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Abstract 

As climates warm and extreme climatic events occur with more frequency and severity, 

maintaining forest health and productivity may involve planting seed sources from warmer, drier 

areas. To guide such reforestation strategies, this work analyzes the risks of both climate change 

and assisted migration seed transfers using methods from dendrochronology and ecological 

genetics. Inter-annual growth, drought and frost signatures are studied in tree-ring records from a 

large provenance trial for lodgepole pine (Pinus contorta Dougl. ex Loud.) in western North 

America. 

Results show differences in growth among tree populations to warming, drought and cold 

under a variety of seed transfer distances. Genotypes from the far south of the range show high 

drought tolerance, which appears linked to an anisohydric strategy relying on cavitation-resistant 

xylem. These populations, however, are sensitive to cold and may therefore not be suitable 

candidates for large northward seed transfers under assisted migration; transfers should be 

limited to shorter distances. Populations from the central part of the species range are productive, 

which may be explained by an isohydric strategy related to large xylem conduits. Central 

populations nevertheless achieve moderate drought tolerance due to lowered inferred stomatal 

conductance under dry conditions and may therefore show some continued resilience. 

When grown in southern planting sites, northern genotypes show low drought tolerance 

as well as susceptibility to spring cold events. Their responses to extreme events indicate that 

growth benefits from warming may be limited, and that northern boreal forests may be at risk 

due to increasing climatic variability. Northern areas may therefore benefit from judicious seed 
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transfer from central interior areas. When central interior seed sources are grown in northern 

environments, they show consistently competitive annual growth relative to local sources, 

indicating suitability of this possible solution. Generally, however, the intra-specific variation in 

multiple growth and physiological traits suggest that risks of both climate change and assisted 

migration vary across species distributions. A cautious and population-oriented approach is 

recommended for climate-based seed transfer to maintain forest growth and resilience under 

global change. 
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Glossary of Terms 

Acclimation: Adjustments in response to an event. Tree acclimation involves adapting to new 
climates through physiological means and by modifying morphology. 

Adaptation: A suite of characteristics that result in higher fitness of the species or population to 
external conditions, e.g. the environment. 

Adaptive Trait: A characteristic of the phenotype that confers higher fitness, e.g. phenology and 
physiology of water use efficiency (Kremer et al., 2012). 

Anisohydry: One of two behaviours evolved by some plants to cope with water limitation. 
Anisohydric plants allow more variable water potentials due to changing dryness (Sade et 
al., 2012). These plants keep stomata open under drier conditions to maintain 
photosynthesis and are often associated with xylem adaptations. This strategy is 
acceptable under moderately stressful conditions but has increased risk under intense 
water shortage (Sade et al., 2012). See also: Isohydry. 

Assisted Migration: An umbrella term that involves the intentional translocation of seed sources 
(seeds, planting stock or individuals) to realign species or populations with their adapted 
optimal climates. The intention is to provide human-assistance to ecosystems to adapt to 
rapid climate change. This could help reduce problems of maladaptation due to climate 
spaces which are shifting poleward and higher in elevation faster than natural migration 
can occur. 

Assisted Gene Flow (Assisted Population Migration): A type of assisted migration scenario 
involving transfers of seed sources (seeds or planting stock) of the same species within 
the existing species range to realign populations with optimal climates. 

Basal Area Increment: The area represented by new secondary growth, usually referring to a 
height on the stem at 1.3 m (Diameter at Breast Height or DBH). Although derived from 
tree-ring widths, basal area increment is more representative of overall growth and is 
often preferred in forest ecology to understand tree growth.  

Bordered Pit: An opening between two tracheid cell walls that allows water to flow from 
tracheid to tracheid under normal water-flow conditions through permeable support 
structures (margo) that suspend an impermeable structure (torus) in the middle. If one 
tracheid becomes cavitated, the change in pressure causes the torus to be pushed to one 
side, reducing air expansion into neighbouring cells. 

Cambium: A layer of meristemic tissue around the tree stem underneath the bark; this area of 
cellular division creates xylem on the inner side of the stem and phloem cells on the 
inside of the bark. See also: Meristemic Tissue. 

Cavitation (Embolism): The presence of air in a xylem conduit, which reduces flow through the 
stem. 
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Cline: Genetic adaptation that varies across a gradient, often reflecting the gradients of an 
environmental gradient, e.g. cold. 

Cross-dating: A dendrochronological technique that aligns different pieces of wood based on 
similar tree ring patterns to assign an exact date to each tree ring. 

Dendrochronology: Systematic study of exactly-dated tree rings to enable analysis of physical or 
cultural patterns across space and time.  

Dendroclimatology: A sub-specialty of dendrochronology relating to climatological 
reconstructions using tree ring proxies, while dendrometeorology refers to tree-ring 
anomalies that can be used to infer intra-annual variability. 

Dendroecology: A sub-specialty of dendrochronology that uses tree rings to reconstruct 
ecological events of interest: e.g. stand or species initiation, fire history or return 
intervals, or tree response across space to events of interest (e.g. drought). 

De-trending: The practice of mathematically removing the longer-term age trend in tree-ring 
width or height data to emphasize annual variations. Common methods include spline 
functions and negative exponential functions. 

Dormancy: The winter state of temperate and boreal tree species; dormancy increases resistance 
to cold and is followed by de-acclimation or “de-hardening” in spring. 

Drought: An extended period of aridity, often having biological impacts. Can be identified with 
the Standardized Precipitation Evapotranspiration Index (SPEI), which incorporates 
monthly precipitation and potential evapotranspiration. Another common method for 
longer time scales (>12 months) is the Palmer Drought Severity Index (PDSI) with 
expresses relative dryness with a standardized index. To study response of tree growth to 
drought, the four indicators coined by Lloret et al. (2011) are particularly useful (see 
section 2.4). 

Forcing – i.e., Climate Forcing: Natural or human-caused factors affecting climate – they ‘force’ 
change through physical mechanisms. Human-caused forcings to climate include 
increased atmospheric concentrations of greenhouse gasses. 

Flushing: Bud burst in spring after chilling and heat-sum requirements have been met, also 
associated with “de-hardening” of a tree’s cold tolerance in winter.  

Fractionation: The change in isotope ratios in a material relative to a natural source due to 
chemical or physical processes. 

Frost: This thesis defines frost as a cold event below 0 °C. 

Genotype: The complete inherited genetic make-up which contribute to the outward expression 
of an organism (see also phenotype). 

Hectare (ha): A unit to measure areas measuring 100 m by 100 m. 
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Height Increment: The annual contribution height growth of a tree. These can be estimated by 
measuring the distance between branch whorls. 

Hydraulic Conductivity (Hydraulic Efficiency): A measure of the flow of water to the crown 
through the xylem conduits – the hydraulic pipeline. 

Hydraulic Safety Margin: The range of water potentials (xylem pressure) a plant can cope with 
before succumbing to hydraulic failure (major loss of hydraulic conductivity) caused by 
aridity.  

Isohydry: One of two behaviours employed by plants to cope with water limitation (see also 
anisohydry). Isohydric plants are able to maintain stable mid-day water potentials under 
water-abundant and water-shortage situations by reducing transpiration through lower 
stomatal conductance (Sade et al., 2012). This strategy is successful under moderate and 
intense drought, but could risk slow starvation of carbohydrates under prolonged drought 
(McDowell et al., 2008). 

Isotope:  An atom of an element (which is defined by the number of protons in the nucleus) that 
has a different number of neutrons in the nucleus. The relative numbers of neutrons does 
not alter the atom chemically, but changes physical properties (i.e., higher mass).  

Isotope Ratio Mass Spectrometry: A method of mass spectrometry (measures masses within a 
sample) used to quantify a sample’s relative abundances of isotopes. 

Leading Edge: The most pole-ward areas in a species distribution that are expected to expand 
into higher latitudes to keep pace with climate change. These areas are the front of the 
changing species distribution; they “lead” the distribution. See also: Trailing Edge. 

Maladaptation: An adaptation that has become inadequate or harmful in an individual organism 
or population, potentially leading to lower fitness and survival in the long-term. 

Meristemic Tissue: Specialized tissues in the plant that are areas of cell division during growth. 
These occur at the tree leader (apical meristem), at buds, and surrounding the tree 
underneath the bark (cambium). 

Phenotype: The observed characteristics of an organisms (morphology, physiological properties, 
etc.) resulting from interactions between the environment and genotype. 

Phenotypic Plasticity: the ability to respond to a range of environments (Morgenstern, 1996). 

Phenology: The study of the timing of cyclic events and their contributing factors, namely, 
climate variations. A portion of this thesis focuses specifically on plant life cycles with 
regard to cold adaptation, e.g. flushing, bud set and dormancy. 

Pluvial: A period of relatively high moisture. 

Population: Generally, it is a group of individuals of a same species living in a particular area 
and capable of interbreeding. In forest genetics, it is further clarified that these 
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interbreeding organisms exchange genes, transmitting them to the next generation 
(Morgenstern, 1996). 

Primary Growth: Vertical growth controlled by the apical meristems (the region of cell division 
at the tip of shoots and roots). 

Provenance Trial:A reciprocal transplant experiment that collects seeds (provenances) from 
across a species range and grows them over a range of conditions at multiple test sites. 

Risk: The interaction between probability and consequence of an event. If consequence is very 
high, an event may still be high-risk even if probability is low. 

Secondary Growth: Horizontal growth controlled by the lateral meristems or cambium (the 
region of cell division at the circumference) 

Stomata (singular: Stoma): Small pores in the leaves or needles of plants that regulate water loss 
from the plant in exchange for carbon dioxide uptake from the atmosphere to the plant. 

Stomatal Control: The assumption that stomata instantaneously regulate the trade-off between 
water-loss and carbon gain. The marginal gain versus water “cost” is optimized for 
“profit maximization” (Sperry et al., 2017). 

Stomatal Aperture: The width of the stomata; this is regulated by two guard cells that can close 
or open depending on moisture stress. 

Stomatal Conductance (gs): The rate of water loss and carbon dioxide uptake through the 
stomata (in mmols m-2 s-1). 

Stomatal Responsiveness: The rapidity of change in stomatal aperture to changes in environment. 

Super Epoch Analysis (SEA): An analysis that standardizes annual response data for a certain 
time period (epoch) prior to a certain event (e.g. drought) to understand post-event 
anomalies scaled to this period of normalization. 

Tracheid: Tube-like cells forming the xylem of woody vascular plants. They die after formation, 
allowing transport of water through the plant stem to the crown. 

Tracheid Lumen: The cavity or inside space of the tube-shaped tracheid cell. 

Trailing Edge (also known as the Rear-Edge): Areas of a species distribution that are closest to 
the equator, expected to shrink and pull poleward under climate change. Currently-
existing species in that area are expected to become extirpated as their adapted climates 
shift northward. Hence, they “trail” or are at the “read edge” of the distribution change. 
See also: Leading Edge. 

Tree Ring Widths: The width of a tree’s annual growth increment along one radial file to the pith. 
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Water Potential (ψ): The ability of water to do work; in the case of plants, it causes a gradient 
that allows water to flow through the plant stem. 

Water Use Efficiency (WUE): The definition of water use efficiency depends on the context, but 
the basic definition relates to the ratio of the rate of biomass production to the rate of 
transpiration (Bacon, 2004). Instantaneous water use efficiency is ratio of net carbon 
assimilation to water loss through transpiration (E), measuring the instantaneous 
exchange of water and carbon dioxide through gas exchange studies. Intrinsic water use 
efficiency is the ratio of carbon uptake (A) versus stomatal conductance (gs). Integrated 
water use efficiency is total carbon gain to total water loss of a leaf, plant or ecosystem, 
measured over a longer time period (time integral) (Seibt et al., 2008). Using isotopic 
discrimination methods provides a measure of intrinsic water use efficiency (Jones, 
2004), as used in this dissertation. 

Xylem: Plant tissue made of wood cells that perform transport, storage and structural functions. 
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1   Introduction 

1.1   Thesis Themes 

The ecological, economic and social functions of forests may be compromised by current 

relatively rapid, high-magnitude climate change (Parmesan & Yohe, 2003; Williamson et al., 

2009; IPCC, 2014; Sanford et al., 2014). As warming occurs, long-lived trees will become 

increasingly unsuited to new climates given historic adaptation: Over generations, tree 

populations become genetically adapted to the environment in which they grow. The climates to 

which they are adapted, however, are shifting northward and higher in elevation faster than tree 

populations can migrate (Aitken et al., 2008; Gray & Hamann, 2013; Williams & Dumroese, 

2013). In addition to general warming, drought is expected to become more frequent and severe 

(Christidis et al., 2014, see also section 2.1), while trees may become less able to cope with cold 

events. Thus, both climate warming and variability are a cause for concern in forest ecosystems 

(see sections 2.2 and 2.3). 

The mismatch between tree population adaptive traits and new climates could lead to 

maladaptation, which means that a genetic adaptation has become inadequate or harmful to an 

individual or population.  Forest maladaptation to climate change is expected to reduce forest 

health, productivity and survival (Allen et al., 2010, 2015; Peng et al., 2011; McDowell et al., 

2015; Anderegg et al., 2016). Since tree populations are adapted to narrower climate envelopes 

within an overall species distribution, maladaptation will likely occur throughout a species’ 

range; not just at the most southern, low elevation areas of a species range – also known as the 

trailing edge (Davis & Shaw, 2001; Aitken et al., 2008). 
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Assisted migration has been proposed as a method of adapting the forests to climate 

change. This concept involves moving pre-adapted seed sources from southern, warmer and drier 

areas to locations that are more poleward or higher in elevation (Aitken & Bemmels, 2016). 

When seeds are moved within a species range, this is known more specifically as assisted gene 

flow or assisted population migration since it requires no species introductions to new areas. The 

aim of assisted gene flow is to reduce maladaptation and increase drought tolerance by re-

aligning tree populations with their historic climatic optimums. After harvesting, for example, 

forest practitioners could replant with seed sources from slightly lower latitudes or elevations in 

anticipation of future warming. The implementation of assisted migration may therefore require 

a re-evaluation of historic seed planning zones or floating seed transfer policies. 

Seed transfer regulations were initially designed to prevent inappropriately large 

translocations of seeds, which could result in reduced productivity and survival through 

maladaptation. Seed transfer guidelines were based on geography on the assumption of a static 

climate, but this assumption is no longer valid under changing climates. If warm-adapted 

populations are moved northward in the anticipation of a future warmer climate, however, the 

vulnerable seedlings may be exposed to damaging cold to which they are not adapted. There is 

therefore also a need to estimate cold adaptation to determine the acceptable limits to seed 

transfer for a warmer climate. Accurate conceptual models of forest ecosystems are important for 

predicting forest response to climate warming and climate variability; better predictions provide 

better foundations for management.  
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1.2   Thesis Objective and Motivation 

Ecological health is linked to economic health, which in turn helps support healthy 

communities (Parkins & MacKendrick, 2007). Generally, my research goals are to understand 

how forest ecosystems respond to climate warming and disturbance, and to contribute to sound 

management. Filling these research needs in Canada is of particular value because, at over 310 

million hectares, Canada represents more than 10% of the global forest area. In western Canada, 

forests in British Columbia (BC) cover approximately 58 million ha, over 27 million ha in 

Alberta (AB) and 7.8 million ha in the Yukon Territory (YT). These forests sustain a forest 

industry that contributes to $20.9 billion to Canada’s gross domestic product and employs over 

200,000 people (Canadian Council of Forest Ministers, 2015). More than half of Canada’s 

annual forest harvested area is in BC and AB (Statistics Canada, 2011). These forests further act 

as a key source of quality air; are a critical element of the global carbon cycle; play an important 

role in the hydrological cycle; filter water and reduce flooding; reduce erosion; and provide 

ecosystems that support wildlife and biodiversity. Forest ecosystems upon which these 

ecological services and economic values depend are sensitive to climate, and will therefore be 

affected by climate warming combined with an expected increase in climatic extremes. 

The aim here is to inform the reforestation strategy for a changing climate by evaluating 

population drought response, climate maladaptation and seed transfer possibilities. Specifically, 

this work quantifies the risk for different tree populations to simulated climate warming and 

drought, where risk is defined as the combined effect of probability and consequence. By 

analyzing response to cold, this thesis further assesses the risk of the proposed solution, assisted 

migration. Because tree population responses may not remain constant under rapid 

environmental change, this work evaluates the physiological behaviours underlying these 
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responses: The relative influence of water-controlling mechanisms at the leaf-level and within 

the tree’s wood can hint at adaptive physiology that may or may not be suitable for a warmer, 

drier future. This could indicate reduced suitability for reforestation in areas that may otherwise 

appear suitable while expanding other areas for consideration, or vice versa.  

This research focuses on lodgepole pine (Pinus contorta Dougl. ex Loud.), which is one 

of the most widespread tree species in western North America. This species shows high 

ecological amplitude, covering an area estimated to be between 1.3 million km2 (Schroeder et al., 

2010) and 1.7 million km2 (Little, 1971). The species distribution stretches over 4000 km along a 

north-south transect covering diverse climates. The more predominant interior variety (P. 

contorta var. latifolia) is particularly important to BC, AB and the YT as an ecological 

foundation species. As a timber species, it further represents billions of dollars of economic 

value, government tax revenue, and employment in forestry-dependent communities (Hajjar et 

al., 2014). In recent years, however, the forest industry in western Canada has been hard-hit by 

lost value from an unprecedented epidemic of mountain pine beetle (Dendroctonus ponderosae) 

(Williamson et al., 2009) that caused high mortality in over 17.5 million hectares of lodgepole 

pine forests. This epidemic impacted carbon emissions (Kurz et al., 2008) as well as 

communities (Parkins & MacKendrick, 2007). 

After mountain pine beetle killed forests are salvage-logged, however, policy requires 

that ecologically suitable trees be re-planted. Lodgepole pine may remain suitable in these areas 

with some reconsideration of seed zones (O’Neill et al., 2008, 2017). There now exists an 

opportunity to re-plant with the most suitable lodgepole pine populations for a warming climate. 

As western Canada’s most common tree, millions of lodgepole pine seedlings are planted 

annually. Each year in BC’s interior, for example, approximately 250 million seedlings are 
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requested for reforestation of crown land and about 50% of these are lodgepole pine (Province of 

British Columbia, 2016). By quantifying risks associated with seed transfer against the risks of 

reforestation status quo, this research aimed to identify lodgepole pine genotypes that are 

resilient to climate extreme events and yet remain productive under projected climate change. 

Given the annual reforestation effort, results may be immediately implemented, possibly yielding 

significant benefits. Therefore, one of the province’s largest forestry problems can help solve one 

of the next most pressing challenges; maladaptation due to climate change. 

1.3   Research Approach 

Provenance Trials 

This work relies on a combined methodology from 

quantitative forest genetics and tree-ring research. Samples 

are derived from trees grown in perhaps the largest and most 

valuable genetic field experiment, the Illingworth lodgepole 

pine provenance trial, established in 1974 (Illingworth, 1978). 

With 153 seed sources tested at 60 planting sites (Fig. 1.1), 

this experiment speaks to the value of lodgepole pine to 

western North America. Provenance trials provide the 

experimental structure to study adaptation among tree 

populations. They can also be used as a climate change 

laboratory since they can simulate either climate warming or 

assisted migration through positive or negative transfer 

distances. More detail is provided in section 2.7. 

 

Fig. 1.1. Western North America showing 
lodgepole pine range (grey). White circles 
are seed sources; black triangles are 
planting sites. This is the full design of the 
Illingworth lodgepole pine trial. 
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Tree Rings: Growth and Inferred Physiology 

The mountain pine beetle caused high mortality at many of the provenance trial test sites, 

allowing us to fell dead trees to obtain accurate field measurements and stem disks (Fig. 1.2). 

Tree rings act as archives of tree responses to past climatic events. In addition to facilitating 

precise annual estimates of growth (Fig. 1.2, see section 2.2), there are subtle signals within tree 

rings that can be used to infer physiological responses to different stressors, including drought 

and cold. Functional wood anatomy enables quantification of properties of the hydraulic 

pathway that carries water from tree roots to the photosynthesizing crown along the soil-plant-

atmosphere continuum. Adaptations of the xylem represent one avenue of adaptation to climate, 

with species and populations from more drought-prone regions generally having narrower lumen 

with thick cell walls against high water tension. The degree to which plant xylem acclimates to 

changing environments also depends in part on species and genotype. These overall cellular 

differences, as well as the ability to modify these cells under stress, can be studied with thin 

cross-sections of tree rings (Fig. 1.3). Different traits of these micro sections reveal various 

adaptations and responses to drought and cold. (See section 2.2 for more information on tree 

growth and section 2.9 for more information on wood tissue structure and function.) 

   

 

 
 

Fig. 1.2. Stem disks allow the 
accurate estimation of basal 
area increment, which is the 
annual contribution to stem 
surface area at 1.3 m. 

Fig. 1.3. A micro section of a transverse cut of a tree ring, 
with earlywood on the left and latewood on the right (pith 
to the left of the image). A double staining procedure 
highlights cellulose and lignin, facilitating measurements 
of cell wall thickness and cell lumen diameter. 

Fig. 1.4. A micro cross-section 
of a pine needle after a double 
staining procedure; 2 sunken 
stomatal openings clearly visible.  
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Another measure to adapt to changing environmental conditions relies on the stomata 

(Fig. 1.4). Stomata are small pores on plant leaves with specialized guard cells that regulate the 

trade-off between carbon assimilation and water loss by opening or closing under different 

conditions. Under stress, this also changes the proportions of carbon and oxygen isotopes taken 

up by the tree: this stress signal can be retrospectively analyzed from the photosynthate stored in 

tree rings. (See section 2.10 for more background information on stable isotope analyses from 

tree rings.) When combining the understanding of such leaf-level processes with functional wood 

anatomy analyses, the behaviour that a tree uses to cope with water limitation can be assessed. 

Under growing conditions that are non-water limited, woody plants can maximize 

photosynthesis through larger xylem conduits that facilitate water transport to the crown. Under 

drier conditions, stomata can close to prevent excessive water loss, reducing the risk of long-term 

damage to the plant’s hydraulic system. This may be linked to the ability to maintain stable water 

potential, known as isohydry. If dry conditions continue for too long, however, isohydric plants 

risk slow mortality due to carbon starvation because the carbohydrate losses through respiration 

are not replaced through photosynthesis. An alternative behaviour evolved by some plants 

involves leaving stomata open to allow continued carbon gain; this risks hydraulic failure 

because negative stem water pressures (tension) can cause cavitation. This behaviour is therefore 

also often combined with narrower, sturdier stem conduits that help lower the risk of cavitation 

and hydraulic failure. Such behaviour is known as anisohydry. (Please see section 2.12 for 

additional background information about physiological strategies for coping with water 

limitation.) 



8 
 

1.4   Thesis Organization 

This dissertation includes nine chapters, including six research chapters.  For published 

work, the citation is listed at the beginning of the corresponding chapter. References are provided 

at the end of each chapter in addition to a cumulative bibliography at the end of the dissertation. 

Chapter 1 is an introductory chapter providing a general overview of this volume. Chapter 2 is a 

background information chapter providing further definitions and coverage useful for those of 

whom this type of work is unfamiliar and specifically to help them interpret subsequent data 

chapters. It expands on Chapter 1 by including basic concepts and is not intended to be an in-

depth discussion of all topics covered. Rather, it provides context to make the subsequent, more 

detailed data chapters interpretable and accessible to as wide an audience as possible. 

Chapter 3 covers the first primary research goal of the thesis, which is to quantify the 

genetic differences in drought tolerance in terms of impact on growth. All subsequent chapters 

build on this chapter. Chapter 4 evaluates the suitability of a common methodology used in the 

preparation of plant material for stable isotope analyses and isotope ratio mass spectrometry. The 

possibility of isotopic contamination through plastic abrasion during ball milling had to be 

confirmed (or falsified) prior to approaching the next major thesis goal in an ensuing chapter. 

Chapter 5 covers a methodology that we developed to more efficiently process the thousands of 

samples for functional wood anatomy analyses, which facilitated the following chapter. 

Chapter 6 seeks to explain the drought tolerances of different lodgepole pine genotypes 

(found in Chapter 3) by using functional wood anatomy and a dual-isotope approach. It assesses 

relative contributions of xylem adaptations and stomatal responsiveness to better predict 

responses under climate change and drought. Chapter 7 assesses genetic differences in risk to 
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cold damage and the implications to forest growth to assess possible assisted migration 

scenarios. This builds on earlier chapters (3, 6) that found assisted migration could reduce risks 

under drought and climate change; this chapter assesses the risks of implementation. Chapter 8 

synthesizes the knowledge from previous chapters, further analyzing inter-annual variability to 

explain genetic differences in cumulative growth under multiple southward and northward 

transfer distances. This dissertation concludes with Chapter 9, which highlights the value of the 

knowledge gained and how it advances the field. It further sets this new understanding in the 

context of forest management for future climates by discussing the risks of action against 

inaction. 
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2   Background Information 

2.1   Magnitude and Pace of Global Change 

General Warming 

Climate change is defined as persistent change in climate means or variability (IPCC, 

2007).  From 1880 to 2012, global average air and ocean temperatures rose by 0.85 °C (IPCC, 

2014). Physical manifestations of this warming include loss of mass of ice sheets; a decrease in 

sea ice extent of 3.5-4.1% per decade (1979-2012); and rising ocean levels of 19 cm since 1901 

(IPCC, 2014). While absolute temperatures may have been warmer in the past in some regions, 

current temperatures (1983-2012) are considered the warmest that have occurred in over 1400 

years in the Northern Hemisphere (Chuine et al., 2004; IPCC, 2014). Furthermore, the rate of 

temperature change is unprecedented (Büntgen et al., 2011; IPCC, 2014).  

Future projections predict rising surface temperatures under all emission scenarios, 

known as Representative Concentration Pathways (RCP). These range from the more optimistic 

RCP 2.6 scenario, which implicates mitigation strategies that curb emissions, to the pessimistic 

RCP 8.5 scenario, with very high greenhouse gas emissions (IPCC, 2014). Despite an increase in 

mitigation policies, anthropogenic greenhouse gas emissions are accelerating (IPCC, 2014). 

Since fossil fuel combustion has continued to increase consistent with the most high-emissions 

scenario (Zhao & Running, 2010; Sanford et al., 2014), the high-magnitude warming associated 

with the pessimistic RCP 8.5 scenario appears to be most realistic. The RCP 8.5 scenario is 

associated with global mean surface air temperature increases of 2.6 to 4.8°C by the end of the 

century (2081-2100), while continued changes may occur over millennia (IPCC, 2014). Global 
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average temperature increases will unfold differently across regions; for example, the poles are 

experiencing higher than average warming (IPCC, 2014). Since climate is a major driver in 

biological systems, many ecosystems have been, and will continue to be, affected (see also 

section 2.3). 

Increasing Probability of Extremes 

In addition to warming, climate change is also 

associated with increased variability, which translates into 

a higher probability of extreme weather events (IPCC, 

2014). Fig. 2.1 is a schematic showing an expected 

increase in temperature anomaly probabilities. As with 

average warming, the effects of extreme events will be 

realized differently across the globe. For example, while 

Pakistan has been experiencing a pluvial (Treydte et al., 

2006), drought has been affecting much of North America 

(e.g. Cook et al., 2004). 

 

Fig. 2.1. A schematic displaying historic 
variability (top panel) and expected changes 
(lower panel): Associated with an increasing 
average temperature is a flattening of the bell 
curve, increasing variability and the probability 
of extreme events. (Modified from Christidis et 
al. 2014.) 

In general, however, global aridity is already increasing (Dai et al., 1998, 2004; Dai, 

2011). In many regions (e.g. Europe and North America), drought events are also projected to 

become more frequent around the world due to moisture demand and changing circulation 

patterns (Dai et al., 2004; Meehl, 2004; Dai, 2011; Cook et al., 2016). Heat events are also 

expected to become more frequent and severe (Meehl, 2004; Dai, 2011; Christidis et al., 2014). 

These could combine with natural drought variability to lead to unprecedented aridity (Cook et 

al., 2004). This is a concern because projected droughts and climate variability could have 

significant impacts on ecosystems (e.g., Thuiller et al., 2005; Bellard et al., 2012, see also section 
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2.4). In turn, this increases the susceptibility of humans relying on them (Funk et al., 2008; 

Büntgen et al., 2011). Past climate variability, for example, has been linked to mass human 

migrations as well as the rise and fall of the Roman and Mongolian Empires (Büntgen et al., 

2011; Pederson et al., 2014). 

This work focuses on a severe spring drought that occurred in 2002. Compared to the 

1961-1990 climate normal, this drought represented a drop of one standard deviation in mean 

annual precipitation, while standard deviations from mean precipitation in June, July, August and 

September were -0.61, -0.62, -0.90 and -0.75, respectively (according to ClimateWNA, Wang et 

al., 2016). This drought was problematic across Canada (Wheaton et al., 2005; Williamson et al., 

2009), the United States of America and Mexico (Cook et al., 2004). In two Canadian prairies 

alone, this drought caused multi-sector impacts totalling billions of dollars in lost gross domestic 

product and job losses exceeding 40,000 (Wheaton et al., 2005).  

Greenhouse Effect and Atmospheric Carbon 

The mechanism behind climate warming relates to positive ‘forcing’ effects of 

greenhouse gasses. When thermal radiation absorbed from the sun is re-radiated by the Earth, 

greenhouse gasses cause thermal radiation to be re-radiated back to Earth. Greenhouse gas 

molecules include water vapour, carbon dioxide (CO2), methane (CH4), nitrous oxide (N2), ozone 

(O3) and other gasses. Adding more of these greenhouse gasses to the atmosphere intensifies the 

greenhouse effect. Greenhouse gas emissions have increased substantially since pre-industrial 

times. It is estimated that over half the global average surface temperature increase since 1951 is 

due to anthropogenic forcings such as greenhouse gas concentrations (IPCC, 2014). 

Concentrations of carbon dioxide in particular are increasing faster than other greenhouse gasses 

(IPCC, 2014). Carbon dioxide contributes approximately 78% to the total greenhouse gas 
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emissions increases and is therefore “the largest single contributor” from 1750 to present (IPCC, 

2014). There is a strong and consistent relationship between cumulative carbon dioxide 

emissions and projected global temperatures (IPCC, 2014). The current absolute values of 

atmospheric carbon concentrations are unprecedented over at least 800,000 years (IPCC, 2014).  

The rate of change of atmospheric carbon dioxide is also unprecedented over at least the 

last 20,000 years. This is known through multiple observations or proxies: Values from 1951 to 

present are derived from precise, accurate and systematic data records from the Mauna Loa 

Observatory in Hawaii. Earlier estimates of global average abundances of atmospheric carbon 

dioxide are derived from dated ice cores (Hartmann et al., 2013), or other proxy methods, for 

example: isotope ratios in peat (White et al., 1994); C4 plant cellulose (Marino & McElroy, 

1991); and tooth enamel (Cerling et al., 1997). The 7,000 years prior to the year 1750 had values 

rising very slowly from 260 ppm to 280 ppm, while values during the past 800,000 years ranged 

from 180 ppm during glacial periods to 300 ppm during warm periods (Ciais et al., 2013).  

The increase in carbon dioxide is attributed primarily to emissions from fossil fuel 

burning and land use change (IPCC, 2014). Evidence of fossil fuel burning is apparent through 

changes in carbon isotope ratios of atmospheric carbon dioxide. Fossil fuels are derived from 

ancient plants which, like many plants today, disciminated against heavier isotope of carbon 

(carbon-13) relative to more abundant carbon-12 (see section 2.10). Fossil fuels therefore have 

lower ratio of carbon-13 to carbon-12. Burning of fossil fuels thus changes the ratio of stable 

carbon isotopes in the atmosphere, known as the Suess effect (Suess, 1955; Treydte et al., 2009; 

Dean et al., 2014). Earth has seen a large increase in global atmospheric carbon concentration 

change to current levels above 407 ppm (e.g., July 17, 2017: 407.47 ppm, www.co2.earth/daily-

co2). RCP 8.5 projections of atmospheric carbon dioxide exceed 1,000 ppm by the end of the 
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century; natural processes would take a few hundred thousand years to remove the emitted 

carbon dioxide, and is thus considered irreversible on a human time scale (Ciais et al., 2013) 

2.2   Tree Growth and Climate Change 

Measures of Forest Productivity 

Forest productivity is of interest economically and also for 

ecosystem health: Reduced growth can be used as an indication of 

tree stress, which increases susceptibility to insect attack (Hogg et 

al., 2002; Aubin et al., 2016). Growth can also be used as a 

measure of fitness (Wu & Ying, 2001), and to estimate carbon 

absorption and storage. Modeling of growth often relies on tree 

height as well as diameter at breast height (1.3 m) at a certain tree 

age. Diameter can also be used to calculate basal area, which is 

the surface area represented by the trees across a management 

unit. Also useful is the ability to reconstruct annual growth 

increases. Height increment is the additional height gained each 

year and can be estimated by measuring the distance between 

branch whorls (Fig. 2.2). Basal area increment (BAI) is the total 

surface area of annual growth and it can be calculated from tree-

ring widths. Although increment borers are most often used to 

sample living trees, when possible, stem disks enable a more 

precise estimation of BAI because there are more radii from 

which to calculate tree ring widths (Fig 2.3). 

 

Fig. 2.2. Height increments can be 
estimated by measuring the distance 
between branch whorls. 

 

 
Fig. 2.3. Annual growth rings (tree 
rings) can be used to measure basal 
area increment. 
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Forest and Lodgepole Pine Growth under Climate Change 

With rising temperatures and atmospheric carbon, changes to growth are expected for 

many trees. Earlier reports indicated that net primary productivity was increasing (Nemani et al., 

2003), but recent global reports indicate more conservative estimates (Zhao & Running, 2010). 

As with rising temperatures and probability of extremes, forest responses to these changes may 

vary by region. For example, rising temperatures and longer growing seasons have been linked to 

increased productivity in the temperate forests of Europe (e.g., Spiecker et al., 1996; Pretzsch et 

al., 2014). In the Canadian context, however, projections of forest growth are expected to vary in 

direction and magnitude according to region (Lemprière et al., 2008). Recent work, for example, 

shows that forest growth patterns in the boreal have been increasing or decreasing depending on 

region (Girardin et al., 2016). 

For lodgepole pine in western Canada, growth predictions are conflicted, with indications 

of growth increases or decreases based on region (Wang et al., 2006, 2010; Coops & Waring, 

2011; Hember et al., 2018). Importantly, however, many such models look at species-level 

changes, not at sub-species populations. By accounting for population-level climate genetic 

adaptation in the case of lodgepole pine, such estimates of increased forest productivity are 

reduced (O’Neill et al., 2008). The consequence of maladaptation to new climate assemblages, 

including extreme events, are reduced forest health and productivity (O’Neill et al., 2017), losses 

in economic value (Hanewinkel et al., 2012) and reduced provision of ecosystem services (Mina 

et al., 2017). Reduction in net primary productivity could further contribute to feedbacks through 

carbon dioxide forcing (Bonan, 2008; Kurz et al., 2008; Zhao & Running, 2010). 
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2.3   Forest Tree Populations in a Warmer Climate 

Genetic Adaptation of Forests to Local Environments 

Over generations, trees become adapted to their local environments, including climate. 

For wide-ranging tree species, populations within the species range can exhibit strong 

differences that reflect varying climate conditions. Despite high levels of gene flow, selection 

pressures at the environment are more influential (Aitken & Whitlock, 2013; Alberto et al., 

2013). Such local adaptation is indicated by higher fitness in nearby planting locations and 

reduced fitness in other areas of the range (Savolainen et al., 2007). Local adaptation can be 

reflected in steep clinal variation in phenotypic traits. This means that variation is expressed 

across a gradient corresponding to an important environmental gradient. For example, height 

changes gradually across the climate differences caused by latitude (gentle cline) compared to 

more rapid changes across an elevation gradient (steep cline). Such clines have been well-studied 

in several conifer species, for example, in Scots pine (Rehfeldt et al., 2002; Savolainen et al., 

2004) and lodgepole pine (e.g., Rehfeldt, 1980, 1983, 1987, 1988; Xie & Ying, 1995; Rehfeldt et 

al., 1999; Wu & Ying, 2001; Wang et al., 2006; Liepe et al., 2016). Many adaptive traits are 

polygenic in nature, meaning many genes with small additive effects are involved (Yeaman, 

2015). For adaptation to cold, for example, 47 genes contribute to the control of expression 

(Yeaman et al., 2016). 

Although the genetic mechanisms were not understood, the geographic nature of local 

adaptation has been long recognized (Morgenstern, 1996; Aitken & Bemmels, 2016). 

Recognition of adaptation and the need to match the right trees to appropriate environments led 

to the regulation of seed procurement through seed transfer limits and breeding zones (O’Neill & 

Aitken, 2004; Ying & Yanchuk, 2006; O’Neill et al., 2017). In British Columbia, for example, 
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local seed sources were used for reforestation, but, as the size of reforestation programs grew, 

seed zones began to be delineated in the 1940s (Ying & Yanchuk, 2006). A geographic transfer 

system was developed in 1987 (O’Neill et al., 2017). Such regulations were historically based on 

geography, because increasing risk of maladaptation is associated with distance of seed transfer 

(O’Neill & Aitken, 2004). These historic seed transfers were based on a system that either relies 

on fixed zones, which permit transfers within a designated area only, or focal point zones, which 

were based on the distance from the seed origin (Ukrainetz et al., 2011; O’Neill et al., 2017). 

Focal point zones were less commonly used (O’Neill et al., 2017), but lend a greater area of use 

without increasing maladaptation (Ukrainetz et al., 2011). Such “floating seed transfer” distances 

were determined based on modelled adaptive clines (Ying & Yanchuk, 2006). 

Genetic Maladaptation under Climate Warming 

Due to the strong adaptation to climate, forest populations may be strongly affected under 

changing climates. Altered climate patterns could cause maladaptation of forests. Warming 

causes increasing water deficit and drought stress on trees, for example, which has been linked to 

increased tree mortality in the western United States (van Mantgem et al., 2009). Since warmer 

winters are projected for the future, for example, the patterns of chilling requirements affecting 

cold hardiness and dormancy could be altered (Vitasse et al., 2014). Cold temperatures are 

required prior to bud flush in spring; plants not meeting chilling requirements may perform 

poorly (Laube et al., 2014).  

It is also well recognized that, under climate warming, the optimal climate spaces to 

which species are adapted are shifting poleward and higher in elevation (Davis & Shaw, 2001; 

Walther et al., 2002; Hampe & Petit, 2005; Thuiller et al., 2005, 2008; Loarie et al., 2009).  Most 

plant species across landscapes cannot naturally shift their ranges at the rate required for current 
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and projected warming (Peters & Darling, 1985; Jump & Peñuelas, 2005; Aitken et al., 2008; 

Gray & Hamann, 2013; Williams & Dumroese, 2013; IPCC, 2014). These issues are especially 

challenging for trees, which are long-lived organisms (Aitken et al., 2008; Alberto et al., 2013; 

Aitken & Bemmels, 2016). Historic tree species migration rates across the landscape have been 

estimated to be 100 m/year (1 km/decade) (Aitken et al., 2008), while current climate change is 

shifting suitable habitat by at least 100 km/decade (Wang et al., 2006; Loarie et al., 2009; Gray 

& Hamann, 2013); leading to a growing ‘adaptation lag’. Genetic change in trees is also slow, 

lagging behind moving optimums. Despite high gene flow (Kremer et al., 2012), the ability to 

evolve in situ to climate change within projected 100-year time-frames is limited given the long 

tree generation times (Rehfeldt et al., 2001; Savolainen et al., 2004; St Clair & Howe, 2007). 

Phenotypic plasticity may also be exceeded (Duputié et al., 2015). Importantly, such mismatches 

are expected to occur not just at the trailing edge of a species range, but throughout the 

distribution due to tree population climate adaptation (Davis & Shaw, 2001; Aitken et al., 2008). 

For example, O’Neill et al. (2008) found substantial additional loss of growth due to 

maladaptation when lodgepole pine models accounted for differences at the population level. 

Due to their long-lived nature, a typical planning horizon for forest management will 

encompass much change. The limits of phenotypic plasticity to changing conditions, while 

generally high in trees (Alberto et al., 2013), may eventually be exceeded for some populations 

of some trees (Duputié et al., 2015). Human attempts at re-aligning tree populations with their 

optimal climate spaces may be difficult as trees will experience this optimum for only part of 

their life span. This is a challenge to maintaining healthy, productive forests. 
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2.4   Forests and Extreme Climatic Events 

Maladaptation to Extreme Climatic Events: Discussing Drought 

According to Reyer et al. (2013), plants are more vulnerable to extreme events, such as 

drought, than they are to mean climate change. While some net primary production increased 

globally in the 1980’s and 1990’s (Nemani et al., 2003), global net primary productivity began 

declining in the 2000’s due to the effects of drought (Zhao & Running, 2010). Drought has also 

already led to reduced forest productivity and survival in western North America and is expected 

to continue to do so (van Mantgem et al., 2009; Williamson et al., 2009; Allen et al., 2010, 2015; 

Michaelian et al., 2011; Peng et al., 2011; Anderegg et al., 2013a; McDowell et al., 2015; 

Restaino et al., 2016). 

Using tree-ring analyses to determine the impacts of drought on growth can be conducted 

with super-epoch analysis (see e.g., Hartl-Meier et al., 2014). These analyses involve 

standardizing the data to a certain time period (epoch) to understand changes relative to this 

period of normalization. Here, the three years prior to the drought year in 2002 are used as pre-

drought normal growth conditions, while a three-year post-drought allows the evaluation of 

population drought tolerances (Lloret et al., 2011). 
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Specifically, drought resistance is the ability of a 

population to resist growth loss due to drought. In this work, it 

is calculated by dividing basal area increment in the drought 

year of 2002 to its average growth during the pre-drought 

period. Drought recovery represents the speed at which post-

drought growth levels are regained, and is estimated by 

dividing average basal area increment during the post-drought 

period by its growth in the drought year. Drought resilience is 

the ability to achieve pre-drought performance, calculated by 

division of post-drought growth to pre-drought performance. 

Similarly, relative resilience accounts for the damage that the 

population incurred during drought, and is calculated by 

subtracting resistance from resilience (Lloret et al., 2011, see 

Fig. 2.4). 

 
Fig. 2.4. An illustration of the four drought 
indicators as defined by Lloret et al. (2011) 

It is also important to look at the mechanisms underlying these growth losses, as the 

physiological plasticity can influence the expectations surrounding forest tolerance to projected 

conditions (Anderegg et al., 2013b, 2016; Aubin et al., 2016). For example, a meta-analysis of 

475 species recently suggested that drought-induced tree mortality is best explained by a low 

hydraulic safety margin, defined as “the difference between typical minimum xylem water 

potential and that causing xylem dysfunction” (Anderegg et al., 2016). In another study, Choat et 

al. (2012) found that 70% of 226 forest species around the world had narrow hydraulic safety 

margins; these species have a low ability to tolerate increasing aridity before succumbing to 

desiccation and mortality. Most trees have evolved to optimize the relationship of water loss and 
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carbon gain to maximize growth in good conditions in order to gain a competitive advantage 

(Hartmann, 2011). Through this evolutionary arms race, many plants are operating at lower 

safety margins to better tolerate competition, although this is a higher-risk strategy under drought 

conditions. Such drought-induced mortality is therefore expected to become problematic across 

the globe, not just in drier regions (Choat et al., 2012; Anderegg et al., 2015; McDowell et al., 

2015). For example, drought- and temperature-induced conifer mortality in the south-western 

United States is predicted due to physiological limitations in the coming decades (Anderegg et 

al., 2015; McDowell et al., 2015). In general, there is a growing need to temporally predict the 

physiological traits that determine the vulnerability of trees to drought to assess forest adaptive 

capacity and competitive dynamics under changing climates (Hartmann, 2011; Anderegg et al., 

2016; Aubin et al., 2016). 

Maladaptation to Extreme Climatic Events: Cold Considerations 

Climate change will lead to warmer winters and nights (IPCC, 2014). Although fewer 

cold temperature extremes are expected (IPCC, 2014), relatively minor cold events may have 

more biological impact. Warmer winters may increase the degree day warmth accumulation, 

causing plants to flush earlier in spring. These changes are leading to altered phenological 

patterns, which have been widely documented (Beaubien & Freeland, 2000; Menzel, 2000; 

Schwartz & Reiter, 2000; Wolkovich et al., 2012; Reyer et al., 2013). Longer growing seasons 

also do not necessarily translate into better growth: while plants may flush (leaf-out) earlier, the 

increasing climatic variability may not lower the probability of a frost event occurring during 

these critical formative times (Marino et al., 2011; Fu et al., 2014; Bansal et al., 2015). These are 

often known as “false springs”, where early warmth is followed by a return to colder 

temperatures. Such an event occurred in many Northern Hemisphere areas in 2017, for example, 
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resulting in hundreds of millions of dollars of losses to valuable woody crops such as vineyards 

(France, UK), blueberries and peach trees (US south-east), and hazelnut groves (Italy). Losses to 

forest trees have not yet been documented, but such events are similarly likely to affect areas 

with high proportion of young regeneration (e.g. planted areas). Paradoxically, such risks may 

disproportionately affect northern tree populations. While these populations may be better 

adapted to fall frost by setting bud earlier, they have a tendency to flush early and begin cambial 

division due to lower warmth accumulation requirements (Howe et al., 2003; Azad, 2012; Perrin 

et al., 2017). Variations in phenology may also lead to legacy effects, affecting subsequent 

senescence and flushing dates (Fu et al., 2014). Such risks must also be considered as warm-

adapted populations are being considered for planting in more northern areas under planting 

designs aiming to improve drought tolerance. 

2.5   Interacting Stressors: Fire, Pests and Pathogens 

Changing Fire Regimes 

Many aspects of the biosphere are intertwined with climate. Two main concerns under 

climate change are genetic maladaptation to new climates, as already discussed, and altered 

forest disturbance patterns (Price et al., 2013). For example, the frequency, intensity, duration 

and timing of forest fires may change (Dale et al., 2001). Although not necessarily linked to dead 

standing timber from the recent mountain beetle epidemic (Hart et al., 2015; Meigs et al., 2015), 

conditions are generally becoming more conducive to fire: As the fire season lengthens, forest 

fires are predicted to become more frequent and burn more area across much of the Canadian 

boreal (Wotton & Flannigan, 1993; Flannigan et al., 2005; De Groot et al., 2013; Abatzoglou & 

Williams, 2016; Harvey, 2016). 
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Lodgepole Pine Forest Pests and Pathogens 

Climate also affects the lifecycles of forest pests as they are dependent on temperature 

(Carroll et al., 2003) and are sensitive to climate effects (Volney & Fleming, 2000). For example, 

colder temperatures historically limited mountain pine beetle (Dendroctonus ponderosae) along 

the -40°C isotherm (Safranyik, 1978). Older lodgepole pine are the preferred host species to 

mountain pine beetle (Williamson et al., 2009), with faster growing populations being potentially 

more vulnerable to attack (Yanchuk et al., 2008; de la Mata et al., 2017). Warmer temperatures, 

especially warmer winters (Williamson et al., 2009), are therefore facilitating range expansion of 

mountain pine beetle into new areas of the widespread species distribution of lodgepole pine 

(Carroll et al., 2003). Further, warmer conditions may enable a doubling of annual breeding 

cycles (more generations per year), further facilitating the pace of disturbance (Mitton & 

Ferrenberg, 2012), with potential to expand their range across the boreal (Safranyik et al., 2010).  

Depending on precipitation patterns, forest pathogens may also become more problematic 

under warmer conditions. For example, occurrences of needle blight often affecting lodgepole 

pine (Dothistroma spp) are linked to climate (Welsh et al., 2014) and could become more 

prevalent if precipitation and moisture do not decrease under warming (Woods et al., 2016). If 

precipitation does decrease under climate change, however, then the incidence of Armillaria spp 

root disease could increase in forests (Klopfenstein et al., 2009; Sturrock et al., 2011). Armillaria 

is problematic for lodgepole pine tree regeneration (Dempster, 2017). According to Dempster 

(2017), other causes of mortality in lodgepole pine include Western gall rust (Endocronartium 

harknesii), Warren’s root collar weevil (Hylobius warreni), Atropellis canker (Atropellis 

piniphila), and blister rusts (Cronartium spp.). Therefore, lodgepole pine trees of all ages may be 

affected by various biotic interactions under climate change. 
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Cumulative Stresses 

Trees experiencing stress have also been linked to increased susceptibility to biotic 

stressors: There may be increasing synergistic impacts among disturbance and maladaptation due 

to cumulative stresses on the tree (Aubin et al., 2016). Cumulative stresses from drought and 

insects can make trees more susceptible to subsequent pest invasions (Hogg et al., 2002). Low 

precipitation can lower tree vigour, reducing the production of defensive resins against mountain 

pine beetle (Safranyik et al., 2010). As described above, moisture stress can also lead to higher 

initial susceptibility to Armillaria root disease (Dempster, 2017), which may limit lodgepole pine 

regeneration. Furthermore, Armillaria is a primary pathogen that weakens the tree; it then 

becomes more vulnerable to secondary agents (Sturrock et al., 2011). Disturbance regimes can 

also interact with extreme climatic events, impacting forests; post-fire regeneration may be 

limited under the increasingly dry conditions predicted in the future (Hogg & Wein, 2005). 

Although uncertainties exist due to possible interactions, multiple changes to disturbance 

patterns are expected by the end of this century (Price et al., 2013). Such non-climatic factors 

may limit range expansion under climate change, as found for soils and seed predation by Brown 

(2014). 

2.6   Human-Assisted Adaptation of Forests to Future Climates 

Human Intervention: Matching Populations to Future Climates 

To overcome challenges of forest maladaptation to future climates, assisted migration 

plans have been proposed (Peters & Darling, 1985; St Clair & Howe, 2007; Aitken et al., 2008; 

Pedlar et al., 2012). These involve the intentional translocation of individuals northward or 

higher in elevation to re-align them with their optimal climates (Pedlar et al., 2012); mixing a 
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proportion of southern seed sources into local populations (St Clair & Howe, 2007). This 

involves using genecology studies to “mimic” natural migration patterns to realign tree 

populations with projected future climates (St Clair & Howe, 2007). In addition to maintaining 

forest productivity, it also has implications for the ability of a forest stand to regenerate. For 

example, a transfer of lodgepole pine seed sources from lower-elevation sites upslope has been 

recommended to improve seed recruitment under warmer conditions (Conlisk et al., 2017). 

There is growing interest on the topic of such human intervention reforestation strategies, 

as highlighted by intensifying scholarly debate and an increasing number of definitions (Hewitt 

et al., 2011; Hällfors et al., 2014). For example, assisted migration is an umbrella term that can 

encompass assisted colonization (Hoegh-Guldberg et al., 2008; Gray et al., 2011), assisted range 

expansion (Aitken & Whitlock, 2013), or assisted gene flow (Aitken & Whitlock, 2013). 

Assisted colonization involves long-distance transfers of species of conservation concern and is 

conducted as a “species rescue” strategy (Gray et al., 2011; Pedlar et al., 2012). These are 

associated with more risks (e.g. of species invasion or unintended consequences), which are 

often discussed in conservation-oriented literature (Mueller & Hellmann, 2008; Ricciardi & 

Simberloff, 2009; Vitt et al., 2009, 2010). Assisted range expansion proposes moving 

populations from the leading edge of a species range in accordance with climate projections, 

helping to establish new leading edges more rapidly (Ste-Marie et al., 2011; Pedlar et al., 2012; 

Aitken & Whitlock, 2013). Finally, assisted gene flow, also referred to as assisted population 

migration, involves translocations within current species ranges (Ste-Marie et al., 2011; Pedlar et 

al., 2012; Aitken & Whitlock, 2013; Williams & Dumroese, 2013). Assisted gene flow would be 

the most commonly-used approach for most commercial tree species and would help to maintain 

ecosystem services (Pedlar et al., 2012). In the context of post-harvest reforestation, for example, 
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planting could be conducted with pre-adapted populations procured from more southern or 

lower-elevation sites. It is considered less risky because planting is done with the same species, 

with modification of allele frequencies for highly polygenic traits (MacLachlan et al., 2017). 

One intention associated with assisted gene flow is to promote genetic diversity, thereby 

increasing the ability of the system to adapt to uncertain futures (Ukrainetz et al., 2011). Many of 

the elements involved in assisted gene flow already form part of modern forest management, for 

example, tree breeding, seed procurement, and planting of improved seed (Pedlar et al., 2012). It 

is also more economically feasible because the necessary infrastructure is in place for regular 

management; only minor modifications to the system would need to be made (Pedlar et al., 

2012). 

Risks, Objections and Social Acceptability of Assisted Gene Flow in a Forestry Context 

As forests begin to incur damage that is attributed to climate change, assisted gene flow is 

being discussed more frequently as a possible solution. Some argue that the risk of reduced forest 

health and growth warrant change in reforestation policies; others argue that the risks of inaction 

outweigh those of action. 

Risks of implementing assisted gene flow include inadvertently introducing 

maladaptation through improper alignment of populations and their climate optima. By missing 

the mark, the concern is that cold damage could be incurred. For example, Benito-Garzón et al. 

(2013) cite widespread cold-induced damage and mortality in pine plantations covering vast 

areas of south-western France. Provenances were transferred from the Iberian Peninsula due to 

their superior performance but succumbed to a severe frost event in 1985. Some authors suggest 

a mismatch of photoperiod could possibly affect phenology (Way & Montgomery, 2015), 
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although temperature is considered to be more important to budbreak than photoperiod (Laube et 

al., 2014; Zohner et al., 2016). Further, short latitudinal or elevation transfers will not 

substantially affect photoperiodic signals (Aitken & Bemmels, 2016). Concerns have also been 

raised regarding overly-simplistic models of complex ecosystems. For example, in the eastern 

United States, spruce has been predicted to shift its range higher in elevation, but the range is 

actually moving downslope (Foster & D’Amato, 2015). Such discrepancy can result from species 

distribution models being trained using the realized niche, not the fundamental niche: Areas 

where the spruce had occurred were high in elevation, but this distribution reflected the fact that 

high-quality timber in lower elevations had been long-ago been removed for human settlement. 

The current distribution can thus be more heavily influenced by non-climatic factors, limiting the 

value of bioclimatic envelope modeling in such cases. 

The risks of inaction, however, include possible decreased productivity, decreased timber 

supply, and increased susceptibility to pests and pathogens. Implicit is the anthropogenic-

oriented value that we should aim to maintain the ecosystems in a way that allows us to meet our 

needs without compromising the ability of future generations to meet their needs. Some authors 

indicate urgency, since adaptation lags are already occurring, as evidenced by increased growth 

when tree populations are moved northward (Gray et al., 2011; Schreiber et al., 2013a). 

While earlier studies recommended “wholesale redistribution of genotypes on the 

landscape” (Rehfeldt et al., 1999) over hundreds of kilometers (e.g., St Clair & Howe, 2007; 

Gray & Hamann, 2013), most current literature suggest more cautious approaches. For example, 

shorter transfer distances are recommended (Aitken & Bemmels, 2016). It is also recommended 

to incorporate only a percentage of pre-adapted seed sources, known as composite provenancing 

(e.g., Ukrainetz et al., 2011; Prober et al., 2015; Aitken & Bemmels, 2016). It has also been 
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suggested that planting a composite selection of seed sources would have a relatively minor 

effect on the landscape in western North America, where annual planting represents a relatively 

minor contribution. Assisted gene flow can also only be implemented for few species with large, 

diverse ranges, and may be further limited by local conditions such as soils.  

In addition to the science, personal values determine social acceptability to human 

intervention in forest ecosystems under climate change. Some argue that it is best to let nature re-

configure, without human interference. This would allow and accept changing ecosystem 

dynamics, shifting species ranges and possible no-analog species compositions (Williams & 

Jackson, 2007). This emphasizes the dynamic nature of ecosystems as well as climates and 

ecosystems with no current equivalent (Williams & Jackson, 2007). The sense is that historic 

natural selection should be respected and that natural selection will continue to produce a forest 

that “should be”, irrespective of human needs and wants (Hajjar et al., 2014). For this reason, 

survey results have shown that social acceptance of assisted migration is not always positive 

(Hajjar et al., 2014): While public and policy leaders were generally accepting of some human 

intervention in reforestation, the level of acceptance for using non-local seed sources was only 

moderate despite complex evaluation schemes that incorporated potential outcomes (Hajjar et al., 

2014). There was a sense that forests could be made more adaptable and resilient through 

diversification using local seed sources only (Hajjar et al., 2014). 

To make accurate predictions is therefore important both from a scientific and from a 

social acceptability perspective. To improve accuracy, broad generalizations should be avoided. 

This argues for more detailed studies of responses of tree species and tree populations to climate 

warming and extreme events. This is the approach used herein, with a focus on population 

responses used to weigh possible risks and benefits of reforestation options. The focus is on 
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establishing the need for assisted migration (or not) and delineating limits to acceptable seed 

transfer to prevent inadvertent maladaptation. 

2.7   Provenance Trials for Studying Climate Adaptation 

Provenance trials are reciprocal transplant experiments that involve collecting seed 

sources (provenances) from across a species range and planting them at field test sites (common 

gardens). Since conditions at any given test site are relatively uniform, measurements of 

quantitative phenotypic traits (e.g. height, growth, branchiness, etc.) from common gardens can 

be used to infer the genotype. Since provenances are tested across a wide range of conditions, 

such experiments facilitate the study of genotype by environment interactions as well. 

Response functions use planting sites to gauge how tree 

population traits change over a broad range of environments (Fig. 

2.5). Plotting the responses of different genotypes across multiple 

planting sites enables the determination of genotype by 

environment interactions: Not all seed sources will maintain their 

performance across all environmental conditions or over time. 

Changes in the relative ranking of phenotypes can occur across 

space and time, known as a rank change. Different seed sources 

 

Fig. 2.5. Illustration of a response 
function, where performance of 
different seed sources is tested on 
several planting sites representing 
many conditions. 
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have different climatic optima (Kremer et al., 2012); phenotypic 

expression of different genotypes vary across a range of 

conditions. Transfer functions compare seed source performance 

at any given planting site given certain transfer distances (Fig. 

2.6). These can be used to develop critical seed transfer distances, 

which ensure growth of at least 90% compared to local seed 

sources (O’Neill et al., 2017). 

 

Fig. 2.6. Illustration of a transfer 
function, showing trait performance 
relative to transfer distances tested in 
a provenance trial. 

Historically, provenance trials were designed for forest genetic purposes, e.g., to compare 

seed sources for timber quality and growth rates (Matyas, 1994). Due to their experimental 

design, it is possible to establish the optimal climate space as well as the limits of productivity 

for tree populations within the larger species range. More recently, they are being used to study 

real-world responses to climate warming since trees are grown in real field conditions. Response 

functions can be used to make predictions under climate change (O’Neill et al., 2008). Analyzing 

the responses of trees under different geographic seed transfer distances also represents climate 

transfer distances (Matyas, 1994; Schmidtling, 1994): Transferring seeds from northern 

environments to warmer, southern planting sites can simulate a warmer climate that could be 

similar to projected warming. At the same time, transferring southern seeds to northern planting 

sites represents an assisted gene flow scenario and can be used to assess the limits to acceptable 

seed transfer. Another advantage afforded by the randomized block design used in many 

provenance trials is replication and statistical removal of nuisance effects due to site blocks. 

Anderegg (2015) indicates that genetic provenance trials have limited utility in 

determining the response of natural ecosystems to changing climates due to bias oriented toward 

economically valuable (i.e., timber) species. However, their value as timber species is a by-
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product of their ecological predominance and importance in natural ecosystems. The boreal, for 

example, includes only a limited number of tree species, but these are widespread across 

continents. Provenance trials can therefore provide information and predictive capacity under 

changing climates for the most important foundation species globally. 

2.8   Tree Rings as Paleoarchives 

Trees act as reliable bio-physio-chemical recorders: Annual growth rings in the tree 

xylem reflect the conditions under which they were formed. Tree rings can thus be used to infer 

how trees responded physiologically to varying environmental conditions (Fritts, 1976; Speer, 

2010). This is useful in assessing the adaptation of tree populations to climate change. For these 

purposes, tree-ring series must be exactly dated. Cross-dating involves overlapping the pattern of 

wide and narrow tree rings from various samples of timber to develop a bridge into the past, 

allowing exact calendar dates to be assigned (Fritts, 1976; Speer, 2010). In this way, tree rings 

are absolutely dated archives of past response of trees to growth. 

Tree ring science began with observations by Leonardo DaVinci that tree rings had an 

annual character and were linked to environmental causes (Speer, 2010). More important tree-

ring observations were recorded in the mid-1700s, including reports of a frost-damaged ring 

from 1709, that has since become an important “marker ring” in Europe (Speer, 2010). Modern 

dendrochronology and recognition of the power of cross-dating began in the early 1900’s, 

starting with an astronomer, Andrew Ellicott Douglass (Fritts, 1976; Speer, 2010). Douglass 

became interested in the link between the solar sunspot cycle and its influence on terrestrial 

climate, suspecting tree growth could act as a climate proxy (Fritts, 1976; Speer, 2010). Edward 

Schulman, first a student of Douglass and later a colleague, advanced the fields of 
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dendrohydrology and dendroclimatology, using dendrochronology for climatic reconstructions 

(Fritts, 1976; Speer, 2010). Since these early times, researchers have realized the potential for 

acquiring different signals encoded in tree rings that can act as various proxies. On moisture-

limited sites, for example, tree-ring widths often reflect precipitation, while tree ring patterns on 

temperature-limited sites often reflect warmth. Stable isotope ratios, functional wood anatomy 

data and wood density signatures from tree rings all serve as important proxies for different 

dendroclimatological or dendroecological studies, discussed next. 

2.9   Wood Tissue Structure and Adaptive Functions 

Wood Tissues and Function 

Wood tissue supports several functions: structural support, water transport and 

carbohydrate storage. Xylem is the woody structure comprising most of the tree stem and 

conducts water from roots to the crown, while phloem occurs on the periphery of the stem and is 

responsible for transporting water and carbohydrates from the crown to the stem and roots. Both 

xylem and phloem are formed by a contiguous layer of meristemic tissue under the bark around 

the tree stem, known as the cambium. This is a specialized tissue producing new cells through 

division; it divides into xylem or phloem cells. This research focuses on xylem cell structure to 

infer function and tree water-use strategies. Coniferous xylem has two main cell types: 

parenchyma and tracheids.  
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Tracheids form most (~90 - 93%) of coniferous wood (Tyree & 

Zimmermann, 1983; Hacke et al., 2015) and are studied here (Fig 2.7). 

They are relatively thin but long cells with tapered ends; they die after 

formation. Tracheids have a dual role in conifers: Their lignified cell 

walls provide structural support while the empty cell centers (lumen) 

act like water pipelines. Water can flow between tracheids because 

they are connected to each other through small, valved openings in the 

double cell wall known as bordered pits (Tyree & Zimmermann, 1983; 

Hacke et al., 2015).  

 

Fig. 2.7. A micro section of a 
tree ring boundary with 
latewood on the left and 
earlywood on the right. Such 
cross-sections of tracheids 
enable measurements of lumen 
diameters and cell wall 
thickness. Section and 
micrograph (20×) by David 
Montwé. 

Bordered pits are structures that have porous edges allowing water flow between cells 

(margo), as well as a central, impermeable piece (torus) that closes under embolism. The 

thickness of the cell wall and the diameter of the lumen vary by species, genotype and between 

rings of the same tree (related to distance from pith or apex). They also change within the same 

tree ring, where tracheids formed early in the growing season (known as earlywood) have 

relatively larger lumen and more narrow cell walls than tracheids formed later in the growing 

season (known as latewood). These parameters are important for drought and water use. 

Drought Tolerance through the Lens of Functional Wood Anatomy 

Water flows from the roots to the leaves along what is called the Soil-Plant-Atmospheric-

Continuum thanks to cohesion-driven water transport (Tyree & Zimmermann, 1983). Because 

leaves of plants are transpiring water during photosynthesis, this creates negative pressure 

(tension). Due to hydrogen bonding among water molecules, tension causes water to be pulled 

from the xylem and roots along a pressure gradient to the source of the lowest pressure, the 

leaves. The drier the atmosphere, the more water is lost from the leaves, building stronger 
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tension. A chain of water can tolerate tension due to the super-saturated nature of xylem cells, 

adhesion to the plant cell wall and the aforementioned hydrogen bonding. 

Tracheids that are wider have larger lumen allowing more water flow leading to higher 

hydraulic efficiency, the flow rate for which can be calculated from lumen diameter using the 

Hagen-Poiseuille equation (Tyree & Zimmermann, 1983; Sperry et al., 2006). Hydraulic 

efficiency is important as it allows increased carbon assimilation through higher photosynthetic 

rates, helping to improve growth (Pittermann et al., 2005; Pratt et al., 2008). At the same time, 

however, wider tracheids are more susceptible under drier conditions: When the tension becomes 

too great, the water column can be broken, creating an air embolism in the cell. Such cavitation 

leads to loss of conductivity of the xylem. This is problematic for the tree as it reduces the 

transport of water to the above tissues, e.g. to the photosynthesizing crown. Such interruptions to 

the transpiration stream reduce leaf pressure (loss in turgor pressure), which can lead to canopy 

desiccation (wilting). Xylem conductivity loss can be tolerated by the tree to a point known as 

Pcrit, or the critical canopy xylem pressure (Sperry et al., 2017). Beyond Pcrit, it will not recover, 

leading to permanent wilting and “hydraulic failure” (Sperry et al., 2017). (Note that, in nature, 

trees may not necessarily succumb to hydraulic failure but instead become more susceptible to 

pests and pathogens, which may become the eventual agent of mortality.)  In contrast, narrower 

xylem conduits are more resistant to cavitation (Sperry et al., 2006), but sacrifice growth through 

lower hydraulic efficiency. 

In addition to modifications made to the size of the tracheid lumen diameter, structural 

support of the xylem can confer drought tolerance: Structural support protects tracheids against 

implosion due to increasingly negative water pressures under drier conditions (Sperry et al., 

2006). Lignin surrounding cellulose polymers provides the required support (Sperry et al., 2006), 
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although, generally, it can be quantified as the thickness of the tracheid cell wall. Another 

important parameter is the thickness-to-span ratio (tbh
2): the ratio of the thickness of the double-

cell wall to lumen diameter (Hacke & Sperry, 2001). The ability to increase wall thickness is 

limited, and instead, the ratio is altered through lumen diameter (Pittermann et al., 2006; Sperry 

et al., 2006). Thicker cell walls and a higher thickness-to-span ratio increase cavitation resistance 

under increasingly negative water tensions during drought stress. Due to these cell wall 

reinforcements, for example, latewood cells are more cavitation resistant than earlywood cells. 

The ability of trees to acclimate to changing conditions by modifying these structures during the 

formation of new xylem influences their tolerance to drought as well. For example, Norway 

spruce has shown a high capability of responding to drought events by modifying their internal 

structure (Montwé et al., 2014). 

Due to the selective pressure involved in reducing the problem of cavitation (Hacke et al., 

2015), conifers have also evolved bordered pits (Pittermann et al., 2005). These pits allow water 

to flow under normal conditions. If a cell is embolized, however, the pit torus is pushed against 

one side – closing the pipeline between the neighboring cells. This prevents the air from seeding 

into other cells, which could lead to run-away cavitation. Since bordered pits cause flow 

resistivity (Hacke et al., 2015), tracheids with larger lumen facilitate higher hydraulic 

conductance through proportionally larger pits as well. At the same time, however, larger 

bordered pits are more prone to air seeding that can lead to embolism (Sperry et al., 2006). 

Smaller cells are more resistant to cavitation in part due to their proportionally smaller pits 

(Hacke & Sperry, 2001), but reduce water flowing to the canopy and inhibit growth. 

Due to these structural adaptations, there is a well-documented safety versus efficiency 

trade-off (Hacke & Sperry, 2001; Pittermann et al., 2006; Gleason et al., 2016). Hydraulic 
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efficiency promotes growth, but incurs more risk; reduced growth is the cost of hydraulic safety. 

Small changes in lumen diameter strongly affect conductivity (Sperry et al., 2006). Such 

morphology is optimized according to local conditions and is therefore likely to be under 

selective (evolutionary) control; the resulting structural adaptation is tested here by studying 

tracheid lumen diameter and wall thickness. Given the importance of xylem traits to the water 

transportation system, they are of adaptive importance to tree drought tolerance, and therefore, 

forest performance and mortality under drought. The diversity of wood anatomy is driven in part 

by trade-offs in function (Sperry et al., 2006); Chapter 6 discusses intra-specific adaptations. 

Tracheid Structure and Cold Tolerance 

Wood anatomical features have also been linked to cold tolerance. As with drought, there 

is a trade-off in the size of tracheids and cold tolerance (Pittermann & Sperry, 2003; Schreiber et 

al., 2013b). Tracheids that have thicker cell walls and smaller centers (lumen) are less vulnerable 

to cold damage and freeze-thaw induced embolisms that can threaten the hydraulic pipeline in 

the same way as severe drought. Wider conduit diameters increase the vulnerability to freezing-

induced embolism (Pittermann & Sperry, 2003; Sperry et al., 2006; Schreiber et al., 2013b). 

Xylem bubbles expand when the water thaws after being frozen because transpiring leaves cause 

tension. Trees growing in colder climates adapt by growing stem conduits with narrower lumen – 

but this also reduces growth. Finally, frost imprints in tree rings indicate reactions to particularly 

severe cold temperatures. While these tend to occur more frequently in small seedlings (Kidd et 

al., 2014), they can nevertheless be used as a dendrochronological tool, for example in the 

reconstruction of colder years due to volcanic eruptions (LaMarche & Hirschboeck, 1984). 

Combined with provenance trials, they can be used to indicate intra-specific genetic differences 

in cold tolerance, with implications for assisted migration. 



40 
 

Normally, samples are derived from a stem with a known height above the ground. To 

obtain longer chronologies, dendrochronological studies often aim to collect samples close to the 

ground. Many forestry-oriented studies aim to collect samples at 1.3m (diameter at breast height; 

DBH), since many allometric relationships for trees are based on measurements from DBH. For 

example, tree-ring widths at DBH can be used to calculate basal area increment (BAI), a measure 

of annual woody growth. BAI has the added benefit of creating a two-dimensional measure 

useful for tree ring studies (Biondi & Qeadan, 2008; Battipaglia et al., 2015). 

A confounding variable affecting such samples used for 

functional wood anatomical analyses, however, relates to the fact 

that tracheid size varies by annual rings from the pith. In any given 

year, the new xylem conduit size is partially determined by the 

distance to the tree apex in that year (Mencuccini et al., 2007; 

Carrer et al., 2015). This relates to the tension and flow resistivity: 

larger xylem conduits are required at the base of the tree to support 

water flow along the pressure gradient. Therefore, there is a 

gradient of lumen diameter and, correspondingly, wood density, 

from the tree circumference to the pith (Fig. 2.8). For this reason, it 

may therefore be prudent to calculate the distance to the apex for 

each tree ring year and statistically remove its effects through 

inclusion as a random effect in a linear mixed effects model. 

 

Fig. 2.8. A cartoon of tree growth 
showing annual variations in 
tracheid size represented by shades 
of grey (relatively smaller tracheids 
are dark; larger tracheids are in 
light). Tracheids formed in new 
growth each year vary in size 
partially due to distance to the apex, 
creating a gradient along a cross-
section to the pith.  
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2.10   Stable Isotopes in Tree Rings 

The Route to Carbohydrate: Stomata and the C3 Carbon Assimilation Pathway 

Carbon dioxide enters leaves or needles through stomata. Stomata are pores that control 

gas exchange from the leaf interior and the atmosphere. The number, distribution, size, and shape 

vary by species. Stomatal aperture is the width of the pore opening, which most strongly affects 

water transpiration, known as stomatal conductance (the inverse of which is stomatal resistance). 

Low humidity, wind, and decreasing water potential affect stomata opening and closing, or 

stomatal response. If xylem conduits act as a hydraulic pipeline, the stomata act like the tap that 

helps control the pipeline, regulating the trade-off between carbon gain and water loss. Stomata 

open and close based on the behaviour of two guard cells at the opening. The behaviour of 

stomatal conductance optimizes the relationship between carbon uptake and water loss (Sperry et 

al., 2017).  

There are three carbon assimilation pathways that have been evolved by plants: the C3 

carbon assimilation pathway involves the Calvin-Benson cycle, the C4 pathway uses the Hatch-

Slack pathway, and CAM (Crassulacean Acid Metabolism) plants alternate between both cycles. 

The C3 pathway is most commonly used by plants: C3 plants form the majority of plants and 

encompass almost all trees (Pearcy & Troughton, 1975; Leuenberger et al., 1998; Still et al., 

2003; Sage, 2014; Sage & Sultmanis, 2016). Therefore, briefly: The Calvin-Benson cycle 

involves carbon dioxide being fixed directly by the enzyme Ribulose-1,5-bisphosphate-

carboxylase/oxygenase (RuBisCo). 
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Chemical Components of Wood 

Photosynthate from the crown is developed into different chemical components forming 

wood. These include cellulose, hemicellulose, lignin, and extractives. Cellulose is a 

polysaccharide (complex sugar) that exists as long chains (polymers) formed from the 

monosaccharide (simple sugar) glucose molecule. The chains are connected through hydrogen-

bonding, which contributes further strength. Similar to cellulose, hemicelluloses also provide 

structural support to wood cells. However, these polysaccharides exist as short polymers made of 

monomers of several types of sugars other than glucose. It forms shorter, branched chains. 

Hollocellulose is the term used to describe the total combined polysaccharide content of 

cellulose and hemicellulose in wood (i.e., excluding lignin or extractives). 

Lignin is also a complex polymer important in cell walls of wood. It is derived from 

simple sugars; the exact chemical composition varies by species. This molecule forms cross-

links to itself as well as other polysaccharides in the cell wall, providing additional strength. It is 

analogous to concrete in rebar-enforced building constructions. Lignin is created as the last step 

of xylogenesis prior to programmed cell death (Rossi et al., 2008). Extractives are small 

molecules deposited in the heartwood of a tree (the older, central part of the stem that is non-

conducting). They generally occur in small amounts, but are easily extracted (hence the 

nomenclature) with ethanol, acetone and water. 

Stable Carbon Isotopes in Tree Rings: A Stomatal Closure Signal 

An isotope of an element has a different number of neutrons relative to protons: Carbon-

13 has 7 neutrons and 6 protons and occurs more rarely than carbon-12; oxygen-18 is a heavier 

isotope of oxygen-16. These ratios are discussed using δ notation, which represents deviations 

from known reference materials according to: R (δ) = (Rsample/Rreference – 1), where R is the ratio 
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of the heavier to lighter isotope. Reference material for carbon is Vienna PeeDee Belemnite. The 

reference material for oxygen is Vienna Standard Mean Ocean Water. The ratios are determined 

through isotope ratio mass spectrometry (IRMS): After combustion (carbon) or pyrolysis 

(oxygen) of the samples, the matter is ionized and accelerated through a magnetic field that 

separates the ions based on mass and charge, which in turn facilitates the measurement of isotope 

ratios through the resulting spread of mass in the collection bins. 

The minor differences at the atomic level develop biological significance because plants 

favour the lighter isotope during photosynthesis. The carbon dioxide (CO2) molecules with the 

heavier isotope are physically discriminated against due to their slower diffusion rate into 

stomata. In C3 plants, the heavier isotope is chemically discriminated against at the site of 

carboxylation by the enzyme RuBisCo, known as carboxylation resistance (Park & Epstein, 

1960). The discrimination effects have been empirically shown to be -4.4‰ and -27‰ due to 

diffusive carboxylation resistance, respectively (Farquhar et al., 1982, 1989; Francey & 

Farquhar, 1982). These processes of discrimination causing altered the isotopic composition in 

plant tissues from natural compositions are known as fractionation (Leuenberger et al., 1998). 

The sugars (sucrose) resulting from photosynthesis reflect such fractionation processes, and the 

isotopic ratios in the final plant tissues are preserved to varying degrees (Cernusak et al., 2009). 

Analyzing the stable isotopic signatures in tree rings therefore enables the study of tree response 

to past conditions. Such fractionation processes also explain why C3 plants have a mean δ13C of 

-25‰, which is lower than the -8‰ δ13C value in the atmosphere (Cerling et al., 1997). 

Under moisture-limiting conditions, however, reduced stomatal aperture increases 

diffusive resistance and lowers internal leaf carbon dioxide. The ability of RuBisCo in C3 plants 

to discriminate against the disfavored carbon-13 isotope is lowered; RuBisCo fixes more carbon-
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13 than it would under more optimal growing conditions. The increase in carbon-13 fixation 

increases the ratio of carbon-13 to carbon-12 in the resulting photosynthate (the δ13C values 

become less negative). Therefore, higher δ13C values in plant tissue indicate drier conditions, and 

these can be retrospectively determined through tree rings. The analysis of isotope signatures in 

wood is therefore based on well-established, leaf-level fractionation processes for carbon 

(Farquhar et al., 1982; Francey & Farquhar, 1982). It is thus being increasingly used to evaluate 

eco-physiological responses of trees to changing environments (e.g., Saurer et al., 1997; 

McCarroll & Loader, 2004; Barnard et al., 2012; Hartl-Meier et al., 2014). 

Water Use Efficiency: A Fertilization Effect under Higher Atmospheric Carbon? 

Based on empirically-derived models, carbon isotopes can be used to estimate the ratio of 

carbon assimilation (A) to stomatal conductance (gs) (Farquhar et al., 1982, 1989; Francey & 

Farquhar, 1982). This is a measure of carbon gain to water loss, also known as intrinsic Water 

Use Efficiency (WUE). Depending on definition, WUE can be used to describe processes in 

hours to entire seasons. Analysing the entire tree ring can provides the response averaged over 

the full growing season and facilitates inter-annual comparisons. Stable carbon isotope ratios 

from plant tissues (δ13Cplant) can then be used to solve for intercellular leaf carbon concentration 

(ci), knowing: the fractionation due to kinetic diffusion at the stomata is -4.4‰ (a); the 

carboxylation fractionation is -27‰ (b); the atmospheric carbon concentration (ca); and the 

carbon isotope ratios of the atmosphere (δ13Cair). After calculating ci, WUE can be estimated 

according to empirically-derived formulas (Farquhar et al., 1982, 1989; Francey & Farquhar, 

1982; McCarroll & Loader, 2004; Seibt et al., 2008; Tognetti et al., 2014): 

ci= Ca[(δ13Cplant – δ13Cair + a)/(b-a)] 

WUE = A/gs = ca[1-(ci/ca)](0.625) 
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Most water transpired by plants is not used in photosynthesis; 97% of water taken up 

from the soil by C3 plants is considered as water loss (Raven & Edwards, 2001). Meanwhile, 

water loss is generally higher than carbon gain. An example cited by Leuenberger et al. (1998) 

shows that, at 20°C and 50% relative humidity, the water-vapour gradient from leaf interior to 

the atmosphere is 20 times stronger than the carbon dioxide gradient from the air to the 

chloroplast: therefore, water loss is more rapid than the uptake of carbon dioxide. Carbon dioxide 

must also enter the chloroplasts, so the route is longer, especially as carbon dioxide moves 

slowly in solution. Water molecules are also smaller than carbon dioxide molecules, leading to 

rates of diffusion 1.6 times higher than carbon dioxide (Leuenberger et al., 1998). 

In atmospheres containing higher concentrations of carbon dioxide, however, WUE is 

hypothesized to increase: The proportion of carbon dioxide entering the stomata and being 

assimilated (A) would increase relative to the water loss (gs). Put another way, stomata can 

reduce stomatal aperture (gs) and maintain the same level of carbon gain (A). The “profit 

maximization” theory indicates that plants instantaneously optimize their stomatal aperture for 

efficiency between water loss and carbon dioxide (Sperry et al., 2017); an atmosphere containing 

more carbon dioxide would benefit C3 plants (those suffering from photorespiration) and 

increase biomass production. For every one ppmv (parts per million – volume) increase in 

atmospheric carbon dioxide (ca), Frank et al. (2015) estimate an increase in leaf internal carbon 

concentrations (ci) of approximately 0.76 ppmv, accounting for realized increased water use 

efficiencies in the 20th century. 

Any positive feedback in terms of growth from fossil fuel burning due to carbon dioxide 

fertilization is still uncertain, however. The benefits from the increasing fertilization effect are 

limited under rising atmospheric carbon, while other factors affecting plant growth may 



46 
 

decrease. For example, photosynthetic rates may decline past optimal temperature thresholds, 

thereby leading to reduced carbon gain and productivity. Photosynthesis and respiration respond 

to temperature differently (e.g., Turnbull et al., 2001). For example, a very rough generalization 

provided by Leuenberger et al. (1998) indicates that photosynthesis stops at 0 °C, has optimal 

rates at around 20-35 °C, declines after 40 °C and stops around 50 °C. Meanwhile, plant 

respiration rates are low, but begin to increase after about 20 °C and continue increasing. 

Therefore, a heat limit is reached where the two overlap: approximately 45 °C (Leuenberger et 

al., 1998). Water stress combined with higher respiration may thus reduce possible benefits of 

increased atmospheric carbon, which seems to have been confirmed for the last decade (Zhao & 

Running, 2010). Thus, even if water use efficiency increases, there may be no corresponding 

increase in growth – this is often debated in the literature (Korner, 2005; Girardin et al., 2011; 

Brienen et al., 2012, 2017; Babst et al., 2014; Lévesque et al., 2014; van der Sleen et al., 2014), 

especially since the magnitude and direction can change with different future scenarios for 

carbon and climate (Gea-Izquierdo et al., 2017). 

Although it is uncertain whether or not atmospheric carbon fertilization will increase 

growth, it raises an important aspect of the problem relying on WUE derived from stable carbon 

isotopes alone: one cannot be certain regarding the relative rate of change between carbon gain 

(A) and stomatal conductance (gs). In addition to stomatal conductance, a change in the 

photosynthetic rate may also alter this proportion, for example, or the two could act in tandem. 

This underscores the importance of analyzing stable oxygen isotope ratios to provide a more 

complete understanding of past physiological responses. 
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Stable Oxygen Isotopes in Tree Rings: A Proxy for Transpiration 

Unlike carbon, whose only assimilation pathway is through carbon dioxide from the 

atmosphere, oxygen in the tree is primarily derived from water (H2O). The water molecules can 

occur in different forms based on the isotopes of the atoms forming the molecule: water formed 

with oxygen-16 (H2
16O) is more common compared to water made with oxygen-18 (H2

18O) 

given natural abundances. Roots do not cause fractionation in H2
18O versus the more typical 

H2
16O: the water taken up by trees reflects soil water. Differences in stable oxygen isotope ratios 

relative to a standard (δ18O) within tree rings can also be accounted for through enrichment 

during transpiration (Dongmann et al., 1974): Since oxygen-18 is heavier, it does not diffuse 

from the stomata as readily as oxygen-16. The δ18O values are therefore positive, reflecting 

enrichment, with higher δ18O ratios indicating higher transpiration. 

Transpiration, and the corresponding oxygen isotope ratio of water in the leaf, is highly 

dependent on relative humidity of the atmosphere, or its inverse, vapour pressure deficit. Given 

the involvement of leaf-level H2O in photosynthesis, the leaf-level isotope ratios are reflected in 

the plant carbohydrates produced. Tree rings provide a useful tool to retrospectively study these 

responses. Because oxygen isotope ratios react to stomatal aperture (gs) independent to changes 

in photosynthesis (A), a dual-isotope approach therefore allow more precise inferences regarding 

stomatal responses (Saurer et al., 1997; Scheidegger et al., 2000; Barbour, 2007; Barnard et al., 

2012). It is nevertheless important to recognize possible caveats: post-assimilation changes to the 

isotope ratio can occur on the pathway from the leaf to the site of wood formation, and higher 

transpiration can reduce the effects of leaf H2
18O enrichment due to flushing with xylem water, 

known as the Peclét effect (Barbour et al., 2004; Farquhar et al., 2007; Offermann et al., 2011; 

Gessler et al., 2013, 2014; Treydte et al., 2014). Interested readers are referred to a wealth of 
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literature on this topic (e.g., Saurer et al., 1997, 2008; Scheidegger et al., 2000; Barbour et al., 

2000, 2001, 2004, 2016; Roden et al., 2005; Barbour, 2007; Voltas et al., 2008; Battipaglia et al., 

2008; Barnard, 2009; Offermann et al., 2011; Tene et al., 2011; An et al., 2012; Holzkämper et 

al., 2012; Roden & Siegwolf, 2012; Sohn et al., 2012, 2014; Barnard et al., 2012; Gessler et al., 

2013, 2014; Hartl-Meier et al., 2014; Haupt et al., 2014; Barbour & Song, 2014; Tognetti et al., 

2014; Treydte et al., 2014; Loucos et al., 2015; Cernusak et al., 2016; Lavergne et al., 2017).  

2.11   Combining Growth, Functional Wood Anatomy and 
Dual-Isotopes in a Provenance Trial Setting 

In addition to providing an experimental design that simulates climate change and 

assisted gene flow scenarios, provenance trials facilitate relative comparisons where tree-ring 

analyses may otherwise be limited. For example, the analysis of stable oxygen isotope ratios in 

tree rings may also not necessarily reflect leaf-level processes, but soil water as well. The 

hydrology of planting sites also varies in relation to precipitation and surface evaporation. This 

can in turn affect the oxygen isotope ratio in water taken up by the tree, which may be used 

during the formation of wood compounds. This makes stable oxygen isotopes in tree rings useful 

for a diversity of dendrochronological reconstructions (e.g. Treydte et al., 2006, 2007, 2014). 

However, it can therefore also cause limitations for ecophysiological interpretations. 

Under the experimental design afforded by provenance trials, however, this is less of a 

concern. All genotypes are grown together in common gardens where environmental conditions 

are relatively homogenous. Replication through blocks reduces the influence of heterogeneity 

further and facilitates statistical accounting for any site differences in hydrological patterns. 

Similarly, any change in isotopic signatures due to demographics is also accounted for with this 
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experimental design. For example, Brienen et al. (2012, 2017) found biases in 

dendrochronological conclusions due to demographics. Under typical forest conditions, trees 

grow through shade stress into drought stress as they reach the canopy, which could influence the 

stable isotope signatures (Brienen, 2016). Xylem anatomy can also be influenced by shade stress, 

for example, by reducing lumen diameter (Schoonmaker et al., 2010). This is accounted for by 

using the provenance trial setting, where trees were grown in a common age structure, so relative 

comparisons among populations are possible. This is also accounted for using the randomized 

block design here. 

2.12   Physiological Behaviors 

When combining the understanding of such leaf-level processes with functional wood 

anatomy analyses, we can infer a tree's general behaviour related to water use. Further combining 

the annual resolution afforded by tree rings with genetic provenance trials allows us to assess 

how different populations have responded to drought in the past. This indicates if their 

physiological responses will remain effective under climate change. 

Physiological Risks and Trade-offs: Isohydry and Anisohydry 

Water regulation via stomatal control entails a trade-off between carbon assimilation and 

water loss. Under dry conditions, the plant will close stomata to prevent extreme negative stem 

water potential that could risk long-term damage to the plant’s hydraulic system through 

embolism (McDowell et al., 2008). If dry conditions continue, however, the plant risks carbon 

starvation because a tree’s metabolism continues to use carbon (McDowell et al., 2008). This 

behavior is known as isohydry: the ability to maintain stable mid-day water potentials (Klein, 

2014). This type of response involves maximizing growth under optimal conditions, but is 
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susceptible to prolonged dryness. On the opposite end of a physiological continuum is 

anioshydry, where plants allow a greater fluctuation of stem water potentials (Klein, 2014). This 

behavior involves leaving stomata open for longer to allow continued carbon gain, but this 

increases risks of hydraulic failure (McDowell et al., 2008). Often, this approach is combined 

with narrower, sturdier stem conduits to withstand negative water potential. Such physiological 

adaptations can therefore have large impacts on productivity and survival. Further, these 

behaviors are also not acting in isolation: the trees rarely die of hydraulic failure, but first 

succumb to biotic stressors. 

Differences in these two types of physiological behaviors can be illustrated in a co-

occurring Utah juniper (Juniperus osteosperma) and Piñon pine (Pinus edulis) from the Piñion-

juniper forest ecosystems in the south-western United States (McDowell et al., 2008; Hacke et 

al., 2015). Juniper occurs on lower, drier sites. Pine occurs more frequently in higher elevation 

sites that receive more precipitation. Juniper trees have narrower conduits, and are considered 

more drought tolerant. These trees sacrifice some growth due to a lower ability to conduct water 

to the photosynthesizing crown. It tends to be a more risk-averse strategy. In contrast, the pines 

maximize growth due to high sap flows when moisture is available, but close their stomata under 

drought. This avoids too much negative pressure because their xylem is more susceptible to 

cavitation. These cavitation-avoidance behaviors can partially explain the ranges of these 

species: pine occurs on higher elevation sites that are less moisture limited than the valleys 

where Juniper occurs (Hacke et al., 2015). 

Many studies compare isotope signatures as well as the spectrum of isohydry and 

anisohydry among species (McDowell et al., 2008; Hartl-Meier et al., 2014; Klein, 2014; Altieri 

et al., 2015; Anderegg, 2015), but within-species comparisons are rare (Anderegg, 2015). Intra-
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specific differences in the physiological behaviors can be elucidated by combining stable isotope 

and functional wood anatomy from tree samples taken from genetic provenance trials: If planting 

sites experience naturally occurring extreme events such as drought, the differences in responses 

(adaptation or maladaptation) can further be determined. 
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3   Growth and Drought Tolerance of 
Lodgepole Pine 

3.1   Publication 

Montwé D, Isaac-Renton M, Hamann A, Spiecker H (2016) Drought tolerance and growth in 
populations of a wide-ranging tree species indicate climate change risks for the boreal north. 
Global Change Biology, 22(2):806-815. 

3.2   Abstract 

Choosing drought-tolerant planting stock in reforestation programs may help adapt 

forests to climate change. To inform such reforestation strategies, we test lodgepole pine (Pinus 

contorta Doug. ex Loud. var latifolia Englm.) population response to drought, and infer potential 

benefits of a northward transfer of seeds from drier, southern environments. The objective is 

addressed by combining dendroecological growth analysis with long-term genetic field trials. 

Over 500 trees originating from 23 populations across western North America were destructively 

sampled in three experimental sites in southern British Columbia, representing a climate 

warming scenario. Growth after 32 years from provenances transferred southward or northward 

over long distances was significantly lower than growth of local populations. All populations 

were affected by a severe natural drought event in 2002. The provenances from the most 

southern locations showed the highest drought tolerance but low productivity. Local provenances 

were productive and drought tolerant. Provenances from the boreal north showed lower 

productivity and less drought tolerance on southern test sites than all other sources, implying that 

maladaptation to drought may prevent boreal populations from taking full advantage of more 

favorable growing conditions under projected climate change. 
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3.3   Introduction 

Since the glaciers of the last ice age retreated in western North America, tree species have 

slowly re-colonized from glacial refugia, and have become adapted to local environments over 

generations (Aitken et al., 2008). Such adaptations include drought tolerance mechanisms, which 

are important in areas like the interior plateaus of western North America, where climates are 

characterized by dry and hot summers. Tolerances of tree populations in these areas can 

potentially be exceeded as climates continue to warm (St Clair & Howe, 2007; Allen et al., 2010; 

Alberto et al., 2013). Maladaptation may be an issue not just for the populations at the southern 

and low elevation range limit, but may be observed throughout the distribution of wide-ranging 

species, where sub-populations are normally adapted to local climate environments (Aitken & 

Whitlock, 2013). Already, reduced tree productivity and survival is considered to be a major 

threat in the northern hemisphere due to drought (Allen et al., 2010; Peng et al., 2011; Anderegg 

et al., 2013). To mitigate such negative impacts, management strategies to increase the adaptive 

capacity of forests are urgently needed. 

Lodgepole pine (Pinus contorta Dougl. ex. Loud. var latifolia Englm.) is one of the most 

widespread tree species in western North America. It is an ecologically and economically 

important tree, and is of particular concern for climate change adaptation. Lodgepole pine can 

grow in environments where mean annual temperatures are as low as -5 °C and as high as 12 °C, 

covering over 4000 km of latitude in western North America (Little, 1971): sub-populations 

occurring within this range are adapted to very different climate environments (Rehfeldt et al., 

1999). Under projected climate change, populations that cannot migrate to matching climatic 

conditions within close distance, e.g. up in elevation, may become increasingly maladapted to 

new climate environments (Aitken & Whitlock, 2013). The general increase in temperatures is 
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expected to be associated with an increase in severe drought events across the interior plateaus of 

western North America. For example, what used to be a once in a 100-year drought event during 

the climate normal period from 1961 to 1990 might be expected to occur once every 5 years by 

the 2080’s (Christidis et al., 2014). Reforestation with more drought tolerant planting stock may 

therefore be a prudent climate change adaptation strategy for this region.  

Choosing appropriate planting material for reforestation is a tool that forest managers can 

use to adapt forests to changing conditions (St Clair & Howe, 2007; O’Neill et al., 2008a). 

Normally, reforestation programs geographically constrain their seed movement under the 

paradigm that local provenances are optimally adapted (Illingworth, 1978). However, moving 

planting stock northward or higher in elevation to re-align the population with the climate 

environments that they are adapted to is now being considered by some managers (O’Neill et al., 

2008b). This concept is known as assisted migration, and has been suggested as a means to 

conserve species with declining populations or to maintain forest health and productivity. One 

major concern over assisted migration, however, relates to long transfer distances. If populations 

are moved to habitats far outside of their historical range, they may react in unpredictable or 

invasive ways, or they may introduce new pests and pathogens to an area (Marris, 2009; 

Ricciardi & Simberloff, 2009). In forestry, where populations are primarily moved within their 

existing range or somewhat beyond the leading edge of the distribution, assisted migration 

prescriptions, also referred to as assisted gene flow in this context (Aitken & Whitlock, 2013), 

may pose fewer risks. Northward transfers may nevertheless result in planting stock being more 

susceptible to cold injury (e.g., Benito-Garzón et al., 2013).  

The most suitable provenances for reforestation efforts are often determined through 

provenance trials that have been established for the most important forest tree species. 
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Provenance trials involve testing multiple populations from across a species range across the 

planting environments of interest, similar to common gardens in agriculture (Morgenstern, 

1996). Through observation of the phenotype in a constant environment, these experiments can 

be used for assessing genetic differences and the interaction between the genotype and the 

environment. Beyond the initial intention, these trials have also emerged as opportune climate 

change laboratories (Matyas, 1994; Schmidtling, 1994; Carter, 1996; Leites et al., 2012): testing 

a northern seed in a warmer climate in the south can indicate how northern forests will react 

under projected climate change. This now offers the opportunity to re-evaluate historic 

geographic-based seed transfer limits and select the best provenances for a warmer, more 

drought-prone climate.  

The IUFRO-Illingworth lodgepole pine provenance trial (Illingworth, 1978) that we 

analyze in this study is arguably the largest provenance trial series in existence, and it has been 

previously used to infer potential climate change impacts. Rehfeldt et al. (1999) were the first to 

assess the optimal climatic niche space of provenances and potential climate change impacts. 

Subsequently, complex universal response functions were used to assess growth response (Wang 

et al., 2006a; O’Neill et al., 2008a), and tree-ring analysis on selected provenances to extend 

these response functions has also been carried out (McLane et al., 2011a, 2011b). These studies 

indicated that climate change will generally increase growth of lodgepole pine, especially in the 

northern regions of its distribution. Since then, the mountain pine beetle epidemic that has 

decimated millions of hectares of lodgepole pine forests in western North America has also 

destroyed many sites of this provenance trial, affording the opportunity to destructively sample 

trees from these experiments for whole-tree analysis of inter-annual variation in growth.  
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Here, we use height, diameter and basal area increments in over 500 trees originating 

from 23 populations across western North America that were destructively sampled on three 

experimental sites in southern British Columbia, selected for representing the warmest and driest 

environments in the IUFRO trial series that comprises 60 test sites. We focus on a seven-year 

period that includes an extended drought in 2002. The specific objectives were to: 1) assess 

genotype by environment interactions by evaluating climate-growth relationships for each 

population; 2) quantify drought resistance, resilience and recovery of different populations using 

height and basal area growth to evaluate potential trade-offs among different populations; and 3) 

suggest reforestation strategies by considering performance and trade-offs in all populations. 

3.4   Materials and Methods 

Experimental Design 

When the Illingworth lodgepole pine provenance trial was developed over 40 years ago, 

it was designed for determining the best planting stock from a productivity perspective, so not all 

of the original 153 provenances were tested at all 60 sites (Illingworth, 1978). We therefore 

selected 23 provenances that were widely planted, representing four climatic regions of western 

North America: the United States (US), British Columbia’s Southern Interior (SI), British 

Columbia’s Central Interior (CI), and the Northern region of British Columbia and Yukon (N). 

Five or six provenances were chosen to be climatically representative of these four regions (Fig. 

1, Tabs. 1 & 2). To evaluate drought response under climate change, we focussed on the three 

planting sites in the southern interior region of British Columbia with the warmest and driest 

climate conditions (Fig. 1). 
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Field and Laboratory Measurements 

Each of the three test sites is represented by two blocks, where provenances are planted in 

9-tree plots arranged in a randomized complete block design. The trees were planted in 2.5 × 

2.5 m spacing. To minimize the effects of varying competition on growth, we tried to select trees 

that, by the time of death, had still been surrounded by neighboring trees. At each block, four 

trees were cut and measured per provenance for a total of 513 trees (a few blocks did not contain 

a sufficient number of dead trees for sampling). Because most trees were approximately 32-35 

before being killed by the mountain pine beetle, they were roughly mid-rotation age. After a tree 

was felled and de-limbed, we used an Eslon tape to measure tree length. Stem disks were 

collected at 0.3 and 1.3 m above ground and at each tree’s half-height. Since the exact year of 

tree death at each site was not known, a few living trees from each site were cut and stem disks 

taken for cross-dating purposes. 

All of the approximately 1400 stem disks were first sanded with a large belt-sander 

(LZG-S 10/7/14, Langzauner GmbH, Austria), then scanned (ScanMaker 9800XLplus, Microtek, 

USA). The scanned images were then imported for analysis in WinDendro (Regent Instruments 

Inc, 2012). Tree-ring width, earlywood width and latewood width were measured for four radii 

per disk. Automatic measurements generated by the software were inspected and manually 

corrected as necessary. Cross-dating was also conducted in WinDendro using a reference period 

based primarily on living trees to date each tree and align the tree-ring responses. 

Calculation of Drought Indices 

This study focuses on the years 1999-2005, which covers an extended drought period that 

occurred in 2002. Tree-ring widths were transformed into basal area increments using the 

bai.out-function of the dplr-package (Bunn, 2008) in the R programming environment (R Core 
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Team, 2013). This transformation removes the dimension related trend in tree-ring width series. 

The three years prior to the year 2002 are used as pre-drought normal basal area growth 

conditions, while a three year post-drought period allows the evaluation of population recovery 

and resilience (Lloret et al., 2011). Specifically, drought resistance is the ability of a tree to resist 

growth loss due to drought, and is calculated by dividing each tree’s basal area increment in 

2002 by its average growth during the pre-drought period. Drought recovery represents the 

ability of a tree to recover after drought, and is estimated by dividing each tree’s average basal 

area increment during the post-drought period by its growth in the drought year. Drought 

resilience is the ability to achieve pre-drought performance, calculated by division of post-

drought growth by the pre-drought performance. Similarly, relative resilience accounts for the 

damage that the tree incurred during drought, and is calculated by subtracting resistance from 

resilience (Lloret et al., 2011). 

Statistical Analyses 

Since our field work was conducted in 2013 and 2014, but most trees had died between 

2006 and 2008, some trees had begun to rot at the lower part of the trunk and sometimes taking a 

stem disk at 1.3 m height was not possible. Occasionally, the top annual height increments were 

missing because the brittle, dry top was broken while felling the tree in the dense stand. If 

mortality was low in a particular provenance, it was also not always possible to sample four trees 

in a block. Due to these missing values and a consequently slightly unbalanced design, we 

calculated best linear unbiased estimates (BLUEs) of height and basal area increments of regions 

and provenances within regions. When estimating BLUEs for regions, block and provenance 

effects were defined as random. When estimating provenance means, block was random. The 

mixed model was implemented with the asreml package (Butler et al., 2009) for the R 
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programming environment (R Core Team, 2013). For the analysis and illustration of the region 

and provenance main-effects, blocks within sites were considered as replicates. Subsequent post-

hoc tests were carried out using the ghlt-function from the multicomp package (Hothorn et al., 

2008), applying Bonferonni’s adjustments to control experiment-wide α-levels. 

To infer adaptation with respect to source climate of provenances, we ran regression 

analyses of height and drought indices as a function of relevant climate variables of the 

provenances’ source locations. Source and planting site climate variables were derived using 

version 4.62 of the ClimateWNA software package (Wang et al., 2006b; Hamann et al., 2013), 

which interpolates climate based on the parameter-elevation regressions of independent slopes 

model (Daly et al., 2008). We used the 1961-1990 period as a baseline climate-normal which we 

assume to represent each population’s adapted climate. This period precedes a significant 

anthropogenic warming signal and is also preferred as reference climate because of an 

abundance of weather station data for this period. Tested climate variables include: mean annual 

temperature (°C), mean summer temperature from June to August (°C), mean coldest month 

temperature (°C), minimum winter temperature (°C), minimum spring temperature (°C); summer 

heat-moisture-index (SHM); mean annual precipitation (mm); and mean growing season 

precipitation from May to September (mm). 

3.5   Results 

Source Climate and Growth of Populations 

Populations varied significantly in height and diameter at 1.3 m after 32 years until dying 

by mountain pine beetle between 2006 and 2008 (Tab. 3). The northern population and US 

population had significantly lower height and smaller diameters than the central interior and 
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southern interior populations. In contrast, the mean total heights of the southern and central 

interior populations were not significantly different from each other. Furthermore, the central 

population transferred to a warmer climate at the southern sites slightly underperformed the local 

source, although not significantly (Tab. 3). 

The strongest predictors of population growth were temperature variables, especially 

variables indicating cold (Fig. 3.2). Relationships were generally parabolic in shape as expected 

from niche theory, and the top three source climate predictor variables were mean annual 

temperature (R2=0.64, p<0.001), mean coldest month temperature (R2=0.49, p=0.001), and 

minimum winter temperature (R2=0.41, p=0.004). The populations from the cold and warm 

extremes of the range (northern and US populations, respectively) represent the tails of the 

parabola, where poor growth is associated with high and low temperatures of population origin. 

The best lodgepole pine performance in southern British Columbia appears to be associated with 

mean annual temperatures of approximately 2 to 3 °C. Provenances from the central and southern 

interior regions represent these climates well, as they occur at the top of these parabola-shaped 

relationships. A significant linear relationship was also found between height and a 

logarithmically-transformed source summer heat-moisture index (R2=0.38, p=0.008) and mean 

summer precipitation (R2=0.47, p=0.002). 

Population Differences in Drought Tolerance 

The drought event of 2002 was initiated by low precipitation during June, July and 

August and led to a drop in basal area increments in all populations (Fig. 3.3). We found 

significant differences in drought response between populations for all four drought tolerance 

indices (Tab. 4). Differences in drought resistance, recovery and relative resilience can be mainly 

attributed to the US and N populations. The US provenances unexpectedly showed a greater 
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decrease in growth than the other provenances, but showed a better rate of recovery and the 

ability to achieve a higher level of pre-drought basal area growth (Tab. 4). The opposite trend is 

seen in the northern population, which exhibits higher drought resistance than the US population, 

but showed the slowest recovery, resilience and relative resilience of all four populations (Tab. 

4). The central and southern interior populations were not significantly different from each other, 

and generally appeared comparatively drought tolerant: they showed higher drought resistance, 

medium recovery, higher resilience, and medium resilience relative to their resistance (Tab. 4). 

Drought Tolerance and Source Climates 

The relationship between source climate of populations and their drought tolerance was 

found to be linear (Fig. 3.4). Populations originating in regions with warmer winters have higher 

relative drought resilience. Mean annual temperature had an R2 of 0.64 (p=0.007), but 

provenance mean coldest month temperature showed the highest R2 of 0.69 (p=0.001). The 

minimum temperature in winter and minimum temperature in spring demonstrated similar 

predictive power (R2=0.67, p=0.002). Relative drought resilience showed a significant 

relationship with the average source summer heat-moisture index when log transformed. The 

provenances from drier climates, indicated by a higher index value, showed higher relative 

resilience (R2=0.42, p=0.008). The average source mean summer precipitation showed a weak, 

negative linear relationship when log transformed, indicating that provenance’s relative 

resilience decreased for populations originating from wetter climates (R2=0.29, p=0.008). Since 

the points are colored by region, it is also possible to see how these trends hold true at broader 

regional scales (Fig. 3.4).   
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Relationship between Growth and Drought Tolerance 

Productivity as indicated by height by the end of 2006 shows an unexpected parabolic 

relationship with relative drought resilience (Fig. 3.5). The provenances from the US region had 

low productivity, but higher drought tolerance, indicating an expected trade-off between 

tolerance to drought at the cost of growth. The northern provenances show no evidence of a 

trade-off with both low growth and low drought tolerance. Both the central and southern interior 

populations again show high similarity in their response, both with a surprising ability to 

withstand long-term consequences of drought while being comparatively productive. 

3.6   Discussion 

Source Temperature Predicts Productivity 

In the southern part of British Columbia’s interior, water limitation is a defining factor 

for plant growth, especially in the desert-like valleys (Nelson et al., 2011). As latitudes increase 

in the interior, climates become colder and less dry. The lack of significant differences in height 

and drought tolerances between the southern and central interior populations was therefore 

unexpected, and indicates adaptation to temperature rather than water availability. The central 

and southern interior populations occur at the top of the parabolas in Fig. 3.2, which suggests 

that these provenances show the optimal growth and drought tolerance in southern British 

Columbia planting environments. This response could relate to the climatic transfer distance, 

since the central and southern populations both did not show large climatic differences to the 

planting sites. Although the central interior population showed slightly lower height growth 

(Tab. 3), it did not show smaller basal area increments (Fig. 3.3). 
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Anomalously dry periods have occurred several times over the life-time of the 

provenance trial (Fig. 3.3a), but they have not always been associated with a corresponding 

decrease in basal area growth (Fig. 3.3b). Most of these dry periods did not occur during the 

critical part of the year when growth was underway: summer droughts can have greater impact 

than dry periods that happen outside of this time. Given the high predictive power of cold-driven 

climate variables, some visible drops can likely be attributed to cold conditions, or a combination 

of cold and dry conditions. The drought in 2002, however, was a summer drought and led to a 

clear drop in basal area growth across all populations (Fig. 3.3b). 

Trade-offs Indicate Differing Adaptive Strategies 

Drought resilience is arguably the most important drought response index because the 

failure of a tree to regain its previous potential after an extreme event often precedes mortality 

(Scheffer et al., 2001; Allen et al., 2010). On the other hand, low resilience might point to an 

effective adaptive strategy that shuts down growth under unfavorable conditions, but prevents 

structural damage that might compromise long-term productivity. If such a mechanism existed, it 

should lead to better performance under future droughts, which could not be assessed in this 

study due to mortality. Relative resilience is also important; because it incorporates the damage 

incurred during drought. Negative values of relative resilience would indicate a decreasing 

growth trend after drought, which is often preceding mortality (Lloret et al., 2011). The ability of 

how fast a tree can recover may become more important with drought events expected to become 

increasingly frequent under projected climate change (Christidis et al., 2014). If a tree is slow to 

recover, it would also be indicative of a problem with the reduced growth often preceding 

mortality.  
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To more effectively interpret the drought response results, it is important to consider 

productivity before choosing seed sources for reforestation. Our results indicate that a typical 

trade-off only applies to the most southern (US) lodgepole pine population. The results in Fig. 

3.5 suggest comparatively good drought resilience at the expense of height growth. This type of 

strategy could involve investments into a more safety-oriented stem hydraulic system (Hacke & 

Sperry, 2001; Hacke et al., 2001), with increased tracheid wall thickness, reduced cell lumen size 

and more resistant pit membranes in order to reduce risk of cavitation that can permanently 

disrupt the water supply to the crown (Tyree & Zimmermann, 2002). The response of the US 

population in the post drought period appears plastic, with comparatively fast recovery and high 

relative resilience. A high degree of stomatal control appears to be a likely alternative 

mechanism, while a combination of both strategies is also possible (Hartmann, 2011).  

Contrary to expectations of substantial trade-offs between hydraulic safety and 

productivity, the central and southern interior populations show an unexpected ability to tolerate 

drought and to maintain comparatively good long-term growth (Fig. 3.5). Guy & Holowachuk 

(2001) concluded that the most productive and water-use efficient genotypes come from more 

moderate climates, which appears to also be the case in this study. This strategy might, however, 

nevertheless involve a trade-off that has not yet been revealed for lack of a truly exceptional 

drought during the study period. Maladaptation could become more significant if drought events 

increase in frequency and severity under expected climate change (Bréda et al., 2006). 

Boreal Provenances Appear At-Risk 

As productivity and drought tolerance were negatively related in the US population, we 

had expected a similar growth versus drought trade-off in the northern population. Recent 

research has indicated a link between cold-adaptation and drought-adaptation in seedlings 
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(Bansal et al., 2015a, 2015b) and mature Douglas-fir trees (Montwé et al., 2015). Cold-adapted 

trees also invest into thicker cell walls and narrower lumen sizes that are more resistant to freeze-

thaw-induced embolisms (Schreiber et al., 2013a, 2013b). Instead, the most northern population 

showed no evidence of such benefits in this study, as had both poor drought resilience and low 

height and diameter growth. 

An important inference of this study is therefore that boreal populations may not be able 

to take advantage of more favorable growing conditions under projected climate change. 

Although previous research has suggested that northern populations may benefit 

disproportionally from climate warming (Wang et al., 2006a, 2010; O’Neill et al., 2008a), the 

lack of drought tolerance shown in this study appears to put these populations at high risk. 

Implications for Assisted Migration 

Because provenances from the central interior, southern interior and the United States 

regions appear generally drought tolerant and productive, our results suggest that they may be 

used for reforestation under a warming climate. However, the result that height growth can be 

predicted by temperature hints at the need for cautious interpretation. Warmer source location’s 

winter and spring temperatures predict increased height growth (Fig. 3.2). In addition, Fig. 3.3 

also shows several drops in basal area growth that were not associated with early summer 

drought, for example, in 1991. This could be the effect of a frost event that damaged the cambial 

tissue, or a freeze-thaw event that causes cellular embolisms (Mayr et al., 2006). A similar event 

seems to have occurred in 1993. The US population had been a top performer until this event, 

but a rank change occurred in 1993, and the US population never recovered such competitive 

growth levels. This is also suggesting that results from young provenance trials should be 

assessed carefully. The population-specific response to frost appears to be an important follow-
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up study and we propose using micro sections of tree-rings to search for poorly lignified or 

damaged cells due to frost damage (Piermattei et al., 2015). Tree growth can also be influenced 

by differences in photo-period (Wheeler, 1979). A shorter photo-period could potentially 

negatively influence the success of seed transfers and should be tested if transfers across 

latitudinal distances are envisaged.  

In British Columbia’s southern interior, the paradigm that local is best appears to remain 

valid, at least temporarily. Southern provenances planted in southern British Columbia represent 

good drought tolerance and productivity, and can be recommended for continued planting. The 

US provenances were incorporated into our sampling design to test the viability of an assisted 

migration prescription, should the southern interior region be shown to need it. Although it 

appears that it might not be currently necessary, our sample material missed recent dry summers. 

With increasing frequency of dry growing seasons, forest managers may wish to consider using a 

small percentage of more drought resilient planting stock (Prober et al., 2015). Such a drought-

averse strategy reduces the risk of mortality or forest health issues, but represents a compromise 

with productivity. 
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3.8   Figures and Tables 

 
 
Fig. 3.1. Map of western North America showing the lodgepole pine (Pinus contorta Dougl. ex. Loud. Englm.) 
species distribution, colored by mean annual temperature. The planting sites are represented by black triangles. Each 
circle represents a provenance, numbered according to Illingworth (1978). 
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Fig. 3.2. Height of lodgepole pine provenances at three test sites in southern British Columbia and the relationship to 
their climate of origin. Each data point represents a provenance replicated on 6 blocks, and it is colored by origin 
(north = blue, central interior = green, southern interior = orange, and United States = red). Climate variables here 
represent the mean annual temperature (ºC); Mean coldest month temperature (ºC); coldest temperature in winter 
(ºC); coldest temperature in spring (ºC), summer-heat-moisture index, and mean summer precipitation (mm). Error 
bars represent the standard error of the mean, while gray ribbons outlines the 95% confidence intervals. 
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Fig. 3.3. Climate anomalies and basal area increments. Panel a) shows anomalies in moisture conditions over the 
study period. Grey bars represent deviations in winter, spring, summer and fall precipitation (mm) and black bars 
overlying summer precipitation represent deviations in the summer-heat-moisture index as negative index values, 
both relative to their respective mean values during the 1961-1990 baseline period. Panel b) shows basal area 
increments, or the area represented by the new ring’s formation, in cm2 for the four regions over the lifetime of the 
provenance trial. 
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Fig. 3.4. Relative drought resilience of four lodgepole pine populations compared to source climate (1961-1990 
climate normal). Each data point represents a provenance, and it is colored by population (north = blue, central 
interior = green, southern interior = orange, and United States = red). Climate variables here represent the mean 
annual temperature (ºC); mean coldest month temperature (ºC); coldest temperature in winter (ºC); coldest 
temperature in spring (ºC), summer heat-moisture index (SHM), and mean summer precipitation (MSP, mm). Error 
bars represent the standard error of the mean, while gray ribbons outlines the 95% confidence intervals. 
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Fig. 3.5. The trade-off relationship height and relative resilience to drought in lodgepole pine. Productivity is 
measured by height in meters by the end of the study period (2006), and drought tolerance is represented by relative 
drought resilience, or the ability to recover to previous growth levels relative to the damage incurred during drought. 
Each data point represents a provenance, and it is colored by population (north = blue, central interior = green, 
southern interior = orange, and United States = red). 
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Tab. 3.1. Average source climate variables from the 1961-1990 normal period are shown for provenances. Region 
refers to the assigned population based on geographical origin (N = north, CI = central interior, SI = southern 
interior, US = United States). Prov refers to the provenance corresponding to the Illingworth provenance trial’s 
numbering system (Illingworth 1978). Latitude (Lat.) and longitude (Long.) is given in decimal degrees; and 
elevation is given in meters above sea level (Elev.). Climate variables include: mean annual temperature in °C 
(MAT); mean warmest month temperature in °C (MWMT); mean coldest month temperature in °C (MCMT); 
temperature difference is a measure of continentality and is given in °C (TD); mean annual precipitation is given in 
mm (MAP); mean summer precipitation is given in mm (MSP); annual heat:moisture index (AHM); summer 
heat:moisture index (SHM); Reference Evaporation (Eref); and climate moisture deficit is given in mm (CMD). 
Climate data derived from ClimateWNA v 4.62 (Wang et al. 2006b). 

Region Prov. Lat. Long. Elev. MAT MWMT MCMT TD MAP MSP AHM SHM Eref CMD 
N 33 63.30 -136.47 876 -4.3 13.8 -24.6 38.4 423 249 14 55 369 131 
N 30 59.98 -128.55 640 -2.7 14.5 -23.5 38.0 449 236 16 62 442 197 
N 35 59.80 -133.78 789 -0.4 12.6 -15.0 27.6 361 186 27 68 410 203 
N 28 58.67 -124.17 762 -1.3 13.4 -15.4 28.8 689 491 13 27 446 7 
N 66 58.65 -124.77 1173 -1.7 10.8 -13.6 24.4 675 482 12 22 336 0 
CI 24 55.95 -123.80 686 2.1 14.6 -11.3 25.9 469 226 26 65 504 246 
CI 100 55.80 -124.82 762 1.3 13.6 -12.0 25.6 522 251 22 54 470 181 
CI 20 54.13 -127.23 937 1.8 12.7 -10.4 23.1 551 243 21 52 484 208 
CI 104 54.02 -124.53 732 2.7 14.3 -10.9 25.2 506 236 25 61 545 267 
CI 61 53.87 -121.80 838 2.7 14.1 -10.1 24.2 750 331 17 43 530 155 
CI 107 52.50 -125.80 1311 1.0 10.7 -9.4 20.1 822 209 13 51 486 211 
SI 14 50.97 -120.33 1059 3.9 15.0 -7.6 22.6 466 221 30 68 580 304 
SI 72 50.70 -119.18 777 5.7 17.1 -6.3 23.4 735 312 21 55 681 256 
SI 15 50.05 -119.65 1067 4.4 15.2 -6.5 21.7 665 268 22 57 588 247 
SI 57 49.90 -118.20 579 5.9 17.4 -5.8 23.2 659 258 24 67 687 329 
SI 1 49.58 -119.02 1006 4.6 15.9 -6.5 22.4 547 226 27 70 609 319 
SI 42 49.18 -117.58 998 5.3 16.9 -6.1 23.0 858 285 18 59 672 265 
US 111 47.78 -120.93 762 7.4 17.3 -1.5 18.8 1535 237 11 73 663 261 
US 144 46.67 -113.67 1524 4.6 16.0 -5.7 21.7 408 189 36 85 670 426 
US 153 45.63 -117.27 1311 5.7 16.2 -3.9 20.1 510 217 31 75 795 439 
US 154 44.53 -118.57 1494 6.5 17.1 -2.6 19.7 676 167 24 102 801 491 
US 123 44.38 -121.67 1006 7.4 16.8 -1.0 17.8 427 73 41 230 909 692 
US 156 42.30 -120.78 1615 7.4 17.6 -0.4 18.0 583 125 30 141 881 560 
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Tab. 3.2. Planting site climate variables from the 1961-1990 normal period are shown for all field tests. Site code 
refers to the abbreviated site name from the Illingworth lodgepole pine provenance trial (Illingworth 1978). Latitude 
(Lat.) and longitude (Long.) is given in decimal degrees ; and elevation is given in meters above sea level (Elev.). 
Climate variables include: Mean annual temperature in °C (MAT); mean warmest month temperature in °C 
(MWMT); mean coldest month temperature in °C (MCMT); temperature difference is a measure of continentality 
and is given in °C (TD); mean annual precipitation is given in mm (MAP); mean summer precipitation is given in 
mm (MSP); annual heat:moisture index (AHM); summer heat:moisture index (SHM); Reference Evaporation (Eref); 
and climate moisture deficit is given in mm (CMD). Climate data derived from ClimateWNA v 4.62 (Wang et al. 
2006b). 

Site code Lat. Long. Elev. MAT MWMT MCMT TD MAP MSP AHM SHM Eref CMD 
CHUW 50.58 -120.62 1430 3.1 14.0 -7.1 21.1 482 241 27.2 58.1 527 232 
COMM 50.92 -120.07 1370 3.1 13.9 -7.5 21.4 522 256 25.1 54.3 532 217 
EQUI 50.37 -119.6 1370 3.3 14.2 -7.3 21.5 686 301 19.4 47.2 557 188 
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Tab. 3.3. Height and diameter at 1.3 m of four lodgepole pine populations after 32 years of growth. Standard error of 
the mean is provided in parentheses. Different letters behind the values indicate significant differences between 
groups (α=0.05). 

Variable North 
 

Central 
interior 

Southern 
interior 

United 
States 

Height (m) 10.4 a 12.9 b 13.6 b 11.2 a 

 (0.76) (0.75) (0.75) (0.75) 
Diameter (cm) 13.2 a 16.5 bc 16.4 bc 15.1 bc 
  (0.75) (0.73) (0.73) (0.73) 
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Tab. 3.4. Drought indicator values (larger values are better) for resistance, recovery, resilience, and relative 
resilience for four regions ordered by latitude. Standard error of the mean is provided in parentheses. Different 
letters behind the values indicate significant differences between provenances (α=0.05). 

Drought index North Central 
Interior 

Southern 
Interior 

United 
States 

Resistance 0.73 a 0.74 a 0.75 a 0.64 b 

 
(0.019) (0.018) (0.019) (0.019) 

Recovery 1.03 a 1.09 ab 1.11 b 1.23 c 

 
(0.021) (0.019) (0.019) (0.020) 

Resilience 0.75 b 0.80 a 0.83 a 0.78 ab 

 
(0.019) (0.018) (0.018) (0.019) 

Relative Resilience 0.02 b 0.06 a 0.08 a 0.14 c 
  (0.012) (0.010) (0.011) (0.011) 
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4   Reducing Contamination Risk in Wood 
Samples for Isotope Analysis 

4.1   Publication 

Isaac-Renton M, Treydte K, Schneider L (2016) Contamination risk of stable isotope samples 
during milling. Rapid Communications in Mass Spectrometry, 30(13):1513-1522. 

4.2   Abstract 

Isotope analysis of wood is an important tool in dendrochronology and ecophysiology. 

Prior to mass spectrometry analysis, wood must be homogenized, and a convenient method 

involves a ball mill capable of milling samples directly in sample-tubes. However, sample-tube 

plastic can contaminate wood during milling, which could lead to biological misinterpretations. 

We tested possible contamination of whole wood and cellulose samples during ball-mill 

homogenization for carbon and oxygen isotope measurements. We use a multi-factorial design 

with two/three steel milling balls, two sample amounts (10 mg, 40 mg), and two milling times 

(5 min, 10 min). We further analyzed abrasion by milling empty tubes, and measured the isotope 

ratios of pure contaminants. A strong risk exists for carbon isotope bias through plastic 

contamination: polypropylene deviated from the control by -6.77‰. Small fibers from PTFE 

filter bags used during cellulose extraction also present a risk as this plastic deviated by -5.02‰. 

Low sample amounts (10 mg) showed highest contamination due to increased abrasion during 

milling (-1.34‰), which is further concentrated by cellulose extraction (-3.38‰). Oxygen 

isotope measurements were unaffected. A ball mill can be used to homogenize samples within 

their test tubes prior to oxygen isotope analysis, but not prior to carbon or radiocarbon isotope 

analysis. There is still a need for a fast, simple and contamination-free procedure. 
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4.3   Introduction 

Stable carbon and oxygen isotope signatures (13C and 18O values) of tree-rings are 

parameters useful in dendroclimatology, dendroecology, ecophysiology and biology since they 

are datable to specific calendar years and are sensitive to environmental variation. They are 

increasingly being used as proxies for past climate changes; to understand tree response to 

drought and thinning; to explain genetic differentiation in water use efficiency; and in 

interpreting forest response under changing atmospheric conditions and climates (Guy & 

Holowachuk, 2001; McCarroll & Loader, 2004; Treydte et al., 2009; Saurer et al., 2014; Sohn et 

al., 2012; Saurer et al., 2012; Jansen et al., 2013; Lévesque et al., 2013; Rinne et al., 2013; Hartl-

Meier et al., 2014; Kress et al., 2014; Frank et al., 2015; Giuggiola et al., 2016). These important 

analyses are based on the fact that environmental conditions influence stomatal control and 

photosynthetic activity, which in turn affects isotope ratios in synthesized macromolecules later 

archived in the tree-rings. Such relationships are built on well-established understanding of 

carbon isotope fractionation processes (Farquhar et al., 1982, 1989; Francey & Farquhar, 1982) 

and a more recent understanding of oxygen isotope fractionation processes in plants (Saurer et 

al., 1997; Scheidegger et al., 2000; Barbour, 2007; Offermann et al., 2011; Gessler et al., 2013, 

2014; Treydte et al., 2014). 

All methods of processing wood samples for isotope analysis require homogenization 

prior to mass spectrometry analysis (Borella et al., 1998; Laumer et al., 2009). There is no ideal 

homogenization method, however. For example, ultra-centrifugal mills are commonly used for 

tree-ring stable isotope research (Treydte et al., 2009; Hartl-Meier et al., 2014; Tognetti et al., 

2014), but samples must be laboriously cut into fine pieces with a scalpel before milling to avoid 

burning and unintentional fractionation. Material collection and cleaning of the mill are both 
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cumbersome and time consuming processes, and may result in high loss of sample material 

(Laumer et al., 2009). Ultra-sonic homogenization is an alternative process, but only works for 

small cellulose samples (<10 mg) (Laumer et al., 2009; Hangartner et al., 2012). This procedure 

involves placing the extracted cellulose into a sample tube with deionized water, and 

homogenizing it with ultra-sonic waves (Laumer et al., 2009). This alternative method requires 

freeze drying, however, and is therefore not faster. Other methods exist but are usually limited, 

for example: grinding with wig-L-bug mill; small drill bits; or require very specialized and often 

expensive equipment that are only appropriate for some applications (e.g. UV-laser ablation); 

cryo-mill; and cellulose cross-sections made from a microtome (Helle & Schleser, 2004; Schulze 

et al., 2004; Kagawa et al., 2006a, 2006b, 2015; Roden & Ehleringer, 2007; Fichtler et al., 2010; 

Sohn et al., 2014, 2012, Schollaen et al., 2014, 2015). 

Due to these limitations, a ball mill fitted with a sample-tube holder is one of the most 

convenient methods of homogenization for isotope analysis. A ball mill is faster than using an 

ultra-centrifugal mill because larger wood pieces can be milled, and hence, less time is required 

to cut wood into small pieces with a scalpel. Since the wood can remain in the original sample 

tube, there is no loss of material and time can be saved: steel milling balls are simply added to 

each tube, and multiple samples can be placed in a tube holder and milled simultaneously. The 

resulting homogenized material is then ready for cellulose extraction or ready for mass 

spectrometry of whole wood (resins and extractives may have to be removed first (McCarroll & 

Loader, 2004; Gaudinski et al., 2005; Boettger et al., 2007; Roden & Ehleringer, 2007)). After a 

recent study found no evidence of isotope fractionation due to heating from friction of wood 

samples during ball milling, the ball mill was explicitly recommended for tree-ring isotope 

research (Riechelmann et al., 2014). 
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Such a ball mill configuration became a matter of concern, however, after unpublished 

isotope data showed atypical patterns: Radiocarbon measurements of the same samples indicated 

the presence of “dead carbon”. Isotope contamination might stem from sample tube abrasion 

during milling, which could taint the sample with plastic. Since most standard sample tubes are 

made of polypropylene (PP) plastic derived from fossil fuels, they therefore have specific isotope 

signatures. Fossil fuels represent the remains of prehistoric plants with low 13C values, although 

the exact 13C signatures of fossil fuel types can vary (Suess, 1955; Zondervan & Meijer, 1996; 

Dean et al., 2014). If the inside of a plastic sample tube is ground during ball milling and this 

does indeed cause plastic contamination, the isotope signature could be altered. This could lead 

to biological or climatological misinterpretations. A thorough literature review produced no 

information on isotope signatures of polypropylene sample tubes. 

Here, we evaluate the suitability of a common ball mill design for continued use as a fast 

and contamination-free method of homogenizing wood for isotope measurements. First, we 

assess the potential for plastic contamination to alter isotope values by measuring the 13C and 

18O values of polypropylene-based sample tubes. Second, we observe possible sample tube 

abrasion under different milling configurations. Third, we quantify any loss of polypropylene 

plastic during cellulose extraction, and test the remaining isotope contamination on both 

cellulose and whole wood. Finally, we assess homogenization alternatives. 

4.4   Materials and Methods 

Tree-Ring Selection and Separation 

For this study, we chose a large stem disk (~80 cm in diameter) of a Norway spruce 

(Picea abies L.H. Karst.) that was free of any damage and had a large ring (~6 mm). Taking 
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samples from the same ring was important because a constant isotope signature was required to 

ensure that any variation in isotope values would be based on procedure alone. Because the stem 

disk was so large and the ring was so wide, enough material for all treatments could be taken 

from within ~4 cm, thereby reducing the potential of isotope value variation along the same ring 

(Leavitt, 2010). The stem disk was sawed into a section about 1 cm thick for easier cutting, and 

the surface was cleaned with a scalpel. The wide ring was separated and finely cut into small 

pieces using a scalpel under a stereomicroscope (Leica Wild M3B, Wetzlar, Germany). 

Experimental Design 

To determine the 13C and 18O values of the pure contaminants, we analyzed eight 

samples of polypropylene plastic cut from sample tubes: four underwent the full laboratory 

procedure for cellulose extraction and four were weighed directly into tin capsules for mass 

spectrometry. Each sample was from a new sample tube, but all sample tubes were from the 

same batch of standard 2.0 mL laboratory polypropylene sample tubes (Rotilabo-safety reaction 

tubes, Item No.: NA16.1, Carl Roth GmbH, Karlsruhe, Germany). As part of a thorough study, 

we additionally evaluated possible contamination through fibers of the PTFE filter bags often 

used for cellulose extraction: we prepared samples of polytetrafluoroethylene plastic (PTFE) by 

cutting pieces from a F57 filter bag (Ankom Technology, Macedon, USA). While different 

extraction methods can be used (Gaudinski et al., 2005; Boettger et al., 2007), a common 

technique involves placing the samples inside such filter bags made of PTFE, then exposing the 

samples to NaOH and NaClO2 to remove extractives and lignin (Gaudinski et al., 2005). 

However, PTFE fibers can occasionally become embedded in the sample and may go unnoticed 

before mass spectrometry. Similar to polypropylene, this could cause isotope contamination 

because PTFE is also made of fossil fuels. The chemical structures of polypropylene [(C3H6)n] 
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and PTFE [(C2F4)n] contain no oxygen atoms, so only 13C values would be expected to be 

affected by plastic contamination. We nevertheless measured 18O values of a small subset to 

verify that no unexpected source of fractionation existed. 

To test polypropylene contamination of wood due to ball milling, we used a multi-

factorial design involving two milling times (5 min and 10 min), two different numbers of balls 

(2 or 3 balls), two sample amounts (10 mg and 40 mg) and two measurement types (whole wood 

and cellulose). These categories were chosen because they represent a range of common 

applications of the ball mill for homogenizing wood for stable isotope analysis. Each category 

contains four samples (Tables 1 and 2). Samples were carefully weighed to a precision of 

0.01 mg using an analytical balance (Model XS105, Mettler Toledo, Greifensee, Switzerland) 

before being placed into 2.0 mL polypropylene sample tubes. We initially compared the sample 

tubes by Carl Roth with Eppendorf sample tubes, both of which are made of polypropylene 

plastic, but a visual assessment found no apparent difference. We therefore continued with the 

Carl Roth sample tubes that are standard in our laboratory. 

The ball mill used was the “Mixer Mill” by Retsch (MM 200, Retsch GmbH, Hann, 

Germany). To test the base level of abrasion of each treatment on the sample tube itself, we ran 

empty sample tubes under two time treatments (5 min and 10 min) with differing numbers of 

milling balls (2 or 3 balls). The abrasion from these sample tubes was detected visually and a 

binary label of “opaque” (abrasion present) or “clear” (abrasion absent) was assigned (Fig. 1). 

For the control, four 40 mg samples were milled with the ultra-centrifugal mill (ZM 2000, Retsch 

GmbH, Germany) with a 0.25 mm mesh size to ensure homogeneity (Borella et al., 1998; 

McCarroll & Loader, 2004; Laumer et al., 2009). This mill is a suitable control because it is all-

metal and therefore free from any potential plastic contamination. All samples were then 
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separated into cellulose and whole wood samples, and samples for both 13C and 18O 

measurements were packed for mass spectrometry. 

We also conducted a follow-up experiment to test if the addition of liquid to the sample 

tube prior to ball-milling could reduce sample tube abrasion without inhibiting sample 

homogenization. We determined the suitability of distilled water and 96 % ethanol. We initially 

observed that sample tubes milled with 1 mL of liquid remained “optically clear”, but subsequent 

runs produced very poor homogenization results. Continued re-milling was not considered 

because it could increase abrasion and plastic contamination. Follow-up mass spectrometry on a 

subset of treatments with highest contamination potential indicated that some samples were 

significantly different from the control (data not shown). We therefore do not pursue this option 

further and cannot recommend its use without further investigation. 

Cellulose Extraction 

Half of the samples were whole wood (Table 2), which were packed directly into tin 

capsules after milling. The other half underwent the cellulose-extraction procedure after milling. 

The latter samples were packed into PTFE filter bags (F57, Ankom Technology, USA) and 

cellulose was extracted by applying a modified Jayme-Wise Holocellulose Isolation Method 

(Gaudinski et al., 2005; Boettger et al., 2007). For a 10 mg sample, this typically involves a wash 

with a 5 % NaOH solution two times for 2 hrs at 60 °C followed by a wash with 7 % NaClO2 for 

30 hrs at 60 °C. We assumed the reaction to be a linear process, and initially scaled the chemical 

exposure time according to sample weight. We found, however, that the percent of the sample 

that was extracted varied substantially after completing an initial round of cellulose extraction. 

This likely arose from a high variability in particle size after milling. In a normal study design, a 
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researcher would likely mill such a heterogeneous sample again to ensure particle uniformity and 

equal cellulose extraction rates (Borella et al., 1998). Since we tested the effect of milling time, 

we chose not to re-mill any such samples. To allow us to nevertheless compare the cellulose 

from such heterogeneously milled samples, we attempted to ensure a consistent rate of extraction 

by processing the samples until at least only 45 % of the original sample mass remained. As a 

further precaution, the final extraction rate was accounted for in the model (see below). 

Measurements of Isotope Ratios 

For 13C measurements, samples were combusted to CO2 at 1080 °C using a EURO EA 

Elemental Analyzer (EuroVector, Milan, Italy). For 18O measurements, samples were pyrolyzed 

to CO at 1400 °C using a high-temperature oxygen analyzer (HEKAtech, Wegberg, Germany). 

Stable isotope ratios were determined by isotope ratio mass spectrometry (Delta V Advantage 

Mass Spectrometer, Thermo Scientific, Bremen, Germany). All isotope measurements were 

conducted at the WSL Central Laboratory (Birmensdorf, Switzerland) at a precision of ± 0.02 ‰ 

for carbon and ± 0.3 ‰ for oxygen. 13C values were referenced to Vienna Pee Dee Belemnite 

(VPDB) and 18O values were referenced to Vienna Standard Mean Ocean Water (VSMOW) 

according to the following formula: R =(Rsample / Rstandard – 1), where R is the ratio of the heavy to 

light isotope (Farquhar et al., 1982; McCarroll & Loader, 2004). 

Statistical Analysis 

All analyses were conducted in the R statistical programming environment (R Core 

Team). To test differences in abrasion among the empty sample tubes after milling, we used 

binary logistic regression. Statistical analysis of the multi-factorial design relies on a simple 

linear model ANOVA implemented with the lm function in the base package in R. This analysis 
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was first completed to compare different amounts of losses among treatments after cellulose 

extraction, using percent remaining as a response variable after logit transformation (Warton & 

Hui, 2011) using the logit function in the car package. We then analyzed cellulose and whole 

wood separately to account for slightly different predictor variables. Both of these models use 

13C values as the response variable, and predictor variables include amount (10 mg or 40 mg), 

the number of steel milling balls (2 or 3), and the milling time (5 min or 10 min). The percent of 

the sample’s mass after cellulose extraction was included in the cellulose model as a covariate. In 

the whole wood model, the percent of carbon was included as a covariate. A similar model was 

run on a smaller subset with 18O values as the response variable. To calculate the proportional 

contribution of the three main treatments (amount, number of balls and milling time) to the total 

explained variance, we estimated the partial eta-squared (ɲp
2) using the etaSquared function from 

the lsr package on the ANOVA outputs. Post-hoc tests were completed with the TukeyHSD 

function, which uses Tukey’s Honest Significant Difference to account for experiment-wide 

alpha inflation. 

4.5   Results 

Sample Tube Abrasion and Isotope Signatures of Potential Contaminants 

The link to polypropylene as a contaminant is through sample tube abrasion, and the 

results of the abrasion test can be seen in Figure 1. This figure can be used to evaluate the level 

of abrasion present: the appearance of empty sample tubes after milling with different numbers 

of balls (2 or 3 balls) for different durations (5 min and 10 min) are assigned a binary label of 

abrasion. Those assigned a label of “clear” indicate little to no abrasion, while those assigned a 

label of “opaque” suggest high abrasion (Fig. 1). The visual results together with the results of 
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binary logistic regression show that there are significant differences among groups (p=0.008). 

The sample tubes from the 3 ball - 10 min category showed the most abrasion, while the sample 

tubes from the 2 ball - 5 min category showed the least. 

Effect of Cellulose Extraction on the Amount of Material 

Cellulose extraction did not reduce the amount of polypropylene plastic in samples (Fig. 

2, Tab. S1 in Supplementary Information). The yield after cellulose extraction of the wood 

samples depended on the type of mill and the amount of material that was milled (Fig. 2, Tab. S1 

in Supplementary Information). The control samples, which were milled with the all-metal, ultra-

centrifugal mill, showed a high remaining amount with low variability between samples. 

Similarly, those samples that were milled in the ball mill with more material (40 mg) had more 

material remaining and less variability in its amount after cellulose extraction. The samples ball-

milled with less material (10 mg) showed a significantly higher loss of material after cellulose 

extraction, combined with higher variability. The samples that were ball-milled for 10 minutes 

showed the least amount remaining after cellulose extraction. In fact, the only three categories 

that were significantly different in their amount from the control were 10 mg - 2 ball - 10 min 

(p<0.001), 10 mg - 3 ball - 10 min (p<0.001) and 10 mg - 3 ball - 5 min (p=0.029). 

Carbon and Oxygen Isotope Signatures in Contaminants, Milled Wood and Cellulose 

We found no oxygen atoms in either polypropylene or PTFE (Tab. 1). However, both 

plastics contain carbon atoms, and our analyses showed distinct 13C signatures (Tab. 2). For 

polypropylene, the mean 13C value was -30.6‰. For PTFE, the mean 13C value was -28.9‰. 

These values are -6.8‰ and -5.0‰ lower than the mean 13C value of our wood control sample 

(-23.8‰), respectively. 
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The 13C values were similar among the control samples and the large (40 mg) samples 

milled with the ball mill (Fig. 3a and 3b, Tab. 2). Post-hoc tests further confirmed no statistical 

difference between the 40 mg samples and the control for both cellulose and whole wood. In 

comparison, the small samples (10 mg) milled with the ball mill showed generally more 

deviation from the control and more variability of their 13C values (Fig. 3a and 3b, Tab. 2). 

Both cellulose and whole wood samples milled for longer (10 min) and with less material 

(10 mg) showed significantly lower 13C values compared to the control samples (Fig. 3a and 3b, 

Tab. 2). The number of balls, time and material all significantly contributed to the model 

(p<0.001). In the cellulose model, the yield (% remaining) also contributed significantly to the 

model (p<0.001). Using 13C values as the response variable in both cellulose and whole wood 

models, the effect size for the sample amount (10 mg or 40 mg) was found to be of higher 

relevance (ɲp
2=0.505 in both) than the effect size for the number of steel milling balls (2 or 3 

balls), which was weaker in both cellulose and whole wood models (ɲp
2=0.204 and 0.263, 

respectively). The effect of milling time (5 min or 10 min) was also weaker in both cellulose and 

whole wood models (ɲp
2=0.341 and ɲp

2=0.252, respectively). 

A comparison of the 13C values of whole wood and cellulose indicated a relatively 

consistent offset (Fig. 3c): 13C values in cellulose were less negative compared to 13C values in 

whole wood. This offset was most prominent and consistent in samples that were milled with 

more material (40 mg), where they deviated on average by -1.053 ‰ (Table 2). These values fall 

within the range of previously published work on wood-cellulose comparisons of conifers (Gori 

et al., 2013; Weigt et al., 2015). Interestingly, the offset became reduced in the samples milled 

with less material (10 mg) and even reversed in the treatment with the highest abrasion: the 

10 mg - 3 ball - 10 min category showed cellulose being even more depleted 13C values than 
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whole wood (Fig. 3c). In the 10 mg samples, the mean offset was only -0.190‰ because 

individual offsets were not consistent in direction (Table 2). 

4.6   Discussion 

Sample Tube Abrasion and Heterogeneity of Particle Size in Milled Wood 

Our milling test with empty sample tubes showed that abrasion can occur. We also 

demonstrated that the intensity of abrasion increases when using 3 instead of 2 balls and when 

extending the milling time from 5 to 10 minutes. This is the first evidence that there is indeed a 

risk for contamination of wood samples with plastic during the ball mill procedure. 

During cellulose extraction, samples of similar mass unexpectedly showed different 

amounts of loss. This serendipitously provided a means to estimate variations in yield created 

under our milling configurations. Here, we confirm the importance of particle size on the yield 

and rate of cellulose extraction (Borella et al., 1998). The reduction in yield can result from both 

higher exposure (smaller particles have higher surface area) and direct loss through the PTFE 

filter bag used for cellulose extraction (porosity of 25 µm). The control samples milled with the 

ultra-centrifugal mill showed the highest remaining amount and least variability. This suggests 

that the ultra-centrifugal mill produces particles that are relatively large compared to the particle 

sizes produced with the ball mill, but uniform. 

Contamination Concentration due to Cellulose Extraction 

Since the yield of plastic after cellulose extraction remained the same, plastic is not lost 

during extraction, in contrast to the non-cellulose components of wood which are lost. The 

concern, therefore, is that cellulose extraction can exacerbate the effects of plastic contamination 
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by increasing the plastic-to-sample ratio. Since both plastics had more negative 13C values than 

the cellulose from the control samples used in this study, we would therefore expect that any 

increase in the plastic-to-sample ratio would result in more negative 13C values than usual. This 

effect was not seen in the large (40 mg) samples because the well-known offset in 13C values of 

cellulose and whole wood (Borella et al., 1998) remained consistent among treatments. However, 

the plastic-contamination effect was visible in the samples milled with less material (10 mg). 

These samples showed a decreased whole-wood to cellulose offset, and even a reversal of the 

offset occurred in the category with the highest abrasion (10 mg - 3 balls - 10 min). This trend 

change provides evidence that smaller samples do incur plastic contamination and that the 

plastic-to-sample ratio increases after cellulose extraction. 

Recommendations and Possible Alternatives 

A ball mill equipped with holders to mill wood samples in polypropylene sample tubes 

may be suitable for 18O analysis: no oxygen atoms are present in plastic, and hence, we found 

no evidence that 18O values would be affected by plastic contamination. We also did not detect 

any evidence of fractionation from heating, which is in line with a previous experiment 

(Riechelmann et al., 2014). Due to the importance of particle size on yield after cellulose 

extraction, however, milling larger amounts of sample may be preferred. 

Using a ball mill is not advisable for milling wood prior to 13C radiocarbon 

measurement. Changes of isotope values due to plastic contamination were most concerning for 

smaller amounts (10 mg). An increase in the plastic-to-sample ratio during cellulose extraction 

further contributes to erroneously low 13C values in these smaller samples. We cannot 

recommend the ball mill for milling larger sample amounts, either. Our results showed that 13C 
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values in larger sample amounts (40 mg) in both whole wood and cellulose did not deviate 

significantly from the control, but there is potential for contamination if the samples are re-

milled since the abrasion in sample-tubes increases with milling time. In a follow-up test, milling 

very large sample amounts (40 - 90 mg) for 10 minutes within their test tubes was often 

ineffective, and re-milling for another 10 minutes did not improve the homogenization. However, 

with each successive milling treatment, the probability of sample-tube abrasion and isotope 

contamination increases, even if the risk had been initially low. We found similarly poor 

homogenization when milling samples with liquid. Accordingly, we cannot recommend milling 

with a ball mill, in direct disagreement with recommendations made by a previous study 

(Riechelmann et al., 2014).  

Several modifications to the current ball-mill configuration can reduce or eliminate the 

potential for plastic contamination. For example, the wood samples could be transferred into 

inert milling containers made of materials such as ceramic, metal, or possibly the more abrasion-

resistant  PTFE sample tubes. Using these types of containers is, however, also a slow procedure 

since only two inert containers can be run simultaneously, as compared to milling up to 16 

sample tubes at once. Time-savings are also lost because the sample must be transferred in and 

out of the container, and the milling containers must be carefully cleaned between samples. 

Nevertheless, the ball mill fitted with inert containers remains one of the most simple and least 

problematic (albeit slow) options for homogenizing wood prior to isotope measurements (Tab. 

5).  

The all-metal ultra-centrifugal mill remains a good option for homogenization, but is 

time-consuming, and often much of the sample is lost (Tab. 5). Sample loss is primarily due to a 

loose fit of the mechanical mill pieces and the fact that it was designed for much larger sample 
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volumes. We therefore tested a smaller version of the milling pieces specially designed by the 

manufacturer for smaller samples, described as a “small-sample-converter-kit”. However, this 

small-sample-converter-kit did not solve the problem of sample loss because it also had loose-

fitting parts.  Such loss of sample is especially problematic when there is little sample material to 

begin with (<10 mg) and when cellulose extraction is done afterward, because a further 60 % loss 

of mass can occur. 

If a researcher chooses to work with cellulose, they would be advised to use the ultra-

sonic homogenization method (Laumer et al., 2009) (Tab. 5). This method is, however, also 

limited in that it can only homogenize cellulose samples less than 10 mg. These cellulose 

samples must be soaked in 1 mL of deionized water for this process to work, and care must be 

taken to minimize and standardize the treatment length. Over-heating can otherwise occur, 

potentially increasing the exchange of oxygen atoms between the sample and water (Schollaen et 

al., 2015). Ultra-sonic homogenization of small samples of whole wood is not an option: We 

found no change after applying a full-power, two-minute ultra-sonic treatment on two water-

logged whole wood samples. Much more energy is apparently needed to break the lignin 

molecules than the cellulose chains. 

In conclusion, there is a clear need for simple, fast, effective and contamination-free 

methodologies to homogenize wood prior to isotope analysis. This would further facilitate tree-

ring isotope research aimed at answering important biological, ecophysiological, and 

dendrochronological questions. 
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4.8   Figures and Tables 

 

Fig. 4.1. The results of the plastic abrasion test by milling empty sample tubes by time and number of balls added. A 
white letter to the bottom-right of each tube shows the assigned level of abrasion, a binary response variable. 
Abrasion is clearly visible in test-tubes that appear opaque, denoted by “O”. Tubes that are clear indicate no 
abrasion, labelled with a “C”. The sample tubes that were milled for 10 min using 3 balls showed the highest 
abrasion because they were all opaque. In contrast, the tubes milled for 5  min with only 2 balls were all clear, 
showing the least abrasion. 
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Fig. 4.2. Boxplots of the percent of sample mass remaining after the first round of cellulose extraction (they were 
later extracted until <45% of the sample mass remained). The inter-quartile range of 40 mg samples are shown in 
light grey while the inter-quartile range of 10 mg samples are shown in dark grey. Each category represents four 
samples. Stars represent categories that are significantly different from the control (*** = p<0.001, * = p<0.05). 
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Fig. 4.3. Boxplots of the distribution of 13C values of treatments, represented as ‰ deviations from VPDB. Panel A 
displays the 13C values from whole wood samples in each treatment category. Panel B shows the 13C values from 
cellulose samples in each treatment category. Panel C shows the 13C value offset between whole wood and 
cellulose in each treatment category. The inter-quartile range of the control samples, which were milled with an all-
metal mill, is displayed in light grey. The inter-quartile range of samples milled with 40 mg are shown in darker 
grey. The inter-quartile range of 10 mg samples are shown in the darkest shade of grey. Each category represents 
four samples. Stars represent categories that are significantly different from the control (*** = p<0.001, * = p<0.05). 
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Tab. 4.1. Mean 18O values and standard error for polytetrafluoroethylene plastic (PTFE), polypropylene plastic, and 
wood that underwent different ball milling treatments. The ball mill is denoted by BM, the ultra-centrifugal mill is 
represented by CM. Sample weights (Weight) are in milligrams (mg), and the milling time (Time) is in minutes. The 
control is marked with a star, and the offsets to this control are provided (Mean 18O Offset). Standard error is 
denoted by SE, while the number of samples is denoted by N. The difference of each group to its respective control 
can be evaluated with the p-value adjusted with a Bonferroni correction to compensate for experiment-wise alpha 
inflation (adj. p-value). 
 

Material Mill Weight 
(mg) 

No.  
Balls 

Time 
(min) 

Mean 
18O 
(‰) 

Mean 
18O 

Offset 
(‰) 

SE N adj. 
p-value 

Polypropylene ― ― ― ― No value ― ― 4  
Polytetrafluroethylene ― ― ― ― No value ― ― 4  
Cellulose* CM 40  ― ― 29.17 ― 0.19 4 ― 
Cellulose BM 10  2 5 29.02 -0.16 0.17 4 0.865 

 Cellulose BM 40  2 5 29.08 -0.09 0.27 4 0.951 
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Tab. 4.2. Mean 13C values and standard error for polytetrafluoroethylene plastic (PTFE), polypropylene plastic, and 
wood that underwent different ball milling treatments. The ball mill is denoted by BM, the ultra-centrifugal mill is 
represented by CM. Sample weights (Weight) are in milligrams (mg), and the milling time (Time) is in minutes. The 
control is marked with a star, and the offsets to this control are provided (Mean 13C Offset). Standard error is 
denoted by SE, while the number of samples is denoted by N. The difference of each group to its respective control 
can be evaluated with the p-value adjusted with a Bonferroni correction to compensate for experiment-wise alpha 
inflation (adj. p-value). 
 

Material Mill Weight 
(mg) 

No. 
Balls 

Time 
(min) 

Mean 13C 
(‰) 

Mean 13C 
Offset (‰) SE N adj. 

p-value 

Polypropylene ― ― ― ― -30.61 -6.77 0.01 4 ― 
Polytetrafluoroethylene ― ― ― ― -28.87 -5.02 0.02 4 ― 
Whole wood* CM 40 ― ― -23.85 ― 0.01 4 ― 
Whole wood BM 10 2 10 -24.29 -0.44 0.12 4 0.024 
Whole wood BM 10 2 5 -24.03 -0.18 0.10 4 0.828 
Whole wood BM 10 3 10 -25.19 -1.34 0.05 4 <0.001 
Whole wood BM 10 3 5 -24.30 -0.45 0.16 4 0.020 
Whole wood BM 40 2 10 -23.86 -0.01 0.05 4 >0.999 
Whole wood BM 40 2 5 -23.90 -0.05 0.02 4 >0.999 
Whole wood BM 40 3 10 -24.01 -0.16 0.09 4 0.914 
Whole wood BM 40 3 5 -23.87 -0.02 0.02 4 >0.999 
Cellulose* CM 40 ― ― -22.77 ― 0.05 4 ― 
Cellulose BM 10 2 10 -24.09 -1.33 0.43 4 0.013 
Cellulose BM 10 2 5 -23.06 -0.30 0.21 4 0.992 
Cellulose BM 10 3 10 -26.14 -3.38 0.10 4 <0.001 
Cellulose BM 10 3 5 -23.76 -0.99 0.41 4 0.122 
Cellulose BM 40 2 10 -23.03 -0.27 0.21 4 0.996 
Cellulose BM 40 2 5 -22.64 -0.13 0.05 4 >0.999 
Cellulose BM 40 3 10 -22.98 -0.21 0.21 4 >0.999 
Cellulose BM 40 3 5 -22.79 -0.01 0.07 4 >0.999 
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Tab. 4.3. Analysis of variance for the cellulose model. Reported values include the sum of squares (SS), the mean 
square (MS), degrees of freedom (df), the calculated test statistic (F-value) and the p-value (p-value). Residuals refer 
to variation that is not explained by the model. 

Source of Variation SS MS df F-value p-value 
Mill 2.23 2.24 1 27.03 <0.001 
Balls 4.00 4.00 1 48.26 <0.001 
Time 8.01 8.01 1 96.71 <0.001 
Amount 15.81 15.81 1 190.84 <0.001 
Percent Remaining 5.07 5.07 1 61.24 <0.001 
Interaction (Balls:Time:Amount) 8.29 2.07 4 25.01 <0.001 
Residuals 2.15 0.08 26   
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Tab. 4.4. Analysis of variance for the whole wood model. The fixed effects are shown, and the amount of carbon 
present in the sample was specified as a random effect. Reported values include the sum of squares (SS), the mean 
square (MS), degrees of freedom (df), the calculated test statistic (F-value) and the p-value (p-value). Residuals refer 
to variation that is not explained by the model. 

Source of Variation SS MS df F-value p-value 
Mill 0.38 0.39 1 14.00 <0.001 
Balls 0.82 0.83 1 29.86 <0.001 
Time 0.77 0.78 1 28.03 <0.001 
Amount 2.35 2.35 1 85.16 <0.001 
Carbon Amount 0.06 0.06 1 2.15 0.155 
Interaction (Balls:Time:Amount) 1.53 0.38 4 13.80 <0.001 
Residuals 0.72 0.028 26 
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Tab. 4.5. Options for homogenizing wood and cellulose prior to stable- and radio-carbon isotope analyses. As seen 
in the Notes column, there is a trade-off between the speed of the procedure and the potential for plastic 
contamination.  

Homogenization Options 
Sample Category 

Notes Cellulose Whole-Wood 
10 mg 40 mg 10 mg 40 mg 

Ball mill, samples milled in 
plastic containers 

― ✓ ✓ ✓ 

• All check-marks are grey because there is some risk 
of contamination involved. 

• Using a ball mill with water or ethanol can help 
reduce polypropylene contamination. It can still not 
be recommended, however, because samples milled 
in liquid were not milled properly, requiring re-
milling, thereby increasing the risk of sample-tube 
abrasion and plastic contamination. 

Ball mill, samples milled in 
inert containers 

✓ ✓ ✓ ✓ 

• All check-marks are black, because there is no risk of 
plastic contamination while using ceramic or metal 
containers. 

• This is a time-consuming option since samples must 
be moved from sample-tubes into the inert containers 
(usually max. of 2/run), the powder collected and 
returned into the sample tubes, and the containers 
must be cleaned. 

• Unlike the ultra-centrifugal mill, wood does not need 
to be as finely cut prior to milling. 

Ultra-sonic Homogenizer 

✓ ― ― ― 

• Ultra-sonic easier than microtome for small (<10 mg) 
cellulose samples. 

• Ultra-sonic homogenizer did not work on water-
logged whole wood samples. 

Ultra-centrifugal Mill 

― ✓ ✓ ✓ 

• This is a time consuming option because samples are 
removed from sample-tubes and dropped into the 
rotating milling pieces and forced through a fine 
mesh. Although the milling is almost instantaneous, 
collecting the powder across the mill surfaces and 
returning it to sample tubes is slow. Cleaning all 
surfaces between samples takes approx. 7-10 
minutes. 

• The check-mark is also grey for the ultra-centrifugal 
mill for the small samples because much sample is 
lost. 

Microtome 
✓ ― ✓ ― 

• Microtoming is also slow and problematic for small 
amounts, which is why the check-mark is grey for 
10 mg samples. 
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4.9   Supplementary Information 
Tab. 4.S1. Cellulose extraction data: The weight packed into the filter bag (Weight In) deviates from the original sample weight (Weight) because some sample is lost during 
milling. If the sample weight after the initial cellulose extraction (Initial Weight In) represented more than 45 % of the original weight ( % Initially Remaining), then cellulose 
extraction was continued until all samples were <45 % remaining (Weight Out Final;  % Final Remaining). Initial Extraction and Final Extraction represent the extraction time. 

Sample 
ID Mill Weight Balls Time Replicate Weight 

In (mg) 

Initial 
Weight Out 

(mg) 

Weight Out 
Final (mg) 

 % Initially 
Remaining  

 % Final 
Remaining 

Initial 
Extraction (hrs) 

Final 
Extraction (hrs) 

CM-40 mg-1 CM 40 mg NA NA Rep1 16.21 8.46 7.58 52.2 46.8 30 50 
CM-40 mg-2 CM 40 mg NA NA Rep2 18.01 9.27 8.07 51.5 44.8 30 50 
CM-40 mg-3 CM 40 mg NA NA Rep3 22.31 11.46 10.68 51.4 47.9 30 50 
CM-40 mg-4 CM 40 mg NA NA Rep4 20.01 10.64 9.69 53.2 48.4 30 50 
BM-10 mg-2b-5m-1 BM 10 mg 2b 5m Rep1 6.52 2.72 2.72 41.7 41.7 15 15 
BM-10 mg-2b-5m-2 BM 10 mg 2b 5m Rep2 5.53 1.99 1.99 36.0 36.0 15 15 
BM-10 mg-2b-5m-3 BM 10 mg 2b 5m Rep3 6.95 3.3 2.97 47.5 42.7 15 20 
BM-10 mg-2b-5m-4 BM 10 mg 2b 5m Rep4 6.64 2.35 2.35 35.4 35.4 15 15 
BM-10 mg-3b-5m-1 BM 10 mg 3b 5m Rep1 5.99 1.32 1.32 22.0 22.0 15 15 
BM-10 mg-3b-5m-2 BM 10 mg 3b 5m Rep2 6.14 1.92 1.92 31.3 31.3 15 15 
BM-10 mg-3b-5m-3 BM 10 mg 3b 5m Rep3 5.1 1.2 1.2 23.5 23.5 15 15 
BM-10 mg-3b-5m-4 BM 10 mg 3b 5m Rep4 7.12 3.51 2.84 49.3 39.9 15 25 
BM-10 mg-2b-10m-1 BM 10 mg 2b 10m Rep1 6.16 1.38 1.38 22.4 22.4 15 15 
BM-10 mg-2b-10m-2 BM 10 mg 2b 10m Rep2 5.32 0.92 0.92 17.3 17.3 15 15 
BM-10 mg-2b-10m-3 BM 10 mg 2b 10m Rep3 6.2 2.33 2.33 37.6 37.6 15 15 
BM-10 mg-2b-10m-4 BM 10 mg 2b 10m Rep4 5.99 0.78 0.78 13.0 13.0 15 15 
BM-10 mg-3b-10m-1 BM 10 mg 3b 10m Rep1 6.19 1.34 1.34 21.6 21.6 15 15 
BM-10 mg-3b-10m-2 BM 10 mg 3b 10m Rep2 5.69 0.96 0.96 16.9 16.9 15 15 
BM-10 mg-3b-10m-3 BM 10 mg 3b 10m Rep3 6.32 1.98 1.98 31.3 31.3 15 15 
BM-10 mg-3b-10m-4 BM 10 mg 3b 10m Rep4 6.24 1.22 1.22 19.6 19.6 15 15 
BM-40 mg-2b-5m-1 BM 40 mg 2b 5m Rep1 19.37 7.97 7.97 41.1 41.1 30 30 
BM-40 mg-2b-5m-2 BM 40 mg 2b 5m Rep2 19.92 8.24 8.24 41.4 41.4 30 30 
BM-40 mg-2b-5m-3 BM 40 mg 2b 5m Rep3 19.82 8.96 8.01 45.2 40.4 30 40 
BM-40 mg-2b-5m-4 BM 40 mg 2b 5m Rep4 19.41 10.49 8.97 54.0 46.2 30 50 
BM-40 mg-3b-5m-1 BM 40 mg 3b 5m Rep1 20.78 8.99 8.99 43.3 43.3 30 30 
BM-40 mg-3b-5m-2 BM 40 mg 3b 5m Rep2 20.48 8.89 8.89 43.4 43.4 30 30 
BM-40 mg-3b-5m-3 BM 40 mg 3b 5m Rep3 20.52 8.04 8.04 39.2 39.2 30 30 
BM-40 mg-3b-5m-4 BM 40 mg 3b 5m Rep4 19.8 6.6 6.6 33.3 33.3 30 30 
BM-40 mg-2b-10m-1 BM 40 mg 2b 10m Rep1 20.54 8.35 8.35 40.7 40.7 30 30 
BM-40 mg-2b-10m-2 BM 40 mg 2b 10m Rep2 20.82 8.66 8.66 41.6 41.6 30 30 
BM-40 mg-2b-10m-3 BM 40 mg 2b 10m Rep3 20.64 7.68 7.68 37.2 37.2 30 30 
BM-40 mg-2b-10m-4 BM 40 mg 2b 10m Rep4 22.01 9.64 9.64 43.8 43.8 30 30 
BM-40 mg-3b-10m-1 BM 40 mg 3b 10m Rep1 20.19 6.56 6.56 32.5 32.5 30 30 
BM-40 mg-3b-10m-2 BM 40 mg 3b 10m Rep2 18.38 7.34 7.34 39.9 39.9 30 30 
BM-40 mg-3b-10m-3 BM 40 mg 3b 10m Rep3 18.26 5.36 5.36 29.4 29.4 30 30 
BM-40 mg-3b-10m-4 BM 40 mg 3b 10m Rep4 18.9 9.42 8.17 49.8 43.2 30 50 
TT-1 NA NA NA NA Rep1 14.71 14.72 14.72 100.1 100.1 30 30 
TT-2 NA NA NA NA Rep2 13.57 13.54 13.54 99.8 99.8 30 30 
TT-3 NA NA NA NA Rep3 14.51 14.5 14.5 99.9 99.9 30 30 
TT-4 NA NA NA NA Rep4 14.04 14.02 14.02 99.9 99.9 30 30 
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5   Reducing Image Artifacts for Faster 
Analysis of Wood Micro Sections 

5.1   Publication 

Montwé D, Isaac-Renton M, Hamann A, Spiecker H (2015) Using steam to reduce artifacts in 
micro sections prepared with corn starch. Dendrochronologia, 35:87-90. 

5.2   Abstract 

Preparation of micro sections to measure cell wall thickness and lumen diameter is a 

widely used method in the fields of dendroecology, dendroclimatology and tree physiology. 

Efficient sample preparation and image analysis is critical for studies with long time series and 

large sample sizes. Recently, there have been substantial improvements in micro section 

preparation techniques, including a corn starch-based non-Newtonian fluid treatment. This 

method reduces cell wall damage during cutting with a microtome, which in turn decreases 

artifacts during image analysis. Although this procedure does in fact improve sample quality, we 

found starch grains sometimes to be difficult to remove and to cause artifacts during image 

analysis. This technical note outlines a simple, fast and effective steam treatment that causes 

starch gelatinization and a reduction in the number of starch grain artifacts.  
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5.3   Introduction 

Measuring cell wall thickness and lumen diameter in xylem cells requires the preparation 

of micro sections, typically 10-20 µm thick. Measurements of these microscopic structures are 

important in dendroecology, dendroclimatology, and tree physiology research (Fonti et al., 

2010). In tree physiology, cell wall thickness and cell lumen diameter are closely correlated with 

cavitation resistance (Hacke et al., 2001), and can therefore be used to infer drought resistance of 

tree species or populations. In dendroecology, this information enables the assessment of tree 

species’ abilities to acclimate to changing environmental conditions and their overall suitability 

to increased drought severity under climate change (Bryukhanova & Fonti, 2013). In 

dendroclimatology, time series of cell parameters can serve as proxies for climate 

reconstructions (Wimmer, 2002). The proportion of cell walls to cell lumen is closely related to 

wood density (Wassenberg et al., 2014), which is an important proxy for summer temperatures 

(Briffa et al., 2004). 

Preparing micro sections from large stem diameters, representing long 

dendrochronological time series, is a challenging and labor-intensive task, however. These 

obstacles have led to the development of alternative preparation techniques, including the use of 

high-precision diamond-fly-cutters for reflected light microscopy (Spiecker et al., 2000), but also 

to advances in microtome techniques. Sliding microtomes using common cutter blades have 

emerged as being capable of producing high-quality micro sections, while also being much easier 

to maintain than earlier alternatives (Gärtner et al., 2014, 2015a). These instruments are intended 

to develop long anatomical time series, with a single micro section covering multiple tree-rings 

(Gärtner et al., 2015a, 2015b). 
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One remaining issue, however, is that secondary cell walls of tracheids are sensitive to 

pressure induced by the cutting blade, often causing them to be pushed into the cell lumen 

(Schneider & Gärtner, 2013). Such damage to the cell structure can create problems for 

automatic image analysis, which are time-consuming to manually remove. Until recently, this 

problem was addressed by embedding the sample in paraffin wax, for example (Feder & 

O’Brien, 1968). However, this procedure is time-consuming and the wax must be removed 

before staining (Schneider & Gärtner, 2013). 

As an alternative method to reduce cutting artifacts in the development of long time 

series of anatomical properties in tree-rings, Schneider and Gärtner (2013) proposed using a non-

Newtonian fluid to stabilize the cell structure. A fluid mixture of corn starch and water is applied 

to the surface of the sample prior to the microtome cut. The effectiveness comes from the fluid’s 

non-Newtonian properties. While being applied with a brush, the mixture is liquid, and flows 

into the empty cell lumen. Under pressure, the starch grains form a solid structure, stabilizing the 

cell walls. As a result, artifacts due to deformed cell walls can be mitigated. We applied this 

method to lodgepole pine (Pinus contorta Douglas ex Loudon) samples. The corn-starch mixture 

worked as expected and did indeed minimize the aforementioned artifacts. We found the corn 

starch solution efficient, easy to use, and to improve accuracy of the image analysis.  

However, during our sample preparation, we sometimes found it difficult to completely 

wash the corn starch grains out of the cells. We found that the starch grains were more easily 

removed from the larger earlywood cells, leading to good contrast between cell wall and cell 

lumen, but the removal could be more problematic in the narrower latewood cells. Here, the 

grains were held in place by friction and adhesion, and even long and intensive rinsing could not 

always overcome these forces. Examples of remaining starch grains are shown in Fig. 5.1 and 
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become especially visible under higher magnification. The dark, crystalline centers of the grains 

are especially visible. Sometimes, it appears that the grains also take up Safranin stain, which 

could lead to poorer contrast in the image analysis stage. We found these grains to interfere with 

the automatic detection of WinCELL Version 2013a (Regent Instruments Inc, 2013), despite 

trying to eliminate the starch by setting appropriate filters. Often, the grains had to be removed 

by manual image manipulation. Although more sophisticated tools for image manipulation may 

better filter the remaining starch grains, we found their complete removal, without altering other 

structures in the image, to be laborious. 

Starch gelatinization by inducing heat is a common procedure in the food industry (Bauer 

& Knorr, 2005). By adding water and applying heat, the intermolecular bonds of the starch are 

broken and more water molecules can link to hydrogen bonding sites. Therefore, the starch 

grains change their crystalline structures to a gelatinous, viscous solution (Zobel, 1984). This 

reaction may be useful when starch grains need to be completely removed from the micro 

sections. In this technical note, we describe how a steaming procedure can be used to dissolve 

and wash out the starch before staining. This presents an additional step to the methodology 

proposed by Schneider and Gärtner (2013). This procedure could be useful, where starch grains 

remain abundant after rinsing and interfere with image analysis, and where image processing to 

remove starch grains may cause other inaccuracies. 

5.4   Materials and Methods 

Stem disks of lodgepole pine were collected in a 40-year old provenance trial located in 

the vicinity of Kamloops, British Columbia, Canada, at an elevation of approximately 1,400 m 

a.s.l. (Illingworth, 1978). The air-dry disks were already sanded to allow for measuring of tree-



 

130 
 

ring width and latewood proportions. In preparation of the wood anatomical measurements, 1 cm 

wide, diagonal cross-sections were marked on the surface of the disks. Subsequently, the cross-

sections were sawed from the disks using a standard circular saw. The resulting samples were 

then trimmed to a thickness of 1.5 cm with a small circular saw. The saw cuts were also made 

perpendicular to the fibers, to ensure a vertical orientation of the tracheids (Gärtner & 

Schweingruber, 2014). These samples were split at the pith, yielding two pieces per disk, 

between 4 cm and 7 cm long. 

Prior to cutting micro sections with the microtome, the corn starch solution was prepared 

as a mixture of corn starch, water and glycerol in the ratio of 10g:8ml:7g (Schneider & Gärtner, 

2013). Following this step, the sample was placed in the object holder of a GSL1-microtome 

(Gärtner et al., 2014), was softened by applying water with a brush, and then transverse micro 

sections were cut. The first few cuts were needed to remove the top layer of fibers damaged by 

the saw. We then changed the blade (A170, NT-Cutter Japan) and applied the corn starch 

solution with a brush to the surface of the sample (Schneider & Gärtner, 2013; Gärtner et al., 

2015a). We aimed to produce sections of a thickness of approximately 10-20 µm, which were 

subsequently placed on a glass slide. To wash out the starch grains, the section was rinsed for 

four minutes by pumping water through the sample with a pipette (Gärtner & Schweingruber, 

2014) and subsequently stained as described below.  

Our simple laboratory set-up for steaming the micro sections is illustrated in Fig. 5.2. A 

lab grade, 2.5 l stainless steel container is placed on a hot plate filled with about 500 ml of 

distilled water. A metal rack is placed in the bottom of the bowl so that the top sits just above 

water level. It is important that the glass slide remains well above water to prevent the sample 

from being washed off the slide and damaged by the boiling water. A lid is used to close the 
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container and the water is heated to boiling. Once boiling, the glass slide supporting the micro 

section can be placed on the rack with laboratory tweezers or forceps. The sample remains in the 

container for 1 min before being removed. The hot steam acts upon the sample by causing the 

starch grains to lose their crystalline structures and to form a liquid solution. To save time, 

multiple samples can be steamed together. When fresh micro sections cannot be steamed 

immediately, they can be temporarily embedded in glycerol to prevent drying out as suggested 

by Gärtner and Schweingruber (2014). Before steaming, the glycerol should be washed out, 

because it increases the gelatinization onset temperature (Tan et al., 2004).  

After steaming, the samples were rinsed with water to remove the gelatinized starch 

liquid. Subsequently, the samples were stained and dehydrated according to standard procedure 

(Gärtner & Schweingruber, 2014). A few drops of a 1:1 mixture of Safranin and Astra Blue were 

applied with a pipette. After five minutes, the staining solution was washed away with water, and 

the micro sections were dehydrated in an ascending series of ethanol 70%, 96% and 99% to 

remove the rest of the surplus stain (Gärtner & Schweingruber, 2014). Excess ethanol was 

removed with a paper towel, and micro sections were then embedded in glycerol and water.  

Digital photos were obtained using a Nikon Eclipse Ni-E upright motorized microscope 

with an automatic scanning-table and a color camera with a resolution of 5 megapixels and 12-

Bit color depth (Nikon DS-Fi2). Micrographs were taken with 200x magnification and 

automatically merged to form a large image with the stitching function in the NIS-Elements 

software, Version 4.20.01 (Nikon Corporation, 2014). For illustrating the problem and the 

effectiveness of the proposed treatment, we also show how the samples appear in the widely used 

software WinCELL. 
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5.5   Results and Discussion 

Two micro sections from the same lodgepole pine wood sample are contrasted in Fig. 

5.3. Both were treated with corn starch during cutting with the microtome, but only one had an 

additional steaming treatment before both were stained. As seen in the two left panels in Fig 5.3 

(A & C), several starch grains remained present after the rinsing, staining and dehydration 

stages. The smaller cells in the latewood, or cells cut toward their tapered end, seemed to be 

primarily affected. These cells were measured incorrectly in WinCELL, meaning the complete 

analysis of a year’s growth would not be possible without manual correction. Although 

WinCELL allows the image contrast to be increased and filters to be applied, we found these 

functions to be insufficient in removing the image artifacts and to consistently help in correctly 

identifying cell lumen and cell wall thickness. We found that steaming of samples was less time-

consuming than manual removal in image analysis software. Efforts to use image manipulation 

to select and remove artifacts with various settings often discarded either too little or too much 

from the cell wall, which biased cell wall measurements. Since every micro section and resulting 

image might have slightly different properties, the parameters may also need to be adjusted from 

slide to slide, making it difficult to standardize. In contrast, the images on the right side of Fig. 

5.3 (B & D) correspond to the steam treatment and contain fewer obvious artifacts. Under very 

high magnification, some gelatinized starch was visible, but caused no artifacts during image 

analysis. 

The first step to reducing the presence of starch grains is rinsing the sample thoroughly 

with water after cutting with the microtome (Tardif & Conciatori, 2015). We tested several 

rinsing methods, including a spray from a typical laboratory squirt bottle, ordinary tap-rinsing, or 

rinsing and/or soaking in a Petri-dish. The most effective method for our samples, however, 
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involves placing a pipette on top of the section and pumping water through the sample, as 

recommended by Gärtner and Schweingruber  (2014). Although starch grains can be reduced to a 

low number after several minutes of rinsing, we found that more than 4 minutes did not further 

reduce the abundance of grains. This may vary for other species or samples with a different 

proportion of latewood. We should also note that in the case of the steaming treatment, it is 

important to again rinse the sample with water. This reduces the presence of gelatin which could 

reduce the quality of the micro section. 

Although steaming is reported to increase the crystallinity of cellulose (Ito et al., 1998), 

and heat can plasticize lignin and hemicelluloses (Inoue et al., 1993), we found no indication that 

the short steam treatment damaged the cellular structure. Prolonged heat treatment at high 

temperatures can distort wood, as shown in an 8-hr heat treatment at 200 °C by Priadi and 

Hiziroglu (2013). Stream treatments are, however, also used to soften wood specimens prior to 

cutting with a microtome (Tardif & Conciatori, 2015). It appears unlikely that brief steam 

treatments under normal atmospheric pressures will compromise the cell structure of an un-

restrained micro section. That said, it may still be generally advisable to treat all samples 

consistently and to thoroughly document the sample preparation to avoid potential bias in 

subsequent measurements. 

We conclude that the additional steam treatment for xylem micro section preparation only 

requires a minor investment in time and equipment. We consider cellular damage by the 

presented steaming method to be of low concern. Instead, steaming leads to improved section 

quality and more accurate image analysis without the need for image manipulation that may lead 

to other artifacts.  This gelatinization procedure may therefore be a useful, additional step to the 

method introduced by Schneider and Gärtner (2013).  
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5.7   Figures and Tables 

 

Fig. 5.1: Three examples of micro sections of stained xylem cells made from lodgepole pine samples (Pinus 
contorta Douglas ex Loudon). Two black arrows per panel highlight examples of starch grains that remain after 
rinsing, staining and dehydration. The center of the grains appears darker, especially in panels B and C. The starch 
grains sometimes absorbed Safranin during the staining stage, as seen in Panel B. 
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Fig. 5.2: Schematic view of steaming a micro section. A pot or beaker is placed on a heating plate, a metal rack or a 
substitute placed inside. The water level in the container should not exceed the height of the rack. After the water is 
boiling, wet micro sections on glass slides can be placed on top of the rack. The lid helps to keep the steam inside. 
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Fig. 5.3: Panels A and C show transverse sections of tree-rings from the same wood sample close to the border 
between latewood and earlywood photographed at 200x magnification. Images on the left (A & C) correspond to 
samples that were rinsed, stained and dehydrated and did not undergo a steam treatment. The arrows in panel A 
highlight two examples of remaining starch grains. The images on the right (B & D) display samples that underwent 
an additional 1-minute steam treatment. The lower panels are higher magnification micrographs of the top panels 
and show the cell lumen detection in WinCELL (Version 2013a). 
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6   Physiology of Lodgepole Pine Drought 
Tolerance 

6.1   Abstract 

Forests in leading edge areas of species distributions may not show expected increased 

primary productivity under climate warming, instead being limited by climatic extremes such as 

drought (Barber et al., 2000; Montwé et al., 2016). Looking beyond tree growth to underlying 

physiological mechanisms is fundamental for accurate predictions of forest responses to climate 

warming and drought stress (Anderegg et al., 2016). Here, we show that drought tolerance of 

lodgepole pine (Pinus contorta Doug. Ex. Loud) is linked to properties of the xylem anatomy 

and stomatal regulation. These physiological mechanisms were inferred by combining dual-

isotope analysis, functional wood anatomy, and growth from genetic transplant experiments over 

multiple decades. Populations from central parts of species distribution were most productive 

and exhibited an isohydric behavior to cope with drought stress: large xylem conduits facilitate 

photosynthesis when water is available, while moderate drought tolerance is achieved through 

stomatal responsiveness. Cavitation-resistant xylem in seed sources from the distribution’s 

trailing edge confer drought tolerance. When exposed to warmer climates, northern seed sources 

showed lower drought tolerance and growth due to a suite of physiological maladaptations. Due 

to drought, therefore, northern areas may not profit from strong warming and could instead 

benefit from cautious implementation of assisted migration. Since risks of seed transfer vary 

across species distributions, however, a cautious and population-oriented approach to climate-

based seed transfer is required to address climate change impacts on wide-ranging tree species. 
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6.2   Introduction 

Covering about a third of the Earth’s land surface, forests support communities, play a 

key role in carbon and water cycles, and influence climate forcings and feedbacks (Bonan, 2008; 

Kurz et al., 2008). Predicting the capacity of trees to cope with warming and drought is therefore 

an urgent and important challenge under climate change . Due to selective pressures, wide-

ranging tree species often represent several sub-specific populations that have developed unique 

multi-trait polygenic adaptations to local climates (Alberto et al., 2013; Aitken & Bemmels, 

2016). As a consequence, climate change is causing a mismatch of locally adapted populations to 

new environmental conditions (Davis & Shaw, 2001; Valladares et al., 2014). Although trees 

have generally high plasticity (Alberto et al., 2013), drought additionally causes substantial 

forest productivity losses and mortality (Ciais et al., 2005; Allen et al., 2010; Peng et al., 2011; 

Choat et al., 2012; Anderegg et al., 2016). Such droughts are anticipated to become more 

frequent and severe as greater climatic variability coincides with the higher evaporative demand 

from general warming (Ciais et al., 2005; Reyer et al., 2013; Christidis et al., 2014). The rate of 

decoupling between adaptations and environmental change may exceed the ability of trees to 

acclimate, migrate through seed dispersal or gene flow, or adapt through natural selection 

(Loarie et al., 2009; Talluto et al., 2017). 

To reduce the negative consequences of growing forest maladaptation under climate 

change, a percentage of pre-adapted seed sources from warmer, drier areas within the same 

species distribution could be planted (Aitken & Bemmels, 2016). While this could help realign 

populations with their climatic optima, careful assessment of adaptation is critical to effectively 

evaluate potential risks. Adaptation, maladaptation and the suitability of seed transfer can be 

assessed using provenance trials (Alberto et al., 2013; Aitken & Bemmels, 2016). These are 



 

141 
 

reciprocal transplant experiments that test multiple seed sources in common garden settings to 

reveal genetic differences in performance. These experiments also act as real-world climate 

change laboratories: Moving seeds southward exposes trees to warmer climates that may 

resemble projected warming while northward seed transfers test proposed climate-based seed 

transfers. Such trials represent substantial investments over multiple decades and are hence 

usually reserved for valuable trees. While this may represent a bias toward timber trees species, 

it does not limit their value in predicting responses in natural ecosystems, as is sometimes argued 

(Anderegg, 2015): Their economic value is a by-product of their ecological value as these tree 

species form the foundation of widespread forest ecosystems. This is the case for lodgepole pine 

(Pinus contorta Dougl. ex Loud.), which covers an estimated 1.3 million km2 area across western 

North America (Schroeder et al., 2010). This conifer is useful for studying the effects of climate 

change and assisted gene flow as its extensive distribution stretches as far north as the Yukon 

territory and as far south as the state of Colorado (Fig. 6.1f).  

Two primary mechanisms trees use to acclimate to changing moisture conditions involve 

construction of new xylem cells forming the hydraulic pipeline (Fig. 6.1d) and regulation of 

transpiration through stomata (Fig. 6.1e). Conifers discriminate against the heavy carbon-13 

isotope relative to the more abundant light carbon-12 isotope, while leaf water becomes enriched 

in the heavy oxygen-18 isotope because the light H2
16O molecules transpire more readily than 

H2
18O (Saurer et al., 1997; Barbour, 2007). These fractionation processes change under drought 

stress, however, when stomatal aperture is reduced to minimize water loss. With an awareness of 

other factors (Saurer et al., 1997; Gessler et al., 2014; Treydte et al., 2014), the response of 

stomata to drought can thus be cautiously inferred through the analysis of resulting 

photosynthate’s isotopic ratios, discussed in relation to a standard (i.e., δ13C or δ18O). The 
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balance between water loss and carbohydrate uptake is also partially determined through xylem 

structure because trees can modify conduit size and cell wall reinforcement of new xylem. 

Xylem adaptations can be accurately described through observations of anatomical structural 

changes in hydraulic diameter and wall thickness of xylem conduits. Combined, xylem 

morphology and stomatal responsiveness contribute to the range of physiological behaviors trees 

use to cope with water limitation: from isohydry to anisohydry. Isohydric plants are able to 

maintain stable mid-day water potentials by closing stomata under water limitation (McDowell et 

al., 2008). Anisohydric plants allow more variable water potentials due to changing dryness  by 

being able to keep stomata open under drier conditions to maintain photosynthesis by having 

xylem properties to tolerate increasing water tension (McDowell et al., 2008). 

Here, we test the ability of different tree populations to physiologically acclimate to 

warmer and drier conditions under climate change. We evaluate long-term growth performance 

and drought tolerance to a severe spring drought that occurred in western North America in 

2002. We further investigate physiological mechanisms underlying response to drought, and 

whether the ability to acclimate to drier conditions relates to intra-species isohydric or 

anisohydric responses. 

6.3   Methods 

Experimental Design and Field Measurements 

All trees used in this study were grown in a genetic field trial established in 1974 for 

lodgepole pine. We study seed sources (provenances) grouped into four geographic regions 

(populations): the boreal North representing the leading edge (LE); Central Interior (CI) and 

Southern Interior (SI); and the far south, representing the trailing edge (TE) (Figs. 6.1f, 6.S1). 
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Each of these regional populations is represented by five provenances (Figs. 6.1f, 6.S1, Tab. 

6.S2), grown on three planting sites in British Columbia’s southern interior (Tab. 6.S1) and 

replicated on two blocks per site (Fig. 6.S1) in a randomized block design (Fig. 6.S1). Growth 

and drought tolerances are based on 4 trees per provenance. Functional wood anatomy and stable 

isotope analyses were conducted on a sub-sample of 120 trees: one tree of median height per 

provenance × 5 provenances per regional population × 3 sites × 2 blocks. See Supplementary 

Information for more detail. 

Field and Tree-Ring Measurements 

We measured height as well as annual height increments (distance between branch 

whorls). All tree-ring, wood anatomical and isotopic analyses presented here are based on stem 

disks taken from diameter at breast height (1.3 m). After sanding and scanning these disks, we 

measured annual radial growth on four radii per stem disk using Windendro (version 2016) to a 

precision of 0.01 mm, and derived basal area increment (BAI). Stem disks were then cut into two 

adjacent sections of ~1cm along a radius to the pith: one each for functional wood anatomical 

and stable isotope analyses. A period of 10 years from 1996 to 2005 was chosen for wood 

anatomical and isotopic analyses as it captured a spring drought event occurring in 2002. 

Drought tolerance is discussed in terms of relative resilience, or the ability to achieve pre-

drought growth (BAI) after accounting for the drought’s initial impact on growth (see 

Supplementary Information). 

Functional Wood Anatomy 

We cut micro sections of 10-20 µm thickness and prepared them for image analysis. 

Micrographs were taken at 200× magnification with a Nikon Eclipse Ni-E upright microscope. 
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Images were cleaned as necessary using Nikon NIS-Elements (version 4.20.01) and Adobe 

Photoshop CS4 software. In four cell rows per tree ring, we measured cell wall thickness and cell 

lumen diameter (d). Lumen diameter was used to calculate the average hydraulic diameter 

(∑d5/∑d4) for each ring. See Supplementary Information for more detail. 

Stable Isotope Analyses 

We first confirmed through a pilot study that resin-extracted whole-wood from an entire 

tree ring was most suitable for stable carbon and oxygen isotope analyses in our samples (Figs. 

6.S1, 6.S2). After homogenizing individual resin-extracted tree rings (Retsch MM 2000 ultra-

centrifugal mill), samples were combusted/pyrolised prior to Isotope Ratio Mass Spectrometry. 

Isotope ratios are reported in δ notation, representing deviations from known reference materials. 

The level of precision is ±0.02‰ for carbon and ±0.4‰ for oxygen. Intrinsic Water Use 

Efficiency (WUE) was derived from carbon isotope ratios based on empirically-derived formulas 

and annual estimates for atmospheric carbon concentrations. See supplementary information for 

more detail.  

Statistical Analyses 

Linear mixed effects models were used for testing differences among the four regional 

populations: regional population was specified as the fixed effect while random effects included 

year, provenance and site. Distance from the apex was included as a random effect for models 

involving functional wood anatomical traits. The Benjamini & Hochberg method was used to 

correct the false discovery rate in multiple comparisons and climate correlation (Benjamini & 

Hochberg, 1995). Growth correlations to annual site climate variables (1996 - 2005) tested basal 

area and height increments while growth correlations to the climates of seed origin (1961-1990 
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long-term average) were based on total height and diameter in 2005. See Supplementary 

Information for more detail. 

6.4   Results 

Results show pronounced differences in growth and physiology among tree populations 

over time (Figs. 6.1a, 6.S3). Over the length of the study, seed sources from the central part of 

the lodgepole pine distribution demonstrate good growth and reliably higher hydraulic diameter 

and δ13C and δ18O values (Fig. 6.1a). In contrast, seed sources from northern areas of the 

lodgepole pine range show consistently lower growth, hydraulic properties of the xylem and δ13C 

and δ18O values (Fig. 6.1a). Meanwhile, seed sources from the far south had lower growth than 

central and southern interior populations (Fig. 6.1a). They also have moderate values in all 

physiological traits, except they have relatively thicker cell walls (Fig. 6.1a). These responses are 

linked to adaptations to source climate (Fig. 6.1b, Tab. 6.S1) as well as the conditions on the 

planting sites (Fig. 6.1c, Tab. 6.S2). Growth, tracheid wall thickness and δ18O showed stronger 

latitudinal clines of adaptation linked to temperature and growing season conditions (Fig. 6.1b). 

In contrast, the functional physiological traits were found to be more linked to site conditions 

than could be explained by climate of seed origin (Fig. 6.1c, Tabs. 6.S3, 6.S4). Correlations 

between δ13C and δ18O are positive, although varying by population (Fig. 6.S4), suggesting that 

δ13C is governed by stomatal conductance here (Saurer et al., 1997; Scheidegger et al., 2000; 

Tognetti et al., 2014). 

The two populations from the central part of the lodgepole pine species distribution 

showed the highest height and diameter growth, δ13C and δ18O values, hydraulic diameter and 

tracheid wall thickness (Fig. 6.2, Tab. 6.S6). They also show moderate drought tolerance relative 
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to other populations. These traits were almost always significantly different from the northern 

population (Fig. 6.2, Tab. 6.S6). As seen in Fig 6.1a and Fig 6.3, the dual-isotope signatures of 

central and southern interior populations show a high degree of plasticity, or the ability to 

acclimate to changing climatic conditions. Under drier conditions, however, these populations do 

not modify their xylem structure to the same degree that the trailing edge (far south) population 

does (Figs. 6.1, 6.3). 

The far south population shows higher drought tolerance and moderate productivity 

relative to other populations (Fig. 6.2, Tabs. 6.S5, 6.S6). This response is linked to a significantly 

lower hydraulic diameter compared to the most productive populations (Fig. 6.2, Tabs. 6.S5, 

6.S6). These trees also had lower WUE, δ13C and δ18O values relative to the central populations, 

although these were not significantly different (Fig. 6.2, Fig. 6.S6). While they showed low 

variation in stable isotope values under drought conditions (Figs. 6.1, 6.3), they had the highest 

ability to adjust their hydraulic diameter, lumen diameter and wall thickness (Fig. 6.S4, Tab. 

6.S5). 

When northern seed sources originating from the leading edge of the lodgepole pine 

distribution are grown on southern planting sites, simulating climate warming, they perform 

poorly (Figs. 6.1a, 6.2, Tab. 6.S5). Their height and diameter growth is significantly lower than 

all other populations (Tab. 6.S6). A suite of low values for all physiological variables (Figs. 6.1a, 

6.2, Tab. 6.S5) was also significantly different from the two high-performance central 

populations in most cases (Tab. 6.S6). These seed sources also showed the lowest ability to 

modulate their response in terms of isotopic signatures or xylem parameters (Fig. 6.3). 
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6.5   Discussion 

Although lodgepole pine is considered a drought tolerant species as a whole, there are 

complex variations in intra-species growth and responses to drought. Within this wide-ranging 

tree species distribution, the full range of isohydric to anisohydric behaviors is shown in different 

populations. The physiological mechanisms underlying these responses are equally diverse and 

can be attributed to both leaf-level and wood anatomical processes. 

The responses of the central populations suggest isohydric behaviors to cope with water 

limitation. While growth is maximized under optimal conditions, these trees cope with water 

limitation with more responsive stomata, suggesting some ability to adapt to future drought. This 

is indicated by relatively high δ18O values, which point to higher transpiration: Assuming no 

differences in rooting patterns, relative differences among populations’ δ18O signatures point to 

transpiration, not water source, due to the common garden approach and, hence, homogenous 

soil water conditions. Higher transpiration is also likely facilitated by larger tracheid lumens, 

which form an efficient hydraulic pathway to the photosynthesizing crown. The increased 

transpiration indicates that, while moisture is available, trees from central areas in the lodgepole 

pine distribution have a competitive advantage in photosynthesis and growth potential. At the 

same time, cavitation risk appears to be modulated through stomatal closure under drought, 

helping to explain their moderate drought tolerance. However, isohydric behaviors are often not 

successful under prolonged drought, as it can cause the depletion of carbon reserves, eventually 

leading to starvation (McDowell et al., 2008). While these central areas therefore appear not to 

be immediately in need of assisted gene flow, the point at which the local forests begin to decline 

depends on the rate and magnitude of climate change as well as interactions with other biotic and 

abiotic factors. 



 

148 
 

Trees from the southern, trailing-edge population showed some ability to adjust their 

hydraulic diameter, lumen diameter and wall thickness. Combined with their inferred stomatal 

response, this physiological response explains the classic growth versus drought tolerance trade-

off exhibited by these trees. However, these provenances were grown on planting sites in the 

southern interior of British Columbia, not in situ: With these data, we can only indicate what 

could happen by incorporating a percentage of these seed sources in central areas of the 

lodgepole pine distribution. Such an assisted gene flow scenario could increase drought tolerance 

in central areas, but would reduce forest productivity.  

The low productivity of the northern population relative to other populations may be 

partially explained by less transpiration, evidenced by lower values of δ18O and the narrow 

hydraulic diameters. These trees also have thin tracheid walls, which are associated with a higher 

risk of cavitation to the water pipeline (Hacke et al., 2001). Cavitation could result in air 

embolisms in the stem, further reducing the ability of water to reach the crown. Sustained 

stomatal conductance under drought (as indicated by stable isotopes), combined with low cell 

wall reinforcement to compensate for increasing xylem tension, would likely cause the northern 

population to be more cavitation prone. This could further explain their inability to cope with 

drought and warming, and why they did not regain pre-drought growth levels. Interestingly, 

these data also show no evidence of an expected dual adaptation to cold and drought tolerance, 

which rely on similar mechanical properties (Bansal et al., 2016).  

Under predicted warmer and drier climates in the boreal north, where temperature 

warming could exceed 5 °C by the end of the century, the low potential to respond to strong 

warming and drought may become a problem for vast areas of northern pine forests. These 

results contribute to a growing number of negative predictions for the western areas of the boreal 
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north (Barber et al., 2000; Girardin et al., 2016; Montwé et al., 2016) that contradict earlier 

research suggesting increased growth in northern latitudes (Keeling et al., 1996; Myneni et al., 

1997). Our data also suggest that range erosion may not only occur in the rear edge, but could 

create “extinction debts” at northern tree species margins as well (Talluto et al., 2017) 

6.6   Conclusion 

Our data suggest that increased forest health issues, productivity losses and carbon-cycle 

feedbacks will not be uniform across the species distribution and could occur in northern areas 

first in the case of lodgepole pine. While introducing pre-adapted alleles to the leading edge may 

help maintain forest health and productivity, assisted gene flow would cause high opportunity 

costs for minimal gain in central areas of the species distribution: deploying pre-adapted seed 

under assisted gene flow prescriptions cannot be universally applied without risks; a cautious and 

population-oriented approach is needed. 
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6.8   Figures 

 
Fig. 6.1. Variations in growth and physiology of lodgepole pine (Pinus contorta) in relation to climate and 
provenance. a) Growth, functional wood anatomical traits, stable isotope values and δ13C-derived intrinsic Water 
Use Efficiency (A/gs). Lines and standard errors are colored according to the regional population within the species 
distribution: blue represents the leading edge (northern) population; green represents the central interior population; 
yellow represents the southern interior population; and orange represents the trailing edge (far south) population (n = 
1170: 4 populations × 5 provenances × 1 tree × 3 sites × 2 blocks × 10 years, minus 3 trees). b) Correlations of 
growth and physiological traits to climate of seed origin. These were based on total height and diameter at age 32 
and were correlated to long-term climates from 1961-1990 (n = 117). c) Correlations of growth and physiological 
traits to annual climate variables at the planting sites. These were based on annual height and basal area increments 
related to weather on the planting sites over the 10 years (n = 600). d) Stained micro cross-section of a lodgepole 
pine showing one tree ring (pith to the left). e) Micro cross-section of a pine needle with two clearly visible stomatal 
openings (one highlighted by an arrow). f) Lodgepole pine distribution (dark grey) in western North America and 
the experimental design. 
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Fig. 6.2. Genetic adaptations revealed from growth, drought tolerance and physiology. Each dot represents the 
average response in units of standard deviation to show relative rankings among the four regional populations: blue 
represents the leading edge (northern) population; green represents the central interior population; yellow represents 
the southern interior population; and orange represents the trailing edge (far south) population. Response is tested 
across three planting sites in British Columbia’s southern interior, so a positive climate transfer distance exists for 
northern populations (tests climate warming) while a negative climate transfer distance exists for southern 
populations (tests assisted gene flow prescriptions). Bars are standard errors of the mean. 
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Fig. 6.3. Plasticity among populations of lodgepole pine. a) Response of stable isotopes in years of different 
moisture levels. b) Average tracheid wall thickness and lumen diameter as a function of cell number under different 
moisture conditions. Each of the regional populations are coloured according to Fig. 6.1. Error bars (a) and ribbons 
(b) are standard errors of the mean. 
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6.9   Supplementary Information: Methods 

Experimental Design and Field Measurements 

All trees used in this study were grown in a genetic field trial established in 1974 for 

lodgepole pine (Pinus contorta Doug. ex. Loud.) (Illingworth, 1978). Many planting sites 

incurred high mortality in 2006 due to the mountain pine beetle epidemic. In 2013 and 2014, we 

were permitted to fell dead trees within this valuable multi-decade experiment, allowing us to 

accurately measure growth parameters and collect stem disks. From this larger experiment, we 

developed a complete randomized block design representing seed sources from across the 

distribution, which stretches north-south over 4000 km. Seed sources were grouped into four 

large geographic regions (Fig. 6.S1, Tab. 6.S1): the Leading Edge (LE), which represents 

provenances from the boreal north; British Columbia’s Central Interior (CI) and Southern 

Interior (SI), which are both found in the central parts of the lodgepole pine distribution; and the 

Trailing Edge (TE), which represents provenances from the far south of the lodgepole pine 

distribution. Seed sources (provenances) from these four regions are collectively referred to as 

populations. 

Each of these regional populations is represented by five seed sources (provenances), 

which were tested on three planting sites in British Columbia’s Southern Interior that had 

incurred high beetle-caused mortality (Tab. 6.S2). In turn, each site contains two blocks, which 

act as replications: the location of the seed source plot was randomized within the block (Fig. 

6.S1c). Growth and drought tolerance data rely on 4 trees per seed source per block (Montwé et 

al., 2016). Due to the high financial and labour costs involved in inferring physiological traits 

from tree rings, we selected the tree of median height for further stable isotope and functional 
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wood anatomical analyses (1 tree / provenance / block). Three samples were not available, 

hence; most of the wood anatomical and isotopic analyses therefore rely on a sub-sample of 117 

trees (1 tree/provenance × 4 regions × 3 planting sites × 6 blocks - 3 trees). 

 
Fig. 6.S1. Study design and climates across the species distribution of lodgepole pine (Pinus contorta). a) Climate graphs of 
precipitation (bars) and temperature (lines) for the average climates of the four regional populations b) Climate graph showing 
average conditions across the planting sites, where bars show precipitation and lines show temperature. c) The experiment relies 
on a complete randomized block design, where each provenance was planted in a randomized pattern across two blocks per site. 
d) Map and legend, where dark grey shows the lodgepole pine range, circles represent seed sources numbered according to the 
original design by Illingworth, and the three planting sites are depicted as black triangles. 
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Field and Tree Ring Measurements 

After felling and de-limbing each tree, we cut stem disks for further growth and 

physiological analyses. With an Eslon tape, we measured height and annual height increment, 

indicated by the distance between branch whorls. In the field, we confirmed the accuracy of 

height increment counts by comparing them to the number of tree rings from stem disks at a 

given height. The accuracy of height increments for the 120 trees was verified against the same 

tree’s tree-ring widths, with some minor and consistent modifications made as necessary. The 

analyses of wood anatomy and isotope ratios are based on the stem disk taken from diameter at 

breast height (DBH; 1.3m). These disks were sanded with increasingly fine sand-paper grit and 

scanned at 1200 dpi (ScanMaker 9800XLplus; Microtek, Hsinchu, Taiwan). Tree-ring widths 

were measured on four radii per stem disk using the semi-automatic tree-ring software 

Windendro, version 2012. From these measurements, we calculated DBH as double the average 

radius length, and calculated basal area increment as the average increase in annual growth. 

These stem disks were then cut into two adjacent sections of ~1 cm along a radius to the pith: 

one was used for functional wood anatomical and the other for stable isotope analyses.  

Drought Indicators and Period of Study 

A study period of 10 years from 1996 to 2005 was chosen as it captured a spring and 

summer drought event occurring in 2002. Compared to the 1961-1990 climate normal, this 

drought represented a drop of a standard deviation in mean annual precipitation, while standard 

deviations from mean precipitation in June, July, August and September were -0.61, -0.62, -0.90 

and -0.75, respectively. An illustration of climate and growth over the life of the provenance trial 

is provided in an earlier publication (Montwé et al., 2016). Designation of these years as pre-

drought, drought and post-drought are important for the super-epoch analysis involved in 
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calculating the four drought indicators as coined by Lloret et al. (2011): Resistance refers to the 

drop in growth in the drought year relative to the three preceding years; recovery is the speed 

with which growth resumes; resilience is the ability to return to pre-drought growth; and relative 

resilience is the ability to return to pre-drought growth relative to the severity of the growth drop 

during the drought year. These variables were defined with regard to basal area increment to be 

consistent with an earlier study (Montwé et al., 2016), where 1999-2001 are considered pre-

drought years, 2002 is the drought year, and 2003-2005 are the post-drought years. Although 

2003 was also considered warm, it was not quite as dry in the early part of the growing season 

when growth is critical. Since basal area increment had already begun to recover in 2003, by 

definition, it was considered a post-drought year. 

Sample Preparation for Wood Anatomical Analysis 

Wood anatomical analyses rely on 117 trees, since 3 trees out of the design were 

unsuitable for micro sections. After applying a corn-starch solution to the wood sections 

(Schneider & Gärtner, 2013), we cut micro sections of 10-20 µm thickness using a GSL-1 

microtome (Gärtner et al., 2014). The samples were washed, steamed (Montwé et al., 2015a), 

rinsed and bleached (Gärtner & Schweingruber, 2014). The samples were then soaked in a stain 

made of equal portions of Safranin and Astrablue for five minutes, rinsed with distilled water, 

and washed with increasing concentrations of ethanol (Gärtner & Schweingruber, 2014). After 

applying Canada balsam, the samples were covered with a glass cover slip and placed in an oven 

at 60 °C for 8 hours to solidify. Micrographs were taken at 200× magnification at a resolution of 

5 megapixels and 12-bit colour depth using a Nikon Eclipse Ni-E upright microscope and 

automatically stitched together with the NIS-Elements software, version 4.20.1. Images were 

further cleaned as necessary in Photoshop (Adobe CS4) or WinCell, version 2013. For each tree 
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ring, four cell rows were measured in WinCell to measure average cell lumen diameter and wall 

lengths. We subsequently calculated wood anatomical analyses which provide data on and 

insight into physiological processes. These include the hydraulic diameter (∑d5/∑d4) for each 

ring, a measure of the xylem’s potential as a water pipeline to the photosynthesizing crown. Cell 

lumen and cell wall thickness profiles were calculated according to procedure described by 

Montwé et al. (2015b). Finally, relative comparisons among populations are possible since 

differences in xylem anatomy due to shade stress (e.g. possible reductions in lumen diameter 

(Schoonmaker et al., 2010)) are accounted for by using the provenance trial setting, where trees 

were grown in a common age structure. 

Pilot Study: Sample Preparation for Stable Isotope Analysis 

We first conducted a pilot study to confirm the most suitable methodology for annually-

resolved isotopic analysis on our lodgepole pine samples. It has long been recognized that wood 

components vary isotopically (Wilson & Grinsted, 1977; Leuenberger et al., 1998; Macfarlane et 

al., 1999; McCarroll & Loader, 2004; Cernusak et al., 2009; Gessler et al., 2014). Cellulose is 

often used for stable isotope analysis due to its stability and immobility (Macfarlane et al., 1999; 

Gaudinski et al., 2005; Boettger et al., 2007). It is already formed during the early phase of cell 

development and, hence, likely reflects more timely isotopic signatures. In contrast, lignification 

can be delayed by weeks or months (Wang et al., 2000; Cuny et al., 2015), so lignin molecules 

may represent a lagged signal (Wilson & Grinsted, 1977; Helle & Schleser, 2004). However, 

cellulose extraction is time-consuming, so whole-wood is preferred when there is a consistent 

offset. For lodgepole pine, Guy and Holowachuk (2001) previously reported a strong relationship 

between carbon isotope signatures in cellulose and whole sapwood. However, we needed to test 

the reliability of this signal over time in tree rings (the key component in our study) from trees 
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that had been dead-standing for 5-8 years for both oxygen as well as carbon isotope ratios. We 

also wanted to exclude the influence of blue-stain fungus (Ophiostoma spp.) affecting many of 

our lodgepole pine samples on the isotope ratios, as reported for other conifers (English et al., 

2011). This pilot additionally compared latewood to the entire ring to test if earlywood cells were 

formed with stored photosynthate (Helle & Schleser, 2004), possibly leading to different climatic 

correlations  (Kagawa et al., 2006a, 2006b; Barnard et al., 2012). 

The pilot study was based on tree rings covering 7 years (1999 – 2006, inclusive), 

representing four trees from one provenance grown on one planting site block. Tree rings were 

separated with a scalpel under the stereo-microscope (Leica Wild M3B, Wetzlar, Germany). 

Whole-wood samples were homogenized with an ultra-centrifugal mill (ZM 2000, Retsch 

GmbH, Germany) and placed in Teflon sample bags. To remove possible resins and extractives 

(mobile and potentially causing isotope bias), the bags were washed continuously with 96%-

grade ethanol for 24 hours in a Soxhlet apparatus. For cellulose samples, tree rings were placed 

into Teflon bags and hollocellulose was extracted following a modified Jayme-Wise method 

(Gaudinski et al., 2005). This procedure involved placing the samples in a bath of 5% Sodium 

Hydroxide (NaOH) for 2 hours at 60 °C, then thoroughly rinsing the samples, and then placing 

them in a bath of 7% Sodium Chlorite (NaClO2) and glacial acetic acid for 30 hours at 60 °C 

(average time for samples weighing 10 mg). One far outlier was removed (entire-ring, whole-

wood in 2002 for one tree for δ18O). 

Cellulose and whole-wood year-to-year variations of our pilot samples were highly 

correlated (r = 0.92 for δ13C; r = 0.85 for δ18O), but, as expected, the absolute values were 

significantly different (p<0.001 for both δ13C and δ18O) (Fig. 6.S2). Isotope ratios for latewood 

and the entire ring were also highly correlated for δ13C (r = 0.88) and significantly different (p = 
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0.009). The correlations between latewood and the entire ring were weaker for δ18O (r = 0.39), 

but these groups were not significantly different from each other for δ18O (p = 0.701). Latewood, 

however, shows higher variability. This can likely be attributed to inconsistent bias introduced 

when separating the latewood from the earlywood with a scalpel: the split was assessed visually 

and therefore somewhat arbitrary. Using the entire ring was therefore considered more suitable, 

especially as these had stronger correlations with climate. This pilot study therefore confirmed 

that using the entire tree-ring and extracted whole-wood were most suitable for stable isotope 

ratio analyses. 

 
Fig. 6.S2. Pilot study results comparing materials and methodologies for stable carbon and oxygen isotope analyses 
in tree rings from lodgepole pine (Pinus contorta). The two upper graphs correspond to stable carbon isotope ratios 
(δ13C) while the two lower graphs correspond to stable oxygen isotope ratios (δ18O). The two graphs on the left 
compare isotope signatures in the entire ring versus those in the latewood only. The two graphs on the right compare 
isotope signatures in cellulose versus those in resin-extracted whole-wood. The shaded areas represent standard 
errors of the mean. 
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Full Design: Sample Preparation for Stable Isotope Analysis 

The full study design relies on 120 trees: 1 tree/provenance × 5 provenances/regional 

population × 3 planting sites × 2 blocks. While three trees were unsuitable for isotope analyses, 3 

additional trees from the pilot study were included in the final database. Thus, we prepared 1200 

samples for δ13C analyses and 1200 samples for δ18O analyses. We removed extractives from the 

wood sections by running ethanol through them in a Soxhlet apparatus for 24 hours. We then 

separated tree rings with a scalpel under a stereo-microscope (Leica Wild M3B, Wetzlar, 

Germany) and homogenized the samples with an ultra-centrifugal mill (ZM 2000, Retsch GmbH, 

Germany). This homogenization technique is appropriate for whole wood and poses no risk of 

isotopic contamination from plastic (Isaac-Renton et al., 2016). The G.G. Hatch Stable Isotope 

Laboratory at the University of Ottawa weighed the homogenized samples into tin (carbon) and 

silver (oxygen) capsules for elemental analyses and mass spectrometry. Carbon samples were 

flash combusted at 1800 °C while oxygen samples were pyrolised at 1450 °C before being fed 

into the Isotope Ratio Mass Spectrometry interface. The resulting isotope ratios are reported in 

standard δ notation, which represents deviations from the reference material (Vienna Pee Dee 

Belemnite for Carbon; Vienna Standard Mean Ocean Oxygen for Oxygen) according to the 

following formula: 

R =(Rsample/Rreference – 1)1000 

Where R is the ratio of the heavier to lighter isotope (Farquhar et al., 1982, 1989; Francey 

& Farquhar, 1982; McCarroll & Loader, 2004; Seibt et al., 2008). The level of precision is 

±0.02‰ for carbon and ±0.4‰ for oxygen. 
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Atmospheric Carbon Data and Calculation of Intrinsic Water Use Efficiency 

Although isotopic signatures may change slightly due to post-assimilation fractionation 

and stored carbohydrate reserves can be remobilized (Helle & Schleser, 2004; Kagawa et al., 

2006a, 2006b; Treydte et al., 2007; Offermann et al., 2011; Gessler et al., 2014), stable carbon 

isotope ratios can still provide information on stomatal behaviour and are widely used. We used 

tree ring δ13C to estimate atmospheric and intercellular carbon concentrations (ca and ci, 

respectively), which were used to calculate intrinsic Water Use Efficiency (WUE) based on the 

following empirically-derived equations (Farquhar et al., 1982; Francey & Farquhar, 1982; 

Saurer et al., 1997; McCarroll & Loader, 2004; Seibt et al., 2008; Tognetti et al., 2014): 

ci/ca = (δ13Cplant – δ13Cair + a)/(b-a) 

iWUE = A/gs = ca[1-(ci/ca)](0.625) 

Where a represents a fractionation of -4.4 ‰ due to kinetic diffusion discrimination at the 

stomata, b is the fractionation at the site of carboxylation (-27‰). The rate of carbon assimilation 

is denoted by A, and gs represents stomatal conductance. Annual mean estimates for ca were 

obtained from the United States Department of Commerce’s National Oceanic and Atmospheric 

Administration Earth System Research Laboratory observations from Mauna Loa (Tans & 

Keeling)(available here: ftp://aftp.cmdl.noaa.gov/products/trends/co2/co2_annmean_mlo.txt). 

Annual estimates for δ13Cair were downloaded from the flask analysis data for Mauna Loa, 

available from the Carbon Dioxide Information Analysis Center (Keeling et al., 2009) (CDIAC; 

http://cdiac.ornl.gov/ftp/trends/co2/iso-sio/).   
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Climate Data 

All climate data were derived from the ClimateWNA (version 5.4) software interface 

(Wang et al., 2016). This program downscales model estimates using the Parameter-Elevation 

Regressions on Independent Slopes Model (PRISM) method (Daly et al., 2008). We downloaded 

annual climate variables for planting sites. For the provenance climates (climate of seed origin), 

we derived average climate variables for the 1961-1990 climate normal period. For the 

provenance climates (climate at seed collection sites), we used average annual climate variables 

for the 1961-1990 normal because this period represents comprehensive climatic data and is not 

too dissimilar to historic climates to which trees are presumed to be adapted.  

Statistical Analyses 

After compiling growth, functional wood anatomical and stable isotope data, we 

conducted a thorough outlier analyses and found no values that warranted rejection from the 

database. All statistical analyses were conducted in the R statistical programming environment 

(R Core Team, 2017) , and graphing was implemented with various functions from the ggplot2 

package (Wickham, 2009). 

Correlations to climate at the planting site were conducted at the provenance level and 

were calculated with the rcorr function from the Hmisc package  to obtain p-values. Due to the 

slightly imbalanced design, provenance values for the correlations relied on least square means 

calculated using lsmeansLT and lmerTest (Kuznetsova et al., 2016), where provenance was 

specified as the fixed effect and block and a unique tree identity were specified as random 

effects. For testing differences among the four regional populations, the fixed effect in each 

model was region. Model selection was verified by confirming lower values for Akaike 

Information Criteria. For models based on functional wood anatomy, the distance from the apex 
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was included as a random effect because it affects conduit size (Mencuccini et al., 2007; Carrer 

et al., 2015). It is necessary to include distance to the top of the tree since conduit size is partially 

determined by growth patterns over time: as the tree grows higher, the new growth at the base of 

the tree requires larger conduits. This is therefore reflected in functional wood anatomical data in 

a gradient towards the pith in a stem disk or increment core (Mencuccini et al., 2007; Carrer et 

al., 2015). Correlations between growth and annual climate conditions at the site were based on 

height increments and basal area increments. Correlations of the average climate of seed origin 

(the long-term mean from 1961-1990) to all growth, drought, anatomical and isotopic traits are 

designed to show adaptation to climate. For these correlations, we used total height and DBH 

after 31 years of growth in real-world conditions (year 2005).  All correlations were also adjusted 

using the Benjamini & Hochberg method (Benjamini & Hochberg, 1995) for reporting 

significance in tables (Tabs. 6.S3, 6.S4). Heatmaps were produced using the pheatmap command 

in the pheatmap package (Kolde, 2015). Post-hoc tests for regional population fixed effects were 

completed with the glht command from the multcomp package (Hothorn et al., 2008, 2016) and 

the p-values were adjusted using the Benjamini & Hochberg method as well (Benjamini & 

Hochberg, 1995). 
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6.10   Supplementary Information: Results 

 
Tab.6.S1. Geography and average source climate variables (1961-1990 long-term average) are shown for provenances 

Region Prov Name Lat Long El MAR MAT MWMT MCMT TD MAP MSP PAS RH 
Leading Edge (Northern provenances) 33 Ethel L. 63.30 -136.47 876 9.8 -4.2 14 -24.7 38.7 442 260 198 57 
Leading Edge (Northern provenances) 30 Lower Post 59.98 -128.55 640 9.7 -2.7 14.5 -23.5 38 448 235 204 56 
Leading Edge (Northern provenances) 35 Atlin 59.80 -133.78 789 9.8 -0.6 12.5 -15.5 28 374 183 181 63 
Leading Edge (Northern provenances) 28 Tetsa R. 58.67 -124.17 762 10.5 -1.2 13.7 -18.2 31.9 621 419 195 58 
Leading Edge (Northern provenances) 66 Stone Mt. 58.65 -124.77 1173 10.1 -1.3 11.3 -14.4 25.7 688 475 240 61 
Central Interior (Provenances from center of distribution) 100 Nina Cr. 55.80 -124.82 762 10.9 0.9 13.5 -14 27.5 529 250 234 61 
Central Interior (Provenances from center of distribution) 20 Collins L. 54.13 -127.23 937 11.1 2 12.5 -9.4 21.9 595 219 294 64 
Central Interior (Provenances from center of distribution) 104 Nechako R. 54.02 -124.53 732 11.1 2.6 14.4 -11.4 25.7 520 238 211 58 
Central Interior (Provenances from center of distribution) 107 Tweedsmuir 52.50 -125.80 1311 11.3 1.2 10.9 -8.8 19.8 1043 257 628 60 
Southern Interior (Provenances from center of distribution) 14 Wentworth Cr. 50.97 -120.33 1059 12.3 4.2 14.8 -7.6 22.4 476 219 163 62 
Southern Interior (Provenances from center of distribution) 72 Larch Hills 50.70 -119.18 777 11.2 5.8 17.1 -5.9 23 648 244 211 65 
Southern Interior (Provenances from center of distribution) 57 Inonoaklin 49.90 -118.20 579 10.7 6.8 17.9 -4.4 22.3 685 264 162 64 
Southern Interior (Provenances from center of distribution) 1 Trapping Cr. 49.58 -119.02 1006 11.1 4.5 15.7 -7.1 22.8 550 227 200 59 
Southern Interior (Provenances from center of distribution) 42 Champion L. 49.18 -117.58 998 12.7 6.2 17.6 -5.2 22.8 835 269 261 67 
Trailing Edge (Provenances from the far south) 111 Stevens Pass 47.78 -120.93 762 16.5 6.5 17.2 -3.5 20.7 1711 255 536 61 
Trailing Edge (Provenances from the far south) 144 Missoula (a) 46.67 -113.67 1524 12.7 4.7 16.8 -6.3 23.1 568 237 199 56 
Trailing Edge (Provenances from the far south) 153 Enterprise 45.63 -117.27 1311 14.5 6.7 17.7 -3.4 21.1 562 205 123 56 
Trailing Edge (Provenances from the far south) 154 Prairie City 44.53 -118.57 1494 15.9 6 17.1 -4.1 21.3 639 171 206 56 
Trailing Edge (Provenances from the far south) 123 Black Butte 44.38 -121.67 1006 14.3 7.3 16.6 -0.7 17.3 609 102 99 51 
 

Region refers to the assigned population based on geographical origin. Prov refers to the provenance corresponding to the Illingworth provenance trial’s 
numbering system (Illingworth, 1978). Latitude (Lat) and longitude (Long) are given decimal degrees; elevation (Elev) is given in meters above sea level. Mean 
Annual Solar Radiation (MAR, MJ m‐2 d‐1) is also provided. Climate variables include: Mean Annual Temperature (MAT, °C), Mean Warmest Month 
Temperature (MWMT, °C), Mean Coldest Month Temperature (MCMT, °C), Temperature Difference (TD, °C), Mean Annual Precipitation (MAP, mm), Mean 
Summer Precipitation (MSP, mm), Precipitation As Snow (PAS, mm) and Relative Humidity (RH, %). Climate data derived from ClimateWNA v 5.40 (Wang et 
al. 2016). 
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Tab. 6.S2. Geography and average annual climate variables (1981-2010 long-term average) of the three planting sites 

Site Lat Long Elev MAR MAT MWMT MCMT TD MAP MSP PAS RH 
Chuwels Lake (CHUW) 50.58 -120.62 1430 12.7 2.9 13.5 -7.2 20.7 445 214 164 63 
Community Lake (COMM) 50.92 -120.07 1370 12.6 3.3 14.1 -7 21.1 664 280 262 67 
Equises Creek (EQUI) 50.37 -119.60 1370 12.3 3.5 14.1 -7.1 21.2 743 270 308 66 

The three planting sites are within the Illingworth lodgepole pine provenance trial (Illingworth, 1978): Chuwels Lake (CHUW), Community Lake (COMM) and Equises Creek 
(EQUI). Latitude (Lat) and longitude (Long) are given decimal degrees; elevation (Elev) is given in meters above sea level. Mean Annual Solar Radiation (MAR, MJ m‐2 d‐1) is also 
provided. Climate variables include: Mean Annual Temperature (MAT, °C), Mean Warmest Month Temperature (MWMT, °C), Mean Coldest Month Temperature (MCMT, °C), 
Temperature Difference (TD, °C), Mean Annual Precipitation (MAP, mm), Mean Summer Precipitation (MSP, mm), Precipitation As Snow (PAS, mm) and Relative Humidity 
(RH, %). Climate data derived from ClimateWNA v 5.40 (Wang et al. 2016). 
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Tab. 6.S3. Pearson’s correlation coefficients of annual site climate to growth and physiology of four populations representing distinct climatic regions in the distribution of 
lodgepole pine (Pinus contorta) 

 Growth Physiology 

 Basal Area Increment Height Increment Hydraulic Diameter Wall Thickness δ18O δ13C Water Use Efficiency (A/gs) 

 LE CI SI FS LE CI SI FS LE CI SI FS LE CI SI FS LE CI SI FS LE CI SI FS LE CI SI FS 
Max. temperature in spring (°C) 0.04 0.18 0.15 0.21 0.3 0.39 0.05 0.21 0.24 0.17 0.15 0.35 0.25 0.38 0.32 0.36 0.16 0.07 0.09 0.12 -0.23 -0.07 -0.05 -0.12 0.02 0.16 0.14 0.09 
Max. temperature in summer (°C) -0.2 -0.24 -0.19 -0.34 -0.25 -0.38 -0.22 -0.31 -0.05 -0.14 -0.18 -0.18 0 0.01 0.05 -0.02 0.73 0.73 0.63 0.56 0.39 0.7 0.71 0.56 0.57 0.75 0.75 0.62 
Max. temperature in autumn (°C) 0.15 0.15 0.1 0.15 0.15 -0.03 -0.1 -0.17 -0.11 -0.03 -0.27 -0.18 0.09 0.03 0.05 0.08 -0.07 -0.16 -0.1 -0.04 0.02 0.09 0.12 0.23 0.08 0.12 0.15 0.24 
Precipitation as snow (mm) 0.44 0.48 0.53 0.35 0.4 0.4 0.58 0.5 0.56 0.51 0.32 0.54 0.43 0.42 0.4 0.16 -0.25 -0.27 -0.1 -0.29 -0.18 -0.39 -0.09 -0.32 -0.41 -0.54 -0.25 -0.46 
Precipitation in spring (mm) 0.19 0.22 0.39 -0.05 0.17 0.14 0.53 0.15 0.49 0.44 0.28 0.3 0.42 0.5 0.42 0.1 0.24 0.21 0.31 0.05 -0.1 -0.06 0.27 -0.08 -0.16 -0.1 0.19 -0.12 
Precipitation in summer (mm) 0.15 0.29 0.3 0.22 0.55 0.68 0.34 0.38 0.21 0.19 0.21 0.35 0.23 0.41 0.22 0.11 -0.46 -0.55 -0.41 -0.49 -0.59 -0.59 -0.55 -0.63 -0.59 -0.51 -0.48 -0.55 
Precipitation in autumn (mm) 0.34 0.41 0.41 0.3 0.35 0.37 0.29 0.55 0.54 0.41 0.36 0.62 0.38 0.31 0.36 -0.01 0.21 0.2 0.29 0.1 0.01 0.02 0.19 -0.11 -0.07 -0.04 0.11 -0.15 
Relative humidity in spring (%) 0.08 0.11 0.29 -0.2 0.2 0.1 0.48 0.11 0.2 0.35 0.3 0.09 0.09 0.18 0.07 -0.42 0.03 0.04 0.13 -0.15 -0.22 -0.11 0.1 -0.13 -0.37 -0.22 -0.02 -0.23 
Relative humidity in summer (%) 0.23 0.39 0.42 0.29 0.57 0.69 0.5 0.41 0.25 0.36 0.31 0.38 0.22 0.41 0.2 0.05 -0.74 -0.78 -0.61 -0.7 -0.69 -0.78 -0.68 -0.72 -0.79 -0.76 -0.67 -0.71 
Relative humidity in autumn (%) 0.13 0.33 0.41 0.15 0.5 0.62 0.57 0.57 0.53 0.56 0.54 0.66 0.3 0.59 0.4 0.15 -0.21 -0.22 -0.13 -0.33 -0.54 -0.51 -0.31 -0.61 -0.56 -0.45 -0.29 -0.55 

The four populations are represented by columns titled LE, CI, SI and TE: LE stands for the Leading Edge, i.e., the northern population occupying the area expected to be the 
leading edge of tree species migrations under climate warming; CI is Central Interior population, located in the central areas of the lodgepole pine distribution; SI is Southern 
Interior population, covering the mid-southern range of the lodgepole pine distribution; TE stands for the Trailing Edge, which represents seed sources from the far south of the 
lodgepole pine distribution, which is expected to see increased forest maladaptation under climate warming. 
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Tab. 6.S4. Pearson’s correlation coefficients of provenance growth, drought tolerance and physiology to climate of seed origin (1961-1990 climate normal) 

  Growth Drought Tolerance Physiology 
  Diameter Height Resistance Recovery Resilience Relative Resilience Hydraulic Diameter Wall Thickness δ18O δ13C Water Use Efficiency (A/gs) 
Latitude -0.53 -0.53 0.39 -0.76 -0.44 -0.75 -0.1 -0.4 -0.48 0.02 0.02 
Longitude 0.65 0.66 -0.24 0.43 0.21 0.41 0.3 0.49 0.74 0.18 0.18 
Mean Annual Temperature (°C) 0.63 0.65 -0.26 0.7 0.49 0.71 0.25 0.45 0.56 0.04 0.04 
Mean Coldest Month Temperature (°C) 0.3 0.38 -0.15 0.43 0.25 0.37 0.03 0.16 0.42 -0.1 -0.1 
Mean Warmest Month Temperature (°C) 0.61 0.62 -0.34 0.76 0.5 0.78 0.22 0.47 0.51 0.05 0.05 
Temperature Difference (°C) -0.61 -0.59 0.34 -0.74 -0.5 -0.78 -0.25 -0.49 -0.44 -0.1 -0.1 
Frost-free period (No. of days) 0.61 0.69 -0.05 0.26 0.17 0.22 0.38 0.41 0.59 0.13 0.13 
Degree days > 5 °C (No. of days) 0.45 0.51 -0.13 0.5 0.36 0.47 0.15 0.26 0.51 -0.04 -0.04 
Mean Annual Precipitation (mm) 0.16 0.17 -0.31 0.35 0.07 0.31 -0.08 0.32 0.11 -0.12 -0.12 
Mean Summer Precipitaiton (mm) -0.13 -0.14 0.09 -0.57 -0.51 -0.59 0.04 -0.04 0.18 0.12 0.12 
Relative Humidity (%) 0.5 0.53 0.04 -0.23 -0.19 -0.22 0.51 0.43 0.32 0.32 0.32 
Summer Heat:Moisture Index 0 0.02 -0.05 0.63 0.63 0.69 -0.18 -0.12 -0.06 -0.38 -0.38 

 

Growth variables include: total diameter in centimeters in year 2005, when trees had grown in real world conditions for 31 years (Diameter) and height in year 2005 in meters 
(Height). Drought tolerance variables include: drought resistance, as measured by the loss of growth in a drought event (Resistance); drought recovery, or the speed at which a tree 
recovers from a drought event (Recovery); drought resilience, or ability to achieve pre-drought growth (Resilience); and relative resilience, or the ability to regain pre-drought 
growth with respect to growth reduction severity during the drought event (Relative Resilience). Physiological variables include: hydraulic diameter in µm (Hydraulic Diameter); 
mean tracheid wall thickness in µm (Wall Thickness); stable oxygen isotope ratio (δ18O); stable carbon isotope ratio (δ13C); and intrinsic Water Use Efficiency (A/gs), which is 
derived from the carbon isotope ratio (WUE). 
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Tab. 6.S5. Least square means of growth, drought and isotope values over the 10 year study period 

 Growth Physiology 
Regional Population Basal Area Increment Height Increment Hydraulic Diameter Wall Thickness δ18O δ13C Water Use Efficiency (A/gs) 
North (Leading Edge) 4.73 (0.96) 0.32 (0.03) 31.62 (0.85) 3.09 (0.17) 19.46 (0.32) -26.76 (0.22) 79.81 (2.47) 
Central Interior (Central to Distribution) 7.70 (0.97) 0.42 (0.03) 34.13 (0.88) 3.48 (0.17) 19.90 (0.32) -26.22 (0.22) 85.57 (2.54) 
Southern Interior (Central to Distribution) 8.48 (0.96) 0.43 (0.03) 34.64 (0.86) 3.44 (0.17) 20.11 (0.32) -26.38 (0.22) 83.86 (2.47) 
Far South (Trailing Edge) 6.39 (0.97) 0.38 (0.03) 31.74 (0.87) 3.38 (0.17) 19.95 (0.32) -26.63 (0.22) 81.24 (2.51) 

Least square means of four lodgepole populations from the four climatic regions LE, CI, SI and TE (standard errors are provided in brackets): LE stands for the Leading Edge, i.e. 
the northern population occupying the area expected to be the leading edge of tree species migrations under climate warming; CI is Central Interior population, located in the 
central areas of the lodgepole pine range; SI is the Southern Interior population covering the  southern range of the central areas of the lodgepole pine range; TE stands for the 
Trailing Edge, which represents seed sources from the far south of the lodgepole pine range, which is expected to see increased forest maladaptation under climate warming. 
Growth variables compared include annual height increment in meters (Height Increment) and basal area increment in centimeters (Basal Area Increment). Physiological variables 
include: hydraulic diameter in µm (Hydraulic Diameter); mean tracheid wall thickness in µm (Wall Thickness); mean number of tracheids (Tracheid Number); stable oxygen 
isotope ratio (δ18O); stable carbon isotope ratio (δ13C); and intrinsic Water Use Efficiency, which is derived from tree-ring δ13C (WUE). 
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Tab. 6.S6. Differences among the four populations tested here in terms of growth, drought and isotope responses over the 10 year study period. 

  Growth Drought Tolerance Physiology 

Test Basal Area 
Increment 

Height 
Increment Resistance Recovery Resilience Relative Resilience Hydraulic 

Diameter 
Wall 

Thickness δ18O δ13C Water Use 
Efficiency 

N-CI==0 <0.001 <0.001 1.000 0.163 0.418 0.129 0.01134 0.002 0.029 0.006 0.006 
SI-CI==0 0.659 0.924 0.988 1.000 0.998 1.000 0.927 0.985 0.580 0.761 0.764 
US-CI==0 0.233 0.141 0.180 0.005 0.990 0.065 0.024 0.811 0.993 0.077 0.077 
SI-N==0 <0.001 <0.001 0.994 0.203 0.321 0.157 <0.001 0.005 <0.001 0.074 0.070 
US-N==0 0.063 0.006 0.157 <0.001 0.256 <0.001 0.999 0.033 0.010 0.844 0.838 
US-SI==0 0.010 0.023 0.087 0.003 0.999 0.052 0.002 0.948 0.734 0.426 0.424 

Multiple comparisons among four lodgepole populations from the four climatic regions LE, CI, SI and TE: LE stands for the Leading Edge, i.e. the northern population occupying 
the area expected to be the leading edge of tree species migrations under climate warming; CI is Central Interior population, located in the central areas of the lodgepole pine 
range; SI is the Southern Interior population covering the  southern range of the central areas of the lodgepole pine range; TE stands for the Trailing Edge, which represents seed 
sources from the far south of the lodgepole pine range, which is expected to see increased forest maladaptation under climate warming. Growth variables compared include annual 
height increment in meters (Height Increment) and basal area increment in centimeters (Basal Area Increment). Physiological variables include: hydraulic diameter in µm 
(Hydraulic Diameter); mean tracheid wall thickness in µm (Wall Length); stable oxygen isotope ratio (δ18O); stable carbon isotope ratio (δ13C); and intrinsic Water Use Efficiency, 
derived from tree-ring δ13C (WUE). Significance is indicated in bold and was corrected with the Benjamini & Hochberg method. 
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Fig. 6.S3. Change in average tracheid number per tree ring by regional population over the study period. The 
average values correspond strongly with annual growth rates, with decreasing trends over time (basal area increment 
removes the age effect and was therefore used for the primary analyses in the study). 
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Fig. 6.S4. Relationship between stable carbon and oxygen isotope ratios in four large populations of lodgepole pine. 
Each dot represents the values from one tree (provenance) in one year at one block (n = 1170). 
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7   Cold Tolerance Considerations for 
Assisted Gene Flow 

7.1   Abstract 

With lengthening growing seasons and temperature variability under climate change, 

frost damage to plants may remain a risk in decades to come. This may also apply to warm-

adapted tree populations planted in anticipation of a warmer future climate. Here, we study cold 

adaptation of tree populations in a wide-ranging coniferous species in western North America to 

inform limits to seed transfer. We use a novel approach combining methods from tree-ring 

research and quantitative forest genetics. Populations from the northern extent of the species 

range were resistant to fall cold events but susceptible to spring frosts, implying maladaptation 

under projected climate warming. Central populations were productive but also sensitive to early 

fall frosts. Transferring the southern, warm-adapted genotypes northward caused rank-changing 

growth loss after a spring frost event. We conclude that cold adaptation should remain an 

important consideration when implementing seed transfers designed to mitigate harmful effects 

of climate change. 

7.2   Introduction 

The pace of observed climate warming, particularly in northern latitudes, implies that 

environmental conditions are changing faster than tree populations can adapt, acclimate or 

migrate (Marris, 2009; Hoffmann & Sgrò, 2011; Aitken & Bemmels, 2016). This is expected to 

decrease productivity while increasing mortality and susceptibility to insect attacks and diseases. 

This could lead to severe economic losses and reduce forest carbon sequestration potential - in 
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some cases even turning forests into significant sources of carbon dioxide (Kurz et al., 2008). To 

reduce such consequences of forest maladaptation under climate change, assisted migration as a 

reforestation policy has been proposed. This concept involves adjusting the genetic composition 

of forests by moving seed material to climate regions where they are anticipated to be well 

adapted in the future (Marris, 2009; Pedlar et al., 2012; Aitken & Bemmels, 2016; O’Neill et al., 

2017). For example, planting seeds from southern, drought-tolerant populations may help adapt 

forests to drier, warmer conditions (Marris, 2009; Montwé et al., 2015a, 2016; Aitken & 

Bemmels, 2016). However, planting warm-adapted tree populations in anticipation of a warmer 

future could expose these seedlings to frost that could lead to damage and mortality as well 

(Benito-Garzón et al., 2013; Bansal et al., 2015). As climates warm and changing phenology 

(Menzel, 2000) interacts with temperature variability (Schwartz & Reiter, 2000; Marino et al., 

2011), frost damage may also remain a risk in decades to come. Understanding the adaptation of 

tree populations to cold – as well as to heat and drought – is critical for minimizing risks under 

changing climates (Yeaman et al., 2016). 

Adaptation and maladaptation of trees have been studied with genetic provenance trial 

series, also known as common garden experiments (O’Neill et al., 2008; Montwé et al., 2016). 

These reciprocal transplant experiments grow seeds collected from across all or part of a species 

range (i.e., provenances) at multiple planting sites to reveal underlying intra-specific genetic 

differentiation. Such trials are ideal for studying plant-climate interactions and for assessing the 

risks involved in seed transfer to new locations (Matyas, 1994; Schmidtling, 1994; Isaac-Renton 

et al., 2014). Growing northern seed sources at southern planting sites involves a climate transfer 

that can be equivalent to projected climate change, with the growth response being predictive of 

future performance under realistic long-term field conditions. Conversely, moving southern 
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seeds northward can test the performance of locally adapted populations under currently colder 

environments, thereby suggesting limits to suitable seed transfer. Within these designs, genetic 

adaptation to cold in tree populations has been studied through the observation of tissue damage 

after sporadic natural frost events and by exposing collected tissue samples to artificial freezing 

tests in the laboratory (Rehfeldt, 1980; Hannerz et al., 1999; Anekonda et al., 2000; St. Clair, 

2006; Bansal et al., 2015). 

Tree rings may provide additional information for evaluating cold adaptation since they 

provide a record of how past climate has influenced growth. Two wood anatomical features have 

been linked to cold and frost. First, layers of deformed, collapsed tracheids and traumatic 

parenchyma cells have been described as frost rings (Glock & Reed, 1940; Stone, 1940; Glerum 

& Farrar, 1966). Frost rings have been linked to generally colder years (LaMarche & 

Hirschboeck, 1984) as well as specific events of air temperatures falling below freezing during a 

period of cambial activity (Glerum & Farrar, 1966). Second, light rings consist of layers of cells 

that are incompletely lignified (Yamaguchi et al., 1993) and have been associated with frost 

events that kill the cells before the lignification process is complete (Gindl & Grabner, 2000; 

Gindl et al., 2000). Due to the lack of lignin, light rings do not fully absorb the red Safranin dye 

during a double staining procedure with Astrablue. This staining procedure causes non-lignified 

layers of cells to appear blue, hence light rings have also been referred to as blue rings 

(Piermattei et al., 2015). These blue rings (failed lignification) and frost rings (cambium damage) 

therefore act as long-term records of cold damage and could be combined with provenance trial 

designs. 

Here, we study cold adaptation of tree populations to inform limits to seed transfers 

designed for warmer climates. We first test whether frost imprints in tree rings can act as a 
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reliable record of cold maladaptation, analyzing the climate patterns linked to blue and frost 

rings. We further combine these responses with growth data from genetically distinct populations 

of lodgepole pine (Pinus contorta Dougl. ex. Loud.) in arguably the largest provenance trial 

series in existence (Illingworth, 1978). These pine populations originated from across the 

western US and Canada and were grown at three planting sites in British Columbia’s (BC) 

Southern Interior region for almost three decades. 

7.3   Methods 

Experimental Design and Field Methods 

Stem disks were cut at 1.3 m from trees of selected lodgepole pine populations in the 

Illingworth provenance trial. This experiment tested 153 seed sources, or provenances, at 60 

planting sites in an incomplete randomized block design (Illingworth, 1978). Two-year old 

seedlings were planted in 1974 and most trees died in 2006 due to the mountain pine beetle 

epidemic. We used a representative sub-set from this trial for detailed wood anatomical analyses: 

Five provenances from British Columbia’s North and southern Yukon (N); five provenances 

each from British Columbia’s Central Interior (CI) and Southern Interior (SI); and five 

provenances from the United States (US). These 20 provenances were replicated on three 

experimental sites in British Columbia’s Southern Interior (Fig 7.1; Tab 7.S1, Tab 7.S2). We 

chose these sites to have enough replications of independent samples while also representing a 

general area with similar climate conditions that may, given warming, become widespread 

throughout the central plateaus of British Columbia. Each site consists of two blocks, with 

provenances planted in plots of 9 trees. From each plot, we selected one tree of median height for 
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wood anatomical analyses, although three samples were not suitable due to early mortality or rot. 

Thus, a sub-sample of 117 trees was used. 

Preparation of Micro Sections for Wood Anatomical Analyses 

We cut micro sections of 10-20 µm thickness with a GSL-1 microtome (Gärtner et al., 

2014). We applied a corn-starch solution to the sample surface to reduce detached cell walls due 

to pressure induced by the microtome blade (Schneider & Gärtner, 2013). We then washed the 

sections with distilled water (Gärtner & Schweingruber, 2014), briefly steamed them to 

gelatinize any remaining corn-starch granules (Montwé et al., 2015b), rinsed them with distilled 

water to remove the gelatinized corn-starch, and bleached them (Gärtner & Schweingruber, 

2014). We then followed a standard double-staining procedure (Gärtner & Schweingruber, 

2014): we applied a 1:1 mixture of Safranin and Astrablue to the micro sections for 5 min; 

washed them with distilled water; and then washed them with ethanol (70%, 96% and 99%) to 

further remove surplus stain. Canada balsam was warmed to temporarily increase viscosity and 

applied to the micro sections, which were then covered by a glass cover slip. We then heated the 

micro sections in an oven at 60 °C for a minimum of 8 hours to harden the Canada balsam. 

Digital photos were taken with a Nikon Eclipse Ni-E upright microscope with a resolution of 5 

megapixels and 12-bit color depth (Nikon DS-Fi2). Micrographs were taken at 20× 

magnification and automatically stitched together with the NIS-Elements software (Version 

4.20.01, Nikon Corporation, 2014). 

Measurements of Blue and Frost Ring Occurrence and Intensity 

Blue and frost ring occurrences were recorded at the tree-ring level using a light 

microscope at 100× magnification; sample labels were coded to prevent observer bias. We also 
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assigned an intensity score for blue and frost rings on a scale of zero to five: a zero indicates 

absence and a one represents a faint blue band in at least one row of cells, while a five represents 

a larger band of completely un-lignified cells often associated with narrower and distorted cell 

walls. Frost rings are characterized by deformed tracheids of varying sizes, thin cell walls, and 

damaged ray parenchyma (Glerum & Farrar, 1966; Kidd et al., 2014). Frost rings that occurred 

directly at the ring boundary in the earlywood were labeled as position 1 (Fig. 7.1a). Their 

position indicates cold events in winter prior to – or at the time of – cambial reactivation. Frost 

rings labeled as position 2 occurred after several rows of earlywood tracheids had already formed 

normally, thereby pointing to a spring cold event after growth had already been initiated (Fig. 

7.1b). 

Climate Data 

We derived daily temperature minimums and averages as well as precipitation sums from 

the ECMWF’s ERA interim data for 1979 to 2006 (Dee et al., 2011) for the grid-points closest to 

our site coordinates. This data is available through KNMI’s Climate Explorer (climexp.knmi.nl/). 

To capture general temperature and moisture conditions, as well as cold and frost events on an 

annual level, we calculated several additional climate variables. The start of the growing season 

was set as the last day in spring on which minimum temperatures dropped below 0 °C (Julian 

date). The end of the growing season was set to the Julian day on which the first frost (<0 °C) 

occurred again in autumn. Growing season length was calculated as the number of Julian days 

between the start and the end of the growing season. Mean and minimum temperatures were 

calculated on annual and seasonal time scales. Growing degree days for varying base 

temperatures were calculated to characterize growing conditions as well as cold and frost in the 

fall. To investigate the relationship between blue and frost rings and the climate at the seed 

https://climexp.knmi.nl/
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source locations, were interpolated climate normal data for the 1961-1990 period with the 

software ClimateWNA, version 4.62 (Wang et al., 2006). This period was chosen because of 

wide spatial representation of climate stations and because it precedes the most recent 

anthropogenic climate warming signal. 

Statistical Analyses 

We performed all statistical analyses and rendering of graphical representations in the R 

programming environment (R Core Team, 2017). We used the Hmisc-package to calculate 

Spearman’s correlation coefficient and p-values of blue and frost ring intensity to climate 

variables. Spearman’s correlations were most appropriate due to heteroscedasticity. Benjamini 

and Hochberg’s method was used for controlling the false discovery rate as implemented with 

the p-adjust function of the R-base package. Given the location of blue rings in the latewood, we 

tested correlations to fall cold events as well as general growing season variables, as these had 

been previously linked to frost imprints in the latewood (Glerum & Farrar, 1966; LaMarche & 

Hirschboeck, 1984). We also tested previous years’ chilling units on the hypothesis that some 

populations could grow increasingly out-of-sync with site climate if their chilling requirements 

had not been met (Laube et al., 2014). To test for population differences in both blue ring and 

frost ring occurrences, a binomial generalized linear mixed effects model was used. The region 

was specified as a fixed effect; year, site, provenance, and a unique tree identifier were specified 

as random effects. The lme4 and car packages were used to calculate the mixed model and 

subsequent ANOVA (Bates et al., 2015; Fox et al., 2016). Post-hoc tests were run using the ghlt 

function from the multcomp package (Hothorn et al., 2008). To account for the slightly 

imbalanced design and for variation in the length of the tree-ring series as trees reached the 

sampling height at different ages, the least square means of blue and frost ring intensities were 
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calculated with the lsmeans function of the lme4 package after building a linear mixed effects 

model with the lmer function.  

7.4   Results 

In total, we examined 2999 tree rings. Across all populations, we recorded 689 blue ring 

occurrences (23%), plus 204 more severe frost ring occurrences (7%). Blue rings (Fig. 7.1a, 

7.1d) occurred exclusively in the latewood, while frost ring damage occurred most often in the 

first rows of cells in the earlywood, labeled as position 1 (Fig. 7.1a). The occurrence of the most 

severe blue rings in fall was usually followed by spring frost rings at position 1. It therefore 

appears that the blue ring captures a cold event at the end of the growing season that leads to 

cambial damage and irregular growth upon re-activation in the following spring. Occasionally, 

frost rings occurred in the earlywood after some tracheids had formed normally. These were 

labeled as frost rings in position 2 (Figs. 7.1b, 7.1d), and we interpret them as damage caused by 

late spring frost events. Higher incidences in the earlier part of the experiment (Figs. 7.1d, 7.2d-

f) may reflect higher susceptibility of saplings to frost. This may be due to their smaller size and 

lower heat absorption, higher occurrences of tender lammas growth, and their proximity to the 

soil surface, which is colder due to radiative cooling (Stone, 1940; Fritts, 1976; Howe et al., 

2003; Gurskaya & Shiyatov, 2006; Kidd et al., 2014). 

An analysis of historical climate data reveals that blue rings and frost rings in position 1 

are linked to a late initiation of the growing season and low temperatures at the end of the 

growing season (Tab. 7.1, Fig. 7.1d, 7.1e). Cold spring conditions delay the onset of growth, 

pushing growth later into the fall. This increases the window of frost risk because lignification 

can lag behind cellular development by several weeks (LaMarche & Hirschboeck, 1984; 
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Yamaguchi et al., 1993; Wang et al., 2000; Tardif et al., 2011; Cuny et al., 2015). For example, 

the year 1999 had high blue ring intensities, and was associated with both a cool spring and 

summer (Fig. 7.1f) and a low accumulation of warmth measured in growing degree days (Fig. 

7.1g). In contrast, no frost imprint was observed in 1998. This year had a long growing season 

(Fig. 7.1e), warm spring, hot summer and warm fall (Fig. 7.1f), which led to an above-average 

annual accumulation of growing degree days above 5 °C (Fig. 7.1g).  

In contrast, frost rings in position 2 must reflect cold events in spring after growth has 

been initiated. Here, we found the strongest climate relationships to be with spring temperature 

accumulation (Tab. 7.1) and early spring temperatures. As an example, the year 1992 had a high 

proportion of frost rings in position 2, and shows evidence of a false spring: a short warm spell 

followed by cooler temperatures (Figs. 7.1e-g). However, the populations tested here appeared to 

respond differently to such events (Fig. 7.2c, 7.2f) and correlations were not always consistent 

across genotypes (Tab. 7.1). This suggests different susceptibilities of populations to cold 

damage under increased spring temperature variability.  

Genetic differentiation of the four regional lodgepole pine populations (Fig. 7.2g) was 

statistically significant for blue ring occurrence (p<0.001, x2=92.90) and frost ring occurrence at 

position 1, presumed to be fall frost damage (p=0.008, x2=11.95). The Southern Interior 

population was most affected by blue rings and fall frost rings, followed by the United States 

(US) group. The Northern populations had the lowest levels of blue rings and fall frost rings, 

with the Central Interior populations showing intermediate susceptibility (Fig. 7.2a, 7.2b). In 

contrast, Northern populations were the most susceptible group to spring frost damage as 

indicated by frost rings in position 2 (p=0.030, x2=8.91). Similarly, correlations to climate of 

seed origin (Tab. 7.2) show that populations adapted to northern, colder environments with larger 
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temperature differences and shorter growing seasons incur less blue rings and fall frost damage, 

but show a higher susceptibility to spring frosts.. 

7.5   Discussion 

The data suggest that northern populations may be most vulnerable to late spring frost 

events and false springs under climate change (Marino et al., 2011; Allstadt et al., 2015), 

especially if temperature patterns become more variable (Schwartz & Reiter, 2000; Parmesan & 

Yohe, 2003). The likely explanation for this counter-intuitive observation is that northern 

populations must adapt to a short growing season. Northern populations flush earlier than 

southern populations for a given chilling and heat sum measured in degree days to take full 

advantage of the limited northern growing season (Howe et al., 2003), but this adaptive strategy 

may no longer be successful under anticipated climate change. This is especially relevant since 

temperature has been found to be more influential for spring flushing than photoperiod in most 

forest trees (Zohner et al., 2016). Moreover, the resulting frost damage may be associated with 

forest health issues. The lack of lignification and cellular damage may facilitate the internal 

spread of pathogens (Diamandis & Koukos, 1992) and also reduce wood quality and value by 

creating weaknesses and defects in the timber (Lee et al., 2007). 

Another equally important finding is that it may not always be possible to transfer 

genotypes northward as a management prescription to address climate change: The most 

productive Southern Interior populations showed the highest fall frost damage (Fig 7.2d-e). 

Given that we inferred a short growing season and low cumulative degree days as a likely cause 

of blue rings and frost rings in fall, a transfer of these populations to colder environments is 

likely to exacerbate this problem. Moderate transfer distances appear acceptable, however. 
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Central interior populations did not incur significantly higher fall frost damage than northern 

populations (although they showed increased blue rings, which appears to be a more sensitive 

measure of cold adaptation). Similarly, the US population did not incur additional fall cold 

damage relative to the Southern Interior population. It should be noted, however, that spring frost 

susceptibility may compromise growth: a substantial decline in the US population’s tree-ring 

growth began shortly after a spring frost event in 1992 (Fig 7.2f). Prior to this rank change, these 

populations had shown equal productivity to the local seed sources.  

We conclude that expanding allowable distances of tree seed transfer can increase the 

risk of frost damage and potentially reduce growth as a consequence. Cold adaptation should 

remain an important consideration when implementing long-distance seed transfers in temperate 

forests designed to mitigate harmful effects of climate change. We also demonstrate that 

complex cold adaptation can be retrospectively studied through frost imprints in tree rings. 

Independent genetic clines for spring and fall frost damage were revealed in this study, which 

both need to be considered to devise effective strategies to minimize risks in assisted migration 

prescriptions to address climate change. Provenance trials have been established for most of the 

major tree species of the temperate and boreal zone, and tree-ring analysis can be conducted non-

destructively with increment borers to take full advantage of the information contained in these 

valuable transplant experiments. 
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7.7   Figures and Tables 

 

Fig. 7.1. Blue and frost rings as a function of growing degree days. Stained micro sections of tree rings are shown in 
panels a) to c). Safranin dyes lignin red while Astrablue dyes cellulose blue, so a dual-staining procedure results in a 
blue ring where a layer of cells lacks lignin. Panel a) shows a blue ring assigned to category 5 out of 5, with a 
subsequent frost ring in position 1 (i.e., first cells of earlywood). Panel b) shows a frost ring in position 2 (i.e., 
occurring later in the earlywood). Panel c) shows a normal tree ring growth pattern. Panel d) shows the frequency of 
blue and frost rings by year. The grey bar indicates sample size, the light blue bar indicates the frequency of blue-
rings, the dark blue bar represents the frequency of frost rings occurring in position 1, and the grey points represent 
frost rings occurring in position 2. In panel e), the length of the bars represents annual growing season length (days 
completely above 0°C) as interacting with warmth accumulation (black circle represents the day of year when the 
sum of growing degree days above 5°C exceeded 100). The top and bottom horizontal dashed lines indicate the 
average start and end of the growing seasons, respectively. Panel f) compares the intra-annual signature of growing 
degree days above 5°C among: a year with high occurrence of blue rings (1999), a year with frost rings in position 2 
(1992), a year with no blue or frost rings (1998), and the mean (1980 to 2005). The lines are smoothed using a 15-
day running mean. Panel g) shows the cumulative effect of the growing degree signatures shown in panel f. 
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Fig. 7.2. Blue and frost ring intensities by population and growth. Panel a) is a boxplot of blue ring intensity by 
provenance, sorted by the mean annual temperature of their source climate (warmest on the left, n=117). Panels b) 
and c), respectively, show each provenance’s average frost ring intensity in position 1 (initiating earlywood cells) 
and position 2 (occurring later in the earlywood). Provenances are colored according to their region and labeled 
according to the provenance trial’s notation (see Supplementary Information and panel g). In panels d-f, annual 
growth in terms of tree-ring widths are shown as interacting with blue rings, frost rings (position 1) and frost rings 
(position 2), respectively (n=117). Each data point represents the average annual response of all provenances in a 
climatic region. Panel g) displays a map of western North America with dark grey representing the species range of 
lodgepole pine (Pinus contorta Dougl. ex. Loud.), the species used in this study. Colored circles represent seed 
collection sites (provenances), colored by climatic region and labeled according to the provenance trial’s notation 
(see Supplementary Information). Black triangles show the location of the tree test sites. 
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Tab. 7.1. Spearman correlation coefficients of blue and frost ring intensities to annual climate variation.  
 
 
  Climate Variable US SI CI N 

B
lu

e 
R

in
g 

In
te

ns
ity

 
 

Growing Season Length (days >0°C) -0.47 -0.40 -0.45 -0.21 
Start of Growing Season (Julian date) 0.30 0.27 0.31 0.08 
End of Growing Season (Julian date) -0.35 -0.29 -0.29 -0.22 
Annual Sum of Growing Degree Days >5°C -0.60 -0.64 -0.50 -0.20 
Mean Annual Temperature (°C) -0.55 -0.55 -0.44 -0.24 
Mean Summer Temperature (May - Sep, °C) -0.41 -0.41 -0.42 -0.17 
Mean Temperature in Autumn (Sep - Dec, °C) -0.48 -0.52 -0.51 -0.42 
Minimum Temperature in Autumn (Sep - Dec, °C) -0.53 -0.50 -0.50 -0.38 
First Autumn Frost <-5°C (Sep - Dec, Julian date) 0.38 0.40 0.28 0.24 
Sum of Autumn Chilling Degree Days <-5°C (Sep - Dec) -0.36 -0.37 -0.42 -0.36 
Mean Summer Precipitation (May - Sep, mm) 0.24 0.21 0.28 0.17 

Fr
os

t R
in

g 
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te
ns

ity
  

(P
os
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) 

 

Start of Growing Season (Julian date) 0.37 0.23 0.32 0.39 
Average Temperatures in April (°C) 0.01 0.04 -0.01 0.10 
Mean Summer Temperature (May - Sep, °C) -0.34 -0.30 -0.37 -0.26 
Sum of Spring Growing Degree Days >5°C (Mar - Apr) -0.35 -0.38 -0.26 -0.07 
Growing Season Length (GS; days >0°C) – prev. year -0.24 -0.11 -0.27 -0.26 
End of Growing Season (Julian date) – prev. year -0.24 -0.06 -0.27 -0.11 
Mean Annual Temperature (°C) – prev. year -0.29 -0.31 -0.19 -0.25 
Mean Temperature in Autumn (Sep - Dec, °C) – prev. year -0.34 -0.23 -0.29 -0.31 
Minimum Temperature in Autumn (Sep - Dec, °C) – prev. year -0.41 -0.22 -0.37 -0.21 
Sum of Autumn Chilling Degree Days <-5°C (Sep - Dec) – prev. year -0.13 -0.13 -0.09 -0.14 
Sum of Autumn Chilling Degree Days <-10°C (Sep - Dec) – prev. year -0.13 -0.12 -0.10 -0.14 

Fr
os

t R
in

g 
In

te
ns

ity
 

(P
os

iti
on

 2
) Start of Growing Season (Julian date) 0.13 0.06 0.17 0.07 

Sum of Spring Growing Degree Days >5°C (Mar - Apr) 0.20 0.12 0.05 0.04 
Julian date when Accumulated Degree Days > 5°C exceeds 100 -0.21 0.10 -0.17 -0.07 
Average Temperatures in April (°C) 0.15 0.05 0.05 0.04 
Sum of Autumn Chilling Degree Days <-5°C  (Sep - Dec) – prev. year 0.07 -0.01 0.01 0.00 

 

The Benjamini-Hochberg method was used to correct p-values by the number of climate variables. Significance is 
indicated in bold. Cells shaded light pink highlight positive correlations greater than 0.1 while darker pink highlights 
cells with positive correlations greater than 0.25. Cells shaded light blue highlight negative correlations lower than -
0.1 and dark blue represents correlations lower than -0.25. Variables ending with “-prev. year” indicate this is the 
correlation to the previous year’s autumn and cold variables. 

 

 

 

 

 

 

 



 

198 
 

 

Tab. 7.2. Spearman correlation coefficients of blue and frost ring intensities to provenance source climate (1961-
1990 climate normal).  

Climate variable Blue rings 
Frost rings 

pos. 1 
Frost rings 

pos. 2 
Latitude -0.81 -0.58  0.54 
Longitude  0.72  0.54 -0.58 
Elevation (m.a.s.l)  0.11 0 -0.24 
Mean Annual Temperature (°C)  0.89  0.70 -0.56 
Mean Warmest Month Temperature (°C)  0.73  0.80 -0.33 
Mean Coldest Month Temperature (°C)  0.83  0.58 -0.57 
Temperature Difference (°C) -0.70 -0.37  0.55 
Mean Annual Precipitation (mm)  0.27  0.03 -0.34 
Mean Summer Precipitation (mm) -0.42 -0.42  0.09 
Annual Heat-Moisture Index  0.47  0.55 -0.24 
Summer Heat-Moisture Index  0.48  0.45 -0.14 
Degree Days >5 °C (No. of days)  0.83  0.82 -0.42 
Degree Days >8 °C (No. of days)  0.76  0.78 -0.42 
Degree Days <0 °C (No. of days) -0.84 -0.58  0.60 
Degree Days <18 °C (No. of days) -0.89 -0.70  0.57 
Number of Frost Free Days  0.84  0.82 -0.52 
Beginning of Frost Free Period (Julian day) -0.67 -0.82  0.28 
Frost-Free Period (No. of days)  0.76  0.83 -0.47 
Precipitation As Snow -0.02 -0.34 -0.15 

 

Bold values indicate significance after correcting p-values for the number of climate variables with the Benjamini-
Hochberg method. Cells shaded light pink highlight positive correlations greater than 0.1; dark pink signifies 
positive correlations greater than 0.25. Cells shaded light blue highlight correlations lower than -0.1 and dark blue 
cells are those with negative correlations lower than -0.25. 
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7.8   Supplementary Information 

Tab. 7.S1. Climate of provenance origin  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Climate variables are averaged across the 1961-1990 normal period, derived from ClimateWNA, version 4.62 
(Wang et al., 2006). Region refers to the climatic region to which each provenance is assigned, where: North is 
abbreviated to “N”; Central Interior is shortened to “CI”; Southern Interior is abbreviated to “SI”; and “US” 
indicates seed sources from the United States of America. Prov refers to the number assigned to each seed source 
from the Illingworth provenance trial1. Latitude (Lat.) and longitude (Long.) are provided in decimal degrees, while 
elevation (Elev.) is provided in meters above sea level. Temperature variables include: mean annual temperature 
(MAT, °C), mean warmest month temperature (MWMT, °C), mean coldest month temperature (MCMT, °C), and 
temperature difference (TD, °C). Precipitation variables include: mean annual precipitation (MAP, mm), and mean 
summer precipitation (MSP, mm). Moisture variables include: annual heat-moisture index (AHM), summer heat-
moisture index (SHM), and climate moisture deficit is given in mm (CMD, mm). 

 

Region Prov. Lat. Long. Elev. MAT MWMT MCMT TD MAP MSP AHM SHM CMD 
N 33 63.30 -136.47 876 -4.3 13.8 -24.6 38.4 423 249 14 55 131 
N 30 59.98 -128.55 640 -2.7 14.5 -23.5 38 449 236 16 62 197 
N 35 59.80 -133.78 789 -0.4 12.6 -15 27.6 361 186 27 68 203 
N 28 58.67 -124.17 762 -1.3 13.4 -15.4 28.8 689 491 13 27 7 
N 66 58.65 -124.77 1173 -1.7 10.8 -13.6 24.4 675 482 12 22 0 
CI 100 55.80 -124.82 762  1.3 13.6 -12 25.6 522 251 22 54 181 
CI 20 54.13 -127.23 937  1.8 12.7 -10.4 23.1 551 243 21 52 208 
CI 104 54.02 -124.53 732  2.7 14.3 -10.9 25.2 506 236 25 61 267 
CI 61 53.87 -121.80 838  2.7 14.1 -10.1 24.2 750 331 17 43 155 
CI 107 52.50 -125.80 1311  1.0 10.7 -9.4 20.1 822 209 13 51 211 
SI 14 50.97 -120.33 1059  3.9 15 -7.6 22.6 466 221 30 68 304 
SI 72 50.70 -119.18 777  5.7 17.1 -6.3 23.4 735 312 21 55 256 
SI 57 49.90 -118.20 579  5.9 17.4 -5.8 23.2 659 258 24 67 329 
SI 1 49.58 -119.02 1006  4.6 15.9 -6.5 22.4 547 226 27 70 319 
SI 42 49.18 -117.58 998  5.3 16.9 -6.1 23 858 285 18 59 265 
US 111 47.78 -120.93 762  7.4 17.3 -1.5 18.8 1535 237 11 73 261 
US 144 46.67 -113.67 1524  4.6 16 -5.7 21.7 408 189 36 85 426 
US 153 45.63 -117.27 1311  5.7 16.2 -3.9 20.1 510 217 31 75 439 
US 154 44.53 -118.57 1494  6.5 17.1 -2.6 19.7 676 167 24 102 491 
US 123 44.38 -121.67 1006  7.4 16.8 -1 17.8 427 73 41 230 692 
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Tab. 7.S2. Climate of the three planting sites 
 
Site Lat. Long. Elev. MAT MWMT MCMT TD MAP MSP AHM SHM CMD 
CHUW 50.58 -120.62 1430 3.1 14 -7.1 21.1 482 241 27.2 58.1 232 
COMM 50.92 -120.07 1370 3.1 13.9 -7.5 21.4 522 256 25.1 54.3 217 
EQUI 50.37 -119.6 1370 3.3 14.2 -7.3 21.5 686 301 19.4 47.2 188 

 

All climate variables are averaged across the 1961-1990 normal period. Site refers to the abbreviated site name from 
the Illingworth lodgepole pine provenance trial1: CHUW is the abbreviation for Chuwels Lake, COMM stands for 
Community Lake, and EQUI stands for Equises Creek. Latitude (Lat.) and longitude (Long.) are provided in decimal 
degrees, while elevation (Elev.) is provided in meters above sea level. Temperature variables include: mean annual 
temperature (MAT, °C), mean warmest month temperature (MWMT, °C), mean coldest month temperature (MCMT, 
°C), and temperature difference (TD, °C). Precipitation variables include: mean annual precipitation (MAP, mm), 
mean summer precipitation (MSP, mm). Moisture variables include: annual heat-moisture index (AHM); summer 
heat-moisture index (SHM); and climate moisture deficit is given in mm (CMD, mm). Climate data derived from 
ClimateWNA v 4.62 (Wang et al. 2006). 
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8   Limits to Lodgepole Pine Seed Transfer 

8.1   Abstract 

Planting pre-adapted seed sources originating from warmer, drier regions within a species 

distribution has been proposed as a solution to help overcome the consequences of forest-climate 

maladaptation. To guide future reforestation work, it is essential to assess the response of locally-

adapted tree populations to climate shifts and variability. We quantify maladaptation under 

southward seed transfers simulating warming by analyzing inter-annual and intra-specific growth 

responses in a multi-decade provenance trial of lodgepole pine (Pinus contorta Doug. Ex. Loud). 

We then analyze northward seed transfers to determine limits to assisted migration as a solution. 

When transferred southward, northern populations show higher growth compared to growth in 

their local environments. Although this would imply improved growth under warming, this trial 

underrepresented the sensitivity of these populations to climatic extremes, projected to increase 

in the north in the future. A low-risk intervention would involve planting a percentage of 

provenances from British Columbia’s central interior in these northern areas, as these genotypes 

performed well in those areas over the duration of the study, with no undue damage or losses to 

cold. Assisted migration of genotypes from the far south or southern interior of British Columbia 

to the central interior, however, cannot be recommended due to growth losses linked to cold. The 

risk of implementing assisted migration in the central areas of the lodgepole pine range thus 

appears to currently outweigh the risks of status quo reforestation: a population-oriented 

approach to assisted migration is recommended for lodgepole pine, and may be suitable for other 

wide-ranging conifers as well. 
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8.2   Introduction 

As climates warm and extreme climatic events occur more frequently, historic adaptation 

of forests to local environments may result in forest maladaptation under climate change (Davis 

& Shaw, 2001; Aitken et al., 2008). The current rate of climate change is causing a mismatch 

between the new climates materializing and the historic climates to which long-lived trees have 

adapted over generations (Hamann & Wang, 2006; Aitken et al., 2008; Gray & Hamann, 2013; 

Williams & Dumroese, 2013). While trees have developed high plasticity to cope with changing 

environments (Alberto et al., 2013), some of these abilities may be exceeded under relatively 

rapid change (Duputié et al., 2015). Furthermore, it is unlikely that the ability of trees to evolve 

could match the pace of current climate change given long generation times (Savolainen et al., 

2004; St Clair & Howe, 2007). This is expected to be a concern throughout species ranges – not 

only at the species trailing edge. This is due to local adaptation of populations to historic 

climates – each population is projected to have its own trailing edge (O’Neill et al., 2008). 

Forest maladaptation under climate change is a concern because it can reduce 

productivity and vigour, increase susceptibility to pests and pathogens, and ultimately lead to 

increased mortality and carbon feedbacks (Bonan, 2008; Kurz et al., 2008). This is a concern 

around the world for many tree species, especially in temperate and boreal environments (St 

Clair & Howe, 2007; Aitken et al., 2008; Alberto et al., 2013; Isaac-Renton et al., 2014; Bansal 

et al., 2015a, 2015b; Aitken & Bemmels, 2016; Montwé et al., 2016; Frank et al., 2017). One 

proposed solution involves expanding the historic geographic-based seed transfer guidelines to 

accommodate projected future climates, also known as climate-based seed transfer (O’Neill et 

al., 2017). This represents a type of assisted migration known as assisted gene flow (Aitken & 

Bemmels, 2016) or assisted population migration (Pedlar et al., 2012). Assisted gene flow 
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involves the transfer of “pre-adapted” seeds from warmer, drier areas within a species range are 

planted after harvesting in anticipation of future warming (Aitken & Bemmels, 2016). The 

objective is to re-align the trees with their suitable climate spaces for at least part of the forest 

lifespan (forest rotation) (Gray & Hamann, 2013). Climate-based seed-transfer is already being 

implemented to a minor degree in Canada’s western-most province, British Columbia (BC), 

where elevation seed-transfer limits were relaxed for western larch in 2008 (Klenk & Larson, 

2015). Greater program adoption is expected in 2018, and similar programs are being considered 

for other Canadian provinces (Pedlar et al., 2011).  

Before implementing climate-based seed transfer, it is important to quantify tree 

population adaptation to make accurate predictions of forest responses and minimize risks. Risks 

of inaction involve the potential for an increasing mismatch of tree populations with their 

climatic optimum, increasing susceptibility to extremes, and reducing vigour. On the opposite 

end of the spectrum, risks of expanding seed transfer guidelines include inadvertently 

introducing maladaptation by overshooting the suitable transfer distance, especially since frost-

sensitive seedlings must growth through temporarily cooler climates to reach the expected future 

optimum. Such a misalignment of populations and their climate optima could cause cold damage 

and resulting growth losses (e.g., Chapter 7, Benito-Garzón et al., 2013a, 2013b; Bansal et al., 

2015b). 

At the same time, risks of expanding seed transfer may be minimized by incorporating 

only a minor percentage of such seed sources, known as composite provenancing (e.g., Aitken et 

al., 2008; Ukrainetz et al., 2011; Prober et al., 2015). After forest harvesting, planting a 

composite selection of seed sources after harvest may also have a relatively minor effect on the 

landscape relative to natural areas and natural regeneration. This may be especially true as it may 
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only be suitable for a minor number of tree species with large north-south ranges, and may be 

further limited by local conditions such as soils. Nevertheless, social acceptance of assisted gene 

flow has not always been positive: While public and policy leaders were generally accepting of 

some human intervention in reforestation, the level of acceptance for using non-local seed 

sources was not (Hajjar et al., 2014). There is a sense that forests could be made more adaptable 

and resilient through diversification with local seed sources only (Hajjar et al., 2014). Therefore, 

it is important to study the risks associated with both action and inaction – for the benefit of 

science and management for the benefit of the public relying on them, as well from a social 

acceptability perspective. 

Studying climate adaptation and potential maladaptation of forest tree populations is 

facilitated with provenance trials. These trials are reciprocal transplant experiments that involve 

collecting seeds from across a species distribution and growing them in multiple common 

gardens that represent a range of climate conditions. These experiments can also be used to 

assess responses to climate warming since transferring seeds from northern environments to 

southern planting sites represents an increase in temperature similar to climate projections 

(Matyas, 1994; Schmidtling, 1994). At the same time, transferring southern seeds to northern 

planting sites can be used to assess simulated assisted gene flow since seedlings planted under 

relatively cooler conditions must survive until their optimal climate conditions materialize in the 

future. Tree-ring methodologies can be further applied within this experimental structure to 

retrospectively analyze differences in tree population growth response to different environmental 

conditions (Montwé et al., 2016). The resulting framework can provide a means to predict 

response to climate warming and climate variability; better predictions provide a better 

foundation for which to manage these systems under such environmental change. 
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This study focuses on lodgepole pine (Pinus contorta Dougl. ex Loud.), which is one of 

the most widespread tree species in western North America. This species shows high ecological 

amplitude, covering over 1.3 million km2 (Schroeder et al., 2010) in diverse climates. The more 

predominant interior variety (P. contorta var. latifolia) is particularly important to British 

Columbia (BC) as an ecological foundation species. It further sustains a large portion of the 

forestry industry in western Canada, which supports communities by generating hundreds of 

thousands of jobs (Hajjar et al., 2014). In recent years, however, BC’s forests – and the 

communities relying on them - have been affected by an unprecedented mountain pine beetle 

epidemic (Kurz et al., 2008). Lodgepole pine nevertheless remains ecologically suitable for re-

planting in these areas with some reconsideration of seed zones (O’Neill et al., 2008). At 125 

million seedling requests for lodgepole pine in interior BC, this represents approximately half of 

requested seedlings for reforestation in the province (Province of British Columbia, 2016). After 

harvesting, planting the most suitable lodgepole pine populations for a warming climate may 

therefore help maintain forest health and productivity, and the people relying on these forests. 

Here, we gauge the overall suitability for overcoming potential lodgepole pine 

maladaptation. We build on a wealth of knowledge on lodgepole pine genetic structure, 

adaptation to climate, and seed selection (e.g., Chapters 3, 6, 7, Illingworth, 1978; Rehfeldt, 

1983, 1987, 1988, 1980, Rehfeldt et al., 1999, 2001; Guy & Holowachuk, 2001; Wang et al., 

2006, 2010; Ying & Yanchuk, 2006; O’Neill et al., 2008; McLane et al., 2011a, 2011b; Yeaman 

et al., 2016; Liepe et al., 2016; Montwé et al., 2016; Conlisk et al., 2017; MacLachlan et al., 

2017). We first evaluate the extent of possible climate maladaptation as well as the success of 

potential assisted gene flow transfers. We analyze annual and total growth responses of 23 seed 

sources under northward and southward seed transfers. This work expands on recent work testing 
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responses of lodgepole pine populations on three Southern Interior planting sites (Chapters 3, 6, 

and 7) by incorporating 6 additional planting sites across the species distribution to test assisted 

gene flow scenarios up to the northern extremes. We further discuss the risks of assisted gene 

flow and weigh these against the risks of inaction. 

8.3   Methods 

Experimental Design 

The Illingworth lodgepole pine provenance trial was established in 1974 (Illingworth, 

1978) by the British Columbia Ministry of Forests with 153 seed sources tested at 60 planting 

sites. Several of these planting sites incurred high mortality due to the mountain pine beetle 

outbreak in 2006; we were permitted to fell dead trees in 2013 and 2014. Within this large trial, 

we developed an experimental design that allowed us to sample 23 provenances representing 

four climatic regional ‘populations’ of western North America tested on 9 planting sites. The 

four meta-populations include 5 Northern provenances (N); 6 provenances from BC’s Southern 

Interior (SI); 6 provenances from BC’s Central Interior (CI); and 6 provenances from the far 

south (FS) of the species distribution (Fig. 8.1c, Tabs. 8.S1, 8.S2). The planting sites contained 

two blocks which acted as replicates, except one northern site (WATS), which contained 4 

blocks. Within blocks, each provenance was planted in 9-tree plots arranged in a randomized 

complete block design. We aimed to cut and measure four trees per provenance per block on 

southern and central planting sites, although sometimes not all trees were available. 

Field and Tree Ring Measurements 

The analyses presented here are based on 511 trees sampled from southern interior 

planting sites in the 2013 summer field season, 339 trees in the central interior planting sites 
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sampled in the 2014 summer field season, and 218 trees measured in the Northern planting sites 

in 2014. On central and southern planting sites, we used an Eslon tape to measure tree height 

after each dead tree was felled and de-limbed. Most trees on northern sites had not died due to 

the mountain pine beetle epidemic, so we obtained increment cores and measured tree heights 

instead. On northern planting sites, tree height was measured with a Vertex hypsometer (Vertex 

IV, Haglof, Madiso, USA). Stem disks at diameter at breast height (1.3 m) were collected for 

trees on central and southern sites; increment cores were obtained on northern planting sites. All 

stem disks were sanded and scanned (ScanMaker 9800XLplus; Microtek, Hsinchu, Taiwan). 

Tree-ring widths were measured for four radii per disk using Windendro software, version 2016 

(Regent Instruments Inc, 2016): Automatic measurements were manually inspected and adjusted. 

At the northern sites, the measurements for each tree were derived from two radii from the 

increment core.  

Statistical Analyses 

All statistical analyses were conducted in the R programming environment and ggplot2 

was used to generate all figures (Wickham, 2009; R Core Team, 2017). Statistical testing of 

differences among the four populations in terms of cumulative growth relied on analysis of 

variance as implemented with the anova command. This was based on a generalized linear 

mixed effects model developed with the lmerTest function of the lmerTest package (Kuznetsova 

et al., 2016). In the model, regional meta-populations and planting site regions were specified as 

fixed effects and random effects included site, block, and provenance. To conduct (post-hoc) 

multiple comparisons, the ghlt function from the multcomp package were used (Hothorn et al., 

2016). The Benjamini and Hochberg method was used to reduce the false discovery rate 

(Benjamini & Hochberg, 1995). To investigate the relationships of provenance growth relative to 
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the transfer distances (climatic and geographic) of provenances to the test sites where they were 

grown, we calculated least square means to account for the imbalanced design. Least square 

means were estimated using the lsmeansLT function from the lmerTest package. To remove the 

age trend from tree-ring widths, we fit a spline to each tree’s data across the 31-year period to 

express annual growth increments as anomalies from the fitted curve. This detrending procedure 

was carried out with the detrend command from the dplR package (Bunn, 2008). To calculate 

geographic transfer distances in kilometers from the provenances and sites’ geographic positions, 

the distVincentyEllipsoid function within the distm command was used from the geosphere 

package (Hijmans et al., 2016). All climate variables for the observed study period as well as 

future climate projections were derived from ClimateWNA version 5.40 (Wang et al., 2016). 

8.4   Results 

Local Performance: Testing Historic Seed Transfer Guidelines as a Baseline 

Although northern seed sources grown on northern planting sites may be considered 

“local seed sources”, these nevertheless represent transfer distances. Distances range from 19 km 

to 763 km (mean = 297 km; Figs. 8.1a, b, c, Tab. 8.1), depending on the site-provenance 

combination. These distances are associated with climatic differences ranging from -2°C to +3°C 

in mean annual temperature (mean = -0.1°C; 8.1a, b, Tab. 8.2). On northern planting sites, these 

northern provenances grew taller than the southern interior and far southern populations (Fig. 

8.2g, Tab. 8.3), but were not significantly different from central interior populations (p = 0.787, 

Tab. 8.S3). Northern provenances also had consistently greater tree-ring growth (Fig. 8.2a) and 

cumulative diameter (Fig. 8.2b) over the length of the study compared to southern interior and 

far southern seed sources.  
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Central interior provenances grown in central interior planting sites also represented 

geographic and climatic transfer distances. These ranged geographically from 15 km to 395 km 

(mean = 187 km; Figs. 8.1b, c, Tab. 8.1) and climatically from -1.2°C to 1.3°C (mean = 0.05°C; 

Figs. 8.1a, b, Tab. 8.2). Central interior seed sources performed well (Fig. 8.2c, d, h); they were 

significantly better than seed sources from the north (p <0.01) or far south (p = 0.025, Tab. 8.S3). 

Central interior seed sources were not, however, significantly different from southern interior 

seed sources on central interior planting sites (p = 0.964). 

On southern interior planting sites, southern interior provenances perform well (Figs. 

8.2e, f, i, Tab 8.4). These provenances were not significantly different from central interior seed 

sources (p = 0.467, Tab. 8.S3), but were significantly different from northern and far southern 

populations (both p <0.01, Tab. 8.S3). The transfer distances tested here range from 19 km to 

267 km (mean = 123 km; Figs. 8.1a, b, Tab. 8.1) and a difference in mean annual temperature of 

-4.4°C to -1.2°C (mean -2.8°C; Tab. 8.2). Although geographic transfers are small, temperature 

transfers are larger because provenances were sourced from lower elevations than the planting 

sites: the difference in elevations ranged from 303 m to 791 m, with a mean of 476 m (Tab. 8.1). 

Southward Transfers: Responses under Simulated Warming 

On central interior planting sites, northern seed sources are transferred southward by 317 

km to 1239 km, depending on provenance and planting site combinations (mean = 698 km, Fig. 

8.1c, Tab. 8.1). These distances correspond to climatic transfers of +2.4°C to +6.4°C in mean 

annual temperature (mean = +4.0°C, Figs. 8.1a, b, Tab. 8.2). Transfer distances on southern 

planting sites represent a more severe geographic- and climate-based seed transfer (range = 901 

km to 1758 km, mean = 1220km; range = 3.0°C to 7.2°C, mean = 4.7°C; Figs. 8.1a, b, c, Tabs. 
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8.1, 8.2). Transfers to both central and southern interior planting sites simulate the level of 

warming expected under high-magnitude warming. These climatic transfers in fact exceed 

warming predictions for the year 2085 under a pessimistic warming scenario, i.e., a 

Representative Concentration Pathway (RCP) 8.5 scenario. The RCP 8.5 scenario projects an 

increase of up to 5.3°C mean annual temperature in northern areas (mean of provenances and 

planting site warming = 4.6°C; Tab. 8.4) by the year 2085. 

Although height and diameter growth of northern seed sources is enhanced on central and 

southern interior planting sites relative to growth on northern sites (Figs. 8.2g, h, i), their annual 

growth rates show continually declining performance after some years in particular (Figs. 8.2c, 

d, e, f). Relative to other provenances, the northern seed sources also show low growth when 

planted in the central interior and southern interior planting sites (Figs. 8.1a, b, c, 8.2c, d, h, e, f, 

i, Tab. 8.3). At central planting sites, northern provenances were found to be significantly 

different in terms of height in 2005 to the provenances from the central and southern interior of 

BC (both p <0.01, Fig. 8.2h, Tab. 8.S1), but not different from the provenances from the far 

south of the range (p = 0.989, Tab. 8.S1). The height in 2005 of these northern seed sources was 

not found to be significantly different from their responses on southern planting sites (Fig. 8.2h, 

i, Tab 8.S3). On these southern interior planting sites, however, northern provenances were 

found to have significantly lower height from all other populations (p <0.01, Fig. 8.2i, Tab. 

8.S3).  

When central interior provenances are planted on southern interior planting sites, they 

perform well across the duration of the provenance trial, leading to competitive height and 

diameter growth (Figs. 8.2e, f, i, Tab. 8.3). Their height (in 2005) was not significantly different 

from the southern interior seed sources (p <0.01, Tab. 8.S3). These provenances were transferred 
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geographically by 348 km to 698 km (mean = 539 km, Fig. 8.1c, Tab. 8.1), corresponding to 

changes in mean annual temperature of -0.6°C to 2.1°C (mean = 0.8°C, Figs, 8.1a, b, Tab. 8.2). 

Northward Transfers: Growth under Simulated Assisted Gene Flow 

On northern planting sites, provenances from the central interior of BC were transferred -

2.1°C to -5.6°C in mean annual temperature (mean = -3.8°C) across distances of 340 km to 864 

km (mean = 623 km; Figs. 8.1a, b, c, Tabs. 8.1, 8.2). The central interior seed sources perform 

well on northern planting sites across the duration of the study, leading to competitive height and 

diameter growth with local sources (Figs. 8.2a, b, g, Tab. 8.3). The diameter growth of central 

interior provenances was not significantly different from northern provenances (p = 0.787, Tab. 

8.S3). On northern planting sites, seed sources from the southern interior of BC were transferred 

940 km to 1410 km (mean = 1201 km, Tab. 8.1), representing changes to mean annual 

temperature from -5.4°C to -9.4°C (mean = -7.4°C, Tab. 8.2). These seed sources did not perform 

well, and led to poor overall height and diameter growth (Fig. 8.1a, b, g, Tab. 8.3). At northern 

planting sites, southern interior provenances were significantly different from northern, central 

interior and far southern provenances (p < 0.01, Tab. 8.S3). 

On planting sites in the central interior of BC, the southern interior seed sources 

performed similarly well as locally adapted seed sources. This represents a geographic transfer 

distance of 440 km to 848 km (mean = 628 km) and a climate transfer distance of -2°C to -5°C in 

mean annual temperature (mean = -3.5°C, Figs. 8.1a, b, c, Tabs. 8.1, 8.2). Southern interior 

populations maintained competitive growth rates over the duration of the study (Figs. 8.2c, d, h, 

Tab. 8.3) and height in 2005 was not significantly different from local seed sources (p= 0.964). 

Early in the provenance trial, seed sources from the far south of the range are competitive with 
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local sources (Fig. 8.2a, b). After almost 20 years’ of growth, however, diameter growth losses 

mirror those observed on southern planting sites. While their growth had initially been strong, 

this drop led to significantly lower height growth by the end of the study compared to the central 

and southern interior populations (p = 0.024 and <0.01, respectively, Fig. 8.2h, Tab. 8.3). The 

transfers of the far south population to central areas represents a northward geographic transfer 

distance of 761 km to 1519 km (mean = 1151 km, Tab. 8.1, Figs. 8.1a, b, c) and a climate-

transfer distance of -2.5°C to -5.5°C mean annual temperature (mean = -4.3°C, Tab. 8.2). On 

southern interior planting sites, the far southern seed sources initially are top competitors despite 

being transferred northward by 304 km to 960 km and -1.7°C to -4.9°C (mean = 647 km; -3.7°C, 

Tabs. 8.1, 8.2). 

Climate-Growth Correlations: Planting Sites Draw Out Adaptations 

Correlations of height in 2005 to climate of seed origin are shown in Fig. 8.3a, as tested 

on the 9 planting sites. In central and southern interior planting sites, height of provenances is 

positively correlated to temperature and relative humidity: Generally, populations from warmer 

areas with more humidity perform better at these planting sites. However, when tested in the 

colder, northern planting sites, provenance performance is linked negatively to temperature and 

temperature difference. Seed sources from cold areas with high temperature differences perform 

best on northern planting sites. Correlations of growth, in terms of de-trended tree-ring widths, to 

climates of the planting sites are shown in Fig. 8.3b. These correlations are generally weak (r 

<0.2) relative to correlations to provenance climate. 
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8.5   Discussion 

Leading Edge of the Lodgepole Pine Range: Risks of Inaction Outweigh Risks of Assisted 
Gene Flow 

Northern seed sources show higher growth in warmer planting environments relative to 

growth in northern areas. This result may at first appear to provide evidence that northern forests 

will benefit under warming, as predicted by other researchers (Hamann & Wang, 2006; Wang et 

al., 2006; Bonan, 2008; Savolainen et al., 2011; Pedlar & McKenney, 2017; Hember et al., 

2018). However, these transfers from northern to southern growing environments could represent 

a release from lower levels of radiation, which will not change in northern environments under 

climate change. Furthermore, northern provenances are more susceptible to climate variability in 

these environments as revealed by inter-annual growth. This may become increasingly 

problematic since climate change is also associated with increased climate variability (Meehl, 

2004; Dai, 2011; Christidis et al., 2014; IPCC, 2014). Climatic extremes can be more 

consequential to plants than climate warming (Reyer et al., 2013). 

Recent work has also shown that northern provenances are most vulnerable to climatic 

extremes such as drought and cold events (Chapters 3, 6, 7). These provenances show low 

drought tolerance (Montwé et al., 2016), which could further limit regeneration under 

increasingly dry conditions (Hogg & Wein, 2005). In addition, our analyses are based on 

responses up to 2005 only; it is possible that responses here under-represent negative effects of 

warming to northern provenances because the study period does not capture recent warming and 

severe droughts that have since occurred. Climate change may also be causing a mismatch in 

phenology and cold hardiness. In a study on seedlings, Liepe et al. (2016) report that northern 

lodgepole pine genotypes were cold hardy but burst bud early. This early bud break could cause 
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a mismatch due to climate change and phenology: In Chapter 7, we found that these populations 

will likely experience increased frost damage as warming winters and higher variability combine 

with northern populations’ low heat-sum requirements for flushing. Thus, increased growth in 

northern environments would not be expected to materialize based on warming, and would 

instead be limited by increasing occurrences of climatic extremes. Altogether, these areas appear 

to be most at-risk under climate warming. 

When seed sources from the southern interior of BC are planted on northern planting 

sites, they perform poorly across the duration of the provenance trial, indicating limits to seed 

transfer. However, when populations from the central interior of British Columbia are grown on 

southern interior planting sites, these provenances perform just as well as the local northern 

provenances. No major annual growth losses are incurred relative to northern provenances; we 

find no evidence of any major drop after possible cold events. In an earlier study on southern 

interior planting sites, we also found these populations to show high physiological plasticity to 

changing environments (Chapter 6), likely contributing to their positive performance in 

temporarily cooler environments. Therefore, the provenances from the central interior of BC 

could be tolerant enough to cold to be transferred under assisted gene flow. Thus, in northern 

areas, the costs of inaction (status quo reforestation) likely outweigh the risks involved in 

assisted gene flow only if judiciously applied. Currently, however, forests in the far north (e.g. 

Yukon) do not contribute substantially to Canada’s forest industry. Since assisted gene flow 

usually involves seed selection at the time of re-planting after harvest, assisted gene flow under a 

typical reforestation scenario may not in fact be realistic.   
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Central Interior of BC: Judicious Assisted Gene Flow Implementation Possible 

At central interior planting sites, southern interior seed sources perform equally as well as 

their local counterparts. No undue annual growth losses are incurred; these populations appear to 

be sufficiently cold- and drought-adapted to tolerate moderate northward movement. Both 

central interior and southern interior populations were previously found to have moderate 

drought tolerance (Montwé et al., 2016) linked to high physiological plasticity. The present study 

also indicates that the risks of transferring seed sources from the southern interior of BC to the 

central interior of BC may be low. Thus, incorporating a percentage of southern interior 

populations slightly northward across the gentle geographic clines to central interior areas could 

be low-risk, but may not be currently necessary. However, the same is not true for provenance 

transfers from the far south of the lodgepole pine range. Provenances from the warm, dry areas in 

the far south had initially been top growth performers on central and southern interior sites. After 

approximately 20 years of growth, however, these provenances begin to show substantially lower 

growth than the other populations and continued to perform poorly until the end of the duration 

of the study. 

8.6   Conclusions 

We emphasize that there is no universally suitable seed geographic or climate transfer 

distance for assisted migration. Here, we show that there may be some benefits to be gained by 

implementing assisted gene flow in the far north, at the leading edge of the range. This could 

enhance forest resilience to increasing climate variability. Transferring seed from the southern 

interior to the central interior of BC could be a low-risk strategy to adapt to general warming, but 

would not increase resilience to cold or drought (Chapters 3, 6, 7). Transferring populations from 
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the far south of the lodgepole pine range northward to the southern or central interior of BC 

cannot be recommended. Therefore, a cautious and population-oriented approach is 

recommended under climate-based seed transfer. While it appears that assisted gene flow could 

be low risk under some situations and higher risk in others, the final evaluation must ultimately 

be made by the forest practitioners based on their professional knowledge of local site 

conditions. 
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8.8   Figures 

 
Fig. 8.1. Experimental design and transfer distances: 23 provenances tested on 9 planting sites (panel c). 
Provenances are numbered according to the original Illingworth provenance trial design (Illingworth, 1978). 
Provenances are grouped according to four regional populations, where northern seed sources (North, Leading Edge 
or LE) are shown in blue; central interior provenances (CI) are illustrated in green; southern interior (SI) seed 
sources are shown in yellow; and provenances from the far south of the lodgepole pine range (Far South, Trailing 
Edge or TE) are shown in orange. Climate transfer functions of provenances tested at different planting sites are 
shown in panel a). The temperature difference associated with latitudinal transfers is shown in panel b). Dot size 
corresponds to average tree ring width growth (mm). 



 

223 
 

 

Fig. 8.2. Growth of four lodgepole pine regional populations on planting sites in three areas in the lodgepole pine 
distribution: The top third (panels a, b, g) represent growth on northern planting sites; the graphs in the center 
(panels c, d, h) represent growth in central interior planting sites; the bottom panels (e, f, i) represent growth on 
southern interior planting sites. Tree-ring widths (mm) over time are shown in panels a, c, e. Cumulative diameter 
(mm) are shown in panels b, d, f. Total height growth (m) in year 2005 (age 33) are shown in panels g, h and i: 
changes in black letters represent significant differences among populations within each regional planting site while 
white letters represent significant differences of each population among the regional planting sites. 
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Fig. 8.3. Heatmaps showing climate-growth correlations. a) Correlations of total height in year 2005 (age 33) of 
provenances grown in three areas in the lodgepole pine range (Southern, Central and Northern planting sites). b) 
Correlations of de-trended tree-ring widths of regional populations across all planting sites. 
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8.9   Tables 

 
Tab 8.1: Elevation and geographic transfer distances of lodgepole pine (Pinus contorta var. latifolia) provenances to planting sites within the Illingworth lodgepole pine 
provenance trial (Illingworth, 1978).  

 Population Provenance 
Elevation Difference (m) Geographic Distance (km) 

Northern Sites Central Interior Sites Southern Interior Sites Northern Sites Central Interior Sites Southern Interior Sites 
BLUE M451 WATS CARP DOGC WEST CHUW COMM EQUI BLUE M451 WATS CARP DOGC WEST CHUW COMM EQUI 

Northern P28 -32 338 -62 28 188 -92 668 608 608 309 92 308 459 490 317 929 901 969 
Northern P30 90 460 60 150 310 30 790 730 730 40 206 19 688 684 544 1160 1141 1210 
Northern P33 -146 224 -176 -86 74 -206 554 494 494 553 763 540 1239 1220 1098 1703 1689 1758 
Northern P35 -59 311 -89 1 161 -119 641 581 581 261 471 279 874 837 744 1320 1312 1381 
Northern P66 -443 -73 -473 -383 -223 -503 257 197 197 279 59 281 465 488 321 937 911 980 

Central Interior P100 -32 338 -62 28 188 -92 668 608 608 512 342 532 180 172 70 645 628 698 
Central Interior P104 -2 368 -32 58 218 -62 698 638 638 700 541 723 123 30 209 466 459 527 
Central Interior P107 -581 -211 -611 -521 -361 -641 119 59 59 836 705 864 302 218 395 418 433 492 
Central Interior P20 -207 163 -237 -147 13 -267 493 433 433 639 531 669 285 186 295 599 603 668 
Central Interior P24 44 414 14 104 264 -16 744 684 684 531 341 547 160 191 15 634 612 681 
Central Interior P61 -108 262 -138 -48 112 -168 592 532 532 795 603 812 110 176 250 374 348 417 

Southern Interior P1 -276 94 -306 -216 -56 -336 424 364 364 1306 1117 1325 619 639 763 160 167 97 
Southern Interior P14 -329 41 -359 -269 -109 -389 371 311 311 1126 940 1146 440 459 586 48 19 84 
Southern Interior P15 -337 33 -367 -277 -117 -397 363 303 303 1239 1053 1259 553 571 698 91 101 36 
Southern Interior P42 -268 102 -298 -208 -48 -328 432 372 372 1393 1197 1409 705 736 847 268 263 196 
Southern Interior P57 151 521 121 211 371 91 851 791 791 1301 1106 1318 614 645 756 188 175 113 
Southern Interior P72 -47 323 -77 13 173 -107 653 593 593 1190 997 1207 502 532 645 103 67 47 

Far Southern P111 -32 338 -62 28 188 -92 668 608 608 1438 1269 1461 771 761 915 312 354 304 
Far Southern P123 -276 94 -306 -216 -56 -336 424 364 364 1785 1631 1811 1140 1117 1281 693 737 684 
Far Southern P144 -794 -424 -824 -734 -574 -854 -94 -154 -154 1778 1574 1793 1097 1136 1234 672 667 601 
Far Southern P153 -581 -211 -611 -521 -361 -641 119 59 59 1761 1575 1780 1075 1087 1221 604 623 555 
Far Southern P154 -764 -394 -794 -704 -544 -824 -64 -124 -124 1839 1664 1861 1162 1162 1308 690 719 654 
Far Southern P156 -885 -515 -915 -825 -665 -945 -185 -245 -245 2027 1870 2053 1377 1357 1519 920 960 902 

 
Elevation differences are reported in (m), where negative numbers indicate a transfer from higher collection sites to lower planting sites. Geographic transfer distances are reported 
in kilometers (km). These are calculated as the simple distances between the provenance and planting site, as implemented with the distVincentyEllipsoid function within the distm 
command was used from the geosphere package in the R programming environment (Hijmans et al., 2016; R Core Team, 2017). The abbreviations of the planting sites correspond 
to the Illingworth lodgepole pine provenance trial (Illingworth, 1978), where: BLUE stands for Blue River, M451 stands for Mile 451 along the Alaska Highway, WATS stands for 
Watson Lake, CARP stands for Carp Lake, DOGC stands for Dog Creek, WEST stands for Weston Lake, CHUW stands for Chuwels Lake, COMM stands for Community Lake, 
and EQUI stands for Equises Creek.  Climate data derived from ClimateWNA v 5.40 (Wang et al. 2016). 
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Tab 8.2: Climate transfer distances in terms of mean annual temperature (°C) of all lodgepole pine provenances (Pinus contorta var. latifolia) to planting sites within the 
Illingworth lodgepole pine provenance trial (Illingworth, 1978). 
 

    Northern Sites Central Interior Sites Southern Interior Sites 
Population Provenance BLUE M451 WATS CARP DOGC WEST CHUW COMM EQUI 
Northern P28 -0.6 0 -1.4 3.4 3 3.1 3.6 4 4.2 
Northern P30 0.9 1.5 0.1 4.9 4.5 4.6 5.1 5.5 5.7 
Northern P33 2.4 3 1.6 6.4 6 6.1 6.6 7 7.2 
Northern P35 -1.2 -0.6 -2 2.8 2.4 2.5 3 3.4 3.6 
Northern P66 -0.5 0.1 -1.3 3.5 3.1 3.2 3.7 4.1 4.3 

Central Interior P100 -2.7 -2.1 -3.5 1.3 0.9 1 1.5 1.9 2.1 
Central Interior P104 -4.4 -3.8 -5.2 -0.4 -0.8 -0.7 -0.2 0.2 0.4 
Central Interior P107 -3 -2.4 -3.8 1 0.6 0.7 1.2 1.6 1.8 
Central Interior P20 -3.8 -3.2 -4.6 0.2 -0.2 -0.1 0.4 0.8 1 
Central Interior P24 -3.6 -3 -4.4 0.4 0 0.1 0.6 1 1.2 
Central Interior P61 -4.8 -4.2 -5.6 -0.8 -1.2 -1.1 -0.6 -0.2 0 

Southern Interior P1 -6.3 -5.7 -7.1 -2.3 -2.7 -2.6 -2.1 -1.7 -1.5 
Southern Interior P14 -6 -5.4 -6.8 -2 -2.4 -2.3 -1.8 -1.4 -1.2 
Southern Interior P15 -7.3 -6.7 -8.1 -3.3 -3.7 -3.6 -3.1 -2.7 -2.5 
Southern Interior P42 -8 -7.4 -8.8 -4 -4.4 -4.3 -3.8 -3.4 -3.2 
Southern Interior P57 -8.6 -8 -9.4 -4.6 -5 -4.9 -4.4 -4 -3.8 
Southern Interior P72 -7.6 -7 -8.4 -3.6 -4 -3.9 -3.4 -3 -2.8 

Far South P111 -8.3 -7.7 -9.1 -4.3 -4.7 -4.6 -4.1 -3.7 -3.5 
Far South P123 -9.1 -8.5 -9.9 -5.1 -5.5 -5.4 -4.9 -4.5 -4.3 
Far South P144 -6.5 -5.9 -7.3 -2.5 -2.9 -2.8 -2.3 -1.9 -1.7 
Far South P153 -8.5 -7.9 -9.3 -4.5 -4.9 -4.8 -4.3 -3.9 -3.7 
Far South P154 -7.8 -7.2 -8.6 -3.8 -4.2 -4.1 -3.6 -3.2 -3 
Far South P156 -8.4 -7.8 -9.2 -4.4 -4.8 -4.7 -4.2 -3.8 -3.6 

 
Negative numbers indicate provenances originating from warmer environments transferred to cooler planting sites. 
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Tab. 8.3: Least square means of height and diameter growth in year 2005 (age 32) of four lodgepole pine regional populations tested across three major climatic zones in the 
lodgepole pine distribution. 
 

Regional Population Planting Site Region Diameter (cm) Diameter Standard Error (cm) Height (m) Height Standard Error (m) 
North Northern 11.0 4.8 6.1 0.5 
Central Interior Northern 9.7 5.0 5.3 0.5 
Southern Interior Northern 7.1 8.5 4.1 0.7 
North Central 11.7 5.5 12.0 0.7 
Central Interior Central 15.2 5.3 14.4 0.7 
Southern Interior Central 15.3 5.6 15.0 0.7 
Far South Central 13.4 5.8 12.5 0.8 
North Southern 11.8 5.4 9.8 0.6 
Central Interior Southern 15.0 5.2 12.3 0.6 
Southern Interior Southern 14.9 5.3 12.9 0.6 
Far South Southern 13.6 5.3 10.7 0.6 
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Tab 8.4: Climate warming expected by 2085 at all seed-collection and planting sites under two Intergovernmental Panel on Climate Change emissions’ scenarios 
 

Population Provenance or Site 

Observed 
Temperatures (°C) 

Projected Temperatures (°C) 
  

Difference  (°C) 
  

Climate normal 
1961-1990 

RCP 4.5 projections 
to 2085 

RCP 8.5 projections 
to 2085 

RCP 4.5 
Warming 

RCP 8.5 
Warming 

Northern P28 -1.2 2.3 4.6 3.5 5.8 
Northern P30 -2.7 0.8 3.2 3.5 5.9 
Northern P33 -4.2 -0.5 2.0 3.7 6.2 
Northern P35 -0.6 2.9 5.3 3.5 5.9 
Northern P66 -1.3 2.1 4.5 3.4 5.8 
Northern BLUE -1.8 1.7 4.1 3.5 5.9 
Northern M451 -1.2 2.2 4.6 3.4 5.8 
Northern WATS -2.6 1.0 3.4 3.6 6.0 

Central Interior P100 0.9 4.3 6.6 3.4 5.7 
Central Interior P104 2.6 5.8 8.0 3.2 5.4 
Central Interior P107 1.2 4.4 6.4 3.2 5.2 
Central Interior P20 2.0 5.2 7.3 3.2 5.3 
Central Interior P24 1.8 5.2 7.5 3.4 5.7 
Central Interior P61 3.0 6.3 8.5 3.3 5.5 
Central Interior CARP 2.2 5.5 7.8 3.3 5.6 
Central Interior DOGC 1.8 5.1 7.3 3.3 5.5 
Central Interior WEST 1.9 5.2 7.5 3.3 5.6 

Southern Interior P1 4.5 7.8 10.0 3.3 5.5 
Southern Interior P14 4.2 7.5 9.7 3.3 5.5 
Southern Interior P15 5.5 8.8 11.0 3.3 5.5 
Southern Interior P42 6.2 9.5 11.7 3.3 5.5 
Southern Interior P57 6.8 10.1 12.4 3.3 5.6 
Southern Interior P72 5.8 9.1 11.4 3.3 5.6 
Southern Interior CHUW 2.4 5.6 7.8 3.2 5.4 
Southern Interior COMM 2.8 6.1 8.4 3.3 5.6 
Southern Interior EQUI 3.0 6.4 8.6 3.4 5.6 

Far South P111 6.5 9.6 11.6 3.1 5.1 
Far South P123 7.3 10.1 12.0 2.8 4.7 
Far South P144 4.7 8.1 10.3 3.4 5.6 
Far South P153 6.7 9.9 12.0 3.2 5.3 
Far South P154 6.0 9.1 11.2 3.1 5.2 
Far South P156 6.6 9.8 11.8 3.2 5.2 

 

RCP 4.5 represents a more optimistic and moderate emissions scenario while RCP 8.5 represents a more realistic and higher-magnitude emissions scenario (Sanford et al., 2014). 
Climate data and climate projections derived from ClimateWNA v5.40 (Wang et al., 2016).
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8.10   Supplementary Information 

 

 

Tab. 8.S1. Average source climate variables from the 1961-1990 normal period are shown for provenances 

Region Prov. Number Prov. Name Latitude Longitude Elevation MAR MAT MCMT MWMT TD MAP MSP PAS SHM RH 
Northern 28 Tetsa R. 58.67 -124.17 762 10.5 -1.2 -18.2 13.7 31.9 621 419 195 32.6 58 
Northern 30 Lower Post 59.98 -128.55 640 9.7 -2.7 -23.5 14.5 38 448 235 204 61.8 56 
Northern 33 Ethel L. 63.30 -136.47 876 9.8 -4.2 -24.7 14 38.7 442 260 198 53.9 57 
Northern 35 Atlin 59.80 -133.78 789 9.8 -0.6 -15.5 12.5 28 374 183 181 68.3 63 
Northern 66 Stone Mt. 58.65 -124.77 1173 10.1 -1.3 -14.4 11.3 25.7 688 475 240 23.8 61 

Central Interior 20 Collins L. 54.13 -127.23 937 11.1 2 -9.4 12.5 21.9 595 219 294 57.2 64 
Central Interior 24 Finlay Forks 55.95 -123.80 686 11.1 1.8 -12.9 14.2 27.1 525 249 212 57.2 65 
Central Interior 61 Purden 53.87 -121.80 838 11.5 3 -9.9 14.3 24.2 1050 402 457 35.6 62 
Central Interior 100 Nina Cr. 55.80 -124.82 762 10.9 0.9 -14 13.5 27.5 529 250 234 54 61 
Central Interior 104 Nechako R. 54.02 -124.53 732 11.1 2.6 -11.4 14.4 25.7 520 238 211 60.4 58 
Central Interior 107 Tweedsmuir 52.50 -125.80 1311 11.3 1.2 -8.8 10.9 19.8 1043 257 628 42.7 60 

Southern Interior 1 Trapping Cr. 49.58 -119.02 1006 11.1 4.5 -7.1 15.7 22.8 550 227 200 69.2 59 
Southern Interior 14 Wentworth Cr. 50.97 -120.33 1059 12.3 4.2 -7.6 14.8 22.4 476 219 163 67.8 62 
Southern Interior 15 Esperon L. 50.05 -119.65 1067 12.4 5.5 -5.5 16.3 21.8 650 205 231 79.5 67 
Southern Interior 42 Champion L. 49.18 -117.58 998 12.7 6.2 -5.2 17.6 22.8 835 269 261 65.4 67 
Southern Interior 57 Inonoaklin 49.90 -118.20 579 10.7 6.8 -4.4 17.9 22.3 685 264 162 67.7 64 
Southern Interior 72 Larch Hills 50.70 -119.18 777 11.2 5.8 -5.9 17.1 23 648 244 211 70.2 65 

Far Southern 111 Stevens Pass 47.78 -120.93 762 16.5 6.5 -3.5 17.2 20.7 1711 255 536 67.4 61 
Far Southern 123 Black Butte 44.38 -121.67 1006 14.3 7.3 -0.7 16.6 17.3 609 102 99 163.4 51 
Far Southern 144 Missoula (a) 46.67 -113.67 1524 12.7 4.7 -6.3 16.8 23.1 568 237 199 70.9 56 
Far Southern 153 Enterprise 45.63 -117.27 1311 14.5 6.7 -3.4 17.7 21.1 562 205 123 86.5 56 
Far Southern 154 Prairie City 44.53 -118.57 1494 15.9 6 -4.1 17.1 21.3 639 171 206 99.8 56 
Far Southern 156 Quartz Pass 42.30 -120.78 1615 16.7 6.6 -2 17.2 19.2 534 118 128 146 54 

 

Region refers to the assigned population based on geographical origin. Prov. Number and Prov. Name refer to the provenance corresponding to the Illingworth provenance trial’s 
numbering system (Illingworth 1978). Latitude is given in decimal degrees (Lat.), longitude is given decimal degrees (Long.); and elevation is given in meters above sea level 
(Elev.). Mean annual solar radiation (MAR) is provided in MJ m‐2 d‐1. Climate variables include: Mean annual temperature in °C (MAT); mean coldest month temperature in °C 
(MCMT); mean warmest month temperature in °C (MWMT); temperature difference is a measure of continentality and is given in °C (TD); mean annual precipitation is given in 
mm (MAP); mean summer precipitation is given in mm (MSP);Precipitation as Snow in mm (PAS); summer heat:moisture index (SHM); and relative humidity (%).Climate data 
derived from ClimateWNA v 5.40 (Wang et al. 2016). 
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Tab. 8.S2. Average source climate variables from the 1961-1990 normal are shown for all planting sites. 

Region Site Name 
Abbreviation Latitude Longitude Elevation MAR MAT MCMT MWMT TD MAP MSP PAS SHM RH 

Northern BLUE 59.78 -129.13 730 9.8 -1.8 -19.6 13.9 33.5 463 229 224 60.9 57 
Northern M451 58.83 -125.72 1100 10.7 -1.2 -15.3 12.1 27.4 592 348 249 34.7 59 
Northern WATS 60.08 -128.83 700 9.9 -2.6 -22.6 14.7 37.3 411 236 171 62.2 56 

Central Interior CARP 54.60 -122.92 790 11 2.2 -11.8 14.3 26.1 806 285 403 50.1 63 
Central Interior DOGC 54.27 -124.40 950 11.3 1.8 -11.3 13.3 24.6 602 244 285 54.7 61 
Central Interior WEST 55.83 -123.70 670 11.1 1.9 -12.9 14.3 27.2 550 249 233 57.4 64 

Southern Interior CHUW 50.58 -120.62 1430 12.7 2.4 -8.3 13 21.3 430 197 184 65.8 62 
Southern Interior COMM 50.92 -120.07 1370 12.6 2.8 -8.2 13.6 21.8 639 255 292 53.3 66 
Southern Interior EQUI 50.37 -119.60 1370 12.4 3 -7.9 13.6 21.6 699 244 330 55.9 65 

 
Region refers to the general area within the lodgepole pine range in which the planting site occurs. Site Name Abbreviation refers to the abbreviated site name from the Illingworth 
lodgepole pine provenance trial (Illingworth 1978). Latitude is given in decimal degrees (Lat.), longitude is given decimal degrees (Long.); and elevation is given in meters above 
sea level (Elev.). Mean annual solar radiation (MAR) is provided in MJ m‐2 d‐1. Climate variables include: Mean annual temperature in °C (MAT); mean coldest month temperature 
in °C (MCMT); mean warmest month temperature in °C (MWMT); temperature difference is a measure of continentality and is given in °C (TD); mean annual precipitation is given 
in mm (MAP); mean summer precipitation is given in mm (MSP);Precipitation as Snow in mm (PAS); summer heat:moisture index (SHM); and relative humidity (%).Climate data 
derived from ClimateWNA v 5.40 (Wang et al. 2016). 
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Tab. 8.S3. Multiple comparisons among planting site regions and their tested regional populations 
  Diameter Height 
Test p-value p-value 
Northern planting sites  testing N provenances - Northern planting sites testing CI provenances == 0 1 0.787 
Northern planting sites  testing SI provenances - Northern planting sites testing N provenances == 0 <0.01 <0.01 
Northern planting sites  testing SI provenances - Northern planting sites testing CI provenances == 0 <0.01 <0.01 
Northern planting sites  testing FS provenances - Northern planting sites testing N provenances == 0 <0.01 <0.01 
Northern planting sites  testing FS provenances - Northern planting sites testing CI provenances == 0 <0.01 <0.01 
Northern planting sites  testing FS provenances - Northern planting sites testing SI provenances == 0 <0.01 <0.01 
Northern planting sites  testing N provenances - Central planting sites testing N provenances == 0 <0.01 <0.01 
Northern planting sites  testing N provenances - Central planting sites testing CI provenances == 0 <0.01 <0.01 
Northern planting sites  testing N provenances - Central planting sites testing SI provenances == 0 <0.01 <0.01 
Northern planting sites  testing N provenances - Central planting sites testing FS provenances == 0 1 0.0218 
Northern planting sites  testing CI provenances - Central planting sites testing N provenances == 0 1 0.4152 
Northern planting sites  testing CI provenances - Central planting sites testing CI provenances == 0 <0.01 <0.01 
Northern planting sites  testing CI provenances - Central planting sites testing SI provenances == 0 <0.01 <0.01 
Northern planting sites  testing CI provenances - Central planting sites testing FS provenances == 0 <0.01 <0.01 
Northern planting sites  testing SI provenances - Central planting sites testing N provenances == 0 <0.01 <0.01 
Northern planting sites  testing SI provenances - Central planting sites testing CI provenances == 0 1 <0.01 
Northern planting sites  testing SI provenances - Central planting sites testing SI provenances == 0 1 <0.01 
Northern planting sites  testing SI provenances - Central planting sites testing FS provenances == 0 1 0.5005 
Northern planting sites  testing FS provenances - Central planting sites testing N provenances == 0 <0.01 <0.01 
Northern planting sites  testing FS provenances - Central planting sites testing CI provenances == 0 <0.01 <0.01 
Northern planting sites  testing FS provenances - Central planting sites testing SI provenances == 0 <0.01 <0.01 
Northern planting sites  testing FS provenances - Central planting sites testing FS provenances == 0 <0.01 <0.01 
Central planting sites  testing N provenances - Central planting sites testing CI provenances == 0 <0.01 <0.01 
Central planting sites  testing SI provenances - Central planting sites testing N provenances == 0 <0.01 <0.01 
Central planting sites  testing SI provenances - Central planting sites testing CI provenances == 0 1 0.9642 
Central planting sites  testing FS provenances - Central planting sites testing N provenances == 0 0.0939 0.9892 
Central planting sites  testing FS provenances - Central planting sites testing CI provenances == 0 <0.01 0.0246 
Central planting sites  testing FS provenances - Central planting sites testing SI provenances == 0 <0.01 <0.01 
Southern planting sites  testing N provenances - Northern planting sites testing N provenances == 0 <0.01 <0.01 
Southern planting sites  testing N provenances - Northern planting sites testing CI provenances == 0 <0.01 <0.01 
Southern planting sites  testing N provenances - Northern planting sites testing SI provenances == 0 <0.01 <0.01 
Southern planting sites  testing N provenances - Northern planting sites testing FS provenances == 0 <0.01 <0.01 
Southern planting sites  testing CI provenances - Northern planting sites testing N provenances == 0 1 0.2072 
Southern planting sites  testing CI provenances - Northern planting sites testing CI provenances == 0 <0.01 <0.01 
Southern planting sites  testing CI provenances - Northern planting sites testing SI provenances == 0 <0.01 <0.01 
Southern planting sites  testing CI provenances - Northern planting sites testing FS provenances == 0 0.8905 0.1246 
Southern planting sites  testing SI provenances - Northern planting sites testing N provenances == 0 <0.01 <0.01 
Southern planting sites  testing SI provenances - Northern planting sites testing CI provenances == 0 <0.01 <0.01 
Southern planting sites  testing SI provenances - Northern planting sites testing SI provenances == 0 <0.01 <0.01 
Southern planting sites  testing SI provenances - Northern planting sites testing FS provenances == 0 <0.01 <0.01 
Southern planting sites  testing FS provenances - Northern planting sites testing N provenances == 0 <0.01 <0.01 
Southern planting sites  testing FS provenances - Northern planting sites testing CI provenances == 0 <0.01 1 
Southern planting sites  testing FS provenances - Northern planting sites testing SI provenances == 0 1 0.1802 
Southern planting sites  testing FS provenances - Northern planting sites testing FS provenances == 0 1 0.0842 
Southern planting sites  testing N provenances - Central planting sites testing N provenances == 0 0.2396 1 
Southern planting sites  testing N provenances - Central planting sites testing CI provenances == 0 <0.01 <0.01 
Southern planting sites  testing N provenances - Central planting sites testing SI provenances == 0 <0.01 <0.01 
Southern planting sites  testing N provenances - Central planting sites testing FS provenances == 0 <0.01 <0.01 
Southern planting sites  testing CI provenances - Central planting sites testing N provenances == 0 <0.01 <0.01 
Southern planting sites  testing CI provenances - Central planting sites testing CI provenances == 0 <0.01 0.9853 
Southern planting sites  testing CI provenances - Central planting sites testing SI provenances == 0 1 0.776 
Southern planting sites  testing CI provenances - Central planting sites testing FS provenances == 0 0.9999 0.2248 
Southern planting sites  testing SI provenances - Central planting sites testing N provenances == 0 0.3564 1 
Southern planting sites  testing SI provenances - Central planting sites testing CI provenances == 0 <0.01 <0.01 
Southern planting sites  testing SI provenances - Central planting sites testing SI provenances == 0 1 0.8957 
Southern planting sites  testing SI provenances - Central planting sites testing FS provenances == 0 <0.01 <0.01 
Southern planting sites  testing FS provenances - Central planting sites testing N provenances == 0 <0.01 <0.01 
Southern planting sites  testing FS provenances - Central planting sites testing CI provenances == 0 <0.01 <0.01 
Southern planting sites  testing FS provenances - Central planting sites testing SI provenances == 0 <0.01 <0.01 
Southern planting sites  testing FS provenances - Central planting sites testing FS provenances == 0 0.2325 0.924 
Southern planting sites  testing N provenances - Southern planting sites testing CI provenances == 0 0.5274 <0.01 
Southern planting sites  testing SI provenances - Southern planting sites testing N provenances == 0 0.4251 <0.01 
Southern planting sites  testing SI provenances - Southern planting sites testing CI provenances == 0 0.9993 0.4672 
Southern planting sites  testing FS provenances - Southern planting sites testing N provenances == 0 <0.01 0.6339 
Southern planting sites  testing FS provenances - Southern planting sites testing CI provenances == 0 <0.01 0.0123 
Southern planting sites  testing FS provenances - Southern planting sites testing SI provenances == 0 0.0162 <0.01 

The four populations are represented by columns titled LE, CI, SI and TE: LE stands for the Leading Edge, i.e., the northern population; CI is Central Interior 
population, located in the central areas of the lodgepole pine distribution; SI is Southern Interior population, covering the mid-southern range of the lodgepole pine 
distribution; TE stands for the Trailing Edge, which represents seed sources from the far south of the lodgepole pine distribution, which is expected to see increased 
forest maladaptation under climate warming. Bold values indicate significant relationships, as corrected for with the Bonferroni p-adjustment method.



 

232 
 

9   Conclusions 

9.1   Northern Forests at Risk: Possible Candidates for Assisted 
Gene Flow 

Much of the research presented here is based on northern populations tested at southern 

planting sites. As indicated in Chapter 8, the provenance-site transfer combinations represent 

climate warming ranging from 3°C to 7.2°C, with a mean of 4.7°C. This range is suitable for 

testing climate change scenarios projected to 2085: Warming at these locations under an RCP 4.5 

is predicted to be approximately 3.5°C, while warming under a RCP 8.5 emissions scenario is 

projected to be up to 6.2 °C (mean = 5.9°C) (Chapter 8). Under these experimental conditions, 

three chapters presented here indicate upcoming forest issues at the leading edge of the lodgepole 

pine range under warming and drought in less than seven decades. 

As described in Chapter 8, the northern population showed higher levels of growth in 

southern planting environments compared to when they were planted in local, northern planting 

environments. Initially, this may appear to provide evidence that northern forests will benefit 

under warming, as predicted by other researchers (Hamann & Wang, 2006; Wang et al., 2006; 

Bonan, 2008; Savolainen et al., 2011; Pedlar & McKenney, 2017). However, this seed transfer 

from northern environments to southern growing environments could represent a release from 

lower levels of radiation, which will not change in northern environments under climate change. 

Furthermore, northern populations appear to be vulnerable to climatic extremes such as drought 

(Chapters 3, 6) and cold events (Chapter 7). Thus, increased growth in northern environments 

would not be expected to materialize based on warming, and would instead be limited by 

increasing occurrences of climatic extremes. 
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 In Chapter 3, for example, northern population were observed to show the lowest 

drought tolerance under simulated high-magnitude climate change. The northern provenances 

were the least tolerant to a strong spring drought event occurring in 2002. Although their drought 

resistance was higher, this was partially due to their overall growth which was low to begin with. 

These populations also never regained pre-drought growth levels before succumbing to the 

mountain pine beetle epidemic in 2006. This shows that northern populations had the least 

drought tolerance, as measured by relative resilience. This drought response further challenges 

expectations that populations adapted to cold would be better suited for tolerating drought 

(Bansal et al., 2015, 2016; Montwé et al., 2015). 

In Chapter 6, we found that the low drought tolerance of northern provenances was 

linked to a suite of physiological maladaptations. Trees grown from seed from the leading edge 

of the species range appeared to show lower rates of transpiration, yet sustained this transpiration 

even under drier conditions, as evidenced through the oxygen isotope proxy. These trees also 

showed a lower ability to discriminate against the disfavoured heavier carbon isotope. This 

indicates that, under drought, their stomata remained open. While this would allow them to 

continue photosynthesizing to maintain respiration and growth, it would also increase xylem 

tension substantially. Since the thickness of the tracheid walls were surprisingly low, this would 

implicate low ability to withstand the increasing xylem tension. Therefore, these populations 

would be susceptible to cavitation. Such embolisms can block the transport of water to the 

crown, thereby reducing the ability to photosynthesize and sustain tree metabolism. 

In addition to drought, northern populations were found to be susceptible to spring frost 

damage, as reported in Chapter 7. Since northern populations are adapted to short growing 

seasons, they tend to flush (burst bud) under lower degree day accumulations. Similar patterns 
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have been reported for other conifers: For example, in black spruce, northern populations flushed 

earlier but set bud earlier as well (Perrin et al., 2017). This may confer some level of safety 

against fall frost, but that may not be relevant if spring frosts cause damage in seedlings. Under 

climate change, higher latitudes are expected to experience greater than average warming, much 

of which will occur in winter. Warmer winters combined with an expected increase in climatic 

variability would lead to a higher probability of “false springs” to occur in northern latitudes, to 

which northern boreal forests are highly maladapted. 

The low tolerance of northern populations to the expected increased probability of 

extreme events has significant implications for expectations surrounding the lodgepole pine 

species distribution. Although bioclimatic envelope models for lodgepole pine generally project 

major losses in habitat, new suitable habitats in northern latitudes have been projected (Hamann 

& Wang, 2006; Wang et al., 2006; Coops & Waring, 2011). However, warming and drought, 

especially recurrent droughts, can limit regeneration in high-latitude and high-elevation areas, 

reducing recruitment and range shifting abilities (Hogg & Wein, 2005; Barros et al., 2017; 

Conlisk et al., 2017). Given the high probability of severe warming materializing by the end of 

the century (Sanford et al., 2014) and the consequence of physiological maladaptations to 

warming and climatic extremes, these populations appear to be most at-risk. Contrary to the 

leading-edge hypotheses, range contraction could occur in northern areas. 

These findings contradict assumptions that forest growth in northern latitudes and 

survival of northern pine populations could be enhanced (Bonan, 2008; Lindner et al., 2010; 

Savolainen et al., 2011; Pedlar & McKenney, 2017), as predicted by modeling and response 

functions (Rehfeldt et al., 2001; Hamann & Wang, 2006; Wang et al., 2006), by climate-growth 

correlations (McLane et al., 2011a, 2011b; Berner et al., 2013), by longer growing seasons or by 
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more optimal temperature ranges for photosynthesis (Sage & Kubien, 2007). While increased net 

primary productivity may have been temporarily true historically or may be true for far northern 

tundra vegetation (Keeling et al., 1996; Myneni et al., 1997; Goetz et al., 2005), our findings 

instead align with more recent research reporting warming and drought-induced growth decline 

in high-latitudes and elevations (Barber et al., 2000; D’Arrigo et al., 2004; Peng et al., 2011; 

Charney et al., 2016; Girardin et al., 2016; Montwé et al., 2016; Rehfeldt et al., 2017). 

Understanding the physiological mechanisms behind the low tolerances to climatic extremes 

helps frame, for the first time, why earlier predictions of boreal greening are not occurring as 

predicted and instead showing declining growth patterns. 

A possible solution to the developing maladaptation is discussed in Chapter 8. This study 

tests the response of seed sources from the central interior of British Columbia at northern 

planting sites. This simulates a realistic assisted gene flow scenario involving climate transfers of 

-2.1°C to -5.6°C. These provenances were top performers over the entire experiment (32 years), 

indicating no undue annual responses to changing environmental conditions. They also showed 

suitable phenological adaptation to tolerate both fall and spring cold events, as found in Chapter 

7. Given the high-risks of a status-quo reforestation scenario that would involve planting local 

seed sources, these areas appear to be good candidates for assisted gene flow. Judicious transfers 

could present possible benefits to these northern areas if implemented with a percentage of 

southern seed sources; such “composite” provenancing is generally recommended (Aitken et al., 

2008; Ukrainetz et al., 2011; Prober et al., 2015).  Should there be an opportunity to re-plant in 

these areas after harvest, fire or other disturbance, the climate-based seed-transfer system in 

British Columbia could facilitate fast acting implementation within its jurisdiction 
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9.2   Central Interior Areas: Resilient and Unsuitable for Assisted 
Gene Flow 

In direct contrast to the northern population, the cumulative work here indicates that the 

seed sources from the central interior of British Columbia show high resilience to warming and 

climatic extremes. In Chapter 3, we noted that these populations performed well under a modest 

warming scenario. This is evidenced by good growth under simulated warming of up to 2.1°C in 

mean annual temperature, although generally the climatic distance was not large: the mean 

warming was approximately 0.5°C due to the high elevation of the southern planting sites. 

However, more southern planting sites were not available, nor did our experiment capture recent 

warming, so the tolerance of these seed sources to warming is not known. Given the rate of 

change, the warming experienced may have already exceeded what we could test within the 

experimental design. 

Although we were not able to test growth under higher-magnitude warming, the 

responses of central interior seed sources under mild warming nevertheless indicate that these 

provenances could sustain their high performance for at least a short time. These seed sources 

also showed a high ability to cope with changing conditions. In Chapter 6, we report that their 

good growth was linked to an ability to maximize growth under optimal conditions through 

larger xylem conduits, while their moderate drought tolerance was attributed to stomatal 

responsiveness. We also found in Chapter 6 that they showed high plasticity to changing 

environments, which could further indicate resilience to changing climates. In Chapter 3, we 

conclude that these seed sources had moderate drought tolerance. Furthermore, these seed 

sources showed low damage due to both spring and fall frosts, even under a mild degree of 
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warming, which could alter phenological cues (see Chapter 7). Taken together, these populations 

appeared to be the most capable of tolerating a modest degree of warming. 

While it may not be urgent to implement assisted gene flow to these areas, proactive 

forest practitioners may be interested in planting a proportion of seed sources from lower 

latitudes and elevations. This could be seen as a precautionary measure given the expected 

warming in these areas (>5°C by 2085 under an RCP 8.5 scenario). When southern interior seed 

sources are transferred to these central interior planting sites, they show growth that is 

competitive with local seed sources (Chapter 8). However, such transfers may not confer 

additional drought tolerance, as the drought tolerances of central and southern interior seed 

sources were not significantly different (Chapter 3). Furthermore, the risks associated with such 

transfers would involve increased probability of damage due to cold (Chapter 7): Southern 

interior seed sources incurred the highest fall frost damage under an elevation transfer that is 

more climatically mild (mean = -2.8°C) than such a latitudinal transfer (mean = -3.5°C). Long-

distance seed transfers from drought-tolerant populations at the trailing-edge of the species range 

can also not be recommended; these seed sources showed poor performance under the 

temporarily cooler conditions on the central interior planting sites. Altogether, it appears that the 

risks of assisted gene flow in the central interior outweigh the risks of inaction. 

9.3   Southern Interior Areas: Maladaptation to Cold Limits 
Assisted Gene Flow 

Seed sources from the southern interior of British Columbia, when planted on southern 

interior planting sites, generally perform well and show moderate drought tolerance (Chapter 3). 

Given the physiological plasticity of the southern interior seed sources and ability to cope with 
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changing environments (Chapter 6), the risks of inaction in the southern interior of British 

Columbia appear to be more moderate than would otherwise be anticipated. However, since 

there were no available planting sites lower in latitude or elevation, these seed sources were not 

tested under warming. We therefore cannot estimate the time-frame when these populations may 

become maladapted due to warming. There may be risks under such warming, but we could not 

quantify them given our experimental design (no common gardens in the far south) and study 

period (missing warming and droughts after 2005). 

These areas are expected to increase in temperature of approximately 5.5°C by 2085 

under the RCP 8.5 scenario (Wang et al., 2016). These projections may make the concept of 

incorporating assisted gene flow more attractive in these areas. Assisted gene flow of seed 

sources from the far south to the central parts of the species distribution may increase drought 

tolerance due to the cavitation-resistant xylem of trailing edge populations, as noted in Chapter 6. 

Opportunity costs, however, include reduced growth, as shown in Chapter 3. 

Long-distance assisted gene flow may also cause cold damage in these southern interior 

forests: The far southern populations had generally high levels of fall frost damage when 

transferred to southern interior planting sites, as discussed in Chapter 7. Although their response 

to cold was not significantly different from “local” seed sources, it is important to note that it is 

not valid to interpret these data as suggesting that latitudinal transfers under assisted gene flow 

would not increase fall frost damage (Chapter 7). This relates to the lower-elevation origins of 

the “local” seed sources compared to the relatively higher elevation southern interior planting 

sites. These transfer distances represented elevation gains of, on average, 475 m. These transfers 

thus emulate the current maximum allowed upward elevation seed transfer of 500 m (O’Neill et 

al., 2017). Since lodgepole pine is known to have steep clines in cold adaptation along an 
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elevation gradient but more gentle clines across latitude (Rehfeldt, 1987), both “local” and 

“southern” seed sources represent assisted gene flow transfers; one across latitude and one across 

elevation. Although our data cannot be used to compare cold response between northward-

transferred provenances and seed sources from similar elevations as the planting sites, it seems 

probable that long-distance (approximately 625 km) latitudinal transfers would increase cold 

damage relative to seed sources chosen under more restrictive historic transfer guidelines 

regulating upward seed transfer.  

Without the ability to compare the risks of assisted gene flow against the risks of the 

inaction, it may not be prudent to recommend relatively long-distance latitudinal transfers under 

assisted gene flow at this time. On average, the populations from the far south were transferred 

approximately 625 km to the southern interior planting sites. A more conservative approach 

would involve sourcing planting stock from half this distance; as combined with composite 

provenancing, this could reduce the risks of undue cold damage relative to local sources. Another 

alternative would be to move seed sources upward in elevation, but more conservatively than the 

500 m allowed maximum. As with latitudinal transfers, cautious implementation is 

recommended because, with increasing gains in elevation and latitude, there is a higher 

probability of cold damage. This has been shown with our data, where we test elevation transfers 

of approximately 475 m. 

In general, frost risks are increasing due to increased climate variability combined with 

growing seasons extending into the riskier shoulder seasons. Damage due to cold could reduce 

regeneration survival since smaller trees are more susceptible to frost (Kidd et al., 2014). 

Although older trees can survive cold events, cold-induced damage could cause defects in the 

timber and increase susceptibility to pathogens (Diamandis & Koukos, 1992). Caution may be 
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further required as the far southern population experienced rank-changing growth losses after a 

spring frost event on the southern interior planting sites. Assisted gene flow to the southern or 

central interior of British Columbia could thus introduce cold maladaptation from populations 

adjusted to different phenological cues, further exacerbating the probability of damage to cold. 

Thus, the risks of assisted gene flow are also moderate, rivalling the risks of inaction. By 

incorporating a small percentage of southern seed sources (representing shorter transfer 

distances), forest managers may, however, be able to increase diversity and avoid over-

committing to one reforestation strategy. The lodgepole pine forests of the southern interior of 

British Columbia could also be priority areas for monitoring. As combined with the adaptive 

capacity now afforded by the new climate-based seed-transfer system, this facilitates relatively 

rapid changes to reforestation as it becomes necessary. 

An additional aspect to consider regarding the late-occurring rank-change in growth loss 

in the trailing edge population is the age of the provenance trial itself. A longer-term provenance 

trial dataset may be more likely to capture the extreme events to which populations are truly 

adapted. Studying longer-term datasets would thus enable a more accurate assessment of 

differences among genotypes. Combining longer-term provenance trials with tree ring analyses is 

a particularly useful approach for studying responses to extreme events. This is illustrated by the 

fact that the work herein contradicts earlier findings from the Illingworth lodgepole pine 

provenance trial (i.e., Rehfeldt et al., 1999). Earlier analyses relied on cumulative height growth 

and therefore did not fully capture the response to the spring cold event in 1992. With that 

dataset, it would not have been possible to detect the rank-change in growth loss because little 

time had elapsed since the cold event; the competitive growth in the first 20 years prior to the 

cold event would have dominated the few years’ data after the spring frost event that showed the 
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beginning of the decline. Thus, this earlier study concluded that realized niches of lodgepole pine 

populations are smaller than their fundamental niches, and that a whole-sale redistribution of 

genotypes across the landscape would be possible. Our more recent findings based on a longer 

dataset combined with annually resolved growth data directly contradict this conclusion. This 

difference underscores the importance of interpreting younger provenance trials with caution and 

further highlights the importance of analyzing annually-resolved response information that can 

be derived from tree rings. 

9.4   Uncertainties for Trailing-Edge Lodgepole Pine Populations 

Since this lodgepole pine provenance trial includes no planting sites south of the 

Canadian border, the response of trailing-edge lodgepole pine populations to warming, drought, 

and cold could not be tested in their natural habitat. Although it may be difficult to predict their 

responses to warming and drought in the far south, we found them to exhibit high drought 

tolerance under a transfer to the southern interior of British Columbia (Chapter 3). Their drought 

tolerance was found to be linked to morphology, relying on cavitation-resistant xylem conduits 

(Chapter 6). A dual-isotope approach was, in turn, used to infer low stomatal responsiveness 

under changing environmental conditions (Chapter 6). Together, these characteristics likely 

contribute to an anisohydric physiological strategy (Chapter 6). Anisohydry may be a successful 

adaptation under some level of warming and drought: these trees can tolerate less moisture and 

continue to assimilate carbon, thereby avoiding slow death through carbon starvation. When 

transferred northward, however, these populations show consistently low adaptation to cold 

(Chapter 7, Chapter 8). These populations may therefore become increasingly susceptible to 

cold-induced damage as climates become warmer and more variable. 
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Given these strong reactions to cold, and the steep adaptive clines to cold in the 

mountainous regions of the southern lodgepole pine range (Rehfeldt, 1980, 1983, 1987, 1988; 

Rehfeldt et al., 1999), assisted migration may not be a suitable option. To increase adaptive 

capacity as problems arise, it could be beneficial to allow flexibility within public policy, 

facilitating rapid reactive measures as necessary. It may be possible to, for example, transfer seed 

sources over very small elevation distances. Other methods of promoting drought tolerance, 

thinning for example, could be a temporary measure to enhance resilience in the forests that are 

already present (D’Amato et al., 2013; Diaconu et al., 2015, 2017; Elkin et al., 2015; Sohn et al., 

2016). This could also be a large component of planning for climate change. While any results-

interpretation for far-southern locations comes with high uncertainty given projections beyond 

what was tested here, the responses from these populations on northern sites can be used to 

compliment the knowledge of practitioners of their local forests in southern locations. It also 

indicates that these populations are unsuited to long-distance seed transfers to Canada (e.g. ~625 

km) due to cold maladaptation. 

9.5   Proactive or Reactive: Population-Specific Risks in Assisted 
Gene Flow 

Risk can be defined as the interaction between probability and consequence. “Can we 

afford to wait to begin implementing assisted gene flow?” is a risk analysis question that assesses 

the likelihood of different impacts under action and no-action scenarios.  

At the scientific level, the work presented herein suggests that risk analysis questions are 

best answered by considering specific populations of tree species. For instance, we found that 

northern populations were most at risk. Although it is uncertain how exactly these 
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maladaptations will manifest across the landscape due to the complexity of the system, the data 

here all suggest that the northern lodgepole pine population will be severely affected: probability 

of forest maladaptation in northern areas is high. The consequences of such maladaptation are 

also high, as they could range from reduced forest ecosystem resilience including increased 

susceptibility to disease and higher mortality, to altered carbon feedbacks, to negative 

socioeconomic impacts on nearby communities. In contrast, populations from the central part of 

the range show high resilience to some warming and climatic extremes. This indicates that they 

may remain productive under mild warming and, therefore, that intervention may not be 

immediately necessary. Thus, the current probability of maladaptation with their associated 

consequences is low. If assisted gene flow were to be implemented in these regions nevertheless, 

it would be associated with higher risks due to high probability of reduced growth and cold 

damage, both with forest health and socioeconomic consequences. Thus, the risks of action 

(assisted gene flow) outweigh those of inaction (“local is best”) in central areas at this time. 

Adaptive capacity and flexible policies are additional aspects relating to the question: 

“Can we afford to wait?”. The degree to which population-specific risk analyses are accounted 

for in forest management is also determined by the preferences of policy makers and forest 

practitioners for either a reactive or proactive approach. When managing long-lived species, 

having a long-term, proactive approach may be most suitable for some populations, especially 

where policies are more rigid – forward planning by planting “pre-adapted” seed sources could 

help reduce negative consequences of anticipated problems. Such proactive approaches lead to 

higher potential consequences, as populations may be maladapted to current conditions. Reactive 

approaches may be suitable where there are few barriers to public policy changes that allow 

rapid implementation of alternative reforestation strategies as negative consequences begin to 
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emerge (indicating high probability of continued problems). While providing more flexibility to 

forest managers, this approach may be less suitable for populations that appear to require more 

urgent intervention (i.e., in the north). In the far southern populations, where uncertainty is high, 

reactionary approaches may be most suitable. For example, assisted gene flow could be 

implemented where forest problems in those areas become evident through increased mortality, 

forest health issues, or lost productivity. When problems are not entirely evident yet, carefully 

monitoring forests could provide an indication of when changes might be necessary. The 

climate-based seed transfer system being adopted in British Columbia could be an excellent way 

to allow local forest practitioners to react to problems as they present themselves. 

9.6   Refined Methodologies to Support Sound Tree-Ring Research 

In addition to the contributions to science and management, this dissertation also made 

two contributions regarding methodologies to facilitate tree-ring research. A simple addition to 

the preparation of micro sections for wood anatomical analyses involves a one-minute steaming 

treatment to gelatinize corn starch granules that remain after standard micro section preparations. 

This treatment serves to reduce artefacts in micro graphs, resulting in more efficient image 

analysis. Such a treatment therefore facilitates the analysis of a large number of samples, as 

required by long chronologies and for the work presented here. 

Preparing tree rings for stable isotope analyses can also be laborious for large sample 

sizes. An efficient and common method of homogenization during the process of preparing plant 

tissues for isotope analyses involves adding steel balls to plastic sample tubes, shaking the tubes, 

and then removing the steel balls with a magnet. While this method successfully homogenizes 

the samples, it also causes abrasion to the inside of the plastic tube, which risks contamination of 
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plastic from the sample tube. Clear evidence of contamination from plastic, and resulting 

changes in stable carbon isotope signatures, suggest this method should be avoided in the 

preparation of samples for stable carbon isotope analyses.. 

9.7   Thesis Contributions to Science and Management 

For a wide-ranging coniferous tree species in western North America, this work provides 

new insights into responses of tree populations to warmer temperatures, drought, cold and seed 

transfer. This dissertation also evaluated intra-specific differences in physiology, and, in the 

process, refined methodologies to support sound tree-ring research. While isohydry and 

anisohydry are two contrasting physiology behaviours often used to compare species (e.g., 

McDowell et al., 2008; Altieri et al., 2015), this framework has rarely been used for studying 

intra-specific differences (Anderegg, 2015). This work helps fill that knowledge gap by showing 

the full range across this gradient, with associated implications for management in a warmer 

world. 

Additionally, this dissertation estimates the limits to seed transfer as a strategy to reduce 

maladaptation to climate change. This was tested first by analyzing genetic differences in cold 

damage and, second, by analyzing growth responses over multiple combinations of transfer 

distances using annual growth increments to explain cumulative growth. The strong genetic 

differences, the clinal gradient in cold adaptation with temperature, and the relationship with 

climate indicate that the analysis of frost imprints in tree rings is an effective method for 

revealing intra-specific cold adaptation in trees. Blue rings appear to provide a more sensitive 

parameter than the related light rings or frost rings, enabling studies of milder cold events and 

their responses. If combined with provenance trials, blue and frost rings provide an annual 



 

246 
 

resolution of genotype by environmental interactions. Provenance trials have been established for 

most of the major tree species of the temperate and boreal zone, and tree-ring analysis is a 

common approach that can also be conducted non-destructively with increment borers. 

By analyzing the functional traits of a foundation tree species (morphology, physiology 

and phenology), this work indicates sensitivity and adaptations essential for good vulnerability 

assessments and predictions of forest response under climate change (Aubin et al., 2016). It thus 

provides a basis for effective management of forest ecosystems as new climate-based seed-

transfer polices begin to unfold. 

9.8   Concluding Statement 

The intra-specific responses and strategies reported here would suggest that 

generalizations should be avoided: Managing forest ecosystems under environmental change 

requires an understanding of the response of locally adapted tree populations to climate shifts 

and variability. Cautious approaches are also advisable for sound implementation of assisted 

gene flow where it has been shown to be necessary. Furthermore, it should be emphasized that 

these must be at the discretion of practicing forest professionals, who have knowledge and 

experience working in local forest ecosystems. In the Canadian context, seed source choice is 

likely the most effective and efficient means of adapting our public resources to general warming 

and increasing probability of extremes. The local forest practitioners, who will ultimately make 

such science-based decisions, leave a lasting legacy on these forests and the Canadians relying 

on them. 



 

247 
 

9.9   References 

Aitken SN, Yeaman S, Holliday JA, Wang T, Curtis-McLane S (2008) Adaptation, migration or 
extirpation: Climate change outcomes for tree populations. Evolutionary Applications, 1, 
95–111. 

Altieri S, Mereu S, Cherubini P, Castaldi S, Sirignano C, Lubritto C, Battipaglia G (2015) Tree-
ring carbon and oxygen isotopes indicate different water use strategies in three 
Mediterranean shrubs at Capo Caccia (Sardinia, Italy). Trees, 29, 1593–1603. 

Anderegg WRL (2015) Spatial and temporal variation in plant hydraulic traits and their 
relevance for climate change impacts on vegetation. New Phytologist, 205, 1008–1014. 

Aubin I, Munson A, Cardou F, Burton P, Isabel N, Pedlar J, Paquette A, Taylor A, Delagrange S, 
Kebli H, Messier C, Shipley B, Valladares F, Kattge J, Boisvert-Marsh L, McKenney D 
(2016) Traits to stay, traits to move: a review of functional traits to assess sensitivity and 
adaptive capacity of temperate and boreal trees to climate change. Environmental 
Reviews, 24, 164–186. 

Bansal S, Harrington CA, Gould PJ, St.Clair JB (2015) Climate-related genetic variation in 
drought-resistance of Douglas-fir (Pseudotsuga menziesii). Global Change Biology, 21, 
947–958. 

Bansal S, Harrington CA, St. Clair JB (2016) Tolerance to multiple climate stressors: A case 
study of Douglas-fir drought and cold hardiness. Ecology and Evolution, 6, 2074–2083. 

Barber VA, Juday GP, Finney BP (2000) Reduced growth of Alaskan white spruce in the 
twentieth century from temperature-induced drought stress. Nature, 405, 668–673. 

Barros C, Guéguen M, Douzet R, Carboni M, Boulangeat I, Zimmermann NE, Münkemüller T, 
Thuiller W (2017) Extreme climate events counteract the effects of climate and land-use 
changes in Alpine tree lines. Journal of Applied Ecology, 54, 39–50. 

Berner LT, Beck PSA, Bunn AG, Goetz SJ (2013) Plant response to climate change along the 
forest-tundra ecotone in northeastern Siberia. Global Change Biology, 19, 3449–3462. 

Bonan GB (2008) Forests and climate change: Forcings, feedbacks, and the climate benefits of 
forests. Science, 320, 1444–1449. 

Charney ND, Babst F, Poulter B, Record S, Trouet VM, Frank D, Enquist BJ, Evans MEK 
(2016) Observed forest sensitivity to climate implies large changes in 21st century North 
American forest growth. Ecology Letters, 19, 1119–1128. 

Conlisk E, Castanha C, Germino MJ, Veblen TT, Smith JM, Moyes AB, Kueppers LM (2017) 
Seed origin and warming constrain lodgepole pine recruitment, slowing the pace of 
population range shifts. Global Change Biology, 1–15. 

Coops NC, Waring RH (2011) A process-based approach to estimate lodgepole pine (Pinus 



 

248 
 

contorta Dougl.) distribution in the Pacific Northwest under climate change. Climatic 
Change, 105, 313–328. 

D’Amato AW, Bradford JB, Fraver S, Palik BJ (2013) Effects of thinning on drought 
vulnerability and climate response in north temperate forest ecosystems. Ecological 
Applications, 23, 1735–1742. 

D’Arrigo RD, Kaufmann RK, Davi N, Jacoby GC, Laskowski C, Myneni RB, Cherubini P 
(2004) Thresholds for warming-induced growth decline at elevational tree line in the 
Yukon Territory, Canada. Global Biogeochemical Cycles, 18. 

Diaconu D, Kahle H-P, Spiecker H (2015) Tree- and stand-level thinning effects on growth of 
European beech (Fagus sylvatica L.) on a northeast- and a southwest-facing slope in 
southwest Germany. Forests, 6, 3256–3277. 

Diaconu D, Kahle H-P, Spiecker H (2017) Thinning increases drought tolerance of European 
beech: a case study on two forested slopes on opposite sides of a valley. European 
Journal of Forest Research, 136, 319–328. 

Diamandis S, Koukos P (1992) Effect of bacteria on the mechanical and chemical properties of 
wood in poplars damaged by frost cracks. European Journal of Forest Pathology, 22, 
362–370. 

Elkin C, Giuggiola A, Rigling A, Bugmann H (2015) Short- and long-term efficacy of forest 
thinning to mitigate drought impacts in mountain forests in the European Alps. 
Ecological Applications, 25, 1083–1098. 

Girardin MP, Bouriaud O, Hogg EH, Kurz W, Zimmermann NE, Metsaranta JM, de Jong R, 
Frank DC, Esper J, Büntgen U, Guo XJ, Bhatti J (2016) No growth stimulation of 
Canada’s boreal forest under half-century of combined warming and CO2 fertilization. 
Proceedings of the National Academy of Sciences, 113, E8406–E8414. 

Goetz SJ, Bunn AG, Fiske GJ, Houghton RA (2005) Satellite-observed photosynthetic trends 
across boreal North America associated with climate and fire disturbance. Proceedings of 
the National Academy of Sciences, 102, 13521–13525. 

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

Hogg EH (Ted), Wein RW (2005) Impacts of drought on forest growth and regeneration 
following fire in southwestern Yukon, Canada. Canadian Journal of Forest Research, 35, 
2141–2150. 

Keeling CD, Chin JFS, Whorf TP (1996) Increased activity of northern vegetation inferred from 
atmospheric CO2 measurements. Nature, 382, 146–149. 

Kidd KR, Copenheaver CA, Zink-Sharp A (2014) Frequency and factors of earlywood frost ring 
formation in jack pine (Pinus banksiana) across northern lower Michigan. Ecoscience, 
21, 157–167. 



 

249 
 

Lindner M, Maroschek M, Netherer S, Kremer A, Barbati A, Garcia-Gonzalo J, Seidl R, Delzon 
S, Corona P, Kolström M, Lexer MJ, Marchetti M (2010) Climate change impacts, 
adaptive capacity, and vulnerability of European forest ecosystems. Forest Ecology and 
Management, 259, 698–709. 

McDowell N, Pockman WT, Allen CD, Breshears DD, Cobb N, Kolb T, Plaut J, Sperry J, West 
A, Williams DG, Yepez EA (2008) Mechanisms of plant survival and mortality during 
drought: Why do some plants survive while others succumb to drought? New Phytologist, 
178, 719–739. 

McLane SC, Daniels LD, Aitken SN (2011a) Climate impacts on lodgepole pine (Pinus 
contorta) radial growth in a provenance experiment. Forest Ecology and Management, 
262, 115–123. 

McLane SC, LeMay VM, Aitken SN (2011b) Modeling lodgepole pine radial growth relative to 
climate and genetics using universal growth-trend response functions. Ecological 
Applications, 21, 776–788. 

Montwé D, Spiecker H, Hamann A (2015) Five decades of growth in a genetic field trial of 
Douglas-fir reveal trade-offs between productivity and drought tolerance. Tree Genetics 
& Genomes, 11, 29. 

Montwé D, Isaac-Renton M, Hamann A, Spiecker H (2016) Drought tolerance and growth in 
populations of a wide-ranging tree species indicate climate change risks for the boreal 
north. Global Change Biology, 22, 806–815. 

Myneni RB, Keeling CD, Tucker CJ, Asrar G, Nemani RR (1997) Increased plant growth in the 
northern high latitudes from 1981 to 1991. Nature, 386, 698–702. 

O’Neill GA, Wang T, Ukraintez N, Charleson L, Mcauley L, Yankcuhk A, Zedel S (2017) A 
Proposed Climate-based Seed Transfer System for British Columbia. Prov. B.C., 
Victoria, B.C. Tech. Rep. 099, 57. 

Pedlar JH, McKenney DW (2017) Assessing the anticipated growth response of northern conifer 
populations to a warming climate. Scientific Reports, 7, 43881. 

Peng C, Ma Z, Lei X, Zhu Q, Chen H, Wang W, Liu S, Li W, Fang X, Zhou X (2011) A 
drought-induced pervasive increase in tree mortality across Canada’s boreal forests. 
Nature Climate Change, 1, 467–471. 

Perrin M, Rossi S, Isabel N (2017) Synchronisms between bud and cambium phenology in black 
spruce: Early-flushing provenances exhibit early xylem formation. Tree Physiology, 37, 
593–603. 

Prober SM, Byrne M, McLean EH, Steane DA, Potts BM, Vaillancourt RE, Stock WD (2015) 
Climate-adjusted provenancing: a strategy for climate-resilient ecological restoration. 
Frontiers in Ecology and Evolution, 3, 1–5. 

Rehfeldt GE (1980) Cold acclimation in populations of Pinus contorta from the northern Rocky 
Mountains. Botanical Gazette, 141, 458–463. 



 

250 
 

Rehfeldt GE (1983) Adaptation of Pinus contorta populations to heterogeneous environments in 
northern Idaho. Canadian Journal of Forest Research, 13, 405–411. 

Rehfeldt GE (1987) Components of adaptive variation in pinus contorta from the inland 
northwest. U.S. Dept. of Agriculture, Forest Service, Intermountain Forest and Range 
Experiment Station, Ogden, UT, 1-11 pp. 

Rehfeldt GE (1988) Ecological genetics of Pinus contorta from the Rocky Mountains (USA): A 
synthesis. Silvae Genetica, 37, 131–135. 

Rehfeldt GE, Ying CC, Spittlehouse DL, Hamilton DA (1999) Genetic responses to climate in 
Pinus contorta: Niche breadth, climate change, and reforestation. Ecological 
Monographs, 69, 375–407. 

Rehfeldt GE, Wykoff WR, Ying CC (2001) Physiological plasticity, evolution, and impacts of a 
changing climate on Pinus contorta. Climatic Change, 50, 355–376. 

Rehfeldt GE, Leites LP, Joyce DG, Weiskittel AR (2017) Role of population genetics in guiding 
ecological responses to climate. Global Change Biology, 1, 1–11. 

Sage RF, Kubien DS (2007) The temperature response of C3 and C4 photosynthesis. Plant, Cell 
and Environment, 30, 1086–1106. 

Sanford T, Frumhoff PC, Luers A, Gulledge J (2014) The climate policy narrative for a 
dangerously warming world. Nature Climate Change, 4, 164–166. 

Savolainen O, Kujala ST, Sokol C, Pyhajarvi T, Avia K, Knurr T, Karkkainen K, Hicks S (2011) 
Adaptive potential of northernmost tree populations to climate change, with emphasis on 
Scots pine (Pinus sylvestris L.). Journal of Heredity, 102, 526–536. 

Sohn JA, Hartig F, Kohler M, Huss J, Bauhus J (2016) Heavy and frequent thinning promotes 
drought adaptation in Pinus sylvestris forests. Ecological Applications, 26, 2190–2205. 

Ukrainetz NK, O’Neill GA, Jaquish B (2011) Comparison of fixed and focal point seed transfer 
systems for reforestation and assisted migration: A case study for interior spruce in 
British Columbia. Canadian Journal of Forest Research, 41, 1452–1464. 

Wang T, Hamann A, Yanchuk A, O’Neill GA, Aitken SN (2006) Use of response functions in 
selecting lodgepole pine populations for future climates. Global Change Biology, 12, 
2404–2416. 

Wang T, Hamann A, Spittlehouse D, Carroll C (2016) Locally downscaled and spatially 
customizable climate data for historical and future periods for North America. PLoS ONE, 
11, e0156720. 

 



 

251 
 

Cumulative Bibliography 
Abatzoglou JT, Williams AP (2016) Impact of anthropogenic climate change on wildfire across 

western US forests. Proceedings of the National Academy of Sciences, 113, 11770–
11775. 

Adams HD, Zeppel MJB, Anderegg WRL, Hartmann H, Landhäusser SM, Tissue DT, Huxman 
TE, Hudson PJ, Franz TE, Allen CD, Anderegg LDL, Barron-Gafford GA, Beerling DJ, 
Breshears DD, Brodribb TJ, Bugmann H, Cobb RC, Collins AD, Dickman LT, Duan H, 
Ewers BE, Galiano L, Galvez DA, Garcia-Forner N, Gaylord ML, Germino MJ, Gessler 
A, Hacke UG, Hakamada R, Hector A, Jenkins MW, Kane JM, Kolb TE, Law DJ, Lewis 
JD, Limousin J-M, Love DM, Macalady AK, Martínez-Vilalta J, Mencuccini M, Mitchell 
PJ, Muss JD, O’Brien MJ, O’Grady AP, Pangle RE, Pinkard EA, Piper FI, Plaut JA, 
Pockman WT, Quirk J, Reinhardt K, Ripullone F, Ryan MG, Sala A, Sevanto S, Sperry 
JS, Vargas R, Vennetier M, Way DA, Xu C, Yepez EA, McDowell NG (2017) A multi-
species synthesis of physiological mechanisms in drought-induced tree mortality. Nature 
Ecology & Evolution, 1, 1285–1291. 

Aitken SN, Bemmels JB (2016) Time to get moving: Assisted gene flow of forest trees. 
Evolutionary Applications, 9, 271–290. 

Aitken SN, Whitlock MC (2013) Assisted gene flow to facilitate local adaptation to climate 
change. Annual Review of Ecology, Evolution, and Systematics, 44, 367–388. 

Aitken SN, Yeaman S, Holliday JA, Wang T, Curtis-McLane S (2008) Adaptation, migration or 
extirpation: climate change outcomes for tree populations. Evolutionary Applications, 1, 
95–111. 

Alberto FJ, Aitken SN, Alía R, González-Martínez SC, Hänninen H, Kremer A, Lefèvre F, 
Lenormand T, Yeaman S, Whetten R, Savolainen O (2013) Potential for evolutionary 
responses to climate change - evidence from tree populations. Global Change Biology, 
19, 1645–1661. 

Allen CD, Macalady AK, Chenchouni H, Bachelet D, McDowell N, Vennetier M, Kitzberger T, 
Rigling A, Breshears DD, Hogg EH (Ted), Gonzalez P, Fensham R, Zhang Z, Castro J, 
Demidova N, Lim J-H, Allard G, Running SW, Semerci A, Cobb N (2010) A global 
overview of drought and heat-induced tree mortality reveals emerging climate change 
risks for forests. Forest Ecology and Management, 259, 660–684. 

Allen CD, Breshears DD, McDowell NG (2015) On underestimation of global vulnerability to 
tree mortality and forest die-off from hotter drought in the Anthropocene. Ecosphere, 6, 
1–55. 



 

252 
 

Allstadt AJ, Vavrus SJ, Heglund PJ, Pidgeon AM, Thogmartin WE, Radeloff VC (2015) Spring 
plant phenology and false springs in the conterminous US during the 21st century. 
Environmental Research Letters, 10, 104008. 

Altieri S, Mereu S, Cherubini P, Castaldi S, Sirignano C, Lubritto C, Battipaglia G (2015) Tree-
ring carbon and oxygen isotopes indicate different water use strategies in three 
Mediterranean shrubs at Capo Caccia (Sardinia, Italy). Trees, 29, 1593–1603. 

An W, Liu X, Leavitt S, Ren J, Sun W, Wang W, Wang Y, Xu G, Chen T, Qin D (2012) Specific 
climatic signals recorded in earlywood and latewood δ18O of tree rings in southwestern 
China. Tellus B: Chemical and Physical Meteorology, 64, 18703. 

Anderegg WRL (2015) Spatial and temporal variation in plant hydraulic traits and their 
relevance for climate change impacts on vegetation. New Phytologist, 205, 1008–1014. 

Anderegg LDL, Anderegg WRL, Berry JA (2013a) Not all droughts are created equal: 
Translating meteorological drought into woody plant mortality. Tree Physiology, 33, 
672–683. 

Anderegg WRL, Plavcová L, Anderegg LDL, Hacke UG, Berry JA, Field CB (2013b) Drought’s 
legacy: Multiyear hydraulic deterioration underlies widespread aspen forest die-off and 
portends increased future risk. Global Change Biology, 19, 1188–1196. 

Anderegg WRL, Flint A, Huang C, Flint L, Berry JA, Davis FW, Sperry JS, Field CB (2015) 
Tree mortality predicted from drought-induced vascular damage. Nature Geoscience, 8, 
367–371. 

Anderegg WRL, Klein T, Bartlett M, Sack L, Pellegrini AFA, Choat B, Jansen S (2016) Meta-
analysis reveals that hydraulic traits explain cross-species patterns of drought-induced 
tree mortality across the globe. Proceedings of the National Academy of Sciences, 113, 
5024–5029. 

Anderson M, Braak C Ter (2003) Permutation tests for multi-factorial analysis of variance. 
Journal of Statistical Computation and Simulation, 73, 85–113. 

Anekonda TS, Adams WT, Aitken SN (2000) Cold hardiness testing for Douglas-fir tree 
improvement programs: Guidelines for a simple, robust, and inexpensive screening 
method. Western Journal of Applied Forestry, 15, 129–136. 

Aubin I, Munson A, Cardou F, Burton P, Isabel N, Pedlar J, Paquette A, Taylor A, Delagrange S, 
Kebli H, Messier C, Shipley B, Valladares F, Kattge J, Boisvert-Marsh L, McKenney D 
(2016) Traits to stay, traits to move: A review of functional traits to assess sensitivity and 
adaptive capacity of temperate and boreal trees to climate change. Environmental 
Reviews, 24, 164–186. 



 

253 
 

Azad MS (2012) Observations on bud burst phenology in a field trial established with Poplar 
(Populus spp.). Forestry Studies in China, 14, 251–259. 

Babst F, Alexander MR, Szejner P, Bouriaud O, Klesse S, Roden J, Ciais P, Poulter B, Frank D, 
Moore DJP, Trouet V (2014) A tree-ring perspective on the terrestrial carbon cycle. 
Oecologia, 176, 307–322. 

Bacon M (2004) Water use efficiency in plant biology. In: Water use efficiency in plant biology 
(ed Bacon M), p. 327. Blackwell Publishing, Oxford, UK. 

Bansal S, St. Clair JB, Harrington CA, Gould PJ (2015a) Impact of climate change on cold 
hardiness of Douglas-fir (Pseudotsuga menziesii): Environmental and genetic 
considerations. Global Change Biology, 21, 3814–3826. 

Bansal S, Harrington CA, Gould PJ, St.Clair JB (2015b) Climate-related genetic variation in 
drought-resistance of Douglas-fir (Pseudotsuga menziesii). Global Change Biology, 21, 
947–958. 

Bansal S, Harrington CA, St. Clair JB (2016) Tolerance to multiple climate stressors: a case 
study of Douglas-fir drought and cold hardiness. Ecology and Evolution, 6, 2074–2083. 

Barber VA, Juday GP, Finney BP (2000) Reduced growth of Alaskan white spruce in the 
twentieth century from temperature-induced drought stress. Nature, 405, 668–673. 

Barbour MM (2007) Stable oxygen isotope composition of plant tissue: A review. Functional 
Plant Biology, 34, 83–94. 

Barbour MM, Song X (2014) Do tree-ring stable isotope compositions faithfully record tree 
carbon/water dynamics? Tree Physiology, 34, 792–795. 

Barbour MM, Fischer RA, Sayre KD, Farquhar GD (2000) Oxygen isotope ratio of leaf and 
grain material correlates with stomatal conductance and grain yield in irrigated wheat. 
Aus, 27, 625–637. 

Barbour MM, Andrews TJ, Farquhar GD (2001) Correlations between oxygen isotope ratios of 
wood constituents of Quercus and Pinus samples from around the world. Australian 
Journal of Plant Physiology, 28, 335–348. 

Barbour MM, Roden JS, Farquhar GD, Ehleringer JR (2004) Expressing leaf water and cellulose 
oxygen isotope ratios as enrichment above source water reveals evidence of a Péclet 
effect. Oecologia, 138, 426–435. 

Barbour MM, Farquhar GD, Buckley TN (2016) Leaf water stable isotopes and water transport 
outside the xylem. Plant, Cell & Environment, 40, 914–920. 



 

254 
 

Barnard HR (2009) Inter-relationships of Vegetation, Hydrology and Micro-climate in a Young 
Douglas-fir forest. PhD Dissertation. 142 pp. 

Barnard HR, Brooks JR, Bond BJ (2012) Applying the dual-isotope conceptual model to 
interpret physiological trends under uncontrolled conditions. Tree Physiology, 32, 1183–
1198. 

Barros C, Guéguen M, Douzet R, Carboni M, Boulangeat I, Zimmermann NE, Münkemüller T, 
Thuiller W (2017) Extreme climate events counteract the effects of climate and land-use 
changes in Alpine tree lines. Journal of Applied Ecology, 54, 39–50. 

Bates D, Mächler M, Bolker B, Walker S (2015) Fitting linear mixed-effects models using lme4. 
Journal of Statistical Software, 67, 1–48. 

Battipaglia G, Jäggi M, Saurer M, Siegwolf RTW, Cotrufo MF (2008) Climatic sensitivity of 
δ18O in the wood and cellulose of tree rings: Results from a mixed stand of Acer 
pseudoplatanus L. and Fagus sylvatica L. Palaeogeography, Palaeoclimatology, 
Palaeoecology, 261, 193–202. 

Battipaglia G, Zalloni E, Castaldi S, Marzaioli F, Cazzolla- Gatti R, Lasserre B, Tognetti R, 
Marchetti M, Valentini R (2015) Long tree-ring chronologies provide evidence of recent 
tree growth decrease in a central African tropical forest. PLoS ONE, 10, e0120962. 

Bauer BA, Knorr D (2005) The impact of pressure, temperature and treatment time on starches: 
Pressure-induced starch gelatinisation as pressure time temperature indicator for high 
hydrostatic pressure processing. Journal of Food Engineering, 68, 329–334. 

Beaubien EG, Freeland HJ (2000) Spring phenology trends in Alberta, Canada: Links to ocean 
temperature. International Journal of Biometeorology, 44, 53–59. 

Bellard C, Bertelsmeier C, Leadley P, Thuiller W, Courchamp F (2012) Impacts of climate 
change on the future of biodiversity. Ecology Letters, 15, 365–377. 

Benito-Garzón M, Ha-Duong M, Frascaria-Lacoste N, Fernández-Manjarrés J (2013a) Habitat 
restoration and climate change: Dealing with climate variability, incomplete data, and 
management decisions with tree translocations. Restoration Ecology, 21, 530–536. 

Benito-Garzón AM, Ha-Duong M, Frascaria-Lacoste N, Fernández-Manjarrés J (2013b) Extreme 
climate variability should be considered in forestry assisted migration. BioScience, 63, 
317–317. 

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: A practical and powerful 
approach to multiple testing. Journal of the Royal Statistical Society, 57, 289–300. 



 

255 
 

Berner LT, Beck PSA, Bunn AG, Goetz SJ (2013) Plant response to climate change along the 
forest-tundra ecotone in northeastern Siberia. Global Change Biology, 19, 3449–3462. 

Biondi F, Qeadan F (2008) A theory-driven approach to tree-ting standardization: Defining the 
biological trend fromexpected basal area increment. Tree-Ring Research, 64, 81–96. 

Boettger T, Haupt M, Knöller K, Weise SM, Waterhouse JS, Rinne KT, Loader NJ, Sonninen E, 
Jungner H, Masson-Delmotte V, Stievenard M, Guillemin M-T, Pierre M, Pazdur A, 
Leuenberger M, Filot M, Saurer M, Reynolds CE, Helle G, Schleser GH (2007) Wood 
cellulose preparation methods and mass spectrometric analyses of δ13C, δ18O, and 
nonexchangeable δ2H values in cellulose, sugar, and starch: An interlaboratory 
comparison. Analytical Chemistry, 79, 4603–4612. 

Bonan GB (2008) Forests and climate change: Forcings, feedbacks, and the climate benefits of 
forests. Science, 320, 1444–1449. 

Borella S, Leuenberger M, Saurer M, Siegwolf R (1998) Reducing uncertainties in δ13C analysis 
of tree rings: Pooling, milling, and cellulose extraction. Journal of Geophysical 
Research: Atmospheres, 103, 19519–19526. 

Bréda N, Huc R, Granier A, Dreyer E (2006) Temperate forest trees and stands under severe 
drought: a review of ecophysiological responses, adaptation processes and long-term 
consequences. Annals of Forest Science, 63, 625–644. 

Brienen RJW (2016) Strong changes in carbon isotope discrimination during a trees’ life span: 
implications for climate proxies and responses to CO2. In: Ameridendro 2016: Third 
American Dendrochronology Conference, March 28 - April 1, 2016, Mendoza, 
Argentina. 

Brienen RJW, Gloor E, Zuidema PA (2012) Detecting evidence for CO2 fertilization from tree 
ring studies: The potential role of sampling biases. Global Biogeochemical Cycles, 26, 1–
13. 

Brienen RJW, Gloor M, Ziv G (2017) Tree demography dominates long-term growth trends 
inferred from tree rings. Global Change Biology, 23, 474–484. 

Briffa KR, Osborn TJ, Schweingruber FH (2004) Large-scale temperature inferences from tree 
rings: A review. Global and Planetary Change, 40, 11–26. 

Brown CD, Vellend M (2014) Non-climatic constraints on upper elevational plant range 
expansion under climate change. Proceedings of the Royal Society B: Biological 
Sciences, 281, 20141779–20141779. 

Bryukhanova M, Fonti P (2013) Xylem plasticity allows rapid hydraulic adjustment to annual 
climatic variability. Trees, 27, 485–496. 



 

256 
 

Bunn AG (2008) A dendrochronology program library in R (dplR). Dendrochronologia, 26, 
115–124. 

Büntgen U, Tegel W, Nicolussi K, McCormick M, Frank D, Trouet V, Kaplan JO, Herzig F, 
Heussner K-U, Wanner H, Luterbacher J, Esper J (2011) 2500 years of European climate 
variability and human susceptibility. Science, 331, 578–582. 

Butler DG, Cullis BR, Gilmour AR, Gogel BJ (2009) ASReml-R reference manual. 160. 

Canadian Council of Forest Ministers (2015) White Paper: Opportunities for the Canadian 
Council of Forest Ministers. 36 pp. 

Carrer M, von Arx G, Castagneri D, Petit G (2015) Distilling allometric and environmental 
information from time series of conduit size: The standardization issue and its 
relationship to tree hydraulic architecture. Tree Physiology, 35, 27–33. 

Carroll AL, Taylor SW, Régnière J (2003) Effects of climate change on range expansion by the 
mountain pine beetle in British Columbia. In: Mountain Pine Beetle Symposium: 
Challenges and Solutions, Oct. 30-31, 2003. Kelowna BC, Vol. Paper 195, pp. 223–232. 
Natural Resources Canada, Information Report BC-X-399, Victoria, Canada. 

Carter KK (1996) Provenance tests as indicators of growth response to climate change in 10 
north temperate tree species. Canadian Journal of Forest Research, 26, 1089–1095. 

Cerling TE, Harris JM, Macfadden BJ, Leakey MG, Quadek J, Eisenmann V, Ehleringer JR 
(1997) Global vegetation change through the Miocene / Pliocene boundary. Nature, 389, 
153–158. 

Cernusak LA, Tcherkez G, Keitel C, Cornwell WK, Santiago LS, Knohl A, Barbour MM, 
Williams DG, Reich PB, Ellsworth DS, Dawson TE, Griffiths HG, Farquhar GD, Wright 
IJ (2009) Why are non-photosynthetic tissues generally 13C enriched compared with 
leaves in C3 plants? Review and synthesis of current hypotheses. Functional Plant 
Biology, 36, 199. 

Cernusak LA, Barbour MM, Arndt SK, Cheesman AW, English NB, Feild TS, Helliker BR, 
Holloway-Phillips MM, Holtum JAM, Kahmen A, McInerney FA, Munksgaard NC, 
Simonin KA, Song X, Stuart-Williams H, West JB, Farquhar GD (2016) Stable isotopes 
in leaf water of terrestrial plants. Plant, Cell & Environment, 39, 1087–1102. 

Charney ND, Babst F, Poulter B, Record S, Trouet VM, Frank D, Enquist BJ, Evans MEK 
(2016) Observed forest sensitivity to climate implies large changes in 21st century North 
American forest growth. Ecology Letters, 19, 1119–1128. 

Choat B, Jansen S, Brodribb TJ, Cochard H, Delzon S, Bhaskar R, Bucci SJ, Feild TS, Gleason 
SM, Hacke UG, Jacobsen AL, Lens F, Maherali H, Martínez-Vilalta J, Mayr S, 



 

257 
 

Mencuccini M, Mitchell PJ, Nardini A, Pittermann J, Pratt RB, Sperry JS, Westoby M, 
Wright IJ, Zanne AE (2012) Global convergence in the vulnerability of forests to 
drought. Nature, 491, 752–5. 

Christidis N, Jones GS, Stott PA (2014) Dramatically increasing chance of extremely hot 
summers since the 2003 European heatwave. Nature Climate Change, 5, 46–50. 

Chuine I, Yiou P, Viovy N, Seguin B, Daux V, Ladurie ELR (2004) Grape ripening as a past 
climate indicator. Nature, 432, 289–290. 

Ciais P, Reichstein M, Viovy N, Granier A, Ogée J, Allard V, Aubinet M, Buchmann N, 
Bernhofer C, Carrara A, Chevallier F, De Noblet N, Friend AD, Friedlingstein P, 
Grünwald T, Heinesch B, Keronen P, Knohl A, Krinner G, Loustau D, Manca G, 
Matteucci G, Miglietta F, Ourcival JM, Papale D, Pilegaard K, Rambal S, Seufert G, 
Soussana JF, Sanz MJ, Schulze ED, Vesala T, Valentini R (2005) Europe-wide reduction 
in primary productivity caused by the heat and drought in 2003. Nature, 437, 529–533. 

Ciais P, Sabine C, Bala G, Bopp L, Brovkin V, Canadell J, Chhabra A, DeFries R, Galloway J, 
Heimann M, Jones C, Quéré C Le, Myneni RB, Piao S, Thornton P (2013) Carbon and 
Other Biogeochemical Cycles (ed Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. 
Allen, J. Boschung, A. Nauels, Y. Xia VB and PMM). Climate Change 2013 - The 
Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report 
of the Intergovernmental Panel on Climate Change. Martin Heimann, Cambridge, United 
Kingdom, 465-570 pp. 

St. Clair JB (2006) Genetic variation in fall cold hardiness in coastal Douglas-fir in western 
Oregon and Washington. Canadian Journal of Botany, 84, 1110–1121. 

Conlisk E, Castanha C, Germino MJ, Veblen TT, Smith JM, Moyes AB, Kueppers LM (2017) 
Seed origin and warming constrain lodgepole pine recruitment, slowing the pace of 
population range shifts. Global Change Biology, 1–15. 

Cook E, Woodhouse C, Eakin C, Meko D, Stahle D (2004) Long-term aridity changes in the 
western United States. Science, 306, 1015–1018. 

Cook BI, Cook ER, Smerdon JE, Seager R, Williams AP, Coats S, Stahle DW, Díaz JV (2016) 
North American megadroughts in the Common Era: Reconstructions and simulations. 
Wiley Interdisciplinary Reviews: Climate Change, 7, 411–432. 

Coops NC, Waring RH (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. 



 

258 
 

Cuny HE, Rathgeber CBK, Frank D, Fonti P, Mäkinen H, Prislan P, Rossi S, del Castillo EM, 
Campelo F, Vavrčík H, Camarero JJ, Bryukhanova M V., Jyske T, Gričar J, Gryc V, De 
Luis MM, Vieira J, Čufar K, Kirdyanov A V., Oberhuber W, Treml V, Huang J-G, Li X, 
Swidrak I, Deslauriers A, Liang E, Nöjd P, Gruber A, Nabais C, Morin H, Krause C, 
King G, Fournier M, Martinez del Castillo E, Campelo F, Vavrčík H, Camarero JJ, 
Bryukhanova M V., Jyske T, Gričar J, Gryc V, De Luis MM, Vieira J, Čufar K, 
Kirdyanov A V., Oberhuber W, Treml V, Huang J-G, Li X, Swidrak I, Deslauriers A, 
Liang E, Nöjd P, Gruber A, Nabais C, Morin H, Krause C, King G, Fournier M (2015) 
Woody biomass production lags stem-girth increase by over one month in coniferous 
forests. Nature Plants, 1, 15160. 

D’Amato AW, Bradford JB, Fraver S, Palik BJ (2013) Effects of thinning on drought 
vulnerability and climate response in north temperate forest ecosystems. Ecological 
Applications, 23, 1735–1742. 

D’Arrigo RD, Kaufmann RK, Davi N, Jacoby GC, Laskowski C, Myneni RB, Cherubini P 
(2004) Thresholds for warming-induced growth decline at elevational tree line in the 
Yukon Territory, Canada. Global Biogeochemical Cycles, 18. 

Dai A (2011) Drought under global warming: a review. Wiley Interdisciplinary Reviews: Climate 
Change, 2, 45–65. 

Dai A, Trenberth KE, Karl TR (1998) Global variations in droughts and wet spells: 1900-1995. 
Geophysical Research Letters, 25, 3367–3370. 

Dai A, Trenberth KE, Qian T (2004) A global dataset of Palmer Drought Severity Index for 
1870–2002: Relationship with soil moisture and effects of surface warming. Journal of 
Hydrometeorology, 5, 1117–1130. 

Dale V, Joyce L, Mcnulty S, Neilson R, Ayres M, Flannigan M, Hanson P, Irland L, Lugo A, 
Peterson C, Simberloff D, Swanson F, Stocks B, W. M (2001) Climate change and forest 
disturbances. BioScience, 51, 723–734. 

Daly C, Halbleib M, Smith JI, Gibson WP, Doggett MK, Taylor GH, Curtis J, Pasteris PP (2008) 
Physiographically sensitive mapping of climatological temperature and precipitation 
across the conterminous United States. International Journal of Climatology, 28, 2031–
2064. 

Davis MB, Shaw RG (2001) Range shifts and adaptive responses to quartenary climate change. 
Science, 292, 673–679. 

Dean JR, Leng MJ, Mackay AW (2014) Is there an isotopic signature of the Anthropocene? The 
Anthropocene Review, 1, 276–287. 



 

259 
 

Dee DP, Uppala SM, Simmons AJ, Berrisford P, Poli P, Kobayashi S, Andrae U, Balmaseda 
MA, Balsamo G, Bauer P, Bechtold P, Beljaars ACM, van de Berg L, Bidlot J, Bormann 
N, Delsol C, Dragani R, Fuentes M, Geer AJ, Haimberger L, Healy SB, Hersbach H, 
Hólm E V., Isaksen L, Kållberg P, Köhler M, Matricardi M, McNally AP, Monge-Sanz 
BM, Morcrette J-J, Park B-K, Peubey C, de Rosnay P, Tavolato C, Thépaut J-N, Vitart F 
(2011) The ERA-Interim reanalysis: configuration and performance of the data 
assimilation system. Quarterly Journal of the Royal Meteorological Society, 137, 553–
597. 

Dempster WR (2017) Impact of climate on juvenile mortality and Armillaria root disease in 
lodgepole pine. The Forestry Chronicle, 93, 148–160. 

Diaconu D, Kahle H-P, Spiecker H (2015) Tree- and stand-level thinning effects on growth of 
European beech (Fagus sylvatica L.) on a northeast- and a southwest-facing slope in 
southwest Germany. Forests, 6, 3256–3277. 

Diaconu D, Kahle H-P, Spiecker H (2017) Thinning increases drought tolerance of European 
beech: a case study on two forested slopes on opposite sides of a valley. European 
Journal of Forest Research, 136, 319–328. 

Diamandis S, Koukos P (1992) Effect of bacteria on the mechanical and chemical properties of 
wood in poplars damaged by frost cracks. European Journal of Forest Pathology, 22, 
362–370. 

Dongmann G, Nurnberg HW, Forstel H, Wagener K (1974) On the enrichment of H2
18O in the 

leaves of transpiring plants. Radiation and Environmental Biophysics, 11, 41–52. 

Duputié A, Rutschmann A, Ronce O, Chuine I (2015) Phenological plasticity will not help all 
species adapt to climate change. Global Change Biology, 21, 3062–3073. 

Elkin C, Giuggiola A, Rigling A, Bugmann H (2015) Short- and long-term efficacy of forest 
thinning to mitigate drought impacts in mountain forests in the European Alps. 
Ecological Applications, 25, 1083–1098. 

English NB, McDowell NG, Allen CD, Mora C (2011) The effects of α-cellulose extraction and 
blue-stain fungus on retrospective studies of carbon and oxygen isotope variation in live 
and dead trees. Rapid Communications in Mass Spectrometry, 25, 3083–3090. 

Farquhar G, O’Leary M, Berry J (1982) On the relationship between carbon isotope 
discrimination and the intercellular carbon dioxide concentration in leaves. Australian 
Journal of Plant Physiology, 9, 121. 



 

260 
 

Farquhar GD, Ehleringer JR, Hubick KT (1989) Carbon isotope discrimination and 
photosynthesis. Annual Review of Plant Physiology and Plant Molecular Biology, 40, 
503–537. 

Farquhar GD, Cernusak LA, Barnes B (2007) Heavy water fractionation during transpiration. 
Plant Physiology, 143, 11–18. 

Feder N, O’Brien TP (1968) Plant microtechnique: Some principles and new methods. American 
Journal of Botany, 55, 123. 

Fichtler E, Helle G, Worbes M (2010) Stable-carbon isotope time series from tropical tree rings 
indicate a precipitation signal. Tree-Ring Research, 66, 35–49. 

Flannigan MD, Logan KA, Amiro BD, Skinner WR, Stocks BJ (2005) Future area burned in 
Canada. Climatic Change, 72, 1–16. 

Fonti P, Von Arx G, García-González I, Eilmann B, Sass-Klaassen U, Gärtner H, Eckstein D 
(2010) Studying global change through investigation of the plastic responses of xylem 
anatomy in tree rings. New Phytologist, 185, 42–53. 

Foster JR, D’Amato AW (2015) Montane forest ecotones moved downslope in northeastern 
USA in spite of warming between 1984 and 2011. Global Change Biology, 21, 4497–
4507. 

Fox J, Weisberg S, Adler D, Bates D, Baud-Bovy G, Ellison S, Firth D, Friendly M, Gorjanc G, 
Graves S, Heiberger R, Laboissier R, Monette G (2016) Package car: Companion to 
Applied Regression. R package version 2.1.6. 

Francey RJ, Farquhar GD (1982) An explanation of 13C/12C variations in tree rings. Nature, 297, 
28–31. 

Frank DC, Poulter B, Saurer M, Esper J, Huntingford C, Helle G, Treydte K, Zimmermann NE, 
Schleser GH, Ahlström A, Ciais P, Friedlingstein P, Levis S, Lomas M, Sitch S, Viovy 
N, Andreu-Hayles L, Bednarz Z, Berninger F, Boettger T, D‘Alessandro CM, Daux V, 
Filot M, Grabner M, Gutierrez E, Haupt M, Hilasvuori E, Jungner H, Kalela-Brundin M, 
Krapiec M, Leuenberger M, Loader NJ, Marah H, Masson-Delmotte V, Pazdur A, 
Pawelczyk S, Pierre M, Planells O, Pukiene R, Reynolds-Henne CE, Rinne KT, Saracino 
A, Sonninen E, Stievenard M, Switsur VR, Szczepanek M, Szychowska-Krapiec E, 
Todaro L, Waterhouse JS, Weigl M (2015) Water-use efficiency and transpiration across 
European forests during the Anthropocene. Nature Climate Change, 5, 579–583. 

Frank A, Howe GT, Sperisen C, Brang P, Clair JB St., Schmatz DR, Heiri C (2017) Risk of 
genetic maladaptation due to climate change in three major European tree species. Global 
Change Biology, 1–14. 



 

261 
 

Fritts HC (1976) Tree Rings and Climate. Academic Press Inc, London, United Kingdom, 567 
pp. 

Fu YH, Campioli M, Deckmyn G, Janssens IA (2012) The impact of winter and spring 
temperatures on temperate tree budburst dates: Results from an experimental climate 
manipulation. PLoS ONE, 7. 

Fu YSH, Campioli M, Vitasse Y, De Boeck HJ, Van den Berge J, AbdElgawad H, Asard H, Piao 
S, Deckmyn G, Janssens IA (2014) Variation in leaf flushing date influences autumnal 
senescence and next year’s flushing date in two temperate tree species. Proceedings of 
the National Academy of Sciences, 111, 7355–7360. 

Funk C, Dettinger MD, Michaelsen JC, Verdin JP, Brown ME, Barlow M, Hoell A (2008) 
Warming of the Indian Ocean threatens eastern and southern African food security but 
could be mitigated by agricultural development. Proceedings of the National Academy of 
Sciences of the United States of America, 105, 11081–11086. 

Gail M, Simon R (1985) Testing for qualitative interactions between treatment effects and 
patient subsets. Biometrics, 41, 361. 

Gärtner H, Schweingruber FH (2014) Microscopic Preparation Techniques for Plant Stem 
Analysis. Verlag Dr. Kessel, Remagen, Germany, 78 pp. 

Gärtner H, Lucchinetti S, Schweingruber FH (2014) New perspectives for wood anatomical 
analysis in dendrosciences: The GSL1-microtome. Dendrochronologia, 32, 47–51. 

Gärtner H, Banzer L, Schneider L, Schweingruber FH, Bast A (2015a) Preparing micro sections 
of entire (dry) conifer increment cores for wood anatomical time-series analyses. 
Dendrochronologia, 34, 19–23. 

Gärtner H, Cherubini P, Fonti P, von Arx G, Schneider L, Nievergelt D, Verstege A, Bast A, 
Schweingruber FH, Büntgen U (2015b) A technical perspective in modern tree-ring 
research - how to overcome dendroecological and wood anatomical challenges. Journal 
of visualized experiments: JoVE, 3791, 1–10. 

Gaudinski JB, Dawson TE, Quideau S, Schuur E a G, Roden JS, Trumbore SE, Sandquist DR, 
Oh S-W, Wasylishen RE (2005) Comparative analysis of cellulose preparation 
techniques for use with 13C, 14C, and 18O isotopic measurements. Analytical Chemistry, 
77, 7212–7224. 

Gea-Izquierdo G, Nicault A, Battipaglia G, Dorado-Liñán I, Gutiérrez E, Ribas M, Guiot J 
(2017) Risky future for Mediterranean forests unless they undergo extreme carbon 
fertilization. Global Change Biology, 23, 2915–2927. 



 

262 
 

Gessler A, Brandes E, Keitel C, Boda S, Kayler ZE, Granier A, Barbour M, Farquhar GD, 
Treydte K (2013) The oxygen isotope enrichment of leaf-exported assimilates - does it 
always reflect lamina leaf water enrichment? New Phytologist, 200, 144–157. 

Gessler A, Ferrio JP, Hommel R, Treydte K, Werner RA, Monson RK (2014) Stable isotopes in 
tree rings: Towards a mechanistic understanding of isotope fractionation and mixing 
processes from the leaves to the wood. Tree Physiology, 34, 796–818. 

Gindl W, Grabner M (2000) Characteristics of spruce [Picea abies (L.) Karst] latewood formed 
under abnormally low temperatures. Holzforschung, 54, 9–11. 

Gindl W, Grabner M, Wimmer R (2000) The influence of temperature on latewood lignin 
content in treeline Norway spruce compared with maximum density and ring width. 
Trees - Structure and Function, 14, 409–414. 

Girardin MP, Bernier PY, Raulier F, Tardif JC, Conciatori F, Guo XJ (2011) Testing for a CO2 
fertilization effect on growth of Canadian boreal forests. Journal of Geophysical 
Research: Biogeosciences, 116, 1–16. 

Girardin MP, Bouriaud O, Hogg EH, Kurz W, Zimmermann NE, Metsaranta JM, de Jong R, 
Frank DC, Esper J, Büntgen U, Guo XJ, Bhatti J (2016) No growth stimulation of 
Canada’s boreal forest under half-century of combined warming and CO2 fertilization. 
Proceedings of the National Academy of Sciences, 113, E8406–E8414. 

Giuggiola A, Ogée J, Rigling A, Gessler A, Bugmann H, Treydte K (2016) Improvement of 
water and light availability after thinning at a xeric site: Which matters more? A dual 
isotope approach. New Phytologist, 210, 108–121. 

Gleason SM, Westoby M, Jansen S, Choat B, Hacke UG, Pratt RB, Bhaskar R, Brodribb TJ, 
Bucci SJ, Cao K-F, Cochard H, Delzon S, Domec J-C, Fan Z-X, Feild TS, Jacobsen AL, 
Johnson DM, Lens F, Maherali H, Martínez-Vilalta J, Mayr S, McCulloh KA, 
Mencuccini M, Mitchell PJ, Morris H, Nardini A, Pittermann J, Plavcová L, Schreiber 
SG, Sperry JS, Wright IJ, Zanne AE (2016) Weak tradeoff between xylem safety and 
xylem-specific hydraulic efficiency across the world’s woody plant species. New 
Phytologist, 209, 123–136. 

Glerum C, Farrar JL (1966) Frost ring formation in the stems of some coniferous species. 
Canadian Journal of Botany, 44, 879–886. 

Glock WS, Reed EL (1940) Multiple growth layers in the annual increments of certain trees at 
Lubbock, Texas. Science, 91, 98–99. 



 

263 
 

Goetz SJ, Bunn AG, Fiske GJ, Houghton RA (2005) Satellite-observed photosynthetic trends 
across boreal North America associated with climate and fire disturbance. Proceedings of 
the National Academy of Sciences, 102, 13521–13525. 

Gori Y, Wehrens R, Greule M, Keppler F, Ziller L, La Porta N, Camin F (2013) Carbon, 
hydrogen and oxygen stable isotope ratios of whole wood, cellulose and lignin methoxyl 
groups of Picea abies as climate proxies. Rapid Communications in Mass Spectrometry, 
27, 265–275. 

Gray LK, Hamann A (2013) Tracking suitable habitat for tree populations under climate change 
in western North America. Climatic Change, 117, 289–303. 

Gray LK, Gylander T, Mbogga MS, Chen P-Y, Hamann A (2011) Assisted migration to address 
climate change: recommendations for aspen reforestation in western Canada. Ecological 
Applications, 21, 1591–1603. 

De Groot WJ, Flannigan MD, Cantin AS (2013) Climate change impacts on future boreal fire 
regimes. Forest Ecology and Management, 294, 35–44. 

Gurskaya M a., Shiyatov SG (2006) Distribution of frost injuries in the wood of conifers. 
Russian Journal of Ecology, 37, 7–12. 

Guy RD, Holowachuk DL (2001) Population differences in stable carbon isotope ratio of Pinus 
contorta Dougl. e× Loud.: Relationship to environment, climate of origin, and growth 
potential. Canadian Journal of Botany, 79, 274–283. 

Hacke UG, Jansen S (2009) Embolism resistance of three boreal conifer species varies with pit 
structure. New Phytologist, 182, 675–686. 

Hacke UG, Sperry JS (2001) Functional and ecological xylem anatomy. Perspectives in Plant 
Ecology, Evolution and Systematics, 4, 97–115. 

Hacke UG, Sperry JS, Pockman WT, Davis SD, McCulloh KA (2001) Trends in wood density 
and structure are linked to prevention of xylem implosion by negative pressure. 
Oecologia, 126, 457–461. 

Hacke UG, Sperry JS, Pittermann J (2004) Analysis of circular bordered pit function II. 
Gymnosperm tracheids with torus-margo pit membranes. American Journal of Botany, 
91, 386–400. 

Hacke UG, Lachenbruch B, Pittermann J, Mayr S, Domec J-C, Schulte PJ (2015) The Hydraulic 
Architecture of Conifers. In: Functional and Ecological Xylem Anatomy, Vol. 171, pp. 
39–75. Springer International Publishing, Cham. 



 

264 
 

Hajjar R, McGuigan E, Moshofsky M, Kozak RA (2014) Opinions on strategies for forest 
adaptation to future climate conditions in western Canada: surveys of the general public 
and leaders of forest-dependent communities. Canadian Journal of Forest Research, 44, 
1525–1533. 

Hällfors MH, Vaara EM, Hyvärinen M, Oksanen M, Schulman LE, Siipi H, Lehvävirta S (2014) 
Coming to terms with the concept of moving species threatened by climate change - A 
systematic review of the terminology and definitions. PLoS ONE, 9. 

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

Hamann A, Wang T, Spittlehouse DL, Murdock TQ (2013) A comprehensive, high-resolution 
database of historical and projected climate surfaces for western North America. Bulletin 
of the American Meteorological Society, 94, 1307–1309. 

Hampe A, Petit RJ (2005) Conserving biodiversity under climate change: The rear edge matters. 
Ecology Letters, 8, 461–467. 

Hanewinkel M, Cullmann DA, Schelhaas M-J, Nabuurs G-J, Zimmermann NE (2012) Climate 
change may cause severe loss in the economic value of European forest land. Nature 
Climate Change, 3, 203–207. 

Hangartner S, Kress A, Saurer M, Frank D, Leuenberger M (2012) Methods to merge 
overlapping tree-ring isotope series to generate multi-centennial chronologies. Chemical 
Geology, 294–295, 127–134. 

Hannerz M, Aitken SN, King JN, Budge S (1999) Effects of genetic selection for growth on frost 
hardiness in western hemlock. Canadian Journal of Forest Research, 29, 509–516. 

Harrell F. (2017) Package Hmisc: Harrell Miscellaneous. R package version, 4.0-3. 

Hart SJ, Schoennagel T, Veblen TT, Chapman TB (2015) Area burned in the western United 
States is unaffected by recent mountain pine beetle outbreaks. Proceedings of the 
National Academy of Sciences of the United States of America, 112, 4375–80. 

Hartl-Meier C, Zang C, Büntgen U, Esper J, Rothe A, Göttlein A, Dirnböck T, Treydte K (2014) 
Uniform climate sensitivity in tree-ring stable isotopes across species and sites in a mid-
latitude temperate forest. Tree Physiology, 35, 4–15. 

Hartmann H (2011) Will a 385 million year-struggle for light become a struggle for water and 
for carbon? - How trees may cope with more frequent climate change-type drought 
events. Global Change Biology, 17, 642–655. 



 

265 
 

Hartmann DL, Klein Tank AMG, Rusticucci M, Alexander L V, Brönnigmann S, Charabi Y, 
Dentener FJ, Dlugokencky EJ, Easterling DR, Kaplan A, Soden BJ, Thorne PW, Wild M, 
Zhai PM (2013) Observations: Atmosphere and Surface. (ed Stocker, T.F., D. Qin, G.-K. 
Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia VB and PMM). Climate 
Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change, 96 pp. 

Harvey BJ (2016) Human-caused climate change is now a key driver of forest fire activity in the 
western United States. Proceedings of the National Academy of Sciences, 113, 11649–
11650. 

Haupt M, Friedrich M, Shishov V V., Boettger T (2014) The construction of oxygen isotope 
chronologies from tree-ring series sampled at different temporal resolution and its use as 
climate proxies: statistical aspects. Climatic Change, 122, 201–215. 

Helle G, Schleser GH (2004) Beyond CO2-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. 

Hember RA, Kurz WA, Coops NC (2017) Relationships between individual-tree mortality and 
water-balance variables indicate positive trends in water stress-induced tree mortality 
across North America. Global Change Biology, 23, 1691–1710. 

Hember RA, Coops NC, Kurz WA (2018) Statistical performance and behaviour of 
environmentally-sensitive composite models of lodgepole pine growth. Forest Ecology 
and Management, 408, 157–173. 

Hewitt N, Klenk N, Smith AL, Bazely DR, Yan N, Wood S, MacLellan JI, Lipsig-Mumme C, 
Henriques I (2011) Taking stock of the assisted migration debate. Biological 
Conservation, 144, 2560–2572. 

Hijmans RH, Williams E, Vennes C (2016) Package geosphere: Spherical Trigonometry. R 
package version, 1.5-7. 

Hoegh-Guldberg O, Hughes L, McIntyre S, Lindenmayer DB, Parmesan C, Possingham HP, 
Thomas CD (2008) Assisted colonization and rapid climate change. Science, 321, 345–
346. 

Hoffmann AA, Sgrò CM (2011) Climate change and evolutionary adaptation. Nature, 470, 479–
485. 

Hogg EH (Ted), Wein RW (2005) Impacts of drought on forest growth and regeneration 
following fire in southwestern Yukon, Canada. Canadian Journal of Forest Research, 35, 
2141–2150. 



 

266 
 

Hogg EH, Brandt JP, Kochtubajda B (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. 

Holzkämper S, Tillman PK, Kuhry P, Esper J (2012) Comparison of stable carbon and oxygen 
isotopes in Picea glauca tree rings and Sphagnum fuscum moss remains from subarctic 
Canada. Quaternary Research, 78, 295–302. 

Hothorn T, Bretz F, Westfall P (2008) Simultaneous inference in general parametric models. 
Biometrical Journal, 50, 346–363. 

Hothorn T, Bretz F, Westfall P, Heiberger RM, Schuetzenmeister A, Scheibe S (2016) Package 
multcomp: Simultaneous Inference in General Parametric Models. R package version, 
1.4-7. 

Howe GT, Aitken SN, Neale DB, Jermstad KD, Wheeler NC, Chen TH (2003) From genotype to 
phenotype: Unraveling the complexities of cold adaptation in forest trees. Canadian 
Journal of Botany, 81, 1247–1266. 

Illingworth K (1978) Study of lodgepole pine genotype-environment interaction in B.C. In: 
Proceedings of the IUFRO joint meeting of working parties, Vancouver, Canada, 1978: 
S2-02-06 Lodgepole pine provenances, pp. 151–158. 

Inoue M, Norimoto M, Tanahashi M, Rowell RM (1993) Steam or heat fixation of compressed 
wood. Wood and Fiber Science, 25, 224–235. 

IPCC (2007) Climate Change 2007: Synthesis Report. In: An Assessment of the 
Intergovernmental Panel on Climate Change, p. 52. 

IPCC (2014) Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and 
III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change 
(eds Core Writing Team, Pachauri R, Meyer L). IPCC, Geneva, Switzerland, 151 pp. 

Isaac-Renton MG, Roberts DR, Hamann A, Spiecker H (2014) Douglas-fir plantations in 
Europe: A retrospective test of assisted migration to address climate change. Global 
Change Biology, 20, 2607–2617. 

Isaac-Renton M, Schneider L, Treydte K (2016) Contamination risk of stable isotope samples 
during milling. Rapid Communications in Mass Spectrometry, 30, 1513–1522. 

Ito Y, Tanahashi M, Shigematsu M, Shinoda Y (1998) Compressive-molding of wood by high-
pressure steam-treatment: Part 1. Development of compressively molded squares from 
thinnings. Holzforschung, 52, 217–221. 



 

267 
 

Jansen K, Sohrt J, Kohnle U, Ensminger I, Gessler A (2013) Tree ring isotopic composition, 
radial increment and height growth reveal provenance-specific reactions of Douglas-fir 
towards environmental parameters. Trees, 27, 37–52. 

Jones H (2004) What is water use efficiency? In: Water use efficiency in plant biology (ed Bacon 
M), p. 327. Blackwell Publishing, Oxford, UK. 

Jump AS, Peñuelas J (2005) Running to stand still: Adaptation and the response of plants to 
rapid climate change. Ecology Letters, 8, 1010–1020. 

Kagawa A, Sugimoto A, Maximov TC (2006a) Seasonal course of translocation, storage and 
remobilization of 13C pulse-labeled photoassimilate in naturally growing Larix gmelinii 
saplings. New Phytologist, 171, 793–804. 

Kagawa A, Sugimoto A, Maximov TC (2006b) 13CO2 pulse-labelling of photoassimilates reveals 
carbon allocation within and between tree rings. Plant, Cell and Environment, 29, 1571–
1584. 

Kagawa A, Sano M, Nakatsuka T, Ikeda T, Kubo S (2015) An optimized method for stable 
isotope analysis of tree rings by extracting cellulose directly from cross-sectional laths. 
Chemical Geology, 393–394, 16–25. 

Keeling CD, Chin JFS, Whorf TP (1996) Increased activity of northern vegetation inferred from 
atmospheric CO2 measurements. Nature, 382, 146–149. 

Keeling RF, Piper SC, Bollenbacher AF, Walker JS (2009) Atmospheric CO2 records from sites 
in the SIO air sampling network. In Trends: A Compendium of Data on Global Change. 

Kidd KR, Copenheaver CA, Zink-Sharp A (2014) Frequency and factors of earlywood frost ring 
formation in jack pine (Pinus banksiana) across northern lower Michigan. Ecoscience, 
21, 157–167. 

Klein T (2014) The variability of stomatal sensitivity to leaf water potential across tree species 
indicates a continuum between isohydric and anisohydric behaviours. Functional 
Ecology, 28, 1313–1320. 

Klenk NL, Larson BMH (2015) The assisted migration of western larch in British Columbia: A 
signal of institutional change in forestry in Canada? Global Environmental Change, 31, 
20–27. 

Klopfenstein NB, Kim M-S, Hanna JW, Richardson BA, Lundquist J (2009) Approaches to 
Predicting Potential Impacts of Climate Change on Forest Disease: An Example with 
Armillaria Root Disease. 

Kolde R (2015) Package pheatmap: Pretty Heatmaps. 



 

268 
 

Korner C (2005) Carbon flux and growth in mature deciduous forest trees exposed to elevated 
CO2. Science, 309, 1360–1362. 

Kremer A, Ronce O, Robledo-Arnuncio JJ, Guillaume F, Bohrer G, Nathan R, Bridle JR, 
Gomulkiewicz R, Klein EK, Ritland K, Kuparinen A, Gerber S, Schueler S (2012) Long-
distance gene flow and adaptation of forest trees to rapid climate change. Ecology 
Letters, 15, 378–392. 

Kress A, Hangartner S, Bugmann H, Büntgen U, Frank DC, Leuenberger M, Siegwolf RTW, 
Saurer M (2014) Swiss tree rings reveal warm and wet summers during medieval times. 
Geophysical Research Letters, 41, 1732–1737. 

Kurz WA, Dymond CC, Stinson G, Rampley GJ, Neilson ET, Carroll AL, Ebata T, Safranyik L 
(2008) Mountain pine beetle and forest carbon feedback to climate change. Nature, 452, 
987–990. 

Kuznetsova A, Brockhoff P, Christensen R (2016) lmerTest: Tests in Linear Mixed Effects 
Models. R package version, 3.0.0. 

de la Mata R, Hood S, Sala A (2017) Insect outbreak shifts the direction of selection from fast to 
slow growth rates in the long-lived conifer Pinus ponderosa. Proceedings of the National 
Academy of Sciences, 114, 7391–7396. 

LaMarche VC, Hirschboeck KK (1984) Frost rings in trees as records of major volcanic 
eruptions. Nature, 307, 121–126. 

Laube J, Sparks TH, Estrella N, Höfler J, Ankerst DP, Menzel A (2014) Chilling outweighs 
photoperiod in preventing precocious spring development. Global Change Biology, 20, 
170–182. 

Laumer W, Andreu L, Helle G, Schleser GH, Wieloch T, Wissel H (2009) A novel approach for 
the homogenization of cellulose to use micro-amounts for stable isotope analyses. Rapid 
Communications in Mass Spectrometry, 23, 1934–1940. 

Lavergne A, Daux V, Villalba R, Pierre M, Stievenard M, Srur AM (2017) Improvement of 
isotope-based climate reconstructions in Patagonia through a better understanding of 
climate influences on isotopic fractionation in tree rings. Earth and Planetary Science 
Letters, 459, 372–380. 

Leavitt SW (2010) Tree-ring C-H-O isotope variability and sampling. Science of the Total 
Environment, 408, 5244–5253. 

Lee KH, Singh AP, Kim YS (2007) Cellular characteristics of a traumatic frost ring in the 
secondary xylem of Pinus radiata. Trees - Structure and Function, 21, 403–410. 



 

269 
 

Leites LP, Robinson AP, Rehfeldt GE, Marshall JD, Crookston NL (2012) Height-growth 
response to changes in climate differ among populations of interior Douglas-fir: A novel 
analysis of provenance-test data. Ecological Applications, 22, 154–165. 

Lemprière T, Bernier P, Carroll A, Gilsenan R, McKenney D, Hogg E, Pedlar J, Blain D (2008) 
The Importance of Forest Sector Adaptation to Climate Change. Edmonton, Canada, 78 
pp. 

Leuenberger M, Borella S, Stocker T, Saurer M, Siegwolf R, Schweingruber F, Matyssek R 
(1998) Stable isotopes in tree rings as climate and stress indicators. vdf Hochschulverlag 
AG an der ETH Zürich, Zürich, 200 pp. 

Lévesque M, Saurer M, Siegwolf R, Eilmann B, Brang P, Bugmann H, Rigling A (2013) 
Drought response of five conifer species under contrasting water availability suggests 
high vulnerability of Norway spruce and European larch. Global Change Biology, 19, 
3184–3199. 

Lévesque M, Siegwolf R, Saurer M, Eilmann B, Rigling A (2014) Increased water-use efficiency 
does not lead to enhanced tree growth under xeric and mesic conditions. New Phytologist, 
203, 94–109. 

Liepe KJ, Hamann A, Smets P, Fitzpatrick CR, Aitken SN (2016) Adaptation of lodgepole pine 
and interior spruce to climate: Implications for reforestation in a warming world. 
Evolutionary Applications, 9, 409–419. 

Lindner M, Maroschek M, Netherer S, Kremer A, Barbati A, Garcia-Gonzalo J, Seidl R, Delzon 
S, Corona P, Kolström M, Lexer MJ, Marchetti M (2010) Climate change impacts, 
adaptive capacity, and vulnerability of European forest ecosystems. Forest Ecology and 
Management, 259, 698–709. 

Little EL (1971) Atlas of United States trees: Vol. 1. Conifers and important hardwoods. 877 pp. 

Lloret F, Keeling EG, Sala A (2011) Components of tree resilience: Effects of successive low-
growth episodes in old ponderosa pine forests. Oikos, 120, 1909–1920. 

Loader NJ, Mccarroll D, Gagen M, Robertson I, Jalkanen R (2007) Plant-based Isotope Data as 
Indicators of Ecological Change. In: Stable Isotopes as Indicators of Ecological Change 
(eds Dawson TE, Siegwolf RTW), p. 436. 

Loader NJ, McCarroll D, Barker S, Jalkanen R, Grudd H (2017) Inter-annual carbon isotope 
analysis of tree-rings by laser ablation. Chemical Geology, 466, 323–326. 

Loarie SR, Duffy PB, Hamilton H, Asner GP, Field CB, Ackerly DD (2009) The velocity of 
climate change. Nature, 462, 1052–1055. 



 

270 
 

Loucos KE, Simonin KA, Song X, Barbour MM (2015) Observed relationships between leaf 
H2

18O Peclet effective length and leaf hydraulic conductance reflect assumptions in 
Craig-Gordon model calculations. Tree Physiology, 35, 16–26. 

Macfarlane C, Warren CR, White DA, Adams MA (1999) A rapid and simple method for 
processing wood to crude cellulose for analysis of stable carbon isotopes in tree rings. 
Tree Physiology, 19, 831–835. 

MacLachlan IR, Wang T, Hamann A, Smets P, Aitken SN (2017) Selective breeding of 
lodgepole pine increases growth and maintains climatic adaptation. Forest Ecology and 
Management, 391, 404–416. 

van Mantgem PJ, Stephenson NL, Byrne JC, Daniels LD, Franklin JF, Fulé PZ, Harmon ME, 
Larson AJ, Smith JM, Taylor AH, Veblen TT (2009) Widespread increase of tree 
mortality rates in the western United States. Science, 323, 521–524. 

Marino BD, McElroy MB (1991) Isotopic composition of atmospheric CO2 inferred from carbon 
in C4 plant cellulose. Nature, 349, 127–131. 

Marino GP, Kaiser DP, Gu L, Ricciuto DM (2011) Reconstruction of false spring occurrences 
over the southeastern United States, 1901–2007: An increasing risk of spring freeze 
damage? Environmental Research Letters, 6, 24015. 

Marris E (2009) Forestry: Planting the forest of the future. Nature, 459, 906–908. 

Matyas C (1994) Modeling climate change effects with provenance test data. Tree Physiology, 
14, 797–804. 

Mayr S, Hacke U, Schmid P, Schweinbacher F (2006) Frost drought in conifers at the alpine 
timberline: Xylem dysfunction and adaptations. Ecology, 87, 3175–3185. 

McCarroll D, Loader NJ (2004) Stable isotopes in tree rings. Quaternary Science Reviews, 23, 
771–801. 

McDowell N, Pockman WT, Allen CD, Breshears DD, Cobb N, Kolb T, Plaut J, Sperry J, West 
A, Williams DG, Yepez EA (2008) Mechanisms of plant survival and mortality during 
drought: Why do some plants survive while others succumb to drought? New Phytologist, 
178, 719–739. 

McDowell NG, Williams AP, Xu C, Pockman WT, Dickman LT, Sevanto S, Pangle R, Limousin 
J, Plaut J, Mackay DS, Ogee J, Domec JC, Allen CD, Fisher RA, Jiang X, Muss JD, 
Breshears DD, Rauscher SA, Koven C (2015) Multi-scale predictions of massive conifer 
mortality due to chronic temperature rise. Nature Climate Change, 6, 295–300. 



 

271 
 

McLane SC, LeMay VM, Aitken SN (2011a) Modeling lodgepole pine radial growth relative to 
climate and genetics using universal growth-trend response functions. Ecological 
Applications, 21, 776–788. 

McLane SC, Daniels LD, Aitken SN (2011b) Climate impacts on lodgepole pine (Pinus 
contorta) radial growth in a provenance experiment. Forest Ecology and Management, 
262, 115–123. 

Meehl GA (2004) More intense, more frequent, and longer lasting heat waves in the 21st 
century. Science, 305, 994–997. 

Meigs GW, Campbell JL, Zald HSJ, Bailey JD, Shaw DC, Kennedy RE (2015) Does wildfire 
likelihood increase following insect outbreaks in conifer forests? Ecosphere, 6, art118. 

Mencuccini M, Hölttä T, Petit G, Magnani F (2007) Sanio’s laws revisited. Size-dependent 
changes in the xylem architecture of trees. Ecology Letters, 10, 1084–1093. 

Menzel A (2000) Trends in phenological phases in Europe between 1951 and 1996. International 
Journal of Biometeorology, 44, 76–81. 

Michaelian M, Hogg EH, Hall RJ, Arsenault E (2011) Massive mortality of aspen following 
severe drought along the southern edge of the Canadian boreal forest. Global Change 
Biology, 17, 2084–2094. 

Mina M, Bugmann H, Cordonnier T, Irauschek F, Klopcic M, Pardos M, Cailleret M (2017) 
Future ecosystem services from European mountain forests under climate change. 
Journal of Applied Ecology, 54, 389–401. 

Mitton JB, Ferrenberg SM (2012) Mountain pine beetle develops an unprecedented summer 
generation in response to climate warming. The American Naturalist, 179, E163–E171. 

Montwé D, Spiecker H, Hamann A (2014) An experimentally controlled extreme drought in a 
Norway spruce forest reveals fast hydraulic response and subsequent recovery of growth 
rates. Trees, 28, 891–900. 

Montwé D, Spiecker H, Hamann A (2015a) Five decades of growth in a genetic field trial of 
Douglas-fir reveal trade-offs between productivity and drought tolerance. Tree Genetics 
& Genomes, 11, 29. 

Montwé D, Isaac-Renton M, Spiecker H, Hamann A (2015b) Using steam to reduce artifacts in 
micro sections prepared with corn starch. Dendrochronologia, 35, 87–90. 

Montwé D, Isaac-Renton M, Hamann A, Spiecker H (2016) Drought tolerance and growth in 
populations of a wide-ranging tree species indicate climate change risks for the boreal 
north. Global Change Biology, 22, 806–815. 



 

272 
 

Morgenstern EK (1996) Geographic variation in forest trees: Genetic basis and application of 
knowledge in silviculture. UBCPress, Vancouver, 214 pp. 

Mueller JM, Hellmann JJ (2008) An assessment of invasion risk from assisted migration. 
Conservation Biology, 22, 562–567. 

Myneni RB, Keeling CD, Tucker CJ, Asrar G, Nemani RR (1997) Increased plant growth in the 
northern high latitudes from 1981 to 1991. Nature, 386, 698–702. 

Nelson DB, Abbott MB, Steinman B, Polissar PJ, Stansell ND, Ortiz JD, Rosenmeier MF, 
Finney BP, Riedel J (2011) Drought variability in the Pacific Northwest from a 6,000-yr 
lake sediment record. Proceedings of the National Academy of Sciences, 108, 3870–3875. 

Nemani RR, Keeling CD, Hashimoto H, Jolly WM, Piper SC, Tucker CJ, Myneni RB, Running 
SW (2003) Climate-driven increases in global terrestrial net primary production from 
1982 to 1999. Science, 300, 1560–3. 

Nikon Corporation (2014) NIS Elements Imaging Software. 

O’Neill GA, Aitken SN (2004) Area-based breeding zones to minimize maladaptation. Canadian 
Journal of Forest Research, 34, 695–704. 

O’Neill G, Ukrainetz N, Carlson M, Cartwright C, Jaquish B, King J, Krakowski J, Russell J, 
Stoehr M, Xie C, Yanchuk A (2008a) Assisted migration to address climate change in 
British Columbia recommendations for interim seed transfer standards. Ministry of 
Forests and Range, Forest Science Program, British Columbia Technical Report - 048, 38 
pp. 

O’Neill GA, Hamann A, Wang T (2008b) Accounting for population variation improves 
estimates of the impact of climate change on species growth and distribution. Journal of 
Applied Ecology, 45, 1040–1049. 

O’Neill GA, Wang T, Ukraintez N, Charleson L, Mcauley L, Yankcuhk A, Zedel S (2017) A 
Proposed Climate-based Seed Transfer System for British Columbia. Prov. B.C., 
Victoria, B.C. Tech. Rep. 099, 57. 

O’Reilly C, Owens JN (1989) Shoot, needle, and cambial growth phenology and branch tracheid 
dimensions in provenances of lodgepole pine. Canadian Journal of Forest Research, 19, 
599–605. 

Offermann C, Ferrio JP, Holst J, Grote R, Siegwolf R, Kayler Z, Gessler A (2011) The long way 
down--are carbon and oxygen isotope signals in the tree ring uncoupled from canopy 
physiological processes? Tree Physiology, 31, 1088–1102. 



 

273 
 

Park R, Epstein S (1960) Carbon isotope fractionation during photosynthesis. Geochimica et 
Cosmochimica Acta, 21, 110–126. 

Parkins JR, MacKendrick NA (2007) Assessing community vulnerability: A study of the 
mountain pine beetle outbreak in British Columbia, Canada. Global Environmental 
Change, 17, 460–471. 

Parmesan C, Yohe G (2003) A globally coherent fingerprint of climate change impacts across 
natural systems. Nature, 421, 37–42. 

Pearcy RW, Troughton J (1975) C4 photosynthesis in tree form Euphorbia species from 
Hawaiian rainforest sites. Plant Physiology, 55, 1054–1056. 

Pederson N, Hessl AE, Baatarbileg N, Anchukaitis KJ, Di Cosmo N (2014) Pluvials, droughts, 
the Mongol Empire, and modern Mongolia. Proceedings of the National Academy of 
Sciences, 111, 4375–4379. 

Pedlar JH, McKenney DW (2017) Assessing the anticipated growth response of northern conifer 
populations to a warming climate. Scientific Reports, 7, 43881. 

Pedlar JH, McKenney DW, Beaulieu J, Colombo SJ, McLachlan JS, O’Neill GA (2011) The 
implementation of assisted migration in Canadian forests. Forestry Chronicle, 87, 766–
770. 

Pedlar JH, Kenney DWM, Aubin I, Beardmore T, Beaulieu J, Iverson L, O’Neill GA, Winder 
RS, Ste-marie C (2012) Placing forestry in the assisted migration debate. BioScience, 62, 
835–842. 

Peng C, Ma Z, Lei X, Zhu Q, Chen H, Wang W, Liu S, Li W, Fang X, Zhou X (2011) A 
drought-induced pervasive increase in tree mortality across Canada’s boreal forests. 
Nature Climate Change, 1, 467–471. 

Perrin M, Rossi S, Isabel N (2017) Synchronisms between bud and cambium phenology in black 
spruce: early-flushing provenances exhibit early xylem formation. Tree Physiology, 37, 
593–603. 

Peters RL, Darling JDS (1985) The greenhouse effect and nature reserves. BioScience, 35, 707–
717. 

Piermattei A, Crivellaro A, Carrer M, Urbinati C (2015) The “blue ring”: anatomy and formation 
hypothesis of a new tree-ring anomaly in conifers. Trees, 29, 613–620. 

Pittermann J, Sperry J (2003) Tracheid diameter is the key trait determining the extent of 
freezing-induced embolism in conifers. Tree Physiology, 23, 907–914. 



 

274 
 

Pittermann J, Sperry JS, Hacke UG, Wheeler JK, Sikkema EH (2005) Torus-margo pits help 
conifers compete with angiosperms. Science, 310, 1924–1924. 

Pittermann J, Sperry JS, Wheeler JK, Hacke UG, Sikkema EH (2006) Mechanical reinforcement 
of tracheids compromises the hydraulic efficiency of conifer xylem. Plant, Cell and 
Environment, 29, 1618–1628. 

Pratt RB, Jacobsen AL, North GB, Sack L, Schenk HJ (2008) Plant hydraulics: New discoveries 
in the pipeline. New Phytologist, 179, 590–593. 

Pretzsch H, Biber P, Schütze G, Uhl E, Rötzer T (2014) Forest stand growth dynamics in Central 
Europe have accelerated since 1870. Nature Communications, 5, 4967. 

Priadi T, Hiziroglu S (2013) Characterization of heat treated wood species. Materials & Design, 
49, 575–582. 

Price DT, Alfaro R, Brown K, Flannigan MD, Fleming R, Hogg E, Girardin M, Lakusta T, 
Johnston M, McKenney D, Pedlar J, Stratton T, Sturrock R, Thompson I, Trofymow J, 
Venier L (2013) Anticipating the consequences of climate change for Canada’s boreal 
forest ecosystems 1. Environmental Reviews, 21, 322–365. 

Prober SM, Byrne M, McLean EH, Steane DA, Potts BM, Vaillancourt RE, Stock WD (2015) 
Climate-adjusted provenancing: A strategy for climate-resilient ecological restoration. 
Frontiers in Ecology and Evolution, 3, 1–5. 

Province of British Columbia (2016) Seed Planning Summary Data & Graphs. 

R Core Team (2013) R: A language and Environment for Statistical Computing. 

R Core Team (2015) R: A language and Environment for Statistical Computing. 

R Core Team (2017) R: A Language and Environment for Statistical Computing. 

Raven JA, Edwards D (2001) Roots: Evolutionary origins and biogeochemical significance. 
Journal of Experimental Botany, 52, 381–401. 

Regent Instruments Inc (2012) Windendro for tree ring analyses. 

Regent Instruments Inc (2013) WinCELL for Wood Cell Analysis. 

Regent Instruments Inc (2016) Windendro for tree-ring analyses. 

Rehfeldt GE (1980) Cold acclimation in populations of Pinus contorta from the northern Rocky 
Mountains. Botanical Gazette, 141, 458–463. 



 

275 
 

Rehfeldt GE (1983) Adaptation of Pinus contorta populations to heterogeneous environments in 
northern Idaho. Canadian Journal of Forest Research, 13, 405–411. 

Rehfeldt GE (1987) Components of adaptive variation in Pinus contorta from the inland 
northwest. U.S. Dept. of Agriculture, Forest Service, Intermountain Forest and Range 
Experiment Station, Ogden, UT, 1-11 pp. 

Rehfeldt GE (1988) Ecological genetics of Pinus contorta from the Rocky Mountains (USA): A 
synthesis. Silvae Genetica, 37, 131–135. 

Rehfeldt GE (1989) Ecological adaptations in Douglas-fir (Pseudotsuga menziesii var. glauca): a 
synthesis. Forest Ecology and Management, 28, 203–215. 

Rehfeldt GE, Ying CC, Spittlehouse DL, Hamilton DA (1999) Genetic responses to climate in 
Pinus contorta: Niche breadth, climate change, and reforestation. Ecological 
Monographs, 69, 375–407. 

Rehfeldt GE, Wykoff WR, Ying CC (2001) Physiological plasticity, evolution, and impacts of a 
changing climate on Pinus contorta. Climatic Change, 50, 355–376. 

Rehfeldt GE, Tchebakova NM, Parfenova YI, Wykoff WR, Kuzmina NA, Milyutin LI (2002) 
Intraspecific responses to climate in Pinus sylvestris. Global Change Biology, 8, 912–
929. 

Rehfeldt GE, Leites LP, Joyce DG, Weiskittel AR (2017) Role of population genetics in guiding 
ecological responses to climate. Global Change Biology, 1, 1–11. 

Restaino CM, Peterson DL, Littell J (2016) Increased water deficit decreases Douglas fir growth 
throughout western US forests. Proceedings of the National Academy of Sciences, 113, 
9557–9562. 

Reyer CPO, Leuzinger S, Rammig A, Wolf A, Bartholomeus RP, Bonfante A, de Lorenzi F, 
Dury M, Gloning P, Abou Jaoudé R, Klein T, Kuster TM, Martins M, Niedrist G, 
Riccardi M, Wohlfahrt G, de Angelis P, de Dato G, François L, Menzel A, Pereira M 
(2013) A plant’s perspective of extremes: Terrestrial plant responses to changing climatic 
variability. Global Change Biology, 19, 75–89. 

Ricciardi A, Simberloff D (2009) Assisted colonization is not a viable conservation strategy. 
Trends in Ecology & Evolution, 24, 248–253. 

Riechelmann DFC, Maus M, Dindorf W, Schöne BR, Scholz D, Esper J (2014) Sensitivity of 
whole wood stable carbon and oxygen isotope values to milling procedures. Rapid 
Communications in Mass Spectrometry, 28, 1371–1375. 



 

276 
 

Rinne KT, Loader NJ, Switsur VR, Waterhouse JS (2013) 400-year May-August precipitation 
reconstruction for Southern England using oxygen isotopes in tree rings. Quaternary 
Science Reviews, 60, 13–25. 

Roden JS, Ehleringer JR (2007) Summer precipitation influences the stable oxygen and carbon 
isotopic composition of tree-ring cellulose in Pinus ponderosa. Tree Physiology, 27, 491–
501. 

Roden J, Siegwolf R (2012) Is the dual-isotope conceptual model fully operational? Tree 
Physiology, 32, 1179–1182. 

Roden JS, Bowling DR, McDowell NG, Bond BJ, Ehleringer JR (2005) Carbon and oxygen 
isotope ratios of tree ring cellulose along a precipitation transect in Oregon, United 
States. Journal of Geophysical Research: Biogeosciences, 110, 1–11. 

Rossi S, Deslauriers A, Griçar J, Seo J-W, Rathgeber CB, Anfodillo T, Morin H, Levanic T, 
Oven P, Jalkanen R (2008) Critical temperatures for xylogenesis in conifers of cold 
climates. Global Ecology and Biogeography, 17, 696–707. 

Sade N, Gebremedhin A, Moshelion M (2012) Risk-taking plants. Plant Signaling & Behavior, 
7, 767–770. 

Safranyik L (1978) Effects of climate and weather on mountain pine beetle populations. In: 
Proceedings of Symposium on Theory and Practice of Mountain Pine Beetle 
Management in Lodgepole Pine Forests, April 25-27, 1978, Washington State University, 
Pullman, Washington. College of Forestry, Wildlife and Range Sciences, University of 
Idaho, Mosco (eds Berryman A, Amman G, Stark R), pp. 77–84. 

Safranyik L, Carroll AL, Régnière J, Langor DW, Riel WG, Shore TL, Peter B, Cooke BJ, 
Nealis VG, Taylor SW (2010) Potential for range expansion of mountain pine beetle into 
the boreal forest of North America. The Canadian Entomologist, 142, 415–442. 

Sage RF (2014) Stopping the leaks: New insights into C4 photosynthesis at low light. Plant, Cell 
and Environment, 37, 1037–1041. 

Sage RF, Sultmanis S (2016) Why are there no C4 forests? Journal of Plant Physiology, 203, 
55–68. 

Sanford T, Frumhoff PC, Luers A, Gulledge J (2014) The climate policy narrative for a 
dangerously warming world. Nature Climate Change, 4, 164–166. 

Saurer M, Aellen K, Siegwolf R (1997) Correlating δ13C and δ18O in cellulose of trees. Plant 
Cell and Environment, 20, 1543–1550. 



 

277 
 

Saurer M, Cherubini P, Reynolds-Henne CE, Treydte KS, Anderson WT, Siegwolf RTW (2008) 
An investigation of the common signal in tree ring stable isotope chronologies at 
temperate sites. Journal of Geophysical Research, 113, 1–11. 

Saurer M, Kress A, Leuenberger M, Rinne KT, Treydte KS, Siegwolf RTW (2012) Influence of 
atmospheric circulation patterns on the oxygen isotope ratio of tree rings in the Alpine 
region. Journal of Geophysical Research: Atmospheres, 117, 1–12. 

Saurer M, Spahni R, Frank DC, Joos F, Leuenberger M, Loader NJ, McCarroll D, Gagen M, 
Poulter B, Siegwolf RTW, Andreu-Hayles L, Boettger T, Dorado Liñán I, Fairchild IJ, 
Friedrich M, Gutierrez E, Haupt M, Hilasvuori E, Heinrich I, Helle G, Grudd H, Jalkanen 
R, Levanič T, Linderholm HW, Robertson I, Sonninen E, Treydte K, Waterhouse JS, 
Woodley EJ, Wynn PM, Young GHF (2014) Spatial variability and temporal trends in 
water-use efficiency of European forests. Global Change Biology, 20, 3700–3712. 

Savolainen O, Bokma F, Garcı́a-Gil R, Komulainen P, Repo T (2004) Genetic variation in 
cessation of growth and frost hardiness and consequences for adaptation of Pinus 
sylvestris to climatic changes. Forest Ecology and Management, 197, 79–89. 

Savolainen O, Pyhäjärvi T, Knürr T (2007) Gene flow and local adaptation in trees. Annual 
Review of Ecology, Evolution, and Systematics, 38, 595–619. 

Savolainen O, Kujala ST, Sokol C, Pyhajarvi T, Avia K, Knurr T, Karkkainen K, Hicks S (2011) 
Adaptive potential of northernmost tree populations to climate change, with emphasis on 
Scots pine (Pinus sylvestris L.). Journal of Heredity, 102, 526–536. 

Scheffer M, Carpenter S, Foley JA, Folke C, Walker B (2001) Catastrophic shifts in ecosystems. 
Nature, 413, 591–596. 

Scheidegger Y, Saurer M, Bahn M, Siegwolf R (2000) Linking stable oxygen and carbon 
isotopes with stomatal conductance and photosynthetic capacity: A conceptual model. 
Oecologia, 125, 350–357. 

Schmidtling RC (1994) Use of provenance tests to predict response to climate change: Loblolly 
pine and Norway spruce. Tree Physiology, 14, 805–817. 

Schneider L, Gärtner H (2013) The advantage of using a starch based non-Newtonian fluid to 
prepare micro sections. Dendrochronologia, 31, 175–178. 

Schollaen K, Heinrich I, Helle G (2014) UV-laser-based microscopic dissection of tree rings - a 
novel sampling tool for δ13C and δ18O studies. New Phytologist, 201, 1045–1055. 

Schollaen K, Baschek H, Heinrich I, Helle G (2015) An improved guideline for rapid and precise 
sample preparation. BGD Biogeosciences Discuss, 12, 11587–11623. 



 

278 
 

Schoonmaker AL, Hacke UG, Landhäusser SM, Lieffers VJ, Tyree MT (2010) Hydraulic 
acclimation to shading in boreal conifers of varying shade tolerance. Plant, Cell and 
Environment, 33, 382–393. 

Schreiber SG, Hacke UG, Hamann A, Thomas BR (2011) Genetic variation of hydraulic and 
wood anatomical traits in hybrid poplar and trembling aspen. New Phytologist, 190, 150–
160. 

Schreiber SG, Ding C, Hamann A, Hacke UG, Thomas BR, Brouard JS (2013a) Frost hardiness 
vs. growth performance in trembling aspen: An experimental test of assisted migration. 
Journal of Applied Ecology, 50, 939–949. 

Schreiber SG, Hamann A, Hacke UG, Thomas BR (2013b) Sixteen years of winter stress: An 
assessment of cold hardiness, growth performance and survival of hybrid poplar clones at 
a boreal planting site. Plant, Cell and Environment, 36, 419–428. 

Schroeder TA, Hamann A, Wang T, Coops NC (2010) Occurrence and dominance of six Pacific 
Northwest conifer species. Journal of Vegetation Science, 21, 586–596. 

Schulze B, Wirth C, Linke P, Brand W a, Kuhlmann I, Horna V, Schulze ED (2004) Laser 
ablation-combustion-GC-IRMS--a new method for online analysis of intra-annual 
variation of ẟ13C in tree rings. Tree physiology, 24, 1193–1201. 

Schwartz MD, Reiter BE (2000) Changes in North American spring. International Journal of 
Climatology, 20, 929–932. 

Seibt U, Rajabi A, Griffiths H, Berry JA (2008) Carbon isotopes and water use efficiency: Sense 
and sensitivity. Oecologia, 155, 441–454. 

van der Sleen P, Groenendijk P, Vlam M, Anten NPR, Boom A, Bongers F, Pons TL, Terburg G, 
Zuidema PA (2014) No growth stimulation of tropical trees by 150 years of CO2 
fertilization but water-use efficiency increased. Nature Geoscience, 8, 24–28. 

Sohn JA, Kohler M, Gessler A, Bauhus J (2012) Interactions of thinning and stem height on the 
drought response of radial stem growth and isotopic composition of Norway spruce 
(Picea abies). Tree Physiology, 32, 1199–1213. 

Sohn JA, Brooks JR, Bauhus J, Kohler M, Kolb TE, McDowell NG (2014) Unthinned slow-
growing ponderosa pine (Pinus ponderosa) trees contain muted isotopic signals in tree 
rings as compared to thinned trees. Trees, 28, 1035–1051. 

Sohn JA, Hartig F, Kohler M, Huss J, Bauhus J (2016) Heavy and frequent thinning promotes 
drought adaptation in Pinus sylvestris forests. Ecological Applications, 26, 2190–2205. 

Speer JH (2010) Fundmentals of Tree Ring Research. The University of Arizona Press. 



 

279 
 

Sperry JS, Hacke UG, Pittermann J (2006) Size and function in conifer tracheids and angiosperm 
vessels. American Journal of Botany, 93, 1490–1500. 

Sperry JS, Venturas MD, Anderegg WRL, Mencuccini M, Mackay DS, Wang Y, Love DM 
(2017a) Predicting stomatal responses to the environment from the optimization of 
photosynthetic gain and hydraulic cost. Plant, Cell & Environment, 40, 816–830. 

Sperry JS, Venturas MD, Anderegg WRL, Mencuccini M, Mackay DS, Wang Y, Love DM 
(2017b) Predicting stomatal responses to the environment from the optimization of 
photosynthetic gain and hydraulic cost. Plant Cell and Environment, 40, 816–830. 

Spiecker H, Mielikainen K, Kohl M, Skovsgaard JP (1996) Growth Trends in European Forests: 
Studies from 12 Countries (ed Spiecker H). 

Spiecker H, Schinker MG, Hansen J, Park YI, Ebding T, Doll W (2000) Cell structure in tree 
rings: Novel methods for preparation and image analysis of large cross sections. IAWA 
Journal, 21, 361–373. 

St Clair JB, Howe GT (2007) Genetic maladaptation of coastal Douglas-fir seedlings to future 
climates. Global Change Biology, 13, 1441–1454. 

Statistics Canada (2011) Forest land by province and territory. 

Ste-Marie C, A. Nelson E, Dabros A, Bonneau M-E (2011) Assisted migration: Introduction to a 
multifaceted concept. The Forestry Chronicle, 87, 724–730. 

Still CJ, Berry JA, Collatz GJ, DeFries RS (2003) Global distribution of C3 and C4 vegetation: 
Carbon cycle implications. Global Biogeochemical Cycles, 17, 1–14. 

Stone E (1940) Frost rings in longleaf pine. Science, 92, 478. 

Sturrock RN, Frankel SJ, Brown A V., Hennon PE, Kliejunas JT, Lewis KJ, Worrall JJ, Woods 
AJ (2011) Climate change and forest diseases. Plant Pathology, 60, 133–149. 

Suess HE (1955) Radiocarbon concentration in modern wood. Science, 122, 415–417. 

Talluto M V., Boulangeat I, Vissault S, Thuiller W, Gravel D (2017) Extinction debt and 
colonization credit delay range shifts of eastern North American trees. Nature Ecology & 
Evolution, 1, 182. 

Tan I, Wee CC, Sopade PA, Halley PJ (2004) Investigation of the starch gelatinisation 
phenomena in water–glycerol systems: Application of modulated temperature differential 
scanning calorimetry. Carbohydrate Polymers, 58, 191–204. 

Tans P, Keeling R. Trends in Atmospheric Carbon Dioxide. NOAA ESRL Global Monitoring 
Division. <www.esrl.noaa.gov/gmd/ccgg/trends> 



 

280 
 

Tardif JC, Conciatori F (2015) Microscopic Examination of Wood: Sample Preparation and 
Techniques for Light Microscopy. In: Plant Microtechniques and Protocols, pp. 373–
415. Springer International Publishing, Cham. 

Tardif JC, Girardin MP, Conciatori F (2011) Light rings as bioindicators of climate change in 
interior North America. Global and Planetary Change, 79, 134–144. 

Tene A, Tobin B, Dyckmans J, Ray D, Black K, Nieuwenhuis M (2011) Assessment of tree 
response to drought: Validation of a methodology to identify and test proxies for 
monitoring past environmental changes in trees. Tree Physiology, 31, 309–322. 

Thuiller W, Lavorel S, Araujo MB, Sykes MT, Prentice IC (2005) Climate change threats to 
plant diversity in Europe. Proceedings of the National Academy of Sciences, 102, 8245–
8250. 

Thuiller W, Albert C, Araújo MB, Berry PM, Cabeza M, Guisan A, Hickler T, Midgley GF, 
Paterson J, Schurr FM, Sykes MT, Zimmermann NE (2008) Predicting global change 
impacts on plant species’ distributions: Future challenges. Perspectives in Plant Ecology, 
Evolution and Systematics, 9, 137–152. 

Tognetti R, Lombardi F, Lasserre B, Cherubini P, Marchetti M (2014) Tree-ring stable isotopes 
reveal twentieth-century increases in water-use efficiency of Fagus sylvatica and 
Nothofagus spp. in Italian and Chilean mountains. PLoS ONE, 9, e113136. 

Treydte KS, Schleser GH, Schweingruber FH, Winiger M (2001) The climatic significance of 
δ13C in subalpine spruces (Lötschental, Swiss Alps). Tellus B, 53, 593–611. 

Treydte KS, Schleser GH, Helle G, Frank DC, Winiger M, Haug GH, Esper J (2006) The 
twentieth century was the wettest period in northern Pakistan over the past millennium. 
Nature, 440, 1179–1182. 

Treydte K, Frank D, Esper J, Andreu L, Bednarz Z, Berninger F, Boettger T, D’Alessandro CM, 
Etien N, Filot M, Grabner M, Guillemin MT, Gutierrez E, Haupt M, Helle G, Hilasvuori 
E, Jungner H, Kalela-Brundin M, Krapiec M, Leuenberger M, Loader NJ, Masson-
Delmotte V, Pazdur A, Pawelczyk S, Pierre M, Planells O, Pukiene R, Reynolds-Henne 
CE, Rinne KT, Saracino A, Saurer M, Sonninen E, Stievenard M, Switsur VR, 
Szczepanek M, Szychowska-Krapiec E, Todaro L, Waterhouse JS, Weigl M, Schleser 
GH (2007) Signal strength and climate calibration of a European tree-ring isotope 
network. Geophysical Research Letters, 34, 2–7. 

Treydte KS, Frank DC, Saurer M, Helle G, Schleser GH, Esper J (2009) Impact of climate and 
CO2 on a millennium-long tree-ring carbon isotope record. Geochimica et Cosmochimica 
Acta, 73, 4635–4647. 



 

281 
 

Treydte K, Boda S, Graf Pannatier E, Fonti P, Frank D, Ullrich B, Saurer M, Siegwolf R, 
Battipaglia G, Werner W, Gessler A (2014) Seasonal transfer of oxygen isotopes from 
precipitation and soil to the tree ring: Source water versus needle water enrichment. New 
Phytologist, 202, 772–783. 

Turnbull MH, Whitehead D, Tissue DT, Schuster WS, Brown KJ, Griffin KL (2001) Responses 
of leaf respiration to temperature and leaf characteristics in three deciduous tree species 
vary with site water availability. Tree physiology, 21, 571–8. 

Tyree MT, Zimmermann MH (1983) Xylem Structure and the Ascent of Sap, 2nd edn. Springer 
Verlag, Heidelberg, 283 pp. 

Tyree MT, Zimmermann MH (2002) Xylem Structure and the Ascent of Sap, Vol. 12. 283 pp. 

Ukrainetz NK, O’Neill GA, Jaquish B (2011) Comparison of fixed and focal point seed transfer 
systems for reforestation and assisted migration: A case study for interior spruce in 
British Columbia. Canadian Journal of Forest Research, 41, 1452–1464. 

Valladares F, Matesanz S, Guilhaumon F, Araújo MB, Balaguer L, Benito-Garzón M, Cornwell 
W, Gianoli E, van Kleunen M, Naya DE, Nicotra AB, Poorter H, Zavala MA (2014) The 
effects of phenotypic plasticity and local adaptation on forecasts of species range shifts 
under climate change. Ecology Letters, 17, 1351–1364. 

Vitasse Y, Lenz A, Körner C (2014) The interaction between freezing tolerance and phenology 
in temperate deciduous trees. Frontiers in plant science, 5, 1–12. 

Vitt P, Havens K, Hoegh-Guldberg O (2009) Assisted migration: Part of an integrated 
conservation strategy. Trends in Ecology and Evolution, 24, 473–474. 

Vitt P, Havens K, Kramer AT, Sollenberger D, Yates E (2010) Assisted migration of plants: 
Changes in latitudes, changes in attitudes. Biological Conservation, 143, 18–27. 

Volney WJA, Fleming RA (2000) Climate change and impacts of boreal forest insects. 
Agriculture, Ecosystems & Environment, 82, 283–294. 

Voltas J, Chambel MR, Prada MA, Ferrio JP (2008) Climate-related variability in carbon and 
oxygen stable isotopes among populations of Aleppo pine grown in common-garden 
tests. Trees, 22, 759–769. 

Walther G-R, Post E, Convey P, Menzel A, Parmesan C, Beebee TJC, Fromentin J-M, Hoegh-
Guldberg O, Bairlein F (2002) Ecological responses to recent climate change. Nature, 
416, 389–395. 



 

282 
 

Wang L, Payette S, Begin Y (2000) A quantitative definition of light rings in black spruce (Picea 
mariana) at the arctic treeline in northern Quebec, Canada. Arctic, Antarctic, and Alpine 
Research, 32, 324. 

Wang T, Hamann A, Yanchuk A, O’Neill GA, Aitken SN (2006a) Use of response functions in 
selecting lodgepole pine populations for future climates. Global Change Biology, 12, 
2404–2416. 

Wang T, Hamann A, Spittlehouse DL, Aitken SN (2006b) Development of scale-free climate 
data for Western Canada for use in resource management. International Journal of 
Climatology, 26, 383–397. 

Wang T, O’Neill GA, Aitken SN (2010) Integrating environmental and genetic effects to predict 
responses of tree populations to climate. Ecological Applications, 20, 153–163. 

Wang T, Hamann A, Spittlehouse D, Carroll C (2016) Locally downscaled and spatially 
customizable climate data for historical and future periods for North America. PLoS 
ONE, 11, e0156720. 

Warton DI, Hui FKC (2011) The arcsine is asinine: The analysis of proportions in ecology. 
Ecology, 92, 3–10. 

Wassenberg M, Montwé D, Kahle H-P, Spiecker H (2014) Exploring high frequency 
densitometry calibration functions for different tree species. Dendrochronologia, 32, 
273–281. 

Way DA, Montgomery RA (2015) Photoperiod constraints on tree phenology, performance and 
migration in a warming world. Plant, Cell and Environment, 38, 1725–1736. 

Weigt RB, Bräunlich S, Zimmermann L, Saurer M, Grams TEE, Dietrich H-P, Siegwolf RTW, 
Nikolova PS (2015) Comparison of δ18O and δ13C values between tree-ring whole wood 
and cellulose in five species growing under two different site conditions. Rapid 
Communications in Mass Spectrometry, 29, 2233–2244. 

Welsh C, Lewis KJ, Woods AJ (2014) Regional outbreak dynamics of Dothistroma needle blight 
linked to weather patterns in British Columbia, Canada. Canadian Journal of Forest 
Research, 44, 212–219. 

Wheaton E, Wittrock V, Kulshreshtha S, Koshida G, Grant C, Chipanshi A, Bonsal B (2005) 
Lessons Learned from the Canadian Drought Years of 2001 and 2002: Synthesis Report 
for Agriculture and Agri-Food Canada. Agriculture and Agri-Food Canada, SRC 
Publication No. 11602-46E03. 

Wheeler N (1979) Effect of continuous photoperiod on growth and development of lodgepole 
pine seedlings and grafts. Canadian Journal of Forest Research, 9, 276–283. 



 

283 
 

Wheeler RE, Torchiano M (2016) lmPerm: Permutation tests for linear models. R package 
version, 2.1.0. 

White JWC, Ciais P, Figge RA, Kenny R, Markgraf V (1994) A high-resolution record of 
atmospheric CO2 content from carbon isotopes in peat. Nature, 367, 153–156. 

Wickham H (2009) ggplot2: Elegant Graphics for Data Analysis. R package version, 2.2.1. 

Williams MI, Dumroese RK (2013) Preparing for climate change: Forestry and assisted 
migration. Journal of Forestry, 111, 287–297. 

Williams JW, Jackson ST (2007) Novel climates, no-analog communities, and ecological 
surprises. Frontiers in Ecology and the Environment, 5, 475–482. 

Williamson T, Colombo S, Duinker P, Gray P, Hennessey R, Houle D, Johnston M, Ogden A, 
Spittlehouse D (2009) Climate Change and Canada’s Forests: From Impacts to 
Adaptation. 104 pp. 

Wilson A, Grinsted M. (1977) 12C/13C in cellulose and lignin as palaeothermometers. Nature, 
265, 133–135. 

Wimmer R (2002) Wood anatomical features in tree-rings as indicators of environmental change. 
Dendrochronologia, 20, 21–36. 

Wolkovich EM, Cook BI, Allen JM, Crimmins TM, Betancourt JL, Travers SE, Pau S, Regetz J, 
Davies TJ, Kraft NJB, Ault TR, Bolmgren K, Mazer SJ, McCabe GJ, McGill BJ, 
Parmesan C, Salamin N, Schwartz MD, Cleland EE (2012) Warming experiments 
underpredict plant phenological responses to climate change. Nature, 485, 18–21. 

Woods AJ, Martín-García J, Bulman L, Vasconcelos MW, Boberg J, La Porta N, Peredo H, 
Vergara G, Ahumada R, Brown A, Diez JJ (2016) Dothistroma needle blight, weather 
and possible climatic triggers for the disease’s recent emergence. Forest Pathology, 46, 
443–452. 

Wotton BM, Flannigan MD (1993) Length of the fire season in a changing climate. The Forestry 
Chronicle, 69, 187–192. 

Wu HX, Ying CC (2001) Variation on reaction norm in lodgepole pine natural populations. 
Theoretical and Applied Genetics, 103, 331–345. 

Xie CY, Ying CC (1995) Genetic architecture and adaptive landscape of interior lodgepole pine 
(Pinus contorta ssp. latifolia) in Canada. Canadian Journal of Forest Research, 25, 
2010–2021. 



 

284 
 

Yamaguchi DK, Filion L, Savage M (1993) Relationship of temperature and light ring formation 
at subarctic treeline and implications for climate reconstruction. Quaternary Research 
Orlando, 39, 256–262. 

Yanchuk AD, Murphy JC, Wallin KF (2008) Evaluation of genetic variation of attack and 
resistance in lodgepole pine in the early stages of a mountain pine beetle outbreak. Tree 
Genetics & Genomes, 4, 171–180. 

Yeaman S (2015) Local adaptation by alleles of small effect. The American Naturalist, 186, 
S74–S89. 

Yeaman S, Hodgins KA, Lotterhos KE, Suren H, Nadeau S, Degner JC, Nurkowski KA, Smets 
P, Wang T, Gray LK, Liepe KJ, Hamann A, Holliday JA, Whitlock MC, Rieseberg LH, 
Aitken SN (2016) Convergent local adaptation to climate in distantly related conifers. 
Science, 353, 1431–1433. 

Ying CC, Yanchuk AD (2006) The development of British Columbia’s tree seed transfer 
guidelines: Purpose, concept, methodology, and implementation. Forest Ecology and 
Management, 227, 1–13. 

Yu L, Suh E, Pan G (2015) Package “QualInt”: Test for Qualitative Interaction. R package 
version, 1.0.0. 

Zhao M, Running SW (2010) Drought-induced reduction in global terrestrial net primary 
production from 2000 through 2009. Science, 329, 940–943. 

Zobel HF (1984) Chapter IX – Gelatinization of starch and mechanical properties of starch 
pastes. Starch: Chemistry and Technology, 285–309. 

Zohner CM, Benito BM, Svenning J-C, Renner SS (2016) Day length unlikely to constrain 
climate-driven shifts in leaf-out times of northern woody plants. Nature Climate Change, 
6, 1120–1123. 

Zondervan A, Meijer HAJ (1996) Isotopic characterisation of CO2 sources during regional 
pollution events using isotopic and radiocarbon analysis. Tellus, 48, 601–612. 


