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REPORT SUMMARY

The overall objective of this project is to develop a framework that integrates risk management
and strategic decision-making to evaluate the impact of disturbance (natural and industrial) on
ecosystem products and services, and on habitat availability for terrestrial species in Alberta’s
Lower Athabasca planning region. This includes an evaluation of the impact of disturbance,
conservation, and reclamation activities associated with oil sands development both at the lease
and regional levels. The principal objective in Phase Il is an evaluation of the impact of climate
and climate change on reclamation success, as compared to the basecase analysis (no climate-
related impacts) conducted in Phase 1.

Chapter 2, describes the calibration and testing of a tree ring model for the three major tree
species represented in the Alberta Oil Sands region, white spruce (Picea glauca), trembling
aspen (Populus tremuloides) and jack pine (Pinus banksiana). The model simulates the
relationship between annual sapwood production (expressed as a ring width index), mean daily
temperature and available soil moisture. Simulated ring width increments were regressed against
the measured annual ring width index to evaluate the performance of the model. The tree ring
model was able to successfully predict patterns in ring chronologies for white spruce and jack
pine. Indeed, the explanatory capability of the model exceeded that which is typical from studies
linking ring width to simple climate variables. In the case of aspen, results were less definitive.
This study thus provides evidence for the applicability of this approach and it also highlights the
utility of incorporating a few basic ecophysiological principles into models of tree growth.

Chapter 3 describes the characteristics of five Global Circulation Models and the Alberta
Climate Model that are used to simulate climate change in the rest of the report.

In Chapter 4, the Tree and Climate Assessment (TACA) model is used to assess the regeneration
potential of three boreal tree species (white spruce Picea glauca, trembling aspen Populus
tremuloides and jack pine Pinus banksiana) on different soil types in northern Alberta. Model
results indicate that under most scenarios, regeneration by all species is generally favoured by
the warmer temperatures and higher annual precipitation predicted under climate change. One
striking exception is the most severe emission scenario, where very warm conditions are a
significant driver of moisture limitations and a low to non-existent regeneration potential. In the
case of aspen, its ability to reproduce vegetatively improves the adaptive capacity of this species;
clones can regenerate and persist by re-sprouting while maintaining their colonizing ability and
potentially enhancing their distribution through seed-based regeneration. As a model that
incorporates many of the biophysical variables important to tree regeneration, TACA is a
suitable tool for making realistic projections of the impact of climate and climate change on the
regeneration potential of the boreal tree species in northern Alberta.

Chapter 5 evaluates future ecosystem development in jack pine, aspen and white spruce with the
FORECAST Climate model after incorporating the five climate change scenarios developed in
Chapter 3. Stands initiated under current climatic conditions (in year 2011) are predicted to
experience enhanced long-term productivity (to year 2111) under a changing climate regime, as
compared with the growth that would have occurred if historical climatic conditions been

vii



maintained over the next 100 years. Although there was a substantial range among GCM
scenarios in their projections of stemwood growth, the minimum projection was always greater
than that derived from the historical climate data. In general, forest productivity in northern
latitudes is temperature-limited. Model output suggests that tree productivity in the region may
be enhanced through much of the 21st century as a result of improvement in the thermal regime
(longer growing seasons, warmer soil, increased decomposition) and potentially an overall
increase in available moisture, that more than compensates for any negative impact associated
with growing season moisture limitations. In general, understory plant communities were
negatively affected by the projected increase in overstory productivity under climate change.

Model projections indicated that habitat suitability under climate change would be improved
overall, relative to values derived using the historical climate regime. The greatest improvement
was for the d1 (aspen) ecosite and the least in the d3 (white spruce) ecosite.

Taken together, the model results suggest a number of management responses within the context
of oil sands reclamation that can reduce risk, and help mitigate carbon emissions and retain
habitat features, at least for some species. These are:

1. Minimize the forest cover removed as part of mine operations. Retention of
forest cover improves the carbon balance and, depending on its areal extent and
spatial configuration, can also serve as refugia for wildlife on the mine footprint.

2. Return forest cover as soon as is practicable. Forest productivity under climate
change is enhanced, which will translate into higher carbon sequestration and
improved habitat suitability as compared to the reference case (the historical climate
regime). Returning forest cover quickly thus serves to leverage the benefits from
improved productivity.

3. Expand forest carbon sinks to promote carbon storage and development of
habitat attributes. Adding fertilizer annually for 5 to 10 years after planting,
particularly on poor sites, will promote both tree and understory productivity, and
thus carbon storage and development of habitat attributes. Retaining and adding slash
and other dead organic matter after land clearing will also increase carbon stores (at
least temporarily) but more importantly create valuable habitat.

4. Encourage species mixtures over monoculture plantations. Conifer monocultures
and extensive tracts of aspen-dominated forests are vulnerable to outbreaks of insect
defoliation and bark beetles. Planting tree species in mixtures or at the very least,
reducing the areal extent of monocultures may help mitigate risk, enhance forest
resilience, and/or prevent large-scale pathogen outbreaks.

5. Increase protection measures. Mine operators should develop and implement
regular monitoring programs on their reclaimed areas to identify potential threats to
stand health before they become unmanageable.

6. Enhance fire suppression capability. An increased risk of forest fires (both in
frequency and severity) is predicted to occur with climate change. This could result
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in significantly greater releases of carbon as material is consumed, but can also
generate rapid and pronounced shifts in community composition.
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1 INTRODUCTION

The overall objective of this project is to develop a framework that integrates risk management
and strategic decision-making to evaluate the impact of disturbance (natural and industrial) on
ecosystem products and services, and on habitat availability for terrestrial species in Alberta’s
Lower Athabasca planning region. This includes an evaluation of the impact of disturbance,
conservation, and reclamation activities associated with oil sands development both at the lease
and regional levels.

A comprehensive overview of the project is provided in the document entitled Oil Sands
Terrestrial Habitat and Risk Modelling for Disturbance and Reclamation, submitted to the Oil
Sands Environmental Management Division, of Alberta Environment. The project will be
conducted in three phases.

The Phase | work consisted of three principal activities described in detail in three linked reports
under the broad title Oil Sands Terrestrial Habitat and Risk Modelling for Disturbance and
Reclamation Phase I*. The activities included:

1. A dendrochronology study that examined the relationship between climate and tree
growth (specifically ring width) for four species (white spruce Picea glauca, black
spruce Picea mariana, jack pine Pinus banksiana, and trembling aspen Populus
tremuloides) in the sub-boreal forests of western Canada (Alberta and
Saskatchewan).

2. A habitat suitability analysis for ten boreal forest wildlife species (moose, black
bear, snowshoe hare, lynx, red-backed vole, fisher, Cape May warbler, ruffed
grouse, pileated woodpecker, and northern goshawk) in natural forests and within
reclamation plans developed as part of the Kearl Lake mine®. Input values for each
index were derived from output generated from the ecosystem simulation model,
FORECAST.

3. Arrisk analysis of the potential development of water stress in young reclamation
plantations consisting of white spruce, trembling aspen, and jack pine established on
different ecosites as a function of soil texture and slope position.

The principal objective in Phase 11 is an evaluation of the impact of climate and climate change
on reclamation success, as compared to the basecase analysis (no climate-related impacts)
conducted in Phase 1. This report details activities completed in Phase Il within the March 31,
2010 to March 31, 2011 fiscal period.

! See Welham, C., 2010. Oil Sands Terrestrial Habitat and Risk Modeling for Disturbance and Reclamation —
Phase | Report. OSRIN Report No. TR-8. 109 pp.

2 Imperial Oil Resources Ventures Limited Kearl Oil Sands Mine Project - http://www.imperialoil.ca/Canada-
English/operations_sands_kearl.aspx
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The potential effect of different climate change scenarios on growth and mortality in reclamation
areas was projected using the FORECAST Climate model and associated modelling tools to
evaluate their combined impacts on overall ecosystem development in a risk assessment context.
As in Phase I, the Kearl Lake mine development plan was used as the test case.

Activities in Phase Il were scheduled to occur in five parts (see Figure 1). Due to limitations
imposed by the timing of available funding and logistical issues associated with the
incorporation of climate change variables into simulation exercises, not all objectives were
completed as planned. Details are provided in each of the subsequent chapters.

The basic approach was to explore climate impacts on key components of the reclamation
‘cycle’. In parts 1 to 3, the potential impact of different climate change scenarios on
regeneration and moisture stress in reclaimed areas was projected. Specifically, in Part 1, a
sapwood growth submodel was used to project annual stemwood increment for jack pine, aspen,
and white spruce on sites representative of the Kearl Lake reclamation landscape using daily
historical climate data from the Fort McMurray region. These sapwood increment projections
were compared against selected tree ring chronologies derived from the Phase | work. This
exercise constitutes a means for ‘testing’ the hypothesized relationships between climate and ring
growth and for developing a clearer understanding of the interaction between phenology

(i.e., when carbohydrate production switches between growth and storage) and climate. It thus
provides a method for calibrating FORECAST Climate’s projections of net primary productivity
in terms of patterns in ring growth. In Part 2, six greenhouse gas emission scenarios used by
Barrow and Yu (2005) in their climate change projections for Alberta were compiled and
downscaled for use in subsequent analyses. The Tree and Climate Assessment (TACA) model
was employed in Part 3 to evaluate how regeneration success on a given reclaimed ecosite might
be affected by climate change. The focus of Part 4 was to evaluate future ecosystem
development using the FORECAST Climate model within the context of the climate change
scenarios derived in Part 2. This exercise projects the long-term productivity and development
of structural and ecosystem attributes for different ecosites within the Kearl Lake mine
reclamation area.

A proposed spatial analysis of indices of habitat suitability for the Kearl Lake mine development
plan was not completed, nor was it possible to provide a detailed, 3-dimensional visual
representation of the temporal and spatial development of plantations within a subsection of
Kearl Lake mine reclamation area (part 5). These activities are planned for completion in the
next funding cycle.
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2 EVALUATION OF A TREE-RING MODEL USING DATA FROM SELECTED
SITES IN BOREAL ALBERTA

This chapter describes the process of calibrating and testing a tree ring model for the three major
tree species represented in the Alberta Oil Sands region, white spruce (Picea glauca), trembling
aspen (Populus tremuloides) and jack pine (Pinus banksiana). The model simulates the
relationship between annual sapwood production (expressed as a ring width index), mean daily
temperature and available soil moisture, for jack pine, white spruce, and trembling aspen.
Simulated ring width increments were regressed against the measured annual ring width index to
evaluate the performance of the model.

The tree ring model was able to successfully predict patterns in ring chronologies for white
spruce and jack pine. Indeed, the explanatory capability of the model exceeded that which is
typical from studies linking ring width to simple climate variables. In the case of aspen, results
were less definitive. The model generated poor results in stands from one region (High Level)
but was more successful in another (Calling Lake). Although defoliation events can have a
significant impact on ring width in aspen (in addition to climate), across the three species the
model was capable of simulating the relationship between climate and patterns of ring growth.
This study thus provides evidence for the applicability of this approach and it also highlights the
utility of incorporating a few basic ecophysiological principles into models of tree growth.

2.1 Introduction

Many dendrochronological studies have been conducted on the empirical correlation between
ring width and environmental factors. This is in large part because the traditional focus of
dendrochronology has been to link climate variables with tree ring chronologies to predict
historical trends in climate (Fritts 1976). Developing a mechanistic physiologically based model
of plant secondary growth (Rocha et al. 2006), however, would allow for construction of testable
hypotheses and provide a means by which plant response (i.e., ring width) could be predicted
from one or more climate variables. Challenges to the latter approach include uncertainties
about what controls plant carbon allocation (Wardlaw 1990) and how the physical and chemical
environments interact with plant physiological and biochemical processes (Fritts 1976). The few
dendrochronological studies that have explored the mechanistic basis of ring width typically
assume that photosynthesis is its primary determinant (Gower et al. 1995, Pietarinen et al. 1982,
Rocha et al. 2006). As noted above, however, ring growth in any given year is the result of a
series of complex physiological process, much of which is not well understood (Cannell and
Dewar 1994, Gower et al. 1995, Kozlowski et al. 1991). In addition, current ring growth can be
at least partly influenced by the prior environmental conditions that occurred weeks, months, or
even years previously (Arneth et al. 1998, Gough et al. 2008, Lo et al. 2010, Sampson et al.
2001).

Tree rings are also useful as a proxy for overall tree growth. While there are some limitations in
extrapolating from ring width (e.g., Bouriaud et al. 2005), the strong positive relationship
between cambial production (ring width) and tree productivity is widely recognized (Cook and
Kairiukstis 1990, Fritts 1976). The strength of this relationship is supported by the generally



good correlations between measures of net ecosystem production (NEP) from eddy covariance
techniques and biometric measurements of woody tissue increments (Gough et al. 2008, Ohtsuka
et al. 2009). Given the strength of these relationships, there is considerable interest in predicting
how ring width might be expected to change in relation to predicted shifts in the climate regime
(Lo et al. 2010). One complicating factor is that photosynthesis and ring growth are often only
weakly correlated (Gough et al. 2008). This is because photosynthate production can also be
allocated to storage (rather than growth), at least at certain times of the year, and this stored
carbon is used to initiate growth during the next growing season (prior to leaf flush; Arneth et al.
1998, Barford et al. 2001, Sampson et al. 2001). There is evidence, for example, that stored
labile C is critical to loblolly pine (Pinus taeda L.) growth during the early growing season
(Sampson et al. 2001), and that starch accumulation by sugar maple in late summer is strongly
correlated to early spring growth in the following season (Wong et al. 2003). Seasonal
variability in tree ring carbon isotopic ratios also suggests a reliance of early season growth on
stored carbohydrates (Helle and Schleser 2004).

In temperate zone tree species, stored carbon is allocated either to bud and leaf initiation or the
production of sapwood (known as early wood). The latter is responsible for initiation of that
year’s stem diameter growth and thus is recorded as part of the annual tree ring increment. After
leaves are fully flushed, trees continue to allocate production to cambial growth (new sapwood)
until the latter half of the growing season when further production is allocated to storage (Coder
1999). For example, Gough et al. (2008) reported that growth in the spring preceded positive net
canopy carbon uptake by ~2 to 3 weeks and more than 25% of annual carbon assimilation
occurred after growth had effectively ceased in the autumn. Carbon assimilated late in the
growing season was thus allocated to early-season growth the following year (Barford et al.
2001).

One aspect of forest ecosystems that is particularly sensitive to climatic variability is soil
moisture, both in terms of its direct impact on tree growth and, indirectly, via regulation of soil
processes (e.g., organic matter decomposition). A number of forest growth models include soil
moisture and/or precipitation in their calculation of forest production (see Dixon et al. 1990 for
examples). One example is the FORECAST Climate model (Kimmins et al. 2010). This model
has a comprehensive representation of water balance (i.e., inputs from precipitation, snow,
interflow, canopy through-fall etc., and losses from evaporation, transpiration, percolation) in
multiple soil layers (including reclamation materials), competition for water, and moisture
deficit. FORECAST Climate is one of the few models that can also simulate the effect of stand
management or natural disturbance on forest hydrology. A key feature of FORECAST Climate
is a submodel that integrates climate variables (moisture and temperature) with annual net
primary productivity, and which is then allocated among sapwood production (and other biomass
components) and storage (to fuel production at the beginning of the next growing season). This
chapter describes the process of calibrating and testing the tree ring model for the three major
tree species represented in the Alberta Oil Sands region, white spruce (Picea glauca), trembling
aspen (Populus tremuloides) and jack pine (Pinus banksiana). This is a necessary step for its



inclusion within FORECAST Climate, the latter of which will be used for further simulation
work within the Phase Il project.

2.2 Materials and Methods

2.2.1 The Tree Ring Model

A schematic illustration of the tree ring submodel is shown in Figure 2. Stored carbohydrates
from the previous season are used at the start of each growing season to fuel NPP, a proportion
of which is allocated to sapwood production. Air temperature and a simulated Transpiration
Deficit Index (TDI) then drive subsequent NPP within the current growth season. Further details
of their calculation are provided below. The model uses a heat sum threshold to determine the
point at which allocation is shifted from sapwood production to storage for the following year.
The relative annual sapwood increment is then compared directly to measurements of ring width

index.
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Figure 2.  Anillustration of the tree ring model used in FORECAST Climate.
Daily production is allocated either to stored carbohydrates or annual sapwood
production. The dashed arrow connecting stored carbohydrates to annual sapwood
production indicates that, at the start of every growing season, stored carbohydrates
from the previous season are used to fuel initial annual sapwood production.

2.2.2 Model Calibration

2.2.2.1 Air Temperature, Precipitation and Radiation

Historical climatic data were obtained from Canada's National Climate Archive
(http://www.climate.weatheroffice.ec.gc.ca), for three locations in the boreal mixedwood region
of northern Alberta (Table 1).



http://www.climate.weatheroffice.ec.gc.ca/

Table 1. Weather stations used in this study.

Station Altitude Latitude Longitude Average annual T Average annual P
m.a.s.l. °C mm

Fort Chipewyan 232.0 58°46°N  111° 7" W -1.7 367.9

High Level 338.0 58°37°N 117°9 W -1.3 394.1

Calling Lake 598.0 55° 15N 113°11I’W 0.9 453.8

2.2.2.2 Calculating the Transpiration Deficit Index

ForWaDy (Forest Water Dynamics; Seely et al. 1997) is a vegetation-oriented, forest hydrology
model. It has been evaluated against time-sequence field measured moisture content data from
oil sands reclamation covers (Seely at al. 2006). The model can be used as a stand-alone
application, and it is integrated within FORECAST Climate where it is coupled to the main tree
growth engine and the tree ring model (Kimmins et al. 2010, Seely and Welham 2010).

ForWaDy simulates potential evapotranspiration (PET) using an energy balance approach based
on the Priestly-Taylor equation (see Figure 3). Incoming radiation is partitioned among
vertically stratified canopy layers (vegetation type) and the forest floor to drive actual
evapotranspiration (AET) calculations. The model has a representation of soil physical
properties dictating moisture availability, storage, and infiltration, and it simulates the relative
impact of soil cover depth, minor vegetation competition and climate on the water availability
for trees. A detailed description is provided in Seely et al. (1997, 2006).

Water stress in ForWabDy is calculated as a transpiration deficit index (TDI). In essence, the
TDI represents the difference between potential transpiration (as dictated by available energy)
and actual transpiration (limited by available moisture), as follows:

TDI = (CanT_Total - CanTActual)/CanT_Total

where:

CanT_Total = energy limited transpiration: f (leaf area index, intercepted short-
wave radiation, canopy albedo, and canopy resistance)

CanT_Actual = actual tree transpiration: f (CanT_Total, root occupancy, available
soil moisture)

Table 2 provides a listing of the data used to calibrate ForWabDy.
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Figure 3.  Schematic illustration of the structure of ForWwaDy indicating the flow pathways and
storage compartments represented in the model.
Table 2. Parameter values used to calibrate ForWaDy model.
Data were obtained from Alberta Environment (2006), Pedocan Land Evaluation Ltd
(1993) and Tajek et al. (1989).
White Jack Trembling aspen
Parameter . ] ]
spruce  pine High Level Calling Lake
Conifer fraction 1 1 0.4 0.4
Maximum LAI conifer 15 1.3 0.5 0.5
Deciduous fraction 0.2 0.2 1 1
Maximum LAI deciduous 1 1 0.95 1
Canopy resistance 0.4 0.4 0.1 0.1



White Jack Trembling aspen

Parameter .
spruce  pine High Level Calling Lake

Maximum understory cover 0.75 0.75 0.65 0.55
Depth horizon H (cm) 15 15 15 10
Depth horizon A (cm) 35 35 35 35
Peat PWP theta® 0.17 0.12 0.13 0.13
Peat PWP US theta’ 0.14 0.14 0.12 0.12
Soil A FC theta® 0.28 0.28 0.28 0.28
Soil A PWP theta' 0.17 0.15 0.16 0.16
Soil PWP US theta’ 0.14 0.14 0.14 0.14
Texture horizon A® 2 2 3 5
Soil depth at the start (cm) 90 90 60 50
Snow depth at the start (cm) 50 50 30 20
Peat depth at the start (cm) 50 50 40 40
Coarse fraction horizon A 0.30 0.30 0.15 0.25
Coarse fraction horizon B 0.35 0.35 0.25 0.30
Coarse fraction subsoil 0.65 0.65 0.35 0.40
Litter layer depth (cm) 25 25 12 20

PWP theta: soil water potential at which the Permanent Wilting Point occurs.
FC theta: soil water potential at which the Field Capacity occurs.

Textural class for horizon A: sand=1, silt=2, loamy sand=3, sandy loam=4, silt loam=5,
loam=6, sandy clay loam=7, silt clay loam=8, clay loam=9, sandy clay=10, silt clay=11,
clay=12.

2.2.2.3 Deriving the NPP Multiplier for Mean Daily Air Temperature and TDI

In previous work, Seely and Welham (2010) used an iterative approach to establish the
functional relationships between the NPP multiplier, and mean daily temperature and TDI, for
jack pine, white spruce and trembling aspen. Stands were located in undisturbed forested areas
adjacent to the Syncrude mine site near Mildred Lake from which a series of tree ring
chronologies were derived. The model was run iteratively with different combinations of
temperature and TDI response curves, and heat sum switch thresholds (see Figure 2), from which
annual sapwood production (expressed as a ring width index) was predicted. Simulated annual
sapwood production was then regressed against the measured annual ring width index to identify
the combinations that provided the best fit for each species. In all cases, the model was able to



predict measured annual sapwood production with reasonable accuracy (r* > 0.5). These
coefficients of determination are substantially greater than most published relationships between
climate variables and ring width (e.g., Case and Peterson 2005, 2007; Grisbauer and Green 2010;
Lo et al. 2010). Since the pattern in ring chronologies was strongly reflective of climate, the
temperature and TDI functional relationships were retained and used in the simulations reported
here (Figure 4). However, because the ring chronologies used in this study were derived from
older stands than used in Seely and Welham (2010), distributed across the boreal mixedwood
region of Alberta and with different climate histories (see Table 1), the switching thresholds
were re-defined for these populations, as detailed in the next section.

Figure 4.
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2.2.2.4 Deriving Thresholds for the Heat Sum Switches

Three heat sum thresholds (see Figure 2) were derived from calculations of cumulative degree-
days (in °C), using 5 °C as the baseline and 1 January as the starting date. The first threshold is
the time when the tree breaks dormancy and stored carbohydrates from the previous season are
used to fuel initial annual sapwood production. The second threshold indicates the time when
photosynthesis begins, while the third threshold determines when daily production is switched
from current-year sapwood growth to carbohydrate storage for use in the next growing season.

To derive the thresholds, the tree ring model was run iteratively for each species with each of the
species-specific temperature and TDI response curves, in conjunction with a series of heat sum
values corresponding to each of the three switch thresholds. Simulated annual sapwood
production (expressed as a simulated annual ring width index; see below) for a given threshold
combination was then regressed against the measured annual ring width index to identify the best
combinations for the threshold values. The final threshold values are reported in Table 3.

Table 3.  Threshold values (accumulated degree-days) for the switch points in carbohydrate
allocation.

White spruce Jack pine Trembling aspen
Threshold Fort Chipewyan High Level Calling Lake

Break dormancy

Photosynthesis

Storage 1250 1390

2.2.2.5 Dendrochronological Data

Four published tree ring chronologies were compared with predicted sapwood production, one
each for white spruce and jack pine, and two for trembling aspen (Table 4). These measured
chronologies were selected as having the most complete ring sequences and their broad
geographic range improved the prospects for using samples derived under different climatic
conditions.

The annual ring width index for the measured and predicted values was calculated, as follows.
Rings derived from trees when they were less than 5 years old (at breast-height age) were
excluded. To assure that tree ring dates were correctly assigned and identify years with missing
rings, all chronologies from a given species were correlated with each other. A curvilinear
function was then fitted to each chronology to remove any age-related trends in ring width (since
average ring width tends to decline with age). Next, the average deviation of the measured width

11



from the fitted line for each species was calculated for each year. Each annual deviation was
then divided by this average to generate a normalized series of annual ring width indices.

Table 4. Tree-ring records used to evaluate the tree-ring submodel.

ID Species Al?r;l;de Latitude Longitude Weather station Reference
CAL Aspen 630 55° 17°¢ 112° 58° Calling Lake Hogg et al. (2005)
HIGH Aspen 340 58° 19° 117° 14° High Level Hogg et al. (2005)
NOAA 132 Jack pine - 59° 45° 112° 12° Fort Chipewyan Larsen (1997)
NOAA 212 ;’:)’:‘u'z 209 59° 0° 112° 0° Fort Chipewyan Meko (2006)

2.3 Results and Discussion

2.3.1 White Spruce

Overall, the model was successful in simulating the general trends in ring width measured for
white spruce (Figure 5). Measured ring widths increased steadily from 1980 to 1989, were
reasonably consisted through 1998, and then declined sharply in 1999 and 2000. The latter
decline is consistent with trends reported in other regions of Alberta (Sauchyn et al. 2003). Its
likely cause is moisture stress. The years 1999 to 2004 marked the worst widespread drought in
Canada in the last century (Wheaton et al. 2005), as exemplified by a severe drought index in the
Fort McMurray area (Khandekar 2004). The effect of the drought during this period was thus
evident in the tree ring model (Figure 5). Evidence suggests that for white spruce, climatic
conditions towards the end of the growing season are an important determinant of ring growth in
the subsequent year (Fritts 2001, Kozlowski and Pallardy 1997a, Zahner 1968). One possibility
is that high late season temperatures increase respiration rates thereby depleting carbohydrates by
reducing storage potential (Kozlowski and Pallardy 1997a). However, Chhin et al. (2004)
concluded that white spruce is sensitive to climatic fluctuations because growth rates are
particularly sensitive to moisture deficiency, which could be exacerbated by elevated
evapotranspirational demands at higher temperatures (Kozlowski and Pallardy 1997a).
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Figure 5.  Comparison of the standardized predicted ring index from the model (black line) and
the average measured index from the NOAA 212 chronology (blue line; see Table 4)
for white spruce.

When the predicted and measure ring indices were compared directly, the tree ring-model
accounted for 48% (r = 0.69) of the observed variability in tree ring widths (Figure 6). This
value is substantially higher than the correlation coefficients that are typically reported for
simple dendroclimatological relationships (r < 0.2; Lo et al. 2010, Rocha et al. 2006, Yu et al.
2007). Thus, the inclusion of ecophysiological factors and climate as represented in the tree ring
model provides a promising approach to simulating patterns of ring development in white spruce.
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Figure 6. Regression of standardized measured vs. simulated ring width indices for white
spruce.
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2.3.2 Jack Pine

Measured tree ring chronologies for jack pine were shorter than for white spruce, spanning a
period of only 11 years (1980 to 1991; Figure 7). Nevertheless, there was considerable variation
in ring width during this period that was also reflected in the predictions of the model. In fact,
the model predicted ring width patterns in jack pine better than for spruce (cf. Figures 5 and 7),
with a coefficient of determination of 57% (versus 48% in spruce).

No published reports are available for jack pine in Alberta describing tree ring relationships with
climate. In terms of climate variables, jack pine productivity appears to be positively related to
summer precipitation and spring temperatures of current year (Seely and Welham 2010). Brooks
et al. (1998) indicated that moisture limits the southern range of jack pine and cold soil
temperatures limit the northern extent. That available moisture and air temperature are two key
variables in the model could explain its success in predicting patterns in ring chronology

(Figure 8). In addition, jack pine typically grows on well-drained, coarse textured soils and
moisture would therefore be expected to correlate well with patterns of growth.
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Figure 7. Comparison of the standardized predicted ring index from the model (black line) and
the average measured index from the NOAA 132 chronology (blue line; see Table 4)
for jack pine.
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Figure 8. Regression of standardized measured vs. simulated ring width indices for jack pine.

2.3.3 Trembling Aspen

Results for trembling aspen were different than the two conifer species. In the High Level
chronology, the model had predicted trends in ring width index that were qualitatively similar to
the measured indices (Figure 9). The regression analysis, however, indicated that the model
explained less than 4% of the variation (Figure 10). Overall, the model tended to either over- or
under-predict ring increment.

Results for aspen measured at Calling Lake were mixed. Prior to 1988, the predicted and
measured ring chronologies were very different, whereas from 1990 onwards the two lines were
similar (Figure 11). Note that 1988 and 1989 were excluded from the analysis due to the
presence of “white rings”. White rings are typical of stands subject to insect defoliation events
and are characterized by thin cell-walled fibers and an overall decrease in wood density (Hogg et
al. 2002, Sutton and Tardif 2005). This disparity in fit between the time periods was also
reflected in the regression analysis. When all of the data were included, the model explained less
than 8% of the variation (Figure 12). However, when only data from 1990 onwards were
regressed, the coefficient of determination increased to 41% (Figure 12).

15



2.50

—— wood increment

2.00 11

1.50 — chronologlyl/ HIGH /\ )
1:00 /| AR
0.50 / \ - / w \\

0.00 /\ / \
-0.50 /\ l / \\I
- 18 ot

standarized wood increment or tree ring width

- N \
-2.00 \
-2.50
'3.00 T T T T T
1975 1980 1985 1990 1995 2000 2005

Figure 9. Comparison of the standardized predicted ring index from the model (black line) and
the average measured index from the HIGH chronology (blue line; see Table 4) for
trembling aspen.
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Figure 11. Comparison of the standardized predicted ring index from the model (black line) and
the average measured index from the CAL chronology (blue line; see Table 4) for
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The 1988/1989 data gap in measured values (blue line) represents years when white
rings were removed (see text).
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Figure 12. Regression of standardized measured vs. simulated ring width indices for trembling
aspen using the CAL chronology (see Table 4).

One explanation for the results is simply that patterns in aspen ring growth are largely unrelated
to climate. This seems unlikely. Seely and Welham (2010) obtained a coefficient of
determination of 52% for aspen in a dendrochronological analysis similar to that conducted here,
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though the population was much younger (aged 18 to 36 years). In addition, Hogg et al. (2005)
demonstrated that most of the growth variation in populations of aspen across a 30-year period
was explained by interannual variation in a climate moisture index in combination with insect
defoliation (see below for further discussion of this point). Nevertheless, the relationship
between climate variables and aspen growth is not easily defined and this could compromise the
predictive capability of the model. For example, high temperatures in spring of the current year
have a positive relationship with radial growth (Barr et al. 2007, Hoffer 2007), though high
temperatures in the previous summer reportedly are negatively related to ring width (Girardin
and Tardiff 2005, Leonelli et al. 2008). In terms of precipitation, higher summer precipitation in
the current year is positively related to ring width (Barr et al. 2007, Brandt et al. 2003) but a
negative relationship has also been reported (Hoffer 2007, Seely and Welham 2010). Barr et al.
(2007) suggested that given the strong link between carbon uptake by boreal deciduous forests in
Saskatchewan and spring temperature (see also Baldocchi et al. 2001), it was surprising that the
regional scale, tree-ring analysis reported by Hogg et al. (2005) did not included temperature as a
key determinant of aspen growth.

The most likely explanation for the poor performance of the model is that, in contrast to the
conifer species, these aspen stands were subject to periodic insect defoliation. These events
disrupt a tree’s photosynthetic capacity and when sufficiently severe result in the reduced ring
growth and overall production. Defoliation events were not included in the model. This would
not necessarily be problematic if defoliation was correlated directly with climate (as Hogg et
al. 2005 suggest). It seems likely, however, that their impact lasts for some period beyond the
time of the last event. It may thus take several years for aspen to restore carbohydrate reserves
sufficiently to produce a ‘normal’ ring pattern, depending on the severity and duration of
defoliation. One explanation for the strong correlation of aspen ring growth with climate
reported by Seely and Welham (2010) then is that the trees in their sample were young enough
(aged 18 to 36 years) and sufficiently isolated to not have been exposed to defoliation.
Unfortunately, these ideas are not amenable to testing from regional estimates of defoliation.
Studies need to be conducted on individual stands with detailed estimates of the severity and
duration of defoliation in conjunction with dendrochronology sampling. One simulated
defoliation experiment conducted in young aspen trees by Hogg et al. (2002) provides some
confirmation of these ideas. They reported that defoliation indeed produced white rings in the
current year, and in the year following defoliation tree rings remained narrow (though their
appearance and density had returned to normal). Aspen defoliated later in the season formed
relatively normal rings, but ring widths were reduced in the subsequent year. Whether, in the
Calling Lake sample, trees were largely unaffected by defoliation after 1990 is unknown, but this
could explain the better results during the later period.

2.4 Conclusions

The tree ring model was able to successfully predict patterns in ring chronologies for white
spruce and jack pine. Seely and Welham (2010) obtained similar results from a smaller, and
much younger, sample of trees. Indeed, the explanatory capability of the model exceeded that
which is typical from studies linking ring width to simple climate variables (see, for example,
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Briffa et al. 1990, Girardin et al. 2008, Graumlich 1991, Li et al. 2000, Macias et al. 2006). This
study thus provides evidence for the applicability of this approach in older stands and it also
highlights the utility of incorporating a few basic ecophysiological principles into models of tree
growth. In the case of aspen, results were less definitive. In previous work, the modeling
approach worked well in young aspen stands (Seely and Welham 2010) but generated poor
results in these older stands from one region (High Level) and was partly successful in another
(Calling Lake). Although defoliation events have a significant impact on ring width in aspen
(Hogg et al. 2002, 2005), across the three species the model was capable of simulating the
relationship between climate and patterns of ring growth. The predictive capability of the model
will be further improved within FORECAST Climate since the latter includes a representation of
light and nutrient dynamics (as inputs to NPP)(see Kimmins et al. 2008). Including the impact of
defoliation in models of forest productivity such as FORECAST Climate may also be required.
One complication, however, is whether it is indeed possible to predict the frequency, severity,
and duration of these events, particularly within the context of a changing climate.

3 DERIVING AND DOWNSCALING CLIMATE CHANGE PROJECTIONS

The first step in simulating climate change is to select one or more emission scenarios because
projections of future climate from Global Circulation Models (GCMs) are derived, in part, in
relation to a particular emissions scenario. There are about 40 scenarios identified by the
Intergovernmental Panel on Climate Change, each making different assumptions of future
greenhouse gas pollution, land-use and other driving forces such as technological and economic
development. Most scenarios include an increase in consumption of fossil fuels though some
project lower levels of consumption by 2100, as compared to 1990 levels. The emissions
scenarios can be organized into one of six families, with each family comprised of scenarios that
have common themes. In order of most pessimistic to the most optimistic, the six families are
AlFI, A1B, AlT, A2, B1, and B2 (see Table 5). Barrow and Yu (2005) used these six scenario
families in making climate change projections for Alberta, as follows.

Table 5.  Summary descriptions of the six emission scenario families.

Emissions Scenario Description

AlFI A future world of very rapid economic growth and intensive use
of fossil fuels

AlT A future world of very rapid economic growth, and rapid
introduction of new and more efficient technology

AlB A future world of very rapid economic growth, and a mix of
technological developments and fossil fuel use
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Emissions Scenario Description

A2 A future world of moderate economic growth, more

heterogeneously distributed and with a higher population growth
rate than in Al

Bl A convergent world with rapid change in economic structures,
‘dematerialisation’, introduction of clean technologies, and the
lowest rate of population growth

B2 A world in which the emphasis is on local solutions to
economic, social and environmental sustainability, intermediate
levels of economic development and a lower population growth
rate than A2

An Alberta Climate Model (ACM) has been developed that describes average provincial climate
conditions for the 30-year period 1961 to 1990 for any geographic location in Alberta. The
ACM was developed from Environment Canada’s raw monthly climate data for Alberta
recording stations. It incorporates four primary climatic variables from which 13 climate-related
variables were derived that were considered to be important in the distribution and responses of
trees and other organisms to climate (Alberta Environment 2005).

Using the ACM as a baseline and a series of GCMs, Barrow and Yu (2005) simulated future
climate scenarios for Alberta relative to the baseline period, projected for the 2020’s, 2050’s, and
2080’s. From a large suite of emission and GCM scenario combinations, five scenarios were
selected based on predicted variation in temperature and precipitation during the summer season.
Four represented the more extreme changes in mean temperature and precipitation, and one
represented median conditions. These were: NCAR-PCM A1B (cooler, wetter), CGCM2 B2(3)
(cooler, drier), HadCM3 A2(a) (warmer, wetter), CCSRNIES A1FI (warmer, drier) and HadCM3
B2(b) (median)(see Table 6).

Table 6.  Attributes of the five scenarios selected by Barrow and Yu (2005) and used in this
study.
GCM Emissions Latitude Longitude Window limits
Acronym scenario resolution resolution
) ©)
CGCM2 B2 (3)° 3.75 3.75 46.3886-64.9419°N
105-123.75°W
CCSRNIES | ALFI 5.625 5.625 41.5325-63.6786°N
106.875-123.75°W
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GCM Emissions Latitude Longitude Window limits
Acronym scenario resolution resolution
) )
NCAR-PCM | A1B 2.8125 2.8125 46.0447-62.7874°N
106.875-123.75°W
HadCM3 A2 (a)® 2.5 3.75 45-65°N
105-123.75°W
HadCM3 B2 (b)? 2.5 3.75 45-65°N
105-123.75°W

This reflects mean average temperature and precipitation during the summer season. This may
not be the same as mean annual estimates for these variables (see, for example, Figure 14, and
Barrow and Yu 2005).

2An ensemble experiment (see Barrow and Yu 2005) was carried out with this emission scenario
and GCM. The number or letter is the experiment identifier.

The five climate change scenarios were downscaled by Golder Associates Ltd. for the northern
Alberta region, and summarized as monthly modifiers of minimum and maximum temperatures
and precipitation (see Barrow and Yu 2005, for an example of this procedure). The monthly
modifiers were then used to modify daily values derived from historical weather records to
simulate the daily values of future weather under different climate scenarios. Historical records
from Fort McMurray weather stations during the 1961 to 1990 baseline period were used to
create a century of climate change projections, beginning in 2011. Figure 13 shows the absolute
changes (i.e., increases) in mean annual and growing-season (May through August) temperatures
projected for Fort McMurray. Although there were considerable discrepancies among each
scenario in terms of the overall rise in temperature, both the mean annual and growing-season
temperatures were projected to increase through this century. This was not the case for
precipitation (Figure 14). In 4 of the five scenarios, mean annual precipitation was projected to
increase by as much as 23% in the latter part of this century (Figure 14A). Growing season
precipitation, however, is projected to decline (Figure 14B). Overall then, temperatures will be
warmer with wetter winters, drier summers, and longer growing seasons. The significance of
these projected trends to regeneration and growth is discussed in Chapters 4 and 5, respectively.
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Figure 13. Absolute changes in mean annual temperature (A) and in the May—August period (B)
in Fort McMurray, Alberta during three time periods (2020s, 2050s, and 2080s), as
projected from five climate-change scenarios.

Note that temperature changes are relative to the 1961-1990 baseline period (see text
for details).
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Figure 14. Proportional changes in mean annual precipitation (A) and in the May to August
period (B) in Fort McMurray, Alberta during three time periods (2020s, 2050s, and
2080s), as projected from five climate-change scenarios.

Note that precipitation changes are relative to the 1961 to 1990 baseline period (see
text for details).
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4 PROJECTING ESTABLISHMENT SUCCESS UNDER CLIMATE CHANGE
FOR SELECTED SITES IN BOREAL ALBERTA

Considerable effort has been spent in predicting the potential impact of climate change on
species distributions. Much of this work, however, is based on correlational analyses of species
presence and associated climate variables, with no explicit consideration of the underlying
mechanisms or processes. One process critical to vegetation distribution is regeneration since
species are most susceptible to climatic variation during the regeneration phase. Here, we use
the Tree and Climate Assessment (TACA) model to assess the impact of climate change on the
phenological and biophysical variables that control the regeneration phase of tree establishment.
More specifically, TACA is used to assess the regeneration potential of three boreal tree species
(white spruce Picea glauca, trembling aspen Populus tremuloides and jack pine Pinus
banksiana) on different soil types in northern Alberta.

Model results indicate that under most scenarios, regeneration by all species is generally
favoured by the warmer temperatures and higher annual precipitation predicted under climate
change. One striking exception is the most severe emission scenario, where very warm
conditions are a significant driver of moisture limitations and a low to non-existent regeneration
potential. In the case of aspen, its ability to reproduce vegetatively improves the adaptive
capacity of this species; clones can regenerate and persist by re-sprouting while maintaining their
colonizing ability and potentially enhancing their distribution through seed-based regeneration.

As a model that incorporates many of the biophysical variables important to tree regeneration,
TACA is a suitable tool for making realistic projections of the impact of climate and climate
change on the regeneration potential of the boreal tree species in northern Alberta.

4.1 Introduction

At broad regional scales, plant species distributions are dictated largely by climate (McKenzie et
al. 2003a, Woodward 1987). It is, however, the interaction of climate, biophysical variables,
competition and disturbance that determine the mosaic of vegetation types within a given
landscape. Changes in the climate regime are expected to alter this balance and the distribution
of species along environmental gradients (Lo et al. 2010, Miller and Urban 1999). These range
shifts could potentially result in development of novel species assemblages (Allen and Breshears
1998, Lo et al. 2010). Predicting how species distributions and community composition might
be affected by a changing climate is thus of considerable importance. Selection of species
deemed appropriate for planting prescriptions, for example, is based on what is locally common
and/or of commercial importance. Current species distributions, however, are a reflection of
historical climate regimes. If climatic conditions are substantially different going forward, the
past may be a poor guide in planning for the future. Evidence in Alberta has indicated that in the
most northerly populations, local trees may already be less adapted to climate change than
transplants from elsewhere (Gray and Hamann 2011; Gray et al. 2011).

Common methods for predicting the impact of climate change on species include analysis of the
tree line limit in northern and alpine environments (Dullinger et al. 2004), climate envelope
modeling (Hamann and Wang 2006), or using dendroclimatology to link climate and tree ring
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growth (Wilmking et al. 2004). When combined with additional information such as soil types
or topography, maps of potential habitat suitability under future climate regimes can be
generated (e.g., Hamann and Wang 2006, Iverson et al. 2008). These approaches have their
limitations, however (Pearson and Dawson 2003, Thuiller et al. 2008, Woodward and Beerling
1997), one of which is that they are simply correlational analyses with no explicit consideration
of the mechanisms or processes that determine the presence or absence of a species.

One process critical to vegetation distribution is regeneration since species are most susceptible
to climatic variation during the regeneration phase (Bell 1999, Grubb 1977). Regeneration refers
to the renewal of a forest by natural, artificial, or vegetative means, and the ecological processes
that affect seedling establishment, mortality, and growth to 1.3 m height (Canadian Forest
Service 1995). Much of classical silviculture evolved as a means of solving regeneration
problems, and the importance of forest regeneration in determining the composition and diversity
of future forests is well recognized (Bergeron et al. 1998, Smith et al. 1997). Climate change is
expected to have a significant impact upon boreal forest ecosystems (Chapin et al. 1992, Keyser
et al. 2000), but the relationship between climatic factors and forest regeneration is poorly
understood (Blanco et al. 2009). To incorporate climate change effects within the context of
forest regeneration, information is required on the effect of thermal regimes on flower
development and seed production, the potential colonization rates of individual species, the
ecophysiology of seed production and seedling establishment, processes of seed dispersal,
storage and germination, and the sensitivity to climate and elevated CO, of species that
reproduce vegetatively (Price et al. 2001).

A variety of approaches have been used to explore the effects of climatic change on forest
regeneration. Hogg and Schwarz (1997) combined a semi-quantitative regeneration index with a
climatic moisture index developed for four vegetation zones in western Canada to predict conifer
distribution. Cumming and Burton (1996) added aspects of species-specific phenology, and of
local forest regimes to the patch model Zelig++ (Botkin et al. 1972, Urban 1993) to explore the
possible consequences of four climate-change scenarios in eight distinct British Columbia forest
regions. The model could thus account for differential species responses to changes in growing
season length and seasonality (Cannell and Smith 1986) and to frost regimes. More recently, the
TACA model was developed by further modifying ZELIG++ to assess the resistance and
resilience of trees to climate change through changes in the breadth of a species’ regeneration
niche (Nitschke 2010, Nitschke and Innes 2008b; see below). It is able to identify the degree of
change in phenological and biophysical variables that control tree establishment, growth and
persistence. TACA has been used to predict the regeneration response of tree species to current
and climate change scenarios in interior BC (Nitschke and Innes 2008a,b) and the Yukon
(Nitschke 2009). Its development and application thus represents a significant improvement in
the ability to predict the effect of a changing climate on tree species distributions.

In this report, the TACA model is used to assess the regeneration potential of three boreal tree
species (white spruce Picea glauca, trembling aspen Populus tremuloides and jack pine Pinus
banksiana) for different soil types in northern Alberta. TACA output is used to evaluate:

(a) how regeneration success of extant species may be affected by climate change; and
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(b) whether a change in climate might favour the regeneration success of species not typically
found on a given site. One possibility, for example, is that the xeric and sub-xeric sites typically
occupied by jack pine may revert to grassland because they no longer possess the edaphic
conditions sufficient to support a tree population. Alternatively, a regional drying trend may
favour jack pine mixtures on sites now dominated by aspen and white spruce. These results have
important implications for the planting prescriptions that constitute the basis of reclamation
activities (see, for example, Alberta Environment 2010). Finally, the regeneration probabilities
associated with particular tree species as derived from TACA will also be used as input to
FORECAST Climate model simulations.

4.2 Materials and Methods

4.2.1 The TACA Model

TACA analysis output provides the response of trees in their regeneration niche to climate-
driven phenological and biophysical variables (Figure 15; see Nitschke 2010 and Nitschke et al.
2008a,b for further details). TACA is therefore a vulnerability analysis tool that uses the
following driving variables to determine the probability of species presence/absence:

e Growing degree-day thresholds;

e  Species-specific threshold temperature;
e  Minimum metabolic temperature;

e  Chilling requirement;

e Bud break degree day threshold,;

e Drought tolerance;

e Frost tolerance.
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Figure 15. Diagram of model components and information flow in TACA (Nitschke 2010).
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Minimum and maximum growing degree-day (GDD) thresholds are used to determine the lower
and upper relationship between temperature and growth (Urban 1993). GDD are calculated by
summing the number of degree-days above a species-specific baseline temperature for an entire
year. If the GDD minimum threshold is not met or the maximum threshold is exceeded, it is
assumed that the regeneration niche of a species has not been met, resulting in mortality (He et
al. 1999) or preventing a species from becoming established (Dale et al. 2001, Franklin et al.
1992). It should be noted that the regeneration niche of a species is narrower than the realized
niche of a mature tree and so this assumption does not necessarily preclude the presence of
mature trees (McKenzie et al. 2003b). Species-specific baseline temperatures are used to initiate
physiological activity (Fuchigama et al. 1982). The accumulation of GDD occurs until a species-
specific heat sum is reached, which then initiates bud break (Fuchigama et al. 1982). The timing
of bud break is expected to occur at earlier dates due to climatic change, which may increase the
risk of mortality by early spring frosts (Cannell and Smith 1986; Lavender 1989).

The probability of presence/absence is determined based on the average probability of a species
meeting all phenological and biophysical criteria (see Figure 15) for a given climate scenario.
A single climatic scenario represents one year of weather. Multiple climate scenarios are run in
TACA and are used to determine a species presence/absence probability under historic, current
and/or future climatic scenarios. Future scenarios can be based on predictions from global
circulation models or user-defined. A species must meet the GDD, chilling requirement,
minimum temperature and drought parameters in a given scenario. If this is the case, its
regeneration success is then potentially modified by the probability of frost damage. Frost
damage is a product of the probability of frost events occurring multiplied by the frost modifier
for a species (see Nitschke 2008a,b, for examples). A species meeting all criteria receives a
presence score of one and the climate conditions are assumed to be in the optimal range of the
species’ regeneration niche. A score of zero means that that species never satisfied the required
parameters, and climate conditions were thus outside the regeneration niche. Probabilities
between one and zero are a result of the suite of parameters being met in a proportion of the
scenarios in combination with the probability of frost damage.

4.2.2 Model Calibration

4.2.2.1 Deriving the Climate Scenarios

TACA uses daily climate data nested within an annual time step. Its key parameters are
maximum temperature, minimum temperature and precipitation. Historical climatic data series
were obtained for Fort McMurray (56° 39’ N, 111° 13° W, 369.1 m.a.s.l., average annual
temperature 0.7 °C, average annual precipitation 455.5 mm) from Environment Canada's
National Climate Archive, (http://www.climate.weatheroffice.ec.gc.ca). Historical climate
records were used to create scenarios derived from 10 years of climate data and designed to
represent the variability in the climate record, as follows. First, mean annual temperature
(MAT), total annual precipitation (TAP) and an annual heat moisture index (AHMI; see Nitschke
2010 for details), were determined for each year in the climate record.
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The AHMI is calculated as:

AHMI = (Mean Annual Temperature+10) / (Annual Precipitation/1000)

Each year was then ranked independently according to each of the three variables. Five years
from each of mean annual temperature and annual precipitation were selected that represented
the 90%, 75%, 50%, 25% and 10% percentiles of their distributions. If the same year occurred
for each variable at the same percentile, the corresponding percentile for AHMI value was used
to select the unique year for each of MAT and TAP. The selected years from the Fort
McMurray historical weather records are shown in Table 7. These years represent 10 observed
climate scenarios.

Table 7.  Representative years selected from historical weather records at Fort McMurray as
classified by annual average temperature or annual accumulated precipitation (see
text for details).

Percentile Temperature Precipitation
95% 2006 1996
75% 1997 1988
50% 1985 2008
25% 1961 1953
10% 1966 2004

To simulate the effect of a changing climate, five climate change models, each with different
scenarios of future CO, trends, were selected (Table 8), and are identical to those used by
Barrow and Yu (2005) in their assessments for Alberta. It is important to note that no single
climate change model or its associated emissions scenario can be deemed ‘correct’ (Barrow and
Yu 2005). In this regard, each model’s projections should be considered as equiprobable and
including a suite of models is thus an important step in deriving a sense of the variability in
output and in gaining an understanding of its impact on germination success. All of the climate
change scenarios had been downscaled by Golder and Associates Ltd. (Calgary, Alberta) for the
northern Alberta region and were supplied to the project by Alberta Environment. Data were
provided as summarized in monthly modifiers of minimum and maximum temperatures and
precipitation that reflect each of the climate change scenarios (see Appendix). The monthly
modifiers were used to adjust the daily values derived from the historical weather records of the
selected years (see Table 7) to simulate the daily values under a future climate. These daily data
are then used as input to the TACA model.

29



Table 8.  Climate models and scenarios selected to simulate climate change in 2020, 2050 and
2080.
See Appendix for values of monthly modifiers for minimum temperature, maximum
temperature and precipitation.

General

Model Scenario Description attribute’

Rapid economic growth, intensive ~ Warmer, drier

CCSRNIES AlFl :

fossil fuel use

Intermediate economic Cooler, drier
CGCM2 B2(3) development, lower population

than in A2

Moderate economic growth, higher  Warmer,
HADCMS A2(2) population than in Al wetter

Intermediate economic Median
HADCM3 B2(b) development, lower population

than in A2
NCARPCM ALB Rapid economic growth, less Cooler, wetter

intensive fossil fuel use

! For the 2050s, and compared to the median (HADCM3 B2(b)). Note that all models project an
overall increase in mean annual temperature (see Appendix).
4.2.2.2 Tree Species Parameters

The species-specific parameters for white spruce, trembling aspen, and jack pine used to
calibrate TACA are described in Table 9. All parameters are based on empirical relationships
and incorporate ecological and silvical characteristics as described in Klinka et al. (2000).

Table 9.  Parameters used to calibrate TACA for three tree species’.

Parameter Trembling Aspen White Spruce Jack Pine
Seeds VR®

Physiological Base Temperature (°C) 3.5 3.5 2.7 2.8

Heat Sum for Bud Burst (GDD) 189 189 147 108

Chilling Requirement (Days) 70 60 42 56

Minimum Temperature (°C) -80 -80 -70 -85

Drought Tolerance 040 0.40 0.34 0.42
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Parameter Trembling Aspen White Spruce Jack Pine

Seeds VR®

GDD Minimum 226.8 227.0 129.6 250.0
GDD Maximum 4414 4414 3459 4500
Frost Tolerance 090 0.95 0.90 0.90
Frost Season 300 320 305 315
Wet Soils 0.30 0.30 0.50 0.25
Soil Temperature (°C) 5 5 5 8
Heat Sum (GDD) 80 80 129 120
Stratification (days) 0 0 0 28
Chilling Heat Sum Factor 1 1 1 0.75
Germination Moisture Threshold -0.80  -0.90 -0.50 -0.90
Min Temperature for Germination 3.5 3.5 2.7 2.8
Max Temperature for Germination 32 32 35 30
Vegetative Reproduction 0 1 0 0
Low Nitrogen Availability 0.30 0.30 0.30 0.85
Medium Nitrogen Availability 1 1 1 1
High Nitrogen Availability 0.75 0.75 0.75 0.20

! As derived from Asselin et al. (2003), Bonan (1989, 1990), Burton and Cumming (1995),
Cumming and Burton (1996), Despland and Houle (1997), Durzan and Chalupa (1968),
McKenzie et al. (2003a,b), Nitschke and Innes (2008 b), Urban et al. (1993) and Zolbrod and
Peterson (1999). See Nitschke and Innes (2008 b) for a further description of these variables.

% \/egetative reproduction.

The two sets of values used to simulate trembling aspen (Table 9) constitute regeneration from
seeds or from a combination of seeds and vegetative reproduction (VR). Seedlings are exposed
to a smaller soil profile since they depend only on their developing root system, while root
suckers gain access to a larger portion of the rooting zone because they are derived from existing
root biomass. In addition, root suckers are more tolerant of frost and drought stress compared to
seed germinants.
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4.2.2.3 Soil Parameters

Three soil types were represented in the TACA simulations representing the same three sites
used to calibrate ForwabDy (see Chapter 3) and the FORECAST Climate submodel of tree-ring
growth (Chapter 5). In addition, TACA requires data that define the characteristics of the
germination layer. All data used in calibrating the soil parameters are listed in Table 10.

In general, Fort Chipewyan had higher inherent productivity than either Calling Lake or High
Level. This included a deeper rooting zone, greater moisture storage potential, and higher
nitrogen availability (Table 10). Calling Lake, in turn, had better moisture storage potential than
High Level though both sites are low levels of nitrogen availability.

Table 10. Soil parameters in TACA describing three soil types in northern Alberta, plus the
germination seedbed".

Soil Parameters Fort Chipewyan Calling Lake High Level Germination
Soil Moisture Regime Sub Mesic Sub Mesic Sub Mesic Mineral
Soil Texture Loam / Silt Loam  Loamy Sand Loam/Silt Loam Loamy Sand
Soil Rooting Zone Depth (m) 0.90 0.60 0.50 0.10
Coarse Fragment (%) 40 25 30 25

Water Holding Capacity

(mm/m of soil) 362 362 290 192
AWHC? (mm) 195.5 162.9 101.5 14.0
Field Capacity (mm/m of soil) 453 453 373 247
Available Field Capacity (mm) 244.6 203.9 130.6 18.5
Percolation (mm/day) 15 16 13 -

Nitrogen Availability Medium Poor Poor Poor

! Data derived from Alberta Environment (2006), Bock et al. (2006), Pedocan Land Evaluation
Ltd. (1993) and Tajek et al. (1989).

2 Available water holding capacity.
4.3 Results and Discussion

4.3.1 Jack Pine

Projected regeneration probabilities for jack pine in northern Alberta under five different climate
change scenarios are presented in Figure 16. A moderate increase in regeneration by 2050 was
projected for all future climate scenarios (generally between 15% and 30%) for the three soil
types (Figure 16). Thereafter, the regeneration probability typically increased for all climate
scenarios, with the exception of the A1F1 scenario (Figure 16). In the latter case, regeneration
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was projected to decline significantly in the 2080’s to levels that were below values based on

current climate conditions.
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Figure 16. Probability of jack pine regeneration in northern Alberta at three sites constituting
different soil types for five future climate change scenarios.

The A1F1 scenario is the most pessimistic in terms of projected emissions (at least among those
considered here) because of its assumptions of rapid economic growth and intensive fossil fuel
use. Consequently, under this scenario the CCSRNIES model predicted an increase in mean
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annual temperature by 2080 of about 10.8 °C, roughly twice the projections made under of the
other emissions scenarios (see Figure 14A).

The northern limit of jack pine is determined by the short growing season and the low GDD
(McLeod and MacDonald 1997). The warming trends predicted under the emissions scenarios
(see Chapter 3) should therefore have a beneficial effect on a number of biophysical variables
(Table 3) and the associated regeneration success, as predicted by the TACA model. Any
increase in temperature will have a positive impact on the species, however, only if its
physiological and ecological tolerance limits are not exceeded (Matyas 1994). This may be the
case under the A1F1 emissions scenario, which is predicted to result in conditions warmer and
drier than the median (see Table 6). The annual AET/PET ratio (used in TACA as an index of
aridity) for this climate scenario declined from an average of 0.872 in 2020 to 0.628 by 2080
(data not shown), indicating that conditions were indeed becoming increasingly moisture-limited
(Hidalgo et al. 2006). Hence, any benefit to regeneration from the increase in the length of the
growing season during the short and medium term (i.e., up to the 2050s) will be more than offset
by moisture deficits incurred in the latter half of this century, if this scenario is indeed an
accurate representation of the future emissions profile (and the CCSRNIES model provides a
reasonable representation of the future climate). Under current climatic conditions, moisture
deficits are significant at the southern edge of this species’ range in Alberta where soil moisture
is a major limiting factor (Ritchie 1987).

One important feature of jack pine reproductive ecology is its production of serotinous and semi-
serotinous cones. In this respect, the species relies on fire to provide the conditions necessary
for cones to open and release seed (McLeod and Macdonald 1997). Serotiny is not represented
in TACA. This is likely not problematic for projections of the regeneration probability,
however, since increases in temperature will be positively correlated with fire frequency. Hence,
wildfires are not likely to be the factor that most constrains regeneration potential. It has been
projected, for example, that the area burned in Alberta by wildfires could increase up to 29%
during this century if CO, concentrations rise to a level three-fold higher than in pre-industrial
times (Tymstra et al. 2007).

4.3.2 White Spruce

Rweyongeza et al. (2007) found that annual moisture index (AMI), expressed as a ratio of GDD
above 5°C and mean annual precipitation, was the major determinant of survival and growth of
white spruce in Alberta. In this respect, the southern limit of white spruce in central and western
Canada appears to be defined by available moisture (Chhin et al. 2004, Chhin and Wang 2008,
Hogg 1994), whereas the northern tree line is limited by growing season temperatures (Payette,
2007).

Projected regeneration probabilities for white spruce in northern Alberta under the five climate
change scenarios are presented in Figure 17. Overall, regeneration probabilities varied by less
than 15% of the starting values in four of the 5 climate change scenarios. This contrasts with
jack pine, which showed substantial improvements in regeneration potential associated with
warming temperatures, particularly when this was accompanied by wetter than median
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conditions. As was also the case with jack pine, a striking exception was the CCDRNIES A1F1
scenario. In Fort Chipewyan and Calling Lake, regeneration probabilities were relatively
constant through 2050 under this scenario but then declined significantly thereafter (Figure 17).
In the case of High Level, there was a decline in 2050 and further drop in 2080. As noted above,
the A1F1 scenario is the most pessimistic of the projected emissions scenarios. It thus appears
that under this scenario, white spruce may have difficulty successfully regenerating in northern
Alberta late in this century.

Under the moderate to low emissions scenarios (A2 and B2; Table 2), white spruce regeneration
may be slightly favoured over the long-term because temperature and moisture regimes are
predicted to ameliorate (see Table 8, for example). These results are in contrast to Rweyongeza
et al. (2007). They used a future climate scenario very similar to the HadCM3 scenario
described in Barrow and Yu (2005; see Table 8), applied over the years 2030 to 2039 and which
corresponded to a moderate change in temperature and precipitation. Under the resulting
predictions of AMI, survival and growth of white spruce would decline substantially in those
parts of northern and central Alberta where drought already exists. However, during the same
period, survival and growth would increase substantially in the foothills and Rocky Mountain
region where growth is currently limited by low GDD in these high elevation sites.

4.3.3 Trembling Aspen

Projected regeneration for aspen in northern Alberta under the five climate scenarios is presented
in Figure 18. Trembling aspen shows a more variable response than the conifers among the
climate models and these trends were consistent between the three sites. Regeneration success
was higher for vegetative reproduction than from seed for any given climate scenario and all
periods (Figure 18). This is not unexpected since new clonal growth is aided by its physiological
attachment to the parent ramet (Table 9 exemplifies some of these differences). In the case of
seed, regeneration potential is projected to generally increase from 17% to 33% by 2050 and
remain constant thereafter. One exception is the HADCM3 A2(a) scenario where a decrease in
regeneration potential is projected to occur by 2050 and stabilization at around a 14%
regeneration probability by 2080. Under CCSRNIES A1F1, an increase in regeneration potential
is predicted by mid-century. However, thereafter regeneration by seed is highly improbable
suggesting that vegetative reproduction is the only viable option for regeneration under this
(most pessimistic) emissions scenario (See Figure 18).
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Figure 17. Probability of white spruce regeneration in northern Alberta at three sites

constituting different soil types for five future climate change scenarios.
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Figure 18. Probability of aspen regeneration in northern Alberta from seeds (left panels) and

vegetatively (right panels) at three sites constituting different soil types for five

future climate change scenarios.

Trembling aspen is the most widely distributed tree in North America (Perala 1990) with a broad
ecological amplitude, occupying sites that vary from moderately dry to very moist, and poor to
very rich (Klinka et al. 2000). Regeneration from seed can be moisture-limited, which could
result in slow and patchy regeneration (Hogg and Wein 2005). Aspen is also sensitive to low
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soil temperature, and growth and vegetative reproduction increase with soil temperature (Peng
and Dang 2003, Peterson and Peterson 1992). The increase in regeneration success over
moderate changes in climate (the B2(b) and B2(3) scenarios, for example; see Table 8) is thus
consistent with the autecology of this species.

The fact that aspen can utilize both seed and vegetative reproduction has important implications
for maintaining its distribution in a changing climate regime. Seed germination and survival
rates are typically very low (see Figure 18) but tend to be highest on severely burned surfaces
with exposed mineral soil (Johnstone and Chapin 2006). Under warmer, drier conditions (see
Table 8) fire frequency and intensity are likely to increase thereby promoting conditions suitable
for germination. Seedling survival, however, will depend on the appropriate timing and amounts
of precipitation. In this respect, Elliot and Baker (2004) reported good seed regeneration in
quaking aspen during cool and moist periods and a reliance on re-sprouting when conditions
were predominantly warm and dry. This phenomenon highlights an adaptive capacity in this
species whereby clones are able to persist after disturbance by re-sprouting while maintaining
their colonizing ability and potentially enhancing their distribution through seed-based
regeneration (Hogg and Wein 2005).

How important is regeneration success to maintaining the presence of aspen in northern Alberta?
For the most part, aspen forests in Alberta are moisture limited (Hogg et al. 2008) and thus are
vulnerable to warming and drying trends that are typical of most of the climate change scenarios
for the province (see for example, Barrow and Yu 2005). The aspen parkland region in
particular represents the southern ecotone of the boreal forest, and is an area where aspen may be
the most vulnerable (Hogg and Hurdle 1995, Hogg and Wein 2005). In northern Alberta, Calef
et al. (2005) suggested that deciduous forest would see an expansion in distribution if fire
intervals were reduced along with warming and/or increased precipitation. Similarly, Leonelli et
al. (2008) predicted that aspen will be negatively affected by climate change on sites where
moisture and nutrient resources are limiting, but should maintain growth or increase productivity
on favorable sites. Nevertheless, a severe warm, dry trend as predicted under the CCSRNIES
A1F1 scenario impairs regeneration (Figure 18) and is likely to also cause dieback in mature
stands, an effect already reported in the central boreal region (Frey et al. 2004).

As a model that incorporates many of the biophysical variables important to tree regeneration,
TACA appears to be a suitable tool for making realistic projections of the impact of climate and
climate change on the regeneration potential of the boreal tree species in northern Alberta.
Overall, regeneration potential improved as temperatures ameliorated with climate change
though this was not the case under the most extreme emissions scenario (A1F1).

5 EVALUATING FUTURE ECOSYSTEM DEVELOPMENT IN OIL SANDS
RECLAMATION WITH THE FORECAST CLIMATE MODEL

The focus of this chapter is to evaluate future ecosystem development in jack pine, aspen and
white spruce with the FORECAST Climate model after incorporating the five climate change
scenarios developed in Chapter 3.
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Stands initiated under current climatic conditions (in year 2011) are predicted to experience
enhanced long-term productivity (to year 2111) under a changing climate regime, as compared
with the growth that would have occurred if historical climatic conditions been maintained over
the next 100 years. Although there was a substantial range among GCM scenarios in their
projections of stemwood growth, the minimum projection was always greater than that derived
from the historical climate data. In general, forest productivity in northern latitudes is
temperature-limited. Model output suggests that tree productivity in the region may be enhanced
through much of the 21st century as a result of improvement in the thermal regime (longer
growing seasons, warmer soil, increased decomposition) and potentially an overall increase in
available moisture, that more than compensates for any negative impact associated with growing
season moisture limitations. In general, understory plant communities were negatively affected
by the projected increase in overstory productivity under climate change.

Model projections indicated that habitat suitability under climate change would be improved
overall, relative to values derived using the historical climate regime. The greatest improvement
in the HSIs was for the d1 (aspen) ecosite and the least in the d3 (white spruce) ecosite.

Taken together, the model results suggest a number of management responses within the context
of oil sands reclamation that can reduce risk, and help mitigate carbon emissions and retain
habitat features, at least for some species. These are:

1. Minimize the forest cover removed as part of mine operations. Retention of
forest cover improves the carbon balance and, depending on its areal extent and
spatial configuration, can also serve as refugia for wildlife on the mine footprint.

2. Return forest cover as soon as is practicable. Forest productivity under climate
change is enhanced, which will translate into higher carbon sequestration and
improved habitat suitability as compared to the reference case (the historical climate
regime). Returning forest cover quickly thus serves to leverage the benefits from
improved productivity.

3. Expand forest carbon sinks to promote carbon storage and development of
habitat attributes. Adding fertilizer annually for 5 to 10 years after planting,
particularly on poor sites, will promote both tree and understory productivity, and
thus carbon storage and development of habitat attributes. Retaining and adding slash
and other dead organic matter after land clearing will also increase carbon stores (at
least temporarily) but more importantly create valuable habitat.

4. Encourage species mixtures over monoculture plantations. Conifer monocultures
and extensive tracts of aspen-dominated forests are vulnerable to outbreaks of insect
defoliation and bark beetles. Planting tree species in mixtures or at the very least,
reducing the areal extent of monocultures may help mitigate risk, enhance forest
resilience, and/or prevent large-scale pathogen outbreaks.

5. Increase protection measures. Mine operators should develop and implement
regular monitoring programs on their reclaimed areas to identify potential threats to
stand health before they become unmanageable.
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6. Enhance fire suppression capability. An increased risk of forest fires (both in
frequency and severity) is predicted to occur with climate change. This could result
in significantly greater releases of carbon as material is consumed, but can also
generate rapid and pronounced shifts in community composition.

5.1 Introduction

Changes in the climate regime could have a significant impact on forest ecosystem development
(growth, tree species composition, and ecosystem productivity), the goods and services they
provide, and the wildlife species that depend on them. The standard approach to projecting stand
development has largely relied upon the use of models calibrated from historical observations of
tree growth. The core assumption underlying this approach is that past production is a
reasonable predictor of future production because conditions for growth will remain essentially
unchanged. If projected changes in climate are indeed realized, however, the suitability of these
relatively simple empirical models is highly questionable. This point is well illustrated by the
work of Hogg et al. (2005); their study of climatic variation and insect defoliation demonstrated
how quickly a change in growing conditions can influence aspen growth and yield.

One alternative is to develop models that predict a climate-growth response from parameters
fitted using empirical data of climate in conjunction with associated changes in growth (see for
example, Girardin et al. 2008). While this type of empirical modelling approach captures the
statistical relationship between growth and climate, it provides no understanding of biological
mechanisms and its predictive capacity is limited to the data range from which it was calibrated
(see Girardin et al. 2008, for a more complete discussion). Process-based growth models, on the
other hand, use physiological and physical principles in conjunction with simulated edaphic
conditions to project forest development and productivity. ‘Pure’ process models tend to be
more complex than their empirical counterparts (see Dixon et al. 1990, for examples), which
often makes their calibration difficult and inhibits portability. A practical compromise is the
hybrid simulation (HS) approach (see Kimmins et al. 2010). In an HS model, empirical data are
used by the model to ‘self-calibrate’ at least some of its ecosystem processes. This has the
benefit of reducing the calibration load while ensuring simulated processes are linked directly to
empirical measures (see below for a description of the FORECAST Climate HS model).
Regardless of the type of process model, their basic structure means that forest productivity is
embedded within an environment that includes the simulation of climatic conditions. It is
therefore possible to project the impacts of future climate scenarios on forest ecosystem
development. Integrating climate-sensitive output into the decision support tool will improve its
capacity to evaluate the relative risk associated with alternative management practices.

The focus of this chapter is to evaluate future ecosystem development within the context of oil
sands reclamation using the FORECAST Climate model after incorporating the climate change
scenarios developed in Chapter 3. One possibility is that longer, warmer summers result in
lower tree growth and productivity if they are accompanied by prolonged periods of water stress
(Fritts 1976, Kozlowski and Pallardy 1997b). Hogg et al. (2005) examined factors affecting
growth of western Canadian aspen forests during a fifty-year period. Most of the variation in
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growth was explained by inter-annual variation in a climate moisture index in combination with
insect defoliation. Recent evidence indicates a widespread increase in tree mortality rates
through the western US, with regional warming and consequent increases in water deficits as
likely contributors (van Mantgem et al. 2009). Alternatively, warmer temperatures could
increase the frost-free period, particularly in northern latitudes, leading to longer growing
seasons and increased productivity (MacDonald et al. 1998). Many studies have found a positive
response between summer temperatures and/or annual temperatures and the radial growth of
Picea glauca (white spruce) in northern Canada and Alaska (see Schweingruber et al. 1993,
Szeicz and MacDonald 1995, and references therein). In addition, white and black spruce
recruitment has been positively correlated with increases in summer temperatures (MacDonald et
al 1998).

5.2 Materials and Methods
5.2.1 FORECAST Climate

5.2.1.1 The Tree Growth Submodel

FORECAST Climate is an extension of the FORECAST model (Kimmins et al. 1999), a
management-oriented, stand-level forest growth simulator. FORECAST has been under
development and application for more than four decades and its output has been evaluated
against field data for growth, yield, ecophysiological and soil variables (Bi et al. 2007, Blanco et
al. 2007, Seely et al. 2008). Recently, the model and its output were subject to a successful
independent audit to confirm its suitability as a tool for simulating the carbon balance in forest
ecosystems.

FORECAST employs a hybrid approach whereby local growth and yield data are used to derive
estimates of the rates of key ecosystem processes related to the productivity and resource
requirements of selected species. This information is combined with data describing rates of
decomposition, nutrient cycling, light competition, and other ecosystem properties to simulate
forest growth under changing management conditions (Figure 19).

Decomposition and dead organic matter dynamics are simulated using a method in which
specific biomass components are transferred, at the time of litterfall, to one of a series of
independent litter types. Decomposition rates used for the main litter types represented in the
model are based on the results of extensive field incubation experiments (Prescott et al. 2000,
Trofymow et al. 2002). Residual litter mass and associated nutrient content is transferred to
active and passive humus pools at the end of the litter decomposition period (when mass
remaining is approximately 15% to 20% of original litter mass). Mean residence times for active
and passive humus types are typically in the range of 50 and 600 years, respectively.
Modifications to the various processes represented within FORECAST due to the influence of
climate are described below.
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Figure 19. A schematic illustration of the key ecosystem processes and flows represented in
FORECAST.

5.2.1.2 ForWaDy: The Forest Hydrology Submodel used in FORECAST Climate

In Chapter 2, the forest hydrology model, ForwaDy, was described and used to integrate climate
variables (moisture and temperature) with annual net primary productivity, in order to calibrate a
sapwood growth model, the latter of which is an important component of FORECAST Climate.
The analysis included the relative impact of soil cover depth, minor vegetation competition, and
the historical climate record, on the development of tree water stress (calculated by ForwWabDy as
a transpirational deficit index; see Chapter 2 for details). Although ForWwaDy was used as a
stand-alone model in Chapter 2, the model is also fully integrated within FORECAST Climate.
The calibration data used in its application within FORECAST Climate are listed in Tables 11
and 12.
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Table 11. Parameter values used in ForWaDy that are specific to simulating

evapotranspiration.

SPECIES Maximum LAI' Canopy Permanent Wilting Point (%) 'I\?/I:c))(t.
Depth
Submesic Mesic  Subhygric | Albedo Resistance’ | Humus Submesic  Mesic  Subhygric | (cm)

Aspen 2.0 3.0 3.5 0.12 0.15 0.13 0.10 0.17 0.30 100
White spruce | 4.0 425 45 0.12 0.15 0.15 0.11 0.18 032 75
Jack pine 2.5 3.0 3.5 0.12 0.30 0.08 0.07 012 021 110
Calamagrostis
canadensis® - - - 0.14 0.25 0.10 0.10 013 0.23 75
Mid-ser Forb | - - - 0.12 0.20 0.10 0.10 013 0.23 75
Hazelnut - - - 0.12 0.13 0.15 0.14 0.18 032 75
Green Alder - - - 0.12 0.15 0.13 0.13 0.17 0.30 75

! The representation of understory foliage biomass is simpler than for trees. Data on LAI is not
needed. For trees, LAl is different for each site quality simulated.

2 «Canopy resistance” refers to the stomatic resistance to lose water from the leaves.

% A grass species.

Table 12. Parameter values used in ForWabDy that are specific to simulating soil water
availability by ecosite.
Edaphic Soil Texture Coarse Mineral soil | Initial Snow
Ecosite conditions class Fragment depth pack
% (cm) (mm)
a subxeric poor Loamy sand 45 45 60
b submesic medium | Sandy loam 35 60 80
c mesic poor Silt loam 30 80 100
d mesic medium Silt loam 25 85 125
Silt clay
e subhygric rich loam 15 110 150

43



5.2.1.3 Linking Tree Growth with Forest Hydrology

The linkage between the FORECAST and ForWaDy models underpins the operation of
FORECAST Climate. This linkage is based upon the iterative sharing of information between
models through the creation of feedback loops (see Figure 20). One challenge is the fact that the
ForWaDy model operates on a daily time step (since this is the relevant interval for many
hydrological processes), whereas FORECAST calculates productivity on a yearly time step. The
latter model thus provides annual estimates of the key variables used by ForWaDy. These are
listed in Table 13. ForWaDy output in turn is provided to FORECAST as a series of annual
summaries of soil and forest floor moisture conditions, and cumulative measures of water stress
for trees and plants.

Vegetation dynamics

‘
Daily Solar ... | Forwaby FORECAST
Radiation
water stress, \ / _ | radiation interception,
Sudssusenavassassdibseunasvisuny » — ‘ : ; > LAI, root occupancy,
by species

summaries H :
Daily Precip )i Nutrient: release
fine litter mass,
feerennns » | humus layer depth,
.............................. > clu‘natc S soil organic matter
driven .

decomposition
Daily Air ForWaDy
A
JTemperature Soil dynamics

Figure 20. A schematic diagram illustrating the feedback loops established to facilitate the
linkage of FORECAST and ForWabDy.

Table 13. A list of vegetation and soil condition variables passed from the forest growth model
(FORECAST) to the hydrological model (ForwabDy).
The function of each variable in ForWabDy is also described.

FORECAST ForWaDy

Variable Receiving variable Function

Canopy radiation

Canopy light interception | . .
Py lig P interception

Drives species specific transpiration

Foliage biomass LAI Canopy interception

Soil water uptake capacity within a

Fine root biomass Lateral root occupancy e .
specific soil layer
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FORECAST ForWaDy

Variable Receiving variable Function
. Soil water uptake capacity from
Tree age Rooting depth ) ) P pacity
vertical soil layers
Fine litter mass® Litter mass Litter layer moisture content
Humus mass Humus depth® Humus layer water holding capacity

! Leaf area index is estimated using a species-specific conversion factor.
2 Fine litter mass includes foliage, bark, and fruit (cone) litter types.

¥ Humus depth is estimated from humus mass, based on a parameter that defines the proportion
of new humus transferred to non-surface layers and an estimate of surface humus bulk-density.

5.2.1.4 Accounting for Climate Impacts on Tree and Plant Productivity

The impact of climate on tree growth and ecosystem development in FORECAST Climate is
focused, in part, on their relationship to temperature and water stress. These relationships are
represented using curvilinear response functions, simulated on a daily time step and summarized
annually. The temperature response functions (see Figure 21) encapsulate the multiple and
complex physiological growth processes governing the response of trees and understory growth
to mean daily temperature. The relative effect of temperature as a limiting factor on tree growth
is captured annually through the sum of daily values. The positive effect of a lengthening
growing season can also be represented with this approach. Note, however, that increases in
summer temperatures may not necessarily have a positive impact on annual growth rates
(Wilmking et al. 2004; see Figure 21).
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Figure 21. Temperature response functions used for trees (top panel) and understory (bottom
panel) in the Kearl Lake project.
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The effect of moisture availability on plant growth rates in FORECAST Climate is simulated by
ForWaDy and calculated as the Transpiration Deficit Index (TDI, see Chapter 3 for details).

The daily TDI value represents the degree to which a tree species was able to meet its energy-
driven transpirational demands; a higher TDI value indicates more moisture stress. As the TDI
increases, plants close their stomata to conserve water and there is an associated reduction in
photosynthetic production (see McDowell et al. 2008). An evaluation of alternative TDI growth
response curves based on tree ring chronologies (see Seely and Welham 2010) indicated that a
negative exponential curve best reflected the effect of TDI on daily and annual productivity
(Figure 22).
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Figure 22. TDI response functions used for trees (top panel) and understory (bottom panel) in
the Kearl Lake project.

The temperature and moisture response functions are incorporated into FORECAST Climate
through their inclusion in a climate response index function (CRIgrowth). The CRIgrowth
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function is first calculated daily as the product of the temperature multiplier (Figure 21) and the
TDI multiplier (Figure 22), and then summed over the year to create an annual index. Two types
of CRIgrowth values were calculated. First, a climate-normal growth value (normal CRIgrowth)
was determined using a 30-year (1975 to 2004) historical climate data set from the Fort
McMurray, Alberta weather station. The process of determining a ‘normal’ value for CRIgrowth
involves calculating a CRIgrowth value for each year of the historical climate data set and then
calculating an average value for the climate response index (normal_CRIgrowth) over the 30-
year period. The second type of CRIgrowth (current_CRIgrowth(i)) is calculated during an
actual simulation, for each year, i. A weighted adjustment value is then derived using the
normal_CRIgrowth value as the comparative standard (see equation below).

The potential growth rate (based on light and nutrient availability) in a given year is multiplied
by the weighted climate response index to yield the actual annual growth rate in year, i:

Annual growth rate(i) = potential growth rate(i) *
(current_CRIgrowth(i) — normal_CRIgrowth) / normal_CRIgrowth

where:

potential growth rate(i) = expected growth based on light availability and site
quality

current_CRIgrowth(i) = the climate response index for a given yeatr, i

normal_CRIgrowth= average climate response index based upon long-term
historical climate data

In addition to the changes in growth, climate variability can also induce mortality events
(Daniels et al. 2011). Climate-induced mortality has been demonstrated in aspen (Hogg et al.
2008) and white spruce (Wilmking et al. 2006). Hence, in addition to a reduction in tree growth
from moisture limitation (Figure 22), a stand-level mortality algorithm was built into
FORECAST Climate as a function of severe moisture stress (as determined from the TDI value).
A TDI = 0.35 was used as the mortality threshold (see Figure 27, for an illustration of the
distribution of TDI values). When a given TDI value exceeded the threshold in a given year, a
species-specific mortality rate was imposed on the population (see Table 14). The mortality rate
for a given species was derived by running FORECAST Climate using historical climate data
and comparing growth and yield metrics in two scenarios. In one case, growth and yield was
calculated with the addition of the mortality function, and in the other case, without the mortality
function. Mortality rates were deemed acceptable when their respective growth and yield data
were within an average of 10% across a 100-year simulation period. Rates were then evaluated
for accuracy by comparison to estimates provided in Hogg et al. (2008), Michaelian et al. (2011),
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and Wilmking et al. (2004, 2006). Mortality rates for understory species were set at either 0% or
10% since no information on this parameter is available from published sources.

Table 14. Percentage of trees killed (mortality rate) for each plant species simulated under two
mortality scenarios.

Species No mortality Mortality

Jack pine 0% 10%
Aspen 0% 15%
White spruce 0% 7.5%
Calamagrostis 0% 10%
canadensis

Mid-seral forb 0% 10%
Hazelnut 0% 10%
Green alder 0% 10%

5.2.1.5 Accounting for climate impacts on decomposition rates

The decomposition of dead organic matter (litter and soil organic matter) in FORECAST is
represented by grouping litter created through the death of specific biomass components into
different litter types, each with defined mass loss rates (see Kimmins et al. 1999). In
FORECAST Climate, these litter decomposition rates and their associated nutrient
mineralization rates are adjusted based on soil moisture content and temperature. A base mass
loss rate is provided for each litter and humus type (parameterized from field or literature values)
that reflects both the quality of the litter and a ‘normal’ climate regime. These mass loss rates
are then modified within the model to account for the effect of climate, as follows.

Temperature

A variety of techniques have been developed to quantify the effect of temperature on
decomposition. The most common are simple calculations of weight loss using litterbags, field
soil respiration measures (either by eddy covariance or gas chambers), and laboratory or **C
studies. Consumption of dead organic matter by heterotrophic microbes and fungi is generally
faster in warmer environments (Chen et al. 2000, Gholz et al. 2000, and references therein).
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Many studies use the Q10 equation to describe effect of temperature on organic matter
decomposition rates:

Q10 = (R2/R1) ~ (10/(T2-T1))
where:
R1 = mass loss rate at temperature 1 (T1 °C)

R2 = mass loss rate at temperature 2 (T2 °C)

In FORECAST Climate, the impact of temperature on the decomposition rates of litter and
humus is simulated based on the Q10 equation. For the runs in the Kearl Lake area, a value of 2
was used for the Q10 since this is typical for decomposition studies (Gholz et al. 2000, Zhou et
al. 2008). The effect of this value on relative mass loss rates is illustrated in Figure 23.
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Figure 23. Illustration of the effect of a range of Q10 values on the calculation of a relative
mass loss rate as a function of mean daily air temperature using the Q10 equation.

Precipitation and Litter Moisture Content

Precipitation as a factor in decomposition rates has received much less attention than temperature
despite the fact its importance has been clearly demonstrated (e.g., Chen et al. 2000, Ise and
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Moorcroft 2006, Prescott et al. 2004). A key feature of these studies is that decomposition rates
are directly correlated to precipitation until a threshold is reached, after which there is little or no
additional effect.

A daily relative mass loss rate is calculated within FORECAST Climate for each litter and
humus type using a curvilinear function based upon simulated moisture content in the litter and
humus layers (Figure 24). Litter moisture content is used to drive mass loss rates for forest floor
litter types while humus moisture content is used for any below-ground litter and humus.
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Figure 24. Response curves of the effect of daily moisture content (as a proportion of the Field
Capacity value) on the relative mass loss rate of litter and humus.

FORECAST Climate employs a similar method for scaling decomposition rates to climate as
was used for scaling annual growth rates (see Chapter 4). The temperature-limited relative mass
loss rate (Figure 23) is multiplied by the daily moisture-limited rate (Figure 24) for each litter
and humus type, j, to produce a daily decomposition climate response index, CRIdecomp, that is
then summed over the year to provide an annual index. A normal_CRIdecomp value is
calculated for each litter and humus type based on historical climate data using the same
approach described in Chapter 4. A second type of CRIdecomp (current_CRIdecomp(i)) is
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calculated during an actual simulation, for each year, i. A weighted adjustment value is then
derived using the normal_CRIgrowth value as the comparative standard (see equation below).

The base mass loss rate of a given litter or humus type, j, is multiplied by the weighted climate
response index to yield the actual mass loss rate in year, i (Annual mass loss rate(i,j)):

Annual mass loss rate(i,j) = base_ rate(j) *
(current_CRIdecomp(i,j) — normal_CRIdecomp(j)) / normal_CRIdecomp(j)
where:
base_rate(j) = expected mass loss rate for each litter and humus type, j

current_CRIdecomp(i,j) = climate response index for each litter and humus type,
J, for the current year, i

normal_CRIdecomp(j) = average response index for each litter and humus type, j,
based upon long-term historical climate data

5.2.2 Climate Change Scenarios

To simulate the effects of a changing climate, five climate-change models and associated
emissions scenarios (Table 15) were selected. A complete description of their derivation and
application is provided in Chapter 3.

Table 15. Climate models and scenarios selected to simulate climate change in 2020, 2050 and
2080.
See Appendix for values of monthly modifiers for minimum temperature, maximum
temperature and precipitation.

Model Scenario
CCSRNIES AlF1
CGCM2 B23
HADCM3 A2 A
HADCM3 B2B
NCARPCM AlB
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5.3 Results and Discussion

5.3.1 Tree Productivity

Stands initiated under current climatic conditions (in year 2011) are predicted to experience
enhanced long-term productivity (to year 2111) under a changing climate regime, as compared
with the growth that would have occurred if historical climatic conditions been maintained over
the next 100 years (Figure 25). Increases in productivity due to climate change become evident
at around 2030 and continue to increase over subsequent years. By year 2111, average
stemwood productivity (either in terms of biomass or volume) was 33%, 30%, and 42% greater
under climate change for jack pine, aspen and white spruce, respectively (Figure 25). There was
a substantial range among the GCM scenarios in their projections of stemwood growth. The
minimum projection, however, was always greater than that derived from the historical climate
data (Figure 25).

The highest stemwood biomass projection in jack pine and aspen always occurred under the
A1F1 emissions scenario. This scenario was associated with the highest increases in temperature
(see Figure 13). In addition, mean annual precipitation and growing season precipitation were
both projected to be higher in the 2080s, and in amounts that exceeded all other emission
scenarios (Figure 14). In the case of white spruce, the A1B scenario generated the highest
biomass productivity. This scenario projects relatively cooler temperature in the Fort McMurray
region with somewhat drier annual and growing season precipitation than the median climate
change scenario (HadCM3 B2(b); see Chapter 3).

In general, forest productivity in northern latitudes is temperature-limited. Climate in the Fort
McMurray region is continental semi-arid to sub-humid, with cool summers and cold winters.
Mean daily summer and winter temperatures are 13°C and -12°C, respectively (Beckingham and
Archibald 1996). The growing season starts around late April and ends in early October.
However, frosts can occur as late as mid-June and as early as mid-August, a period of only

8 weeks. It appears therefore that the increase in productivity under climate change for stands
initiated in 2011 is a consequence of ameliorating conditions. All GCM scenarios predict
warmer growing season and mean annual temperatures (see Chapter 3). This suggests an
increase in the frost-free period along with warmer soil temperatures. Most GCM scenarios also
predict increases in mean annual precipitation (Eigure 14A) though with a relatively drier
growing season (Figure 14B). Mean annual precipitation averages about 400 mm in the Fort
McMurray region and summer moisture deficits are not unusual, particularly in August. It
appears then that tree productivity in the region may be enhanced through much of the 21st
century as a result of improvement in the thermal regime (and potentially an overall increase in
available moisture) that more than compensates for any negative impact associated with growing
season moisture limitations. Girardin et al. (2008) reported a similar finding when they used the
process model, STANDLEAP, to simulate the impact of climate change on radial growth in jack
pine, aspen, and black spruce, growing in Manitoba.
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Figure 25. Projected stemwood biomass in jack pine (ecosite al), aspen (ecosite d1), and white
spruce (ecosite d3) for stands initiated in year 2011 and growing subsequently under
current climatic conditions (blue solid line), or the average stemwood biomass
derived from growth under climate change projections for 5 GCM scenarios (red
solid line).

Dotted lines are the associated maximum and minimum stemwood biomass estimates
from the five scenarios. Brackets denote projected gross volumes (m® ha™) after
100 years growth (to year 2111). See text for further details.
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How the future temperature and precipitation regimes in high latitude forests might promote
long-term tree productivity can be determined from an examination of trends in the climate
response index (CRIgrowth). CRIgrowth is calculated as the product of a temperature multiplier
and the transpiration deficit index (TDI) multiplier (Figure 21 and Figure 22, respectively), and
which then functions as a growth modifier (see above). The higher the CRIgrowth, the more
favorable are conditions for growth. A plot of CRIgrowth for the three tree species under the
A1F1 emission scenario, for example, was consistently higher than the values calculated on
historical climate data in all years beyond the 2030s (Figure 26). In jack pine, this trend
increased until the 2070s and then leveled off, though in aspen and white spruce, the differences
continued to increase. The TDI values for jack pine under climate change were consistently
higher than TDIs from historical data (Figure 27A). This indicates that there was less water
available to satisfy tree demands under climate change than occurred historically. This is likely
why CRIgrowth for jack pine is projected to level off (Figure 26A). TDI values in aspen and
spruce were very similar between historical values and the A1F1 emissions scenario (Figure
27B, C) indicating essentially no significant increase in moisture stress associated with climate
change. Greater snow packs derived from increased winter precipitation in the climate change
scenarios help to offset the greater transpiration demand observed in the climate change
scenarios (data not shown).

The soils underlying the spruce and aspen stands (d ecosites) have greater clay content and less
coarse fragment content relative to soils under jack pine. These attributes allow for greater soil
water storage and a greater capacity to store soil water generated from snowmelt. In contrast, the
jack pine, growing on soils with poor water holding capacity, relies more upon summer
precipitation to satisfy moisture demands. Overall the higher CRIgrowth values (Figure 26) and,
hence, increases in productivity (Figure 25) in the three tree species must have been due to the
higher projected temperatures. Temperature impacts on soils will be discussed below.
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Figure 26. Climate response index (CRI) for jack pine (A), aspen (B), and white spruce (C),
planted in year 2011, and derived from historical climate data (open circles) or the
A1F1 emissions scenario (filled circles).
The corresponding 5-year moving averages are also shown. See text for further
details.
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Figure 27. Transpiration deficit index (TDI) for jack pine (ecosite al; A), aspen (ecosite d1; B),
and white spruce (ecosite d3; C), planted in year 2011, and derived from historical
climate data (open circles) or the A1F1 emissions scenario (filled circles).

The corresponding 5-year moving averages are also shown. See text for further
details.
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5.3.2 Soils

Forest productivity in boreal forests is significantly limited through the negative impact of low
soil temperatures on heterotrophic decomposition, nutrient availability and root growth (Bonan
and Van Cleve 1992, Paré et al. 2006). Van Cleve et al. (1990), for example, demonstrated

through a soil warming experiment in a cold black spruce forest that increased soil temperature
led to increased microbial activity and increased root uptake of nitrogen. FORECAST Climate
accounts for the effect of changes in soil temperature on organic matter decomposition rates

through the use of the Q10 function (described above) to adjust mass loss rates (see Figure 23).

The projected impact of climate change on organic matter decomposition rates can be evaluated
through an examination of the calculated decomposition climate response index (CRIdecomp).
The CRIdecomp values calculated for the different climate change scenarios showed a trend that
parallels the increase in growth. Figure 28 provides an illustrative example from ecosite d1
(aspen); similar trends were observed in the other ecosites. CRIdecomp under the A1F1 scenario
was similar to the trend based on the historical climate data for about 15 years following stand
initiation (Figure 28A). Thereafter, the indices diverged and the climate change CRIdecomp
continued to increase for the remainder of the simulation period (through 2111). This indicates a
net positive effect of temperature and/or precipitation on organic matter decomposition, as
indicated in the CRIdecomp values. Enhanced decomposition in turn, was reflected in higher
nitrogen release rates (Figure 28B). Since there is a positive relationship between temperature
and decomposition rate (Adair et el. 2008) one benefit of a warmer temperature regime then may
be to ameliorate constraints on stand productivity in these high latitude ecosystems.

5.3.3 Understory Dynamics

Understory vegetation can have an important impact on ecosystem processes such as nutrient
cycling, and patterns of overstory development, stand succession, and long-term productivity
(Kolari et al. 2006, Messier et al. 1999, Nilsson and Wardle 2005, Wardle et al. 2004,
Zavitkovski 1975). In addition, the understory is valuable to wildlife as a source of food, shelter,
and protection from predators (understory development as an index of habitat suitability is
considered in a subsequent section).
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Figure 28. Climate response index (A) and nitrogen release rate (B) for an aspen-dominated
ecosite (d1), planted in year 2011, and derived from historical climate data (open
circles and grey line) or the ALF1 emissions scenario (filled circles and red line).
Solid lines in panel A are the 5-year moving averages. See text for further details.

In general, understory development reflects below-canopy light levels. After a stand-replacing
disturbance, light levels are high and the understory is often dominated (in terms of biomass) by
shade-intolerant, fast-growing pioneer species. During canopy closure, light levels below the
canopy decline. At this point, overall understory abundance depends on the degree of light
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attenuation. An overstory canopy dominated by white spruce tends to reduce overall light levels
during the growing season to a greater extent than aspen. This is largely because of higher light
levels in aspen during the leaf-off period in spring and fall (see for example, Constabel and
Lieffers 1996). Model simulations using historical climate data support this general pattern.
Total understory biomass in aspen and spruce tended to reach maximum values (of roughly

7 Mg ha™) about 10 years after stand initiation (Figure 29B, C) and then declines thereafter. In
the case of aspen, the understory leveled off at roughly 2 Mg ha™, whereas in spruce it declined
over the next 40 years to a very low level. There was a different trend in jack pine. In this case,
understory biomass increased rapidly in the first 20 years following stand initiation and then
persisted thereafter (Figure 28A). The most likely explanation is that pine often establishes on
coarse textured soils (Beckingham and Archibald 1996) where tree productivity is constrained by
available soil moisture. Stands therefore tend to be more open-grown, and with the lower leaf
area, light levels remain relatively high. Vigorous tree growth, however, tends to shade out all
understories regardless of the tree species (Bartemucci et al 2006).

Under climate change, tree productivity is enhanced (Figures 25, 29). As a consequence, light
attenuation will be more severe resulting in suppression of the understory. This is most evident
in jack pine (Figure 29A) though it also occurs in aspen but to a lesser extent (Figure 29C). The
level of understory suppression in spruce was unchanged and thus remained high (Figure 29C).
Taken together, these results highlight the complex interrelationship of the overstory and
understory populations. A heavily stocked and/or fast-growing overstory is likely to suppress the
understory following canopy closure. Hence, a vigorous understory may develop early in stand
development but it can be maintained only at the expense of overstory development.

5.3.4 Development of Habitat Suitability Indices under Climate Change

In previous work, habitat suitability indices (HSIs) were derived for 10 species common to the
Fort McMurray region (Welham 2010). Projections of HSI development were made over a 100-
year time period but without any consideration for climate change. Given that climate change is
projected to modify patterns of stand productivity (Figure 25) and development (Figure 29),
Figure 30 illustrates its relative impact on habitat suitability in five of the ten species and three
ecosites, al, d1, and d3 (results were not dissimilar for the remaining species) using the A1F1
emission scenario. Model projections indicated that habitat suitability under climate change
would be improved overall, relative to values derived using the historical climate regime
(Figure 30).

60



Figure 29.

E 8 B E B

Total tree biomass (Mg ha'')
=

Jack pine (al)

n
hhhhh

g

3

Total tree biomass (Mg ha'l)
- [
& =

100

2020

2030 2040 2050

Aspen (d1)

2060
Year

2070

5

&

Total tree biomass (Mg ha'1)
[ Pt
un o
= =

2020

2030 2040 2050

White spruce (d3)

2060
Year

2070

2080 2090 2100

2000

2030 2040 2050

2080

2060 2100

2110

Total understory biomass Mg hat)

Total understory biomass (Mg ha)

Total understory biomass (Mg ha')

Total tree (solid lines) and understory (dashed lines) biomass for jack pine (ecosite

al; A), aspen (ecosite d1; B), and white spruce (ecosite d3; C), planted in year 2011,

as projected under historical climate data (grey) or the A1F1 emissions scenario

(red).

61



The greatest improvement in the HSIs was for the d1 (aspen) ecosite and the least in the d3
(white spruce) ecosite. The latter result is likely because, aside from improved tree productivity,
there was little change in understory biomass or its dynamics (Figure 29C). In the case of the
aspen ecosite, much of the increase was dominated by improvements in snowshoe hare and lynx
habitat, and to a lesser extent, red-backed vole habitat (Figure 30B). Both snowshoe hare and
red-backed voles are dependent on low-lying vegetation (see Welham 2010) and yet understory
biomass in the A1F1 scenario was actually lower than that projected from historical climate data
(see Figure 29B). The most likely explanation is that enhanced tree growth under climate change
(Figure 29B) reduced below-canopy light levels enough to suppress height growth in understory
shrubs (the latter are a critical feature of hare habitat; see Welham 2010) but still maintain
sufficient biomass to satisfy food and cover requirements. Snowshoe hares are an important
food source for lynx and the HSIs for the latter incorporate the HSI values for hare.
Consequently, there is a consistent and close correlation between the HSI values for these
species (note that the Fisher HSI is correlated to red-backed vole abundance also; see Welham
2010), as reflected in Figure 30B.

For the al ecosite, the HSI values were relatively higher under the A1F1 scenario (as compared
to when the historical climate data were used) in all five species during early stand development
(Figure 30A). This was likely because of the greater understory biomass during this period
(Figure 29A). However, the difference in the HSI values from the historical climate data
decreased thereafter (Figure 30A), a trend that reflects the decline in understory abundance
(Figure 29A).

HSI values for all species except moose tended to be higher under the average of all climate
change scenarios as compared to the values derived using the historical climate data (Figure 31).
In the case of moose, there was very little overall difference in the HSIs. Climate change had a
much more positive impact on snowshoe hare habitat (and thus lynx habitat) in the al ecosite
(Figure 31A), and somewhat less of an impact in the d3 versus d2 ecosites (cf. Figure 31B,C).
The improvement in habitat for the remaining species was about the same across the three
ecosites.
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Figure 30. Differences in the habitat suitability index (HSI) from five species for ecosite
al (jack pine; A), d1 (aspen; B), and d3 (white spruce; C).
Stands were planted in year 2011 and HSIs calculated from growth under the A1F1
emission scenario and using historical climate data. Note that a given HSI varies
between 0 and 1.
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Figure 31. Differences in the habitat suitability index (HSI) from five species for ecosite
al (jack pine; A), d1 (aspen; B), and d3 (white spruce; C).
Stands were planted in year 2011 and HSlIs calculated from growth under the full
range of climate change scenarios and using historical climate data (see text). HSI
values under climate change were therefore the average from all scenarios. Note
that a given HSI varies between 0 and 1.

5.3.5 Management Implications

Large-scale analyses of the impact of climate change on species distribution, often predict range
contractions and migration into areas where species are not present under current climate
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conditions (see, for example, Coops and Waring 2011, Hamann and Wang 2005 and McKenney
et al. 2007). Typically, these models draw inferences from general correlational relationships
with climate and without explicit consideration of the non-climate mechanisms or processes that
dictate the presence or absence of a species (see Chapter 4) or that drive productivity (this
Chapter). Climate is an important determinant of the broad-scale distribution of tree species
(McKenney et al. 2007) but at a local level its effects can be mediated through soils, the presence
of other plant species (where effects can be positive or negative), herbivores, diseases, insects
and fire (Lo et al. 2010; see below for further discussion). Results at local levels are therefore
likely to be very different from regional analyses.

In this case, model simulations indicated enhanced productivity in the three tree species that was
driven primarily by the projected increases in mean annual temperature associated with climate
change. In more southerly regions of Alberta, moisture is the factor most limiting to both tree
distribution and productivity (Cerezke 2009) but at higher latitudes these may be limited more by
temperature than precipitation (Cerezke 2009, McKenney et al. 2007, and references therein;
though see Rweyongeza et al. 2007). Although moisture deficits tended to be higher under
climate change, at least during the growing season, they were not sufficient to offset the benefits
of warming in this cool, continental climate (see also Girardin et al. 2008). Nevertheless, our
analysis does indicate that over time, regenerating these tree species may become problematic
(see Chapter 4).

These results suggests a number of management responses within the context of oil sands
reclamation that can reduce risk, help mitigate carbon emissions (modified from Cerezke 2009)
and retain habitat features, at least for some species.

1. Minimize the forest cover removed as part of mine operations

Typically, a vast majority of existing vegetation is removed from the mine footprint in
preparation for mining. Carbon emission sources include the fossil fuel consumed by
clearing activities and possibly in manufacturing if wood products are generated. Large
amounts of carbon might also be released if the dead organic matter pools are then
subject to enhanced decomposition (see, for example, Welham et al. 2011). Decay of
discarded wood products would constitute a short- to medium-term carbon source.
Retention of forest cover improves the carbon balance and, depending on its areal extent
and spatial configuration, can also serve as refugia for wildlife on the mine footprint.

2. Return forest cover as soon as is practicable

Typically, a majority of reclamation is deferred until mine closure activities are well
underway (see, for example, Welham 2010). As a consequence, carbon accrual occurs
only minimally and the development of significant amounts of habitat is delayed for
many decades (Welham 2010). Since forest productivity under climate change is
enhanced, however, this translates into higher carbon sequestration and improved habitat
suitability as compared to the reference case (the historical climate regime). Returning
forest cover as soon as is practicable serves to leverage the benefits from improved
productivity.
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3. Expand forest carbon sinks

Fertilizer is typically used in oil sands reclamation to improve early seeding survival and
growth. Its application rate and duration (i.e., number of growing seasons it is applied),
however, varies widely, depending on the mine operator. Adding fertilizer annually for 5
to 10 years after planting, particularly on poor sites, will promote both tree and
understory productivity, and thus carbon storage and development of habitat attributes.
Retaining and adding slash and other dead organic matter after land clearing will also
increase carbon stores (at least temporarily) but more importantly create valuable habitat.
Dead wood management is currently not standard operating practice but limited
experimental trials at Suncor have provided evidence to support its benefits.

4. Encourage species mixtures over monoculture plantations

Our model simulations considered the impact of climate change from the perspective of
resource availability only, and to simplify the analysis we did not include mixed-species
assemblages (cf. Welham 2010). Conifer monocultures and extensive tracts of aspen-
dominated forests, however, are vulnerable to outbreaks of insect defoliation (Hogg et al.
2002, 2005, Volney and Fleming 2000) and bark beetles (Carroll et al. 2003). Climate
change is expected to increase the risk of pathogen outbreaks (Woods 2011). This will
lead to reduced growth rates and associated tree mortality (Sturrock et al. 2011), and thus
lower carbon storage. Snags and lying dead wood do represent positive habitat attributes
for some species (pileated woodpecker, for example; see Welham 2010). For a majority
of species, however, their habitat depends on live tree biomass.

Simulating the future dynamics of pathogen populations under changing environmental
conditions and their potential impacts on host populations is complex, and fraught with
difficulties (Woods 2011). From a practical perspective, however, planting tree species
in mixtures or at the very least, reducing the areal extent of monocultures (creating a
number of relatively small monoculture patches that are highly interspersed) may help
mitigate risk, enhance forest resilience, and/or prevent large-scale pathogen outbreaks.
Introduction of genetic strains with greater pathogen resistance may also be useful.
Relaxation of seed zone restrictions can promote the crossbreeding of traits that confer
pathogen resistance. Additionally, it may be prudent to consider planting species that are
resistant to endemic insect species. The impact of changes in community composition on
habitat quality is difficult to determine for many species. This is, in part, because their
habitat requirements are poorly understood and/or their habitat suitability indices are
based on generic structural attributes (see Welham 2010). There is a risk that a drastic
shift in community composition could compromise wildlife species that have very
specific habitat requirements.

5. Increase protection measures

Vigorous and healthy forest stands are key to reclamation outcomes. On an annual basis,
insects and disease Kill at least as many trees as fire. Surveillance technology needs to be
deployed to address forest health and productivity issues, monitor abiotic and biotic
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agents for their potential to cause tree and forest damages, and tree and stand responses to
disturbance events. Mine operators should develop and implement regular monitoring
programs on their reclaimed areas. A unified reporting program across all mines would
be useful for identifying potential issues before they become unmanageable. Control
measures should be implemented as required and in a timely fashion.

6. Increase fire suppression capability

An increased risk of forest fires (both in frequency and severity) is predicted to occur
with climate change. These changes in this disturbance regime will result in significantly
greater releases of carbon as material is consumed, but can also generate rapid and
pronounced shifts in community composition. An increase in fire frequency, for
example, reduces average forest age, tends to favor species with attributes specifically
adapted to fire (the serotinous cones of jack pine, for example) and selects against late
seral species, such as white spruce. As a consequence, associated changes in habitat can
be expected. Investment in fire protection capacity will reduce catastrophic CO,
emissions, and help maintain forest cover and associated wildlife habitat attributes. One
recommendation to mitigate risk and/or prevent large-scale pathogen outbreaks was to
avoid monocultures (see point 4). In the case of conifers, intermixing with deciduous
species also has the benefit of reducing fire risk since the latter are less prone to burning.

NEXT STEPS

The principal objective in Phase Il was an evaluation of the impact of climate and climate change
on reclamation success, as compared to the basecase analysis (no climate-related impacts)
conducted in Phase I. Complexities in implementing model simulations and interpreting the
proliferation of simulation output, however, meant that not all anticipated objectives could be
satisfied within the funding cycle. Additional work required to complete Phase Il objectives
includes:

1. Project regeneration potential under climate change on actual oil sands reclamation
materials. To date, regeneration parameters in the TACA model were derived from
attributes in the soils underlying natural forests. Reclamation materials are very
different both structurally and biochemically, and these differences are likely to be
reflected in vegetation performance (in this case, regeneration success). Completing
this component will also allow a direct link between the productivity runs conducted
on reclaimed soils (see Chapter 5) and regeneration.

2. Establish a more rigorous analysis of the risks to ecosystem productivity from
climate change. Historically, primary productivity in high latitudes is temperature
limited, as a result of a short growing season, a relatively brief frost-free period, and
cold soils. Overall, climate change acts to ameliorate many of these constraints with
the result that average productivity is expected to rise through the 21% century (as
Phase Il illustrates). However, climatic variability is also increasing. The severity
and frequency of inclement conditions, such as growing season moisture stress,
could therefore compromise overall productivity as a result of stand-level mortality.
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Under the current simulations, when a given transpiration deficit index (TDI) value
exceeded the threshold (set at 35%) in a given year, a single species-specific
mortality rate was imposed on the population. This approach may be overly
simplistic, however, given that the physiological mechanisms underlying drought
survival and mortality are complex and poorly understood (McDowell et al. 2008).
Hence, a variety of methods to represent mortality should be considered.

3. Re-calculate the HSIs after including spatial metrics.

4. Provide a visual representation of HSI development both in space and time. Habitat
suitability indices were calculated from EIA projections of the cumulative area
reclaimed to a given ecosite type on the Kearl Lake mine footprint but they did not
include parameters that required spatially explicit metrics. Seven of the 10 habitat
suitability equations contain a component that accounts for the spatial proximity of
potential disturbance agents (roads and permanent structures, for example).
Disturbances within specified zones of influence have a negative effect upon habitat
suitability, and can decrement a given index by as much 50%. A proposed approach
is to develop a spatially explicit, interactive platform (likely a website) to allow for
calculation of the spatial metrics and illustrate habitat development. Alberta
Environment has already created the basic GIS layers that will be used as the base-
mapping platform. This platform is then overlaid with additional GIS layers that
represent projected ecosite development and associated HSIs, recalculated after
accounting for spatial proximity.

7 REFERENCES

Adair, E.C., W.J. Parton, S.J. Del Grosso, S.L. Silver, M.E. Harmon, S.A. Hall, 1.C. Burke and
S.C. Hart, 2008. Simple three-pool model accurately describes patterns of long-term litter
decomposition in diverse climates. Global Change Biology 14: 2636-2660.

Alberta Environment, 2005. Alberta Climate Model (ACM) to provide climate estimates (1961-
1990) for any location in Alberta from its geographic coordinates. Alberta Environment,
Edmonton, Alberta. Publ. No. T/749. 33 pp. http://environment.gov.ab.ca/info/library/6151.pdf
[Last accessed September 13, 2011].

Alberta Environment, 2006. Land Capability Classification System for Forest Ecosystems in the
Oil Sands, 3rd Edition. Prepared for Alberta Environment by the Cumulative Environmental
Management Association, Fort McMurray, Alberta. Alberta Environment, Edmonton, Alberta.
148 pp. http://environment.gov.ab.ca/info/library/7707.pdf [Last accessed September 13, 2011].

Alberta Environment, 2010. Guidelines for Reclamation to Forest VVegetation in the Athabasca
Oil Sands Region, 2nd Edition. Prepared by the Terrestrial Subgroup of the Reclamation
Working Group of the Cumulative Environmental Management Association, Fort McMurray,
Alberta. December 2009. http://environment.gov.ab.ca/info/library/8269.pdf [Last accessed
September 13, 2011].

68


http://environment.gov.ab.ca/info/library/6151.pdf
http://environment.gov.ab.ca/info/library/7707.pdf
http://environment.gov.ab.ca/info/library/8269.pdf

Allen, C.D. and D.D. Breshears, 1998. Drought-induced shift of a forest-woodland landscape in
response to climate variation. IN: Proceedings of the National Academy of Science, USA, 1995,
pp. 14839-14842.

Arneth, A., F.M. Kelliher, T.M. McSeveny and J.N. Byers, 1998. Net ecosystem productivity,
net primary productivity and ecosystem carbon sequestration in a Pinus radiata plantation subject
to soil water deficit. Tree Physiology 18: 785-793.

Asselin, H., S. Payette, M.-J. Fortin and S. Vellée, 2003. The northern limit of Pinus banksiana
Lamb. in Canada: explaining the difference between the eastern and western distributions.
Journal of Biogeography 30: 1709-1718.

Baldocchi, D., E. Falge, L. Gu, R. Olson, D. Hollinger, S. Running, P. Anthoni, C. Bernhofer,
K. Davis, R. Evans, J. Fuentes, A. Goldstein, G. Katul, B. Law, X. Lee, Y. Malhi, T. Meyers,
W. Munger, W. Oechel, K. T. Paw, K. Pilegaard, H. P. Schmid, R. Valentini, S. Verma,

T. Vesala, K. Wilson and Steve Wofsy, 2001. FLUXNET: a new tool to study the temporal and
spatial variability of ecosystem-scale carbon dioxide, water vapor, and energy flux densities.
Bulletin of American Meteorology Society 82: 2415-2433.

Barford, C.C., S.C. Wofsy, M.L. Goulden, J.W. Munger, E.H. Pyle, S.P. Urbanksi, L. Hutyra,
S.R. Saleska, D. Fitzjarrald and K. Moore, 2001. Factors controlling long- and short-term
sequestration of atmospheric CO; in a mid-latitude forest. Science 294: 1688—1691.

Barr, A.G., T.A. Black, E.H. Hogg, T.J. Griffis, K. Morgenstern, N. Kljun, A. Theede and
Z. Nesic, 2007. Climatic controls on the carbon and water balances of a boreal aspen forest,
1994-2003. Global Change Biology 13: 561-576.

Barrow, E. and G. Yu, 2005. Climate scenarios for Alberta. Report Prepared for the Prairie
Adaptation Research Collaborative (PARC) in co-operation with Alberta Environment. PARC,
University of Regina, Regina, Saskatchewan.
http://www.parc.ca/pdf/Alberta_Scenarios/main_report.pdf [Last accessed September 16, 2011].

Bartemucci, P., C. Messier and C.D. Canham, 2006. Overstory influences on light attenuation
patterns and understory plant community diversity and composition in southern boreal forests of
Quebec. Canadian Journal of Forest Research 36: 2065-2079.

Beckingham, J.D. and J.H. Archibald, 1996. Field guide to ecosites of northern Alberta.
Canadian Forest Service, Northwest Region, Northern Forestry Centre, Edmonton, Alberta.
Special Report 5.

Bell, D.T., 1999. Turner Review No. 1: The process of germination in Australian species.
Australian Journal of Botany 47: 475-517.

Bergeron, Y., P.J.H. Richard, C. Carcaillet, S. Gauthier, M. Flannigan and Y.T. Prairie, 1998.
Variability in fire frequency and forest composition in Canada’s southeastern boreal forest: a
challenge for sustainable forest management. Conservation Ecology (online) 2(2): 11 pp.
http://www.consecol.org/vol2/iss2/art6 [Last accessed September 13, 2011].

69


http://www.parc.ca/pdf/Alberta_Scenarios/main_report.pdf
http://www.consecol.org/vol2/iss2/art6

Bi, J., J.A. Blanco, J.P Kimmins, Y. Ding, B. Seely and C. Welham, 2007. Yield decline in
Chinese Fir plantations: A simulation investigation with implications for model complexity.
Canadian Journal of Forest Research 37: 1615-1630.

Blanco J.A., B. Seely, C. Welham, J.P Kimmins and T.M. Seebacher, 2007. Testing the
performance of FORECAST, a forest ecosystem model, against 29 years of field data in a
Pseudotsuga menziesii plantation. Canadian Journal of Forest Research 37: 1808-1820.

Blanco, J.A, C. Welham, J.P. Kimmins, B. Seely and D. Mailly, 2009. Guidelines for modeling
natural regeneration in boreal forests. The Forestry Chronicle 85(3): 427-439.

Bock, M.D., J.A. Brierley, B.D. Walker, C.J. Thomas and P.E. Smith, 2006. Alberta Soil Names
File (Generation 3). User’s handbook. Land Resource Unit, Research Branch, Agriculture and
Agri-Food Canada. Edmonton, Alberta. 187 pp.

Bonan, G.D., 1989. Environmental factors and ecological processes controlling vegetation
patterns in boreal forests. Landscape Ecology 3(2): 111-130.

Bonan, G.D., 1990. Carbon and nitrogen cycling in North American boreal forests.
I1. Biogeographic patterns. Canadian Journal of Forest Research 20: 1077-1088.

Bonan, G.B. and K. Van Cleve, 1992. Soil temperature, nitrogen mineralization and carbon
source-sink relationships in boreal forests. Canadian Journal of Forest Research 22: 629-639.

Botkin, D.B., J.E. Janak and J.R. Wallis, 1972. Rationale, limitations and assumptions of a
northeastern forest growth simulator. IBM Journal of Research and Development 16: 101-116.

Bouriaud, O., N. Bréda, J.-L. Dupouey and A. Granier, 2005. Is ring width a reliable proxy for
stem-biomass increment? A case study in European beech. Canadian Journal of Forest Research
35: 2920-2933.

Brandt, J.P., H.F. Cerezke, K.I. Mallett, W.J.A. Volney and J.D. Weber, 2003. Factors affecting
trembling aspen (Populus tremuloides Michx.) health in the boreal forest of Alberta,
Saskatchewan, and Manitoba, Canada. Forest Ecology and Management 178: 287-300.

Briffa, K.R., T.S. Bartholin, D. Eckstein, P.C. Jones, W. Karlén, F.H. Schweingruber and
P. Zetterber, 1990. A 1,400-year tree-ring record of summer temperatures in Fennoscandia.
Nature 346: 434-439.

Brooks, J.R., L.B. Flanagan and J.R. Ehleringer, 1998. Responses of boreal conifers to climate
fulctuations: indication from tree-ring widths and carbon isotope analyses. Canadian Journal of
Forest Research 28: 524-533.

Burton, P.J. and S.G. Cumming, 1995. Potential effects of climatic change on some western
Canadian forests, based on phenological enhancements to a patch model of forest succession.
Water, Air and Soil Pollution 82: 401-414.

Calef, M.P., A.D. McGuire, H.E. Epstein, T.S. Rupp and H.H. Shugart, 2005. Analysis of
vegetation distribution in Interior Alaska and sensitivity to climate change using a logistic
regression approach. Journal of Biogeography 32: 863-878.

70



Canadian Forest Service, 1995. Silvicultural terms in Canada. Natural Resources Canada,
Canadian Forest Service, Ottawa, Ontario. 109 pp.
http://cfs.nrcan.gc.ca/pubwarehouse/pdfs/24216 e.pdf [Last accessed September 13, 2011].

Cannell, M.G.R. and R.C. Dewar, 1994. Carbon allocation in trees: a review of concepts for
modeling. Advances in Ecological Research 25: 60—104.

Cannell, M.G.R. and R.1. Smith, 1986. Climatic warming, spring budburst and frost damage on
trees. Journal of Applied Ecology 23: 177-191.

Carroll, A.L., S.W. Taylor, J. Régniere and L. Safranyik, 2003. Effects of climate change on
range expansion by the mountain pine beetle in British Columbia. IN: Mountain Pine Beetle
Symposium: Challenges and Solutions. October 30-31, 2003, Kelowna, British Columbia.
Shore, T.L., J.E. Brooks and J.E. Stone (Eds.). Natural Resources Canada, Canadian Forest
Service, Pacific Forestry Centre, Victoria, British Columbia. Information Report BC-X-399.
pp. 223-232.

Case, M.J. and D.L. Peterson, 2005. Fine-scale variability in growth-climate relationship of
Douglas-fir, North Cascade Range, Washington. Canadian Journal of Forest Research 35: 2743—
2755,

Case, M.J. and D.L. Peterson, 2007. Growth-climate relations of lodgepole pine in the North
Cascades National Park, Washington. Northwest Science 81: 62—75.

Cerezke, H.F., 2009. Climate change and Alberta’s forests: an information and discussion paper
of predicted implications. Alberta Sustainable Resource Development, Forest Health Section,
Forestry Division, Edmonton, Alberta.

Chapin, F.S., R. Jefferies, J. Reynolds, G. Shaver and J. Svoboda (Eds), 1992. Arctic
Ecosystems in a Changing Climate: an Ecophysiological Perspective. Academic Press, San
Diego, California. 469 pp.

Chen, H., M.E. Harmon, R.P. Griffiths and B. Hicks, 2000. Effects of temperature and moisture
on C respired from decomposing woody roots. Forest Ecology and Management 138: 51-64.

Chhin, S. and G.G. Wang, 2008. Climatic response of Picea glauca seedlings in a forest-prairie
ecotone of western Canada. Annals of Forest Science 65: 207, DOI: 10.1051/forest:2007090.

Chhin, S., G.G. Wang and J. Tardif, 2004. Dendroclimatic analysis of white spruce at its
southern limit of distribution in the Spruce Woods Provincial Park, Manitoba, Canada. Tree
Ring Research 60 (1): 31-43.

Coder, K., 1999. Tree Growth Rings: Formation and Form. University of Georgia, School Of
Forest Resources Extension Publication For 99-020. 8/1999.
http://warnell.forestry.uga.edu/service/library/for99-020/for99-020.pdf

Constabel, A.J. and V.J. Lieffers, 1996. Seasonal patterns of light transmission through boreal
mixedwood canopies. Canadian Journal of Forest Research 26: 1008-1014.

71


http://cfs.nrcan.gc.ca/pubwarehouse/pdfs/24216_e.pdf
http://warnell.forestry.uga.edu/service/library/for99-020/for99-020.pdf

Cook, E. and L. Kairiukstis, 1990. Methods of Dendrochronology. Kluwer Academic
Publishers, Norwell, Massachusetts, USA. 394 pp.

Coops, N. and R.H. Waring, 2011. A process-based approach to estimate lodgepole pine (Pinus
contorta Dougl.) distribution in the Pacific Northwest under climate change. Climatic Change
105: 313-328.

Cumming, S.G. and P.J. Burton, 1996. Phenology-mediated effects of climate change on some
simulated British Columbia forests. Climatic Change 34 (2): 213-222.

Dale, V.H., L.A. Joyce, S. McNulty, R.P. Neilson, M.P. Ayres, M.D. Flannigan, P.J. Hanson,
L.C. Irland, A.E. Lugo, C.J. Peterson, D. Simberloff, F.J. Swanson, B.J. Stocks and B.M.
Wotton, 2001. Climate change and forest disturbances. Bioscience 51(9): 723-734.

Daniels, L., T.B. Maertens, A.B. Stan, S.P.J. McCloskey, J.D. Cochrane and R.W. Gray, 2011.
Direct and indirect impacts of climate change on forests: three case studies from British
Columbia. Canadian Journal of Plant Pathology 33: 2, 108-116.

Despland, E. and G. Houle, 1997. Climate influences on growth and reproduction of Pinus
Banksiana (Pinaceae) at the limit of the species distribution in eastern North America. American
Journal of Botany 84(8): 928-937.

Dixon, R.K., R.S. Meldahl, G.A. Ruark and W.G. Warren (eds), 1990. Process modeling of
forest growth responses to environmental stress. Timber Press, Portland, Oregon.

Dullinger, S., T. Dirnbock and G. Grabherr, 2004. Modelling climate change-driven treeline
shifts: relative effects of temperature increase, dispersal and invasibility. Journal of Ecology 92:
241-252.

Durzan, D.F. and V. Chalupa, 1968. Free sugars, amino acids, and soluble proteins in the
embryo and female gametophyte of jack pine as related to climate at the seed source. Canadian
Journal of Botany 46: 417-428.

Elliot, G.P. and W.L. Baker, 2004. Quaking aspen (Populus tremuloides Michx.) at treeline: a
century of change in the San Juan Mountains, Colorado, USA. Journal of Biogeography 31:
733-745.

Franklin, J.F., F.J. Swanson, M.E. Harmon, D.A. Perry, T.A. Spies, V.H. Dale, A. Mckee,
W.K. Ferrell, J.E. Means, S.V. Gregory, J.D. Lattin, T.D. Schowalter and D. Larsen, 1992.
Effects of global climate change on forests of northwest North America. IN: Peters, R.L. and
J.E. Lovejoy (Eds.), Global Warming and Biological Diversity. Yale University Press, New
Haven, Connecticut. pp. 244-257.

Frey, B.R., V.J. Lieffers, E.H. Hogg and S.M. Landhdusser, 2004. Predicting landscape patterns
of aspen dieback: mechanisms and knowledge gaps. Canadian Journal of Forest Research 34:
1379-1390.

Fritts, H.C., 1976. Tree Rings and Climate. Academic Press, San Diego, California, USA.
Fritts, H.C., 2001. Tree Rings and Climate. Blackburn Press, Caldwell, New Jersey, USA.

72



Fuchigama, L.H., C.J. Weiser, K. Kobayashi, R. Timmis and L.V. Gusta, 1982. A degree
growth stage (°GS) model and cold acclimation in temperate woody plants. IN: Li, P.H. and

A. Sakai (Eds.). Plant Cold Hardiness and Freezing Stress, vol. 2. Academic Press, New York,
USA. pp. 93-116.

Gholz, H., D.A. Wedin, S.M. Smitherman, M.E. Harmon and W.J. Parton, 2000. Long-term
dynamics of pine and hardwood litter in contrasting environments: toward a global model of
decomposition. Global Change Biology 6: 751-765.

Girardin, M.P., F. Raulier, P. Bernier and J. Tardif, 2008. Response of tree growth to a changing
climate in boreal central Canada: A comparison of empirical, process-based, and hybrid
modelling approaches. Ecological Modelling 213: 209-228.

Girardin, M.P. and J. Tardiff, 2005. Sensitivity of tree growth to the atmospheric vertical profile
in the Boreal Plains of Manitoba, Canada. Canadian Journal of Forest Research 35: 48-64.

Gough, C.M., C.S. Vogel, H.P. Schmid, H.-B. Sud and P.B. Curtis, 2008. Multi-year
convergence of biometric and meteorological estimates of forest carbon storage. Agricultural
and Forest Meteorology 148: 158-170.

Gower, S.T., J.G. Isebrands and D.W. Sheriff, 1995. Carbon allocation and accumulation in
conifers. IN: Resource Physiology of Conifers (W.K. Smith and T.M. Hinckley, eds.).
Academic Press, San Diego, California. pp. 217-254.

Graumlich, L.J., 1991. Subalpine tree growth, climate, and increasing CO,: an assessment of
recent growth trends. Ecology 72: 1-11.

Gray, L. K. and A. Hamann, 2011. Strategies for reforestation under uncertain future climates:
guidelines for Alberta, Canada. PL0S One 6: €22977.

Gray, L. K., T. Gylander, M. Mbogga, P. Chen and A. Hamann, 2011. Assisted migration to
address climate change: recommendations for aspen reforestation in western Canada. Ecological
Applications 21: 1591-1603.

Griesbauer, H.P. and D.S. Green, 2010. Assessing the climatic sensitivity of Douglas-fir at its
northern range margins in British Columbia, Canada. Trees 24: 375-3809.

Grubb, P.J., 1977. The maintenance of species-richness in plant communities: the importance of
the regeneration niche. Biological Reviews 52: 107-145.

Hamann, A. and T.L. Wang, 2005. Models of climatic normals for genecology and climate
change studies in British Columbia. Agricultural and Forest Meteorology 128: 211-221.

Hamann, A. and T. Wang, 2006. Potential effects of climate change on ecosystem and tree
species distribution in British Columbia. Ecology 87: 2773-2786.

He, H.S., D.J. Mladenoff and T.R. Crow, 1999. Linking an ecosystem model and a landscape
model to study forest species response to climate warming. Ecological Modelling 114: 213-233.

73



Helle, G. and G.H. Schleser, 2004. Beyond CO,-fixation by Rubisco— an interpretation of
13C/12C variations in tree rings from novel intra-seasonal studies on broad-leaf trees. Plant Cell
and Environment 27: 367—380.

Hidalgo, H.G., D.R. Cayan and M.D. Dettinger, 2006. Drought: how the Western U.S. is
transformed from energy-limited to water-limited landscapes. American Geophysical Union,
Fall Meeting 2006, abstract #C33C-1287.

Hoffer, M., 2007. Density fluctuations (false rings) in jack pine and black spruce trees,
Nopoming Provincial Park, Manitoba. Honours thesis. Department of Biology, University of
Winnipeg, Winnipeg, Manitoba.

Hogg, E.H., 1994. Climate and the southern limit of the Western Canadian Boreal Forest.
Canadian Journal of Forest Research 24: 1835-1845.

Hogg, E.H., J.P. Brandt and B. Kochtubajda, 2002. Growth and dieback of aspen forests in
northwestern Alberta, Canada, in relation to climate and insects. Canadian Journal of Forest
Research 32: 823-832.

Hogg, E.H., J.P. Brandt and B. Kochtubajda, 2005. Factors affecting interannual variation in
growth of western Canadian aspen forests during 1951-2000. Canadian Journal of Forest
Research 35: 610-622.

Hogg E.H., J.P. Brandt and M. Michaelian, 2008. Impacts of a regional drought on the
productivity, dieback, and biomass of western Canadian aspen forests. Canadian Journal of
Forest Research 38: 1373-1384.

Hogg, E.H., M. Hart and V.J. Lieffers, 2002. White tree rings formed in trembling aspen
saplings following experimental defoliation. Canadian Journal of Forest Research 32: 1929-
1934.

Hogg, E.H. and P.A. Hurdle, 1995. The aspen parkland in Western Canada: a dry-climate
analogue for the future boreal forest? Water, Air and Soil Pollution 82: 391-400.

Hogg, E.H. and A.G. Schwarz, 1997. Regeneration of planted conifers across climatic moisture
gradients on the Canadian prairies: implications for distribution and climate change. Journal of
Biogeography 24: 527-534.

Hogg, E.H. and R. Wein, 2005. Impacts of drought on forest growth and regeneration following
fire in southwestern Yukon, Canada. Canadian Journal of Forest Research 35: 2141-2150.

Ise, T. and P.R. Moorcroft, 2006. The global-scale temperature and moisture dependencies of
soil organic carbon. Biogeochemistry 80: 217-231.

Iverson, L.R., A.M. Prasad, A.N. Matthews and M. Peters, 2008. Estimating potential habitat for
134 eastern US tree species under six climate scenarios. Forest Ecology and Management 254:
390-406.

Johnstone, J.F. and F.S. Chapin, 2006. Effects of soil burn severity on post-fire tree recruitment
in Boreal Forest. Ecosystems 9: 14-31.

74



Keyser, A.R., J.S. Kimball, R.R. Nemani and S.W. Running, 2000. Simulating the effects of
climate change on the carbon balance of North American high-latitude forests. Global Change
Biology 6: 185-195.

Khandekar, M.L., 2004. Canadian Prairie drought: a climatological assessment. Report
prepared for Alberta Environment, Edmonton, Alberta. 45 pp.

Kimmins, J.P., J.A. Blanco, B. Seely, C. Welham and K. Scoullar, 2008. Complexity in
Modeling Forest Ecosystems; How Much is Enough? Forest Ecology and Management 256:
1646-1658.

Kimmins, J.P., J.A. Blanco, B. Seely, C. Welham and K. Scoullar, 2010. Forecasting Forest
Futures: A Hybrid Modelling Approach to the Assessment of Sustainability of Forest
Ecosystems and their Values. Earthscan Ltd. London, UK. 320 pp.

Kimmins, J.P., D. Mailly and B. Seely, 1999. Modelling forest ecosystem net primary
production: the hybrid simulation approach used in FORECAST. Ecological Modelling 122:
195-224.

Klinka, K., J. Worrall, L. Skoda and P. Varga, 2000. The Distribution and Synopsis of
Ecological and Silvical Characteristics of Tree Species of British Columbia’s Forests. Canadian
Cartographics Ltd., Coquitlam, British Columbia, Canada. 180 pp.

Kolari, P., J. Pumpanen, L. Kulmala, H. llvesniemi, E. Nikinmaa, T. Gronholm and P. Hari,
2006. Forest floor vegetation plays an important role in photosynthetic production of boreal
forests. Forest Ecology and Management 221: 241-248.

Kozlowski, T.T., P.J. Kramer and S.G. Pallardy, 1991. The Physiological Ecology of Woody
Plants. Academic Press, San Diego, California. 657 pp.

Kozlowski, T.T. and S.G. Pallardy, 1997a. Physiology of Woody Plants. 2nd Edition.
Academic Press, San Diego, California. 411 pp.

Kozlowski, T.T. and S.G. Pallardy, 1997b. Growth Control in Woody Plants. Academic Press,
San Diego, USA.

Larsen, C.P.S., 1997. Spatial and temporal variations in boreal forest fire frequency in Northern
Alberta. Journal of Biogeography 24: 663-673.

Lavender, D.P., 1989. Predicted global warming and the chilling requirements of conifers.
IN: Spittlehouse, D.L. and D.F.W. Pollard (Eds.). Climate Change in British Columbia:
Implications for the Forest Sector. FRDA Report 075. pp. 30-32.

Leonelli, G., B. Denneler and Y. Bergeron, 2008. Climate sensitivity of trembling aspen radial
growth along a productivity gradient in northeastern British Columbia. Canada. Canadian
Journal of Forest Research 38: 1211-1222.

Li, C., M.D. Flannigan and 1.M.G. Corns, 2000. Influence of potential climate change on forest
landscape dynamics of west-central Alberta. Canadian Journal of Forest Research 30: 1905-
1912.

75



Lo, Y-H., J.A. Blanco and J.P. Kimmins, 2010. A word of caution when planning forest
management using projections of tree species range shifts. The Forestry Chronicle 86: 312-316.

Lo, Y.-H., J.A. Blanco, B. Seely, C. Welham and J.P. Kimmins, 2010. Relationships between
climate and tree radial growth in interior British Columbia, Canada. Forest Ecology and
Management 259: 932-942.

MacDonald, G.M., J.M. Szeica, J. Claricoates and K.A. Dale, 1998. Response of the central
Canadian tree line to recent climatic changes. Annals of the Association of American
Geographers 88: 183-208.

Macias, M., L. Andreu, O. Bosch, J.J. Camarero and E. Gutiérrez, 2006. Increasing aridity is
enhancing silver fir (Abies alba Mill.) water stress in its south-western distribution limit.
Climatic Change 79: 289-313.

Matyas, C., 1994. Modeling climate change effects with provenance test data. Tree Physiology
14: 797-804.

McDowell N., W.T. Pockman, C.D. Allen, D.D. Breshears, N. Cobb, T. Kolb, J. Plaut, J. Sperry,
A. West, D.G. Williams and E.A. Yepez, 2008. Mechanisms of plant survival and mortality
during drought: why do some plants survive while others succumb to drought? New Phytologist
178: 719-7309.

McKenney, D.W., J.H. Pedlar, K. Lawrence, K. Campbell and M.F. Hutchinson, 2007. Potential
impacts of climate change on the distribution of North American trees. BioScience 11: 939-948.

McKenzie, D., D.W. Peterson and D.L. Peterson, 2003a. Modelling conifer species distributions
in mountain forests of Washington State, USA. The Forestry Chronicle 79(2): 253-258.

McKenzie, D., D.W. Peterson, D.L. Peterson and P.E. Thornton, 2003b. Climatic and
biophysical controls on conifer species distributions in mountain forests of Washington State,
USA. Journal of Biogeography 30: 1093-1108.

McLeod, T.K. and G.M. MacDonald, 1997. Postglacial range expansion and population growth
of Picea mariana, Picea glauca and Pinus banksiana in the western interior of Canada. Journal of
Biogeography 24: 865-881.

Meko, D.M., 2006. Tree-ring inferences on water-level fluctuations of Lake Athabasca.
Canadian Water Resources Journal 31: 229-248.

Messier, C., R. Doucet, J.-C. Ruel, Y. Claveau, C. Kelley and M.J. Lechowicz, 1999. Functional
ecology of advance regeneration in relation to light in boreal forests. Canadian Journal of Forest
Research 29: 812-823.

Michaelian M., E.H. Hogg, R.J. Hall and E. Arsenault, 2011. Massive mortality of aspen
following severe drought along the southern edge of the Canadian boreal forest. Global Change
Biology 17: 2084-2094.

Miller, C. and D.L. Urban, 1999. Forest pattern, fire, and climatic change in the Sierra Nevada.
Ecosystems 2: 76-87.

76



Nilsson, M.C. and D.A. Wardle, 2005. Understory vegetation as a forest ecosystem driver:
evidence from the northern Swedish boreal forest. Frontiers in Ecology and the Environment
3:421-428.

Nitschke, C.R., 2009. Vulnerability and Adaptive Capacity of Yukon Tree Species to Climate
Change. Technical Report RC08-1698 for the Government of Yukon.

Nitschke, C.R., 2010. Tree And Climate Assessment Model User’s Guide Version 2.0.

Nitschke, C.R. and J.L. Innes, 2008a. Integrating climate change into forest management in
South-Central British Columbia: an assessment of landscape vulnerability and development of a
climate-smart framework. Forest Ecology and Management 256: 313-327.

Nitschke, C.R. and J.L. Innes, 2008b. A tree and climate assessment tool for modelling
ecosystem response to climate change. Ecological Modelling 210: 263-277.

Ohtsuka, T., N. Saigusa and H. Koizumi, 2009. On linking multi-year biometric measurements
of tree growth with eddy covariance-based net ecosystem production (NEP). Global Change
Biology 15: 1015-1024.

Paré, D., R. Boutin, G.R. Larocque and F. Raulier, 2006. Effect of temperature on soil organic
matter decomposition in three forest biomes of eastern Canada. Canadian Journal of Soil
Science 86: 247-256.

Payette, S., 2007. Contrasted dynamics of Northern Labrador tree lines caused by climate
change and migrational lag. Ecology 88(3): 770-780

Pearson, R.G. and T.P. Dawson, 2003. Predicting the impacts of climate change on the
distribution of species: are bioclimate envelope models useful? Global Ecology and
Biogeography 12: 361-371.

Pedocan Land Evaluation Ltd., 1993. Soil Series Information for Reclamation Planning in
Alberta. Alberta Land Conservation and Reclamation Council, Reclamation Research Technical
Advisory Committee, Edmonton, Alberta. Report No. RRTAC 93-7. ISBN 0-7732-6041-2.

Peng, Y.Y. and Q.-L. Dang, 2003. Effects of soil temperature on biomass production and
allocation in seedlings of four boreal tree species. Forest Ecology and Management 180: 1-9.

Perala, D.A., 1990. Quaking Aspen. IN: Burns, R.M. and B.H. Honkala (Eds). Silvics of
North America, Volume 2: Hardwoods. Agriculture Handbook 654. United States
Department of Agriculture and Forest Service, Washington, D.C., USA. pp. 555-569,

Peterson, E.B. and N.M. Peterson, 1992. Ecology, management, and use of aspen and balsam
poplar in the prairie provinces, Canada. Forestry Canada, Northwest Region, Northern Forest
Research Centre, Edmonton, Alberta. Special Report 1.

Pietarinen, 1., M. Kanninen, P. Hari and S. Kellomaki, 1982. A simulation model for daily
growth of shoots, needles and stem diameter in Scots pine trees. Forest Science 28: 573-581.

77



Prescott, C.E., L.L. Blevins and C.L. Staley, 2000. Effects of clear-cutting on decomposition
rates of litter and forest floor in forests of British Columbia. Canadian Journal of Forest
Research 30: 1751-1757.

Prescott, C.E., L.L. Blevins and C.L. Staley, 2004. Litter decomposition in B.C. forests:
Controlling factors and influences of forestry activities. BC Journal of Ecosystems and
Management 5(2): 30-43.

Price, D.T., N.E. Zimmermann, P.J. Van Der Meer, M.J. Lexer, P. Leadley, .T.M. Jorritsma,
J. Schaber, D. Clark, P. Lasch, S. McNulty, J. Wu and B. Smith, 2001. Regeneration in gap
models: priority issues for studying forest responses to climate change. Climactic Change 51:
475-508.

Ritchie, J.C., 1987. Postglacial vegetation of Canada. Cambridge University Press, UK.

Rocha, A.V., M.L. Goulden, A.L. Dunn and S.C. Wofsy, 2006. On linking interannual tree ring
variability with observations of whole-forest CO, flux. Global Change Biology 12: 1378-1389.

Rweyongeza, D.M., R.-C. Yang, N.K. Dhir, L.K. Barnhardt and C. Hansen, 2007. Genetic
variation and climatic impacts on survival and growth of white spruce in Alberta, Canada.
Silvae Genetica 56(3-4): 117-127.

Sampson, D.A., K.H. Johnsen, K.H. Ludovici, K.H., T.J. Albaugh and C.A. Maier, 2001. Stand-
scale correspondence in empirical and simulated labile carbohydrates in loblolly pine. Forest
Science 47: 60-68.

Sauchyn, D.J., J. Stroich and A. Beriault, 2003. A paleoclimatic context for the drought of 1999-
2001 in the northern Great Plains of North America. The Geographical Journal 169: 158-167.

Schweingruber, F.H., K.R. Briffa and P. Nogler, 1993. A tree-ring densiometric transect from
Alaska to Labrador. Biometeorology 37: 151-69.

Seely, B., P. Arp and J.P. Kimmins, 1997. A forest hydrology submodel for simulating the effect
of management and climate change on stand water stress. IN: Proceedings of IUFRO meeting
Empirical and process-based models for forest tree and stand growth simulation, Oeiras,
Portugal. pp. 463-477.

Seely, B., C. Hawkins, J.A. Blanco, C. Welham and J.P. Kimmins, 2008. Evaluation of a
mechanistic approach to mixedwood modelling. The Forestry Chronicle 84(2): 181-193.

Seely, B. and C. Welham, 2010. Development and evaluation of an integrated modelling
approach for a risk analysis of alternative reclamation strategies. Final Report for project 2006-
0029. Prepared for the Cumulative Environmental Management Association (CEMA), Fort
McMurray, Alberta, May 2010.

Seely, B., C. Welham and A. Elshorbagy, 2006. A comparison and needs assessment of
hydrological models used to simulate water balance in oil sands reclamation covers. Report
prepared for the Cumulative Environmental Management Association (CEMA), Fort McMurray,
Alberta, September 2006.

78



Smith, D.M., B. Larson, M. Kelty and P.M.S. Ashton, 1997. The Practice of Silviculture. John
Wiley and Sons, New York, USA. 537 pp.

Sturrock, R.N., S.J. Frankel, A.V. Brown, P.E. Hennon, J.T. Kliejunas, K.J. Lewis, J.J. Worrall
and A.J. Woods, 2011. Climate and forest diseases. Plant Pathology 60: 133-149.

Sutton, A. J. and Tardif, 2005. Distribution and anatomical characteristics of white rings in
Populus tremuloides Michx. IAWA Journal 26: 221-238.

Szeicz, J.M. and G.M. MacDonald, 1995. Dendroclimatic reconstruction of summer
temperatures in northwestern Canada since 1638 using age-dependent modelling. Quaternary
Research 44: 257—66.

Tajek J., W.W. Pettapiece and K.E. Toogood, 1989. Water supplying capacity of Alberta soils.
Alberta Institute of Pedology Publication M-89-2. LRRC Publication 89-117. Edmonton,
Alberta. 24 pp. 3 maps.

Thuiller, W., C. Albert, M.B. Araljo, P.M. Berry, M. Cabeza, A. Guisan, T. Hickler,

G.F. Midgley, J. Paterson, F.M. Schurr, M.T. Sykes and N.E. Zimmermann, 2008. Predicting
global change impacts on plant species’ distributions: Future challenges. Perspectives in Plant
Ecology, Evolution, and Systematics 9: 137-152.

Trofymow, J.A., T.R. Moore, B. Titus, C. Prescott, I. Morrison, M. Siltanen, S. Smith, J. Fyles,
R. Wein, C. Camire, L. Duschene, L. Kozak, M. Kranabetter and S. Visser, 2002. Rates of litter
decomposition over six years in Canadian forests: Influence of litter quality and climate.
Canadian Journal of Forest Research 32: 789-804.

Tymstra, C., M.D. Flanningan, O.B. Armitage and K. Logan, 2007. Impact of climate change on
area burned in Alberta’s boreal forest. International Journal of Wildland Fire 16: 153-160.

Urban, D.L., 1993. A User’s Guide to ZELIG Version 2. Department of Forest Sciences,
Colorado State University, Fort Collins, Colorado, USA.

Urban, D.L., M.E. Harmon and C.B. Halpern, 1993. Potential response of Pacific Northwestern
forests to climate change, effects of stand age and initial composition. Climatic Change 23 (3):
247-266.

Van Cleve, K., W.C. Oechel and J.L. Hom, 1990. Response of black spruce (Picea mariana)
ecosystems to soil temperature modification in interior Alaska. Canadian Journal of Forest
Research 20: 1530-1535.

van Mantgem, P.J., N.L. Stephenson, J.C. Byrne, L.D. Daniels, J.F. Franklin, P.Z. Fule,
M.E. Harmon, A.J. Larson, J.M. Smith, A.H. Taylor and T.T. Veblen, 2009. Widespread
increase of tree mortality rates in the western United States. Science 323: 521-524.

Volney, W.J.A. and R.A. Fleming, 2000. Climate change and impacts of boreal forest insects.
Agriculture, Ecosystems and Environment 82: 283-294.

Wardlaw, I.F., 1990. The control of carbon partitioning in plants. New Phytologist 116: 341—
381.

79



Wardle, D.A., L.R. Walker and R.D. Bardgett, 2004. Ecosystem properties and forest decline in
contrasting long-term chronosequences. Science 305: 509-513.

Welham, C., 2010. Oil Sands Terrestrial Habitat and Risk Modeling for Disturbance and
Reclamation — Phase | Report. Oil Sands Research and Information Network, School of Energy
and the Environment, University of Alberta, Edmonton, Alberta. OSRIN Report No. TR-8.
109 pp.

Welham, C., B. Seely and J.A. Blanco, 2011. Projected patterns of C storage in upland forests
reclaimed after oil sands mining. IN: Reclamation and restoration of boreal ecosystems:
attaining sustainable development. Vitt, D. and J. Bhatti (Eds). Cambridge University Press,
New York. Accepted for publication.

Wheaton, E., V. Wittrock, S. Kulshreshtha, G. Koshida, C. Grant, A. Chipanshi and

B.R. Bonsal, 2005. Lessons learned from the Canadian drought years of 2001 and 2002:
Synthesis report. Agriculture and Agri-Food Canada, Saskatoon, Saskatchewan. Saskatchewan
Research Council Publication No. 11602-46E03.

Wilmking, M., G.P. Juday, V.A. Barber and H.S.J. Zald, 2004. Recent climate warming forces
contrasting growth responses of white spruce at treeline in Alaska through temperature
thresholds. Global Change Biology 10: 1724-1736.

Wilmking, M., G.P. Juday, M. Terwilliger and V.A. Barber, 2006. Modeling spatial variability
of white spruce (Picea glauca) growth responses to climate change at and below treeline in
Alaska — a case study from two national parks. Erdkunde 60: 113-126.

Wong, B.L., K.L. Baggett and A.H. Rye, 2003. Seasonal patterns of reserve and soluble
carbohydrates in mature sugar maple (Acer saccharum). Canadian Journal of Botany 81: 780
788.

Woods, A., 2011. Is the health of British Columbia'’s forests being influenced by climate
change? If so, was this predictable? Canadian Journal of Plant Pathology 33: 117-126.

Woodward, F.I., 1987. Climate and Plant Distribution. Cambridge University Press, London,
UK.

Woodward, F.I. and D.J. Beerling, 1997. The dynamics of vegetation change: health warnings
for equilibrium ‘dodo’ models. Global Ecology and Biogeography Letters 6: 413-418.

Yu, D.P., G.G. Wang, L.M. Dai and Q.L. Wang, 2007. Dendroclimatic analysis of Betula
ermanii forests at their upper limit of distribution in Changbai Mountain, Northeast China.
Forest Ecology and Management 240: 105-113.

Zavitkovski, J., 1975. Ground vegetation biomass, production, and efficiency of energy
utilization in some northern Wisconsin forest ecosystems. Ecology 57: 694-706.

Zhaner, R., 1968. Water deficits and growth of trees. IN: Water Deficits and Plant Growth.
T.T. Kozlowski (ed). Academic Press, New York, New York. pp. 191-254.

80


http://hdl.handle.net/10402/era.22567
http://hdl.handle.net/10402/era.22567

Zhou, G, L. Guan, X. Weli, X. Tang, S. Liu, J. Liu, D. Zhang and J. Yan, 2008. Factors
influencing leaf litter decomposition: An intersite decomposition experiment across China. Plant
Soil 311: 61-72.

Zolbrod, A.N. and D.L. Peterson, 1999. Response of high-elevationforests in the Olympic
Mountains to climatic change. Canadian Journal of Forest Research 29: 1966-1978.

8 ACRONYMS

ACM Alberta Climate Model

AET Actual Evapotranspiration

AHMI Annual Heat Moisture Index

AMI Annual Moisture Index

AWHC Average Water Holding Capacity

CRI Climate Response Index

f Function (describing the components of an equation)
ForWaDy Forest Water Dynamics (a model)
GCM Global Circulation Model

GDD Growing Degree-Day

HS Hybrid Simulation

HSI Habitat Suitability Index

LAI Leaf Area Index

m.a.s.l. Metres Above Sea Level

MAT Mean Annual Temperature

NEP Net Ecosystem Productivity

NPP Net Primary Productivity

OSRIN Oil Sands Research and Information Network
P Precipitation

PET Potential Evapotranspiration

PWP Permanent Wilting Point

SEE School of Energy and the Environment
T Temperature

TACA Tree and Climate Assessment (a model)
TAP Total Annual Precipitation
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TDI Transpiration Deficit Index

VR Vegetative Reproduction
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APPENDIX 1: Climate Change Models

Modifiers for monthly values for climate change scenarios downscaled for northern Alberta
(Alberta Environment, unpublished data). Temperature modifiers are absolute changes in
temperature (°C), while the precipitation modifier is a proportional change.

Model Scenario Period Month Modifiers
Min. Max. Precip.
Temp. Temp.

CCSRNIES AlF1 2020 1 -0.4 -0.4 0.96
2 -0.4 -0.4 0.96

3 1.5 15 0.95

4 3.3 3.3 1.08

5 2.6 2.6 1.18

6 0.4 0.4 0.87

7 0.7 0.7 0.92

8 0.8 0.8 0.85

9 0.0 0.0 1.08

10 0.2 0.2 1.02

11 0.8 0.8 1.03

12 1.9 1.9 1.08

2050 1 5.0 5.0 1.16
2 41 4.1 1.16

3 5.5 5.5 1.15

4 7.5 7.5 1.22

5 5.1 5.1 1.37

6 2.7 2.7 0.93

7 3.2 3.2 0.92

8 3.0 3.0 0.85

9 2.2 2.2 1.08

10 3.7 3.7 1.09

11 6.8 6.8 1.08

12 9.8 9.8 1.28
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Model Scenario Period Month Modifiers

Min. Max. Precip.
Temp. Temp.

2080 1 13.1 12.6 1.30
2 14.0 14.1 1.35
3 16.5 16.5 1.46
4 14.6 15.6 1.61
5 11.4 10.1 1.72
6 6.1 6.1 1.07
7 6.4 6.5 1.15
8 6.9 7.1 0.91
9 6.2 6.3 1.17
10 8.0 8.0 1.37
11 10.9 11.0 1.27
12 15.6 15.3 1.59
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Model Scenario Period Month Modifiers

Min. Max. Precip.
Temp. Temp.

CGCM2 B23 2020 1 3.3 3.3 0.86
2 1.8 1.8 0.86

3 3.0 3.0 0.92

4 11 11 0.92

5) 1.8 1.8 1.08

6 11 11 1.15

7 1.3 1.3 0.95

8 1.6 1.6 0.93

9 0.8 0.8 1.04

10 1.0 1.0 1.13

11 0.7 0.7 1.09

12 2.3 2.3 1.01

2050 1 4.3 4.3 0.95
2 3.6 3.6 0.95

3 3.6 3.6 0.97

4 1.9 1.9 0.97

5 3.2 3.2 1.05

6 1.8 1.8 1.06

7 1.9 1.9 0.90

8 2.2 2.2 1.00

9 1.6 1.6 0.94

10 1.0 1.0 1.17

11 0.8 0.8 1.03

12 3.9 3.9 0.99

2080 1 6.3 4.7 0.90
2 4.4 4.5 0.85
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Model Scenario Period Month Modifiers

Min. Max. Precip.

Temp. Temp.
3 4.2 4.1 0.89
4 2.4 2.4 1.08
5 3.3 3.4 1.19
6 2.1 2.1 1.15
7 2.8 2.7 1.01
8 2.9 3.3 0.85
9 1.9 2.2 0.91
10 0.9 1.4 1.03
11 0.5 1.0 0.97
12 5.6 4.9 0.83
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Model Scenario Period Month Modifiers
Min. Max.

Temp. Temp. Precip.

HADCM3 A2A 2020 1 -1.6 -1.6 1.06
2 1.6 1.6 1.06

3 0.1 0.1 1.16

4 0.2 0.2 1.10

5 0.6 0.6 1.00

6 1.0 1.0 1.16

7 1.7 1.7 1.13

8 1.5 1.5 1.07

9 1.7 1.7 0.89

10 1.0 1.0 1.13

11 1.3 1.3 1.08

12 0.4 0.4 1.10

2050 1 -0.9 -0.9 1.11
2 1.7 1.7 1.11

3 0.5 0.5 1.16

4 11 11 1.31

5 2.4 2.4 0.96

6 2.3 2.3 1.28

7 3.6 3.6 1.15

8 3.0 3.0 1.03

9 3.0 3.0 0.89

10 1.6 1.6 1.13

11 2.2 2.2 1.12

12 1.7 1.7 1.37

2080 1 1.0 1.2 1.43
2 2.9 2.7 1.24
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Model Scenario Period Month Modifiers

Min. Max. Precip.

Temp. Temp.
3 15 1.0 1.36
4 2.6 2.6 1.41
5 4.0 4.7 0.77
6 4.4 4.6 1.30
7 5.2 5.4 1.15
8 5.0 5.2 0.98
9 4.9 5.6 0.82
10 2.5 2.6 1.37
11 4.0 3.8 1.17
12 4.4 4.1 1.40
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Model Scenario Period Month Modifiers

Min. Max. Precip.
Temp. Temp.

HADCM3 B2B 2020 1 -1.2 -1.2 0.99
2 1.5 1.5 1.16

3 -0.1 -0.1 0.94

4 1.0 1.0 111

5) 1.0 1.0 1.01

6 15 15 1.23

7 1.5 1.5 1.01

8 1.6 1.6 1.08

9 1.2 1.2 1.11

10 0.2 0.2 1.07

11 11 11 1.00

12 2.0 2.0 1.14

2050 1 1.6 1.6 1.15
2 2.8 2.8 1.15

3 1.5 1.5 1.13

4 1.8 1.8 1.34

5 14 14 1.02

6 2.1 2.1 1.23

7 2.6 2.6 0.99

8 2.9 2.9 1.05

9 2.5 2.5 1.22

10 15 15 1.05

11 3.3 3.3 1.09

12 3.5 3.5 1.27

2080 1 24 24 1.31
2 3.2 3.1 1.29
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Model Scenario Period Month Modifiers

Min. Max. Precip.

Temp. Temp.
3 1.7 1.6 1.21
4 2.6 2.7 1.26
5 2.0 2.1 0.95
6 2.7 2.8 1.29
7 3.7 3.8 1.00
8 3.9 3.9 1.08
9 2.9 3.0 1.31
10 2.1 1.9 1.16
11 4.5 4.1 1.23
12 5.6 5.6 1.50
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Model Scenario Period Month Modifiers

Min. Max. Precip.
Temp. Temp.

NCARPCM AlB 2020 1 2.5 2.5 0.97
2 11 11 0.99

3 0.4 0.4 1.09

4 0.7 0.7 1.06

5 11 1.1 1.02

6 0.5 0.5 1.08

7 0.3 0.3 0.89

8 0.3 0.3 1.11

9 0.3 0.3 1.18

10 0.8 0.8 1.08

11 2.0 2.0 1.13

12 2.1 2.1 0.97

2050 1 5.3 5.3 1.27
2 2.7 2.7 1.08

3 2.2 2.2 1.18

4 2.0 2.0 1.14

5 1.9 1.9 1.10

6 1.2 1.2 1.01

7 1.1 1.1 0.92

8 1.6 1.6 111

9 2.2 2.2 1.15

10 1.9 1.9 1.19

11 3.2 3.2 1.07

12 4.0 4.0 1.22

2080 1 59 5.2 1.30
2 2.7 2.3 1.02
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Model Scenario Period Month Modifiers

Min. Max. Precip.

Temp. Temp.
3 2.6 2.4 1.07
4 2.9 2.6 1.31
5 1.6 1.3 1.09
6 1.3 1.8 0.93
7 1.1 15 0.87
8 15 1.6 1.04
9 2.2 2.1 1.18
10 2.4 2.3 1.23
11 5.7 5.2 1.16
12 6.4 6.0 0.95
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