.085 is a scalar that gives a Qqo value of 2.34. In Equation 7, TEMP (°C) represents
night and daily average air temperature and soil temperature. Night time average
temperature is used for leaf respiration, daily average is used for stem respiration, and soil
temperature is used for root respiration. Cj; is carbon storage either in the leafs or roots. Cs
is stem respiration calculated by the function

Cs = exp (0.67 In (stem carbon storage)) 8)

The yearly growth respiration is calculated as a fixed fraction of the carbon allocated to the
leaf, stem and root compartments. The coefficients are usually obtained from literature and
are independent of temperature. Unlike PnET, Forest-BGC considers nutrient cycling and
therefore it has a decomposition component. The annual litter decomposition function is:

DECOMP = (-3.44 + 0.100AET) - ((0.0134 + 0.00147 AET) x LIG) )

where DECOMP is annual percent weight loss of fresh litter (% year!) and LIG is initial
litter lignin concentration (% dry weight). Actual annual evapotranspiration (AET; mm year-
1) is calculated from a daily model of evapotranspiration.

One of the shortcomings of Forest-BGC is that the canopy is homogeneous. Therefore,
although the leaf area index is proportional to the depth of the canopy, it may not capture
the water and carbon budgets accurately (Running & Coughlan, 1988). Because of the lack of
a management component, it cannot be a management tool for foresters. However, it is a
suitable research tool to predict the impact of climate change. In addition, the model offers a
link between input data and GIS databases which is useful for application of data collected
from regional studies. This model has also been expanded into a series of related models
(Tree-BGC, Fire-BGC) and it has also been combined with other models (PnET-BGC) to
overcome its weaknesses. Forest-BGC has been widely used to predict climate change effects
on natural disturbances, being the latest application of Forest-BGC estimating carbon
dynamics in forests in Portugal (Rodrigues et al., 2010).
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Tree-BGC, a variant of FOREST-BGC model, is also a stand level, process-based, mixed time
scale (daily and yearly) ecosystem model. Most parts of these two models are very similar
except the spatial scales are different (e.g. tree-level model vs. stand-level model). The
purpose of Tree-BGC is the same as Forest-BGC: to calculate carbon, water and nitrogen
flows in forest ecosystems (Korol et al., 1995). The only difference of these two models is that
in Tree-BGC, all the simulated processes are based on individual tree physiological
characteristics, and it focuses on light competition and ignores decomposition. To scale up
the simulation results from individual tree level to the stand level, Tree-BGC has to make an
important assumption: the responses of individual photosynthesis processes under different
constraining factors at tree level are same at stand level (Korol et al., 1995). Most structures
of Tree-BGC are very similar to the ones in Forest-BGC. Therefore, each tree annual canopy
photosynthesis (PSNi; kg C tree! year-) is calculated as:

PSNFPSNX( PAR, j (10)
2 PAR,

where PSN is stand annual canopy photosynthesis (kg C stand! year!); PARi is individual
tree’s photosynthetically active radiation (MJ m2), and the stand annual canopy
photosynthesis is the sum of tree annual canopy photosynthesis. Not only the
photosynthesis, but also the maintenance respiration has been modified in Tree-BGC
compared to Forest-BGC. The maintenance respiration of each stem (MRs; kg C) is
multiplied by stem respiration coefficient (f; kg C! day! kg); temperature (T) controlled
function and respiration volume (RV; m3 ha') which is the sum of phloem and live sapwood

volume.

MRs = fexp (0.085T) RV (11)

The maintenance respirations of leaves (MRLi; kg C) and roots (MRri; kg C) are allocated to
each tree (i) proportionally to its leaf and root carbon. Each tree’s yearly maintenance
respiration (MRi; kg C year) is calculated by following the function:

MRi = MRLi x MRsi + MRri (12)

As mentioned before, Tree-BGC does not simulate litter decomposition, and therefore is not
suitable to explore the link between tree and soil processes.

3.3 BIOMASS

BIOMASS (McMurtrie et al., 1990) is a stand-level process model that works at daytime
steps. It has been used to simulate forest carbon, water-balance and to predict forest growth
(McMurtrie et al., 1990; McMurtrie & Landsberg, 1992). The two main components of the
model are the canopy assimilation of atmospheric carbon and plant-soil water balance.
Canopy carbon assimilation is simulated as a function of an elaborated simulation of
stomata processes (involving radiation, CO; concentration, temperature, soil water, etc.) and
foliage nitrogen content (McMurtrie et al., 1990, 1992; McMurtrie & Landsberg, 1992;
McMurtrie & Wang, 1993). Tree respiration is used to estimate biomass production, carbon
allocation to different tree components, and litterfall rates (McMurtrie et al., 1989). There is
no decomposition component in this model.
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The model separates the canopy vertically into three homogenous layers and simulates
detailed stomata processes for each layer. BIOMASS can be calibrated with standard daily
weather data (McMurtrie et al., 1990). Because it simulates the details of the stomata to
control photosynthesis and it uses climatic inputs including CO, concentration, temperature
and soil moisture, it is a powerful tool for predicting climate change impact as long as the
calculated rates of all the physiological process remain the same.

As for the water balance component, BIOMASS considers the impacts of different
silviculture strategies on the dynamics of soil water. Therefore, in regions where soil
moisture is the major growth limiting factor, BIOMASS can be used as a management tool to
explore the impacts of different practices designed to increase water availability for trees.
One downside of this model is that BIOMASS is a purely physiological process-based
model, which means it shares the strengths, but also the main shortcoming of all
mechanistic models: the requirement of many and complex data for calibration (McMurtrie
et al., 1990). BIOMASS has been recently used to estimate the carbon balance of coniferous
forests in response to different harvesting strategies in Sweden (Bannwarth, 2009).

3.4 LINKAGES

The LINKAGES model is designed to help to understand the ecosystem carbon and nitrogen
storage and cycling under climate and soil moisture constraints (Pastor & Post, 1985). It can
be seen as an offspring of the JABOWA model (Botkin, 1993). The model time step is yearly,
but simulations of the effects of temperature and precipitation are based on monthly data
(Pastor & Post, 1985). The model contains two parts: the environment and the tree species
population components. The environmental component includes three subcomponents:
TEMPE (temperature), MOIST (soil moisture) and DECOMP (decomposition), which are
used to determine the site conditions. The population component also has three subroutines:
BIRTH, GROW and KILL. These are used to calculate the population dynamics. These two
groups are connected by GMULT (modifier for optimal birth rate, annual stem growth and
mortality; Pastor & Post, 1985). Although the model structure and concepts are inherited
from JABOWA, LINKAGES focuses more on how stand structure changes than on how
stand productivity changes (the main focus of JABOWA).

Sunlight is the driving variable for stand dynamics (Pastor & Post, 1985). In the TEMPE
subroutine, LINKAGES uses a random number generator algorithm to generate daily
temperature based on each month’s mean and standard deviation, and sums the number of
degree days for the year. In MOIST, it uses Thornthwait and Mather’s water-balance method
to calculate actual evapotranspiration as the input to DECOMP. LINKAGES also considers
soil physical characters (depth, texture), monthly temperature and rainfall to calculate the
dry days of the year as an input to the GMULT subroutine. In the DECOMP subroutine, it
calculates mass loss, nitrogen immobilization and mineralization, lignin decay and CO; loss
from decomposing litter cohorts and humus. LINKAGES has been lately adapted to the
conditions of New Zealand by McGlone et al. (2010).

As mentioned above, the simulation objective of LINKAGES is different from the other
models reviewed. Unlike other models that calculate either GPP or NPP, LINKAGES
calculates annual diameter and height increment as a function of site and climate variables
(Pastor & Post, 1985). Because it follows the ideas of JABOWA, it could be considered more
similar to a plant dynamics model than to a stand production model. Therefore, it does not
contain any management tools. As a consequence, it can be considered more of a research
model than a model applied to forestry. However, because many stand production dynamic
simulation models in use today use the concepts in LINKAGES, it is worth considering.
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3.5 G’'DAY

G’'DAY is more a plant-soil model than a stand simulation model (Medlyn et al., 2000). It
describes how photosynthesis and nutrient factors interact with each other (Comins &
McMutrie, 1993). The model is designed to predict the forest growth response to elevated
atmospheric CO; concentrations and temperature. It predicts the response from decadal to
century time scales (Medlyn et al.,, 2000). Earlier versions of G'DAY were linked to
CENTURY (Parton et al., 1993). The latest version uses the BEWDY model (Medlyn, 1996) to
replace the plant production calculated by CENTURY, but it still keeps other components of
this soil model (i.e. soil carbon and nutrient dynamic components). This is because the
model developers think BEWDY is more mechanistic and therefore it considers the
temperature and CO; effects on plant photosynthesis and respiration better than CENTURY
(Medlyn et al., 2000). When developing G'DAY, the authors considered two approaches to
represent plant respiration biomass loss because how to deal with this process is still under
discussion among ecosystem modellers (Medlyn et al., 2000). In the first approach,
respiration is separated into maintenance respiration (Rm) and growth respiration (Rg).
Maintenance respiration is assumed to be proportional to the non-structural nitrogen
content of the plant. The growth respiration is calculated by a ratio (Yg; between 0 and 1) of
the difference between potential photosynthesis (or gross primary production, growth
canopy photosynthesis; Pg) and maintenance respiration (Rm). Therefore, net primary
production (NPP) is the result after potential photosynthesis minus maintenance respiration
minus growth respiration:

NPP = (1-Yg) x (Pg - Rm) (13)

For the second approach, Medlyn et al. (2000) assumed that respiration is a constant fraction
of the canopy photosynthesis, similarly to the assumption in PnET (see above):

NPP = fPg (14)

being f a factor of carbon use efficiency independent of atmospheric CO, and air
temperature (Medlyn et al., 2000). Gross primary production (Pg) is calculated from the
BEWDY model in which the photosynthesis rate depends on canopy leaf area index, the
intensity of beam (direct) and diffuse radiation, leaf N content, air temperature and CO;
concentration. Details can be found in Medlyn (1996).
There is no decomposition rate function in the model, but decomposition is implicit in each
component of the nitrogen cycle, with the decomposition rates being temperature
dependent. G'DAY is an annual time step model dealing with atmosphere CO, and
temperature effects. No management tools are included in this model, but it does predict
long-term forest production as an index of the impact of climate change. The model can also
be used to estimate the effects of other human impacts on the environment, such as nitrogen
deposition (Dezi et al., 2010).

3.6 3-PG

3-PG (Physiological Principles in Predicting Growth) is a model based on similar ideas on
how forest stands grow to the ones used in LINKAGES and other models developed later. It
is a physiological process stand-level growth model that uses monthly weather data as input
(Landsberg & Waring, 1997). The model is based on well-established physiological
principles and empirical data and therefore does not need much local calibration to predict
forest growth. Generally speaking, it uses absorbed photosynthetically active radiation to
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calculate gross primary production (PG) and then uses the ratio (Cpp) of net primary
production (PN) to gross primary production (Cpp = 0.45 + 0.05) to calculate net primary
production. The model developers assume that the ratio is a constant. 3-PG employs data
and functions of growth effects under different growing conditions from the literature to
create a simple relationship between root growth and turnover rate to estimate the below-
ground carbon allocation. To simulate the above-ground components, the model uses
carbon allometric ratios, age effects and the 3/2 power law to constrain tree growth patterns
and stand dynamics (Landsberg & Waring, 1997). Gross primary production is the product
of @p.au (utilizable, absorbed photosynthetically active radiation) and a. (canopy quantum
efficiency coefficient = 0.03 mol C (mol photon)! or 1.8 g C MJ-1). The model uses ac. as a
constant. The utilizable, absorbed photosynthetically active radiation @pa.u. is calculated
from modifiers that come from monthly means of day-time vapour pressure deficit, soil
water, temperature, and tree age:

PG = @pau X dc (15)

3-PG does not have a strong nutrient component; the only consideration of nutrients in 3-PG
is that nutrient availability will affect root growth therefore changing carbon allocation
(Landsberg & Waring, 1997). This nutrient availability is defined by an empirical, site-
dependent coefficient. Although 3-PG is not as complicated as other models (BIOMASS,
G’DAY, etc.), it incorporates important ideas about how forest stands produce biomass.
However, some of the parameters used in the model are not regularly measured in the field
and could be very difficult to be accurately calibrated. The model does not consider canopy
complexity, does not have a water balance component, and does not attempt to be a
management tool, but it contains the simulation of physiological processes which have been
proven good enough to produce accurate prediction for some experimental sites (Landsberg
& Waring, 1997).

3-PG is becoming an increasingly popular model for forest research, due to its capacity of
being used for landscape modelling by linking it to satellite observations, and its relative
lower calibration requirements (Coops et al., 2010). However, the model can be very
sensitive to parameters that are very difficult to measure and are not easily related to
physiological data measured in the field (Rodriguez-Suérez et al., 2010).

3.7 CENTURY, TREEDYN3 and TRIPLEX

Combining the strengths of 3-PG, CENTURY and TREEDYNS3, TRIPLEX was built as a
meta-model of existing models, to avoid the difficulties of the model development stage.
Linkages of existing models as a meta-model instead of spending time and money to
develop a completely new model to represent the ecosystem is a global trend (Peng et al.,
2002). As we have already introduced 3-PG, here we will introduce CENTURY and
TREEDYNS3, and then describe the TRIPLEX model.

CENTURY (Parton et al., 1993) is a terrestrial biogeochemistry model. It focuses on the
plant-soil linkage, which therefore is the target of the simulation, rather than the forest
stand. It has a detailed soil nutrient component (Parton et al., 1993). CENTURY represents
the relationship between climate, forest management, soil characters, plant productivity and
decomposition. It incorporates key process relating to carbon assimilation and turnover
from existing models. It contains three main components: soil organic C model, N submodel
and an aboveground production model. The soil organic matter submodel contains three
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major components: active soil organic matter, a slow organic matter pool, and a passive
stable organic component. This well developed submodel, which is used in many other
models (G'DAY and TRIPLEX), uses temperature and moisture as two of the factors, which
control decomposition rate. For temperature, it uses mean monthly soil temperature as the
input. For moisture, the input is the ratio of stored soil water plus monthly precipitation to
potential evapotranspiration. The decomposition model is as follows:

dcl _

Forl=1,2  —L=K[LcAC, (16)
ForI=3 d—ctf =K,AT,C, (17)
For1=4,5,6,7,8 d—ctf =K,AC, (18)
T,, =(1-0.75T) (19)

Lc =eP) (20)

Cr and K| stand for carbon in different pools and the maximum decomposition rate (year)
of that pool; I = 1: surface material (K; = 3.9); I = 2: soil structure material (K> = 4.9); I = 3:
active soil organic matter (K3 = 7.3); I = 4: surface microbes (K4 = 6.0); I = 5: surface metabolic
material (K5 = 14.8); I = 6: soil metabolic material (K¢ = 18.5); I = 7: slow soil organic matter
(K7 = 0.2) and I = 8: passive organic matter (Ks = 0.0045). A is the combined effect of soil
moisture and soil temperature. Tm is the soil texture effect (silt plus clay content) on the
active soil organic matter component. Ls is the structural material and Lc is the impact of
lignin content. The nitrogen submodel is similar to the soil C submodel. Organic N is the
product of the carbon and the N: C ratios of the soil stable component that receives the C.
CENTURY can simulate plant production for different ecosystems (i.e. grasslands,
agricultural crops, forests and savannah). However, the model has been developed to
simulate grasslands. The general idea is that above-ground production is a function of soil
temperature, available water and self-shading factor. But it also relates the soil nutrient
supply (nitrogen, phosphorus and sulphur).

Unlike most of the physiological models, CENTURY does not consider detailed solar
radiation effects. The model developers did not consider the effects of changes in the plant
community (Parton et al., 1993). Because the time step is monthly, it is not sensitive to daily
rainfall patterns and there is a lag effect between nutrient effects and photosynthetic storage
in plant. CENTURY is not considered to be a tool for foresters and there is no representation
of silviculture strategies in this model, but it has been recently used to explore ecosystem
dynamics in grasslands (Feng and Zhao, 2011)

TREEDYNS3 is a process model, which predicts tree growth, carbon and nitrogen dynamic in
a single species, even-aged forests stand (Bossel, 1996). It also has a description of stand
structure. The model is different from other models in that it introduces diurnal and
seasonal variation in physiological processes (i.e. photosynthesis; seasonal dynamic of
respiration, phenology and soil processes) and it considers energy and mass balance of
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carbon and nitrogen flow (Bossel, 1996). The reason for using diurnal and seasonal scales is
because these physiological processes are sensitive to daily and seasonal variation.
TREEDYNS3 is designed to explore the effects of climate change, air pollution, and different
forest management strategies (Bossel, 1996).

In this model the photosynthate storage A is the result of net photosynthetic production
(aprod) and assimilate relocation (creloc) minus the assimilate consumption from growth
(agrow), respiration (arespyand death (agead).

dA

At = C[prod F dpeloc — A

a (21)

resp ~ “grow Adead

For details of each part, please see Bossel (1996). The respiration submodel calculates
respiration consumption from the following function:

where k1, and ks are temperature modifiers of air and soil temperatures; o1, ow, or and or
are the respiration rates of leaves, wood, fruits and fine roots; L is leaf mass, b is the
proportion of respiring wood volume (sapwood) and tr is the respiration period when there
is fruit, and R is fine root mass. The model developers considered respiration because it is a
limiting factor for tree growth. Litter and humus decomposition (Cgg, Csg) are calculated
with the following two functions:

CGE = (1 - X) pdeCkTsCG (23)

CSE = pminkTsCs (24)

where pdec and pmin are normal decomposition rate and specific humus mineralization rate, x
is the humification ratio, Cg is the carbon in litter, and Cs is the carbon in humus.

The TREEDYN3 model has many features different from other models. First, it is the only
model considering mass and energy balance of carbon and nitrogen flows as a constraint.
Second, it follows the current trend of forest model development; it's a hybrid model (see
section 4). Third, it introduces diurnal and seasonal variation. In addition, it is also a
management tool for foresters who are considering thinning and harvest effects on forest yield
(Bossel, 1996). The major shortcoming of the model is that it is only suitable for even-age
artificial forest stands, because during the simulation, all trees are of uniform size. Therefore,
when alternative silviculture strategies are simulated, it does not produce realistic results.
However, it’s still a good tool for predicting long-term effects of climate change, air pollution
and managements. TREEDYNS3 has also been used to simulate the tree sub-modules in other
models (Miehle et al., 2010), with TRIPLEX as the best example of this linkage.

TRIPLEX is a hybrid, monthly-time step, stand model used for predicting forest growth and
yield and ecosystem carbon and nitrogen dynamics. As noted above, it integrates three well-
developed process-based models: 3-PG (Landsberg & Waring, 1997), CENTURY (Parton et
al., 1993) and TREENYD3 (Bossel, 1996). It borrows the soil submodel from CENTURY, and
the growth and yield components from 3-PG and TREENYD3. It has four major submodels:
forest production submodel, soil C and N dynamics submodel, forest growth and yield
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submodel and soil water balance submodel (Peng et al., 2002). The TRIPLEX model uses the
approach from 3-PG to calculate gross primary productivity (GPP),

GPP =k x I, x LA x f, x fy x f,, X fq (25)

where GPP is a function of monthly received photosynthetically active radiation; PAR (I),
leaf area index (LAI), forest age (f.), monthly mean temperature (f;), soil drought (f.),
percentage of frost days in a month (fq) and a conversion constant (k). It combines the idea
that net primary production (NPP) is a fixed proportion of gross primary productivity
(GPP), and NPP is affected by nutrient availability.

NPP = Cyppf,GPP (26)

Cnpp is a fixed fraction (0.47 + 0.04) and f; is the modifier indicating available N. As a result,
there is no respiration component in this model. The decomposition part adapts the
approach of CENTURY, but it also adds some additional components.

R; =Kx C;xMygx Ty (27)

Ri’ =min(Ri, KiSN(Bth)
(pB; —pB;, —(1-p)B,R,)

where R; and Ry are potential decomposition and actual decomposition of each carbon pool
respectively; Ki, C;, Mg and T4 are maximum decomposition rate, carbon stock in particular
pool, soil moisture and temperature modifier respectively. In the restriction function,
decomposition is obtained from the lower value between potential decomposition and
restricted decomposition. In this function, Sy is soil mineral N, Bs and B; are C:N ratio of
source and target C pools, p is the proportion of decomposed C which flows into other pools
and R. is the fraction of soil organic N generated from C decomposition process which flows
into the mineral N pool.

The approach developed in TRIPLEX is new in that it combines existing models instead of
building a new model to predict the climate change effects. The difficulty with this approach
is the need to combine different time scales. However, comparing the simulation results
with observed data suggests good model performance. As TREEDYNS3 incorporates
silviculture strategies, TRIPLEX can be used as a management tool, as in its latest
application to simulate forest response to pre-commercial thinning (Wang et al., 2010).

) (28)

3.8 Carbon flux models: BEPS, EASS and CLASS

The common features of these models are that they are research tools that try to simulate
short time spans (usually time steps are hours). These models can simulate large regions by
using satellite data on vegetation cover combined with weather data as inputs. However,
there are no management tools included in the models. This, together with the complex
methods required to measure carbon fluxes (flux towers, eddy covariance measurements,
etc.) make these models unsuitable for forest management.

BEPS (Boreal Ecosystem Productivity Simulator; Liu et al.,, 1997) was developed at the
Canadian Centre for Remote Sensing (CCRS) and the University of Toronto for short-term
carbon cycle simulations. This model has been used with remotely sensed estimates of leaf
area index (LAI) and land cover, and with Soil Landscapes of Canada (SLC), forest
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inventory and gridded meteorological data to make regional and national estimates of NPP,
NEP and net biome productivity (NBP) (Chen et al., 2003). CO, fixation in BEPS is
constrained by leaf stomatal conductance, calculated empirically from canopy temperature,
humidity and global radiation (Humphreys et al., 2003).

EASS (Ecosystem-Atmosphere Simulation Scheme) is a remote sensing-based ecosystem
model, developed at the University of British Columbia (Chen et al.,, 2007). EASS has the
following characteristics: (i) satellite data are used to describe the spatial and temporal
information on vegetation, and in particular, the use of a foliage clumping index, in addition to
leaf area index to characterize the effects of three-dimensional canopy structure on radiation,
energy and carbon fluxes; (ii) energy and water exchanges and carbon assimilation in the soil-
vegetation-atmosphere system are fully coupled and are simulated simultaneously; (iii) the
energy and carbon assimilation fluxes are calculated with stratification of sunlit and shaded
leaves to avoid shortcomings of the “big-leat” assumption.

CLASS (Verseghy, 2000) was developed by the Meteorological Service of Canada (MSC) for
coupling with the Canadian General Circulation Model (CGCM) in regional climate-
ecosystem interactions. This model includes physically based treatment of energy and
moisture fluxes from the canopy as well as radiation and precipitation cascades through it,
and incorporates explicit thermal separation of the vegetation from the underlying ground.
Seasonal variations of canopy parameters are accounted for. The morphological
characteristics of the ‘composite canopy’ associated with each grid square are calculated as
weighted averages over the vegetation types present. Each grid square is divided into a
maximum of four separate subareas: bare soil, snow-covered, vegetation-covered, and
snow-and-vegetation covered. CLASS has participated in the International Project for
Intercomparison of Land-Surface Parameterization Schemes (PILPS). Versions of the CLASS
biospheric component (C-CLASS) are being developed at McMaster University (C-CLASSm)
(Arain et al., 2002) and the University of Alberta (C-CLASSa) (Zhang et al., 2004). In C-
CLASSa, soil water deficits effects constrained CO,. In CCLASSm, CO, fixation was
constrained directly by soil water content.

4. The hybrid modelling approach: FORECAST climate

As we have shown in the previous section, simulation models can organise the complexity
of information and data into a coherent tool for analysing systems at these various scales
(Messier et al., 2003). The process-based models described in the previous section use the
scientific knowledge available to link several ecosystem variables trough equations, but the
difficulty in getting the right coefficients used in those equations usually produces
unrealistic or unreliable predictions. On the other hand, statistic, simple growth and yield
models are based on field data and they usually produce good estimations if the simulated
conditions are similar to the recorded ones, but they do not contain explanation and
therefore cannot be used to explore ecological interactions or to generate estimations in
areas outside of the range of recorded data (Kimmins, 2004). To reduce the inconvenient of
both types of models but keeping the advantages of both approaches, hybrid models have
been developed. Combination of historical bioassay models with process simulation can
give it sufficient flexibility to produce believable yield predictions under the types of
changed growth conditions that are expected. A more detailed analysis of the philosophy
behind hybrid predictors is given in Kimmins et al. (2010).

One example of process-based, ecophysiological model that accounts for the effects of
climate change but that is designed for real forest management applications is FORECAST-
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Climate. This model has been developed and designed 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 (Kimmins et al., 1999), tree growth is limited by light and
nutrient availability, and no climate is represented. The projection of stand growth and
ecosystem dynamics is based on a representation of the rates of key ecological processes
regulating the availability of, and competition for, light and nutrient resources (Figure 1).
The rates of these processes are calculated from a combination of historical bioassay data
(biomass accumulation in component pools, stand density, etc.) and measures of certain
ecosystem variables (e.g. decomposition rates, photosynthetic saturation curves) by relating
‘biologically active’ biomass components (foliage and small roots) with calculations of
nutrient uptake, the capture of light energy, and net primary production. The model
generates a suite of growth properties used to model growth as a function of resource
availability and competition (Kimmins et al., 1999). They include (but are not limited to): 1)
Photosynthetic efficiency per unit of foliage biomass; 2) Nutrient uptake requirements; 3)
Light-related measures of tree and branch mortality. Nutrient cycling is simulated through a
mass balance approach. Nitrogen that is incorporated into the soil solution through
atmospheric deposition, seepage, mineral weathering, and litter mineralization is calculated.

Driving Nutrient

Model Scale Climate input Physiological processes function Cycling
. . Photosynthesis! Foliage
Spatial Temporal Tem. Moist. [CO2] GPP / NPP Resp. Decom. LAI IN] N
PnET stand monthly Y Y - 2nd Ist Y - - Y -
FOREST- ana %Y/ v v vy 1t 20d Y Y Y - Y
BGC yearly
TREE-BGC "™ daily Y Y - 1t 2nd Y - Y - Y
stand
BIOMASS stand S99 v vy 1t 2md Y - Y 2 .
monthly
LINKAGES "™ jonthly Y Y - S st - Y 7 - Y
stand
G'DAY stand yearly Y - Y 1st 2nd Y Y Y Y Y
3-PG stand monthly Y Y - 1st 2nd - - Y Yo -
CENTURY stand monthly Y Y - Ys Ys F Y Yi Y Y
TREEDYN3 stand ™"/ v g and Y Y Y5 Y Y
seasonal
TRIPLEX stand monthly Y Y Y 1st 2nd - Y Y - Y
FORECAST stand  yearly - - - - 1st - Y - Y
FOR.ECAST stand  daily Y Y - - 1st - Y - Y
Climate

Table 1. Comparison of different ecosystem processes, climate input included and main
features in several stand-level models. Abbreviations: Y: Yes, Tem: Temperature, Moist: soil
moisture, [CO,]: atmospheric CO; concentration, Resp: respiration, Decom: litter
decomposition, LAIL: Leaf Area Index, Foliage [N]: N concentration in foliage. Notes: 1)
Photosynthesis 1st / 2nd indicates the order in which GPP and NPP are calculated; 2) Driving
function is Canopy Quantum Efficiency Coefficient; 3) Potential production; 4) Driving
function is biomass; 5) LAI affects radiation.
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. Manage
Model Stomata Canopy Ecological ment .GIS Reference
Layers levels input
tool
Soil Tree Forest
Aber & Federer
PnET - Y - - Y - - (1992)
REST Running &
Fo 9P . - b i Y Coughlan (1988)
TREEBGC -  Swade oy - - Korol etal. (1995)
effect
McMurtrie et al.
BIOMASS Y Y - - Y Y - (1989)
LINKAGES ~ -  Shade 0y - - Pastor & Post (1985)
effect
C'DAY Y shade v . Y i i Medlyn (1996)
effect
Landsberg &
3-PG i i i i Y ) Y Waring (1997)
CENTURY - - Y Y - - Parton et al. (1993)
TREEDYN3 - Y - - Y Y - Bossel (1996)
TRIPLEX - - Y - Y Y Y Peng et al. (2002)
Kimmins et al.
FORECAST - Y Y Y Y Y - (1999)
CAS Seely et al. (1997),
F?Zlﬁila teT - Y Y Y Y Y - Kimmins et al.
(2010)
BEPS Y - Y - Y - Y Liu et al. (1997)
EASS y clumping oy - Y  Chen etal. (2007)
index
CLASS Y shade y Y Y Verseghy, (2000)
effect sy

Table 2. Comparison of main features in several process forest models; Y: Yes.

If this amount is more than what the combination of what the soil can retain (as defined by
the cation and anion exchange capacities) and trees can uptake, the difference leaches out of
the system. Soil fertility in FORECAST is represented based on a bioassay approach in
which empirical input data describing decomposition rates and changes in chemistry as
decomposition proceeds allow for calculation of nutrient release from litter and humus (Fig.
1). Carbon allocation in response to soil fertility and tree nutrition is based on empirical
biomass ratios and biomass turnover rates (e.g. number of years of leaf retention for
evergreens) for sites of different fertility, and on literature or locally-obtained values for
variation in fine root turnover along fertility gradients. Moisture limitation on growth is
currently based on moisture-determined maximum foliar biomass and thus maximum foliar
N. FORECAST has shown high accuracy when applied to real management operations
(Blanco et al., 2007).
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FOLIAGE NITROGEN
CONTENT

PHOTOSYNTHETIC
EFFICIENCY

NET
PRIMARY
PRODUCTION

v

ALLOCATION

N HUMUS

:‘; | . ' ' ' .':7 -".
| ROOTS STEMS FOLIAGE|....s***" LITTER

Fig. 1. Diagram representing FORECAST and FORECAST-Climate main processes and
pools. The difference between both models is the influence of Available Soil Moisture,
simulated in FORECAST-Climate but not in FORECAST (modified with permission from
Kimmins et al., 1999).

The improved 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 (Seely et al., 1997). ForWaDy is a vegetation-oriented model
originally developed as a companion forest hydrology model to FORECAST. The model
was designed to provide a representation of the impacts of forests management activities
on water competition among different tree species and between trees and minor
vegetation. Potential evapotranspiration (PET) in ForWaDy is calculated using an energy
balance approach. Incoming radiation is partitioned among vertical canopy layers
(vegetation type) and the forest floor to drive actual evapotranspiration (AET)
calculations. A schematic of the model showing the various flow pathways represented in
the model is provided in Fig. 2.
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** + Rain Snow 4 4
Evap oraiion l l Sublimation
|
Canopy Interception
Snow
ForWaDy 2
Throughfall Air temp
melt
Snowpack
L Radiation
melt
Litter |
Transpiration Deficit ter layer
Index Runoff
Infiltration
¢ Humus layer
—— —_— Forest floor
Canopy Cano percolation
Transpiration | , p.y -
| Transpiration v )
L _Demand Soil A
Understory
Transpiration Soil A percolation
Soil B
Soil B percolation ¢
Subsoil Interflow
drainage + ¢¢¢ v
Outflow

Fig. 2. Diagram representing energy and water flows in ForWaDy (adapted with permission
from Seely et al., 1997).

The model is structured for portability, with minimum soil data requirements and
parameter values that are relatively easy to estimate. It has a simplified representation of the
soil physical properties dictating moisture availability, storage, and infiltration. ForWaDy is
a forest hydrology model used to simulated forest water dynamics under given climate and
forest stand structure conditions. It uses a daily time step to capture precipitation events
(Seely et al., 1997). ForWaDy uses an energy budget approach to calculate PET as a function
of climate (solar radiation, mean air temperature, precipitation and snow depth), stand
structure and soil texture (Seely et al., 1997). It simulates precipitation interception by the
vegetation canopy and competition between plants for water in the soil under different
forest stand conditions, and calculates water demand by different canopy layers and within
different soil layers. After calculating the difference between water supply and water
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demand of the tree, ForWaDy provides a tree water stress index: TDI (transpiration deficit
index), which will be used as a modifier of tree growth in FORECAST. The advantages of
this model are that it is written in a user-friendly language (i.e. STELLA) and it does not
have a high input data requirement to run the model. Also, the processes within the model
come from well-tested existing models or equations where possible (Seely et al., 1997) and it
has been successfully tested in Canada and Argentina (Dordel, 2009; Kimmins et al., 2010).
A detailed description is provided in Seely et al. (1997).

The linkage of FORECAST with ForWaDy to create FORECAST-Climate provides an
additional feedback on tree growth rates based on a climate-driven quantification of tree
water stress (Fig. 1). Moreover, the simulation of soil and litter moisture content in
FORECAST-Climate facilitates 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 allows users to explore the potential
impacts on varying climate scenarios on indicators of multiple forest values and it is directly
applicable as a forest management.

5. Conclusions

Process-based models could be important tools to support decisions in forest management
(Blanco et al., 2005). Such 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. Although detailed physiological models have been useful in
exploring climate impacts on tree growth and ecosystem processes at research level, they are
often data intensive and difficult to apply for management related applications (e.g. Grant et
al., 2005). These models also have to be supported by accurate weather records or
estimations (Lo et al., 2011). 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; BC Ministry of Forests and Range, 2006). Only then meaningful assessments for forest
managers of the effects of climate change on forests could be carried out.
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