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ABSTRACT 

Trees are vulnerable to climate change due to their long lifespan and low 

adaptation capability. However, the long-term impacts of climate change on tree growth 

and survival remain unclear. The objectives of this dissertation were to characterise (i) 

the long-term morphological, (ii) survival, and (iii) short-to-intermediate term 

physiological response in balsam fir [Abies balsamea (L.) Mill.] to climatic variation. 

Morphological, survival, and physiological characteristics of balsam fir provenances 

from seed sources with different climatic conditions, planted in a common garden in 

New Brunswick, Canada, were studied to facilitate the understanding of the dynamics of 

these characteristics under changing climatic conditions. Also studied was the effect of 

detachment on gas-exchange in balsam fir foliage, as gas-exchange measurements were 

made on detached branches from trees ≥ 10 m in height. The findings of these studies 

indicate that the response of balsam fir to climatic variation will likely differ based on 

genetic characteristics of northern and southern populations of the species, and be more 

evident in growth traits, than survival. Flexibility of the species’ foliage under variable 

climate may enable adjustment of its photosynthetic activities in response. Reliable gas-

exchange measurements can be done up to 30 minutes after detachment, using foliage on 

detached branches 50–80 cm long in cooler growing-season months. There was no 

intraspecific variation in balsam fir photosynthetic parameters, whereas it was evident in 

stomatal conductance. Balsam fir intrinsic water-use efficiency variation was strongly 

linked to intraspecific variation in stomatal conductance. Balsam fir shade tolerance may 

likely be important in the survival of its populations under changes in forest dynamics, 

projected to accompany climate change. Temperature and morphological traits are 
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strongly linked, with temperature and precipitation influencing survival. The relationship 

between climatic factors and physiological traits is minimal. Vigorous diameter growth 

in balsam fir, and the effect of tree size on survival in the species is maintained under 

climatic variation. There is a clear, positive association between intrinsic water use 

efficiency and radial growth in balsam fir. These can be important factors for modelling 

of balsam fir traits under changing climatic conditions and selection in the species for 

forest management strategies. 
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CHAPTER 1 

 

INTRODUCTION 

1.1 Background 

Current knowledge clearly indicates climatic variability has had a major impact on 

forest productivity (Becker 1989; Innes 1994; Spiecker et al. 1996; Makinen et al. 2000). 

Forests crucially depend on climatic factors (Sidor et al. 2015), as climate influences the 

spatial distribution of species through temperature, amount of precipitation and length of 

the growing season (IPCC 1995; Vila et al. 2008). Shifts in the position of the Arctic 

frontal system connected with ocean circulation and changes in air mass distribution 

influence the climate of the North Atlantic region and bordering areas (Hurrell 1995; 

Hofgaard et al. 1999). 

The Earth’s climate is changing, with recent changes reported to be without 

precedent over the scale of decades to millennia. A review of temperatures dating back 

to 1850 shows that the Earth’s surface in each of the last three decades has been 

successively warmer than any previous decade during this period. Warming has 

occurred faster over land than over the oceans, with the greatest warming over high 

northern latitudes (IPCC 2007, 2014). Averaged globally, combined land and ocean 

surface temperature data show a warming of 0.85°C in the period 1880–2012. There 

have also been changes in precipitation patterns. During the 1951–2005 period, the 

change in precipitation was -6.63 to +1.82 mm per decade, with trends varying 

continentally and regionally (IPCC 2007; IPCC 2014).  
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The observed warming of global climate from the mid-20th century has been 

attributed to an increase in anthropogenic greenhouse gas (GHG) emissions since the 

pre-industrial era, to levels higher than previously recorded, as well as extensive changes 

in landuse (Karnosky et al. 2001). Greenhouse gas emissions, regarded as the primary 

cause of global warming, has driven substantial increases in atmospheric concentrations 

of carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O). Since 1750, 

atmospheric GHGs have all shown large increases in concentration: 40% for CO2, 150% 

for CH4, and 20% for N2O. Total GHG emissions increased from 1970–2010, exceeded 

by larger increases from 2000–2010. Carbon dioxide emissions from fossil-fuel 

combustion and industrial processes contributed to about 78% of the total GHG-

emissions increase from 1970–2010. Over the present century, anthropogenic GHG 

emissions and extensive changes in landuse are expected to remain the major causes of 

continued global warming (Karnosky et al. 2001; IPCC 2007; Bush et al. 2014; IPCC 

2014). 

Surface temperature is projected to rise by an average of 2.2°C this century (IPCC 

2014). It is likely that most land areas will experience, on daily and seasonal timescales, 

more frequent heat waves of longer duration and fewer cold temperature extremes. 

Changes in precipitation will not be uniform. The high latitudes, equatorial Pacific, and 

many mid-latitude wet regions are projected to experience an increase in precipitation, 

while in many mid-latitude and subtropical dry regions, precipitation will likely 

decrease. Extreme precipitation events will likely become more intense and frequent 

over most of the mid-latitude land masses and wet tropical regions. Globally the oceans 

are projected to continue to warm, with the strongest warming expected in the tropical 
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and northern Hemisphere subtropical regions, these accompanied by a continued rise in 

sea level around the world (Chapin et al. 2011; IPCC 2012; Bush et al. 2014; IPCC 

2014). 

Climate models indicate that the most pronounced warming will occur in 

continental interiors, far from the moderating effects of the ocean, and at high latitudes. 

Warming at high latitudes is the result of an amplifying feedback. Snow-and-ice melt 

earlier in the year as the climate warms, replaces the reflective snow or ice cover with 

land or water surfaces with low albedo. The rate of climate warming is therefore, 

amplified, as these darker surfaces absorb more radiation, which is transferred to the 

atmosphere as heat (Chapin et al. 2011). Warmer temperatures influence the amount, 

duration, and intensity of precipitation by increasing evaporation of surface water, 

surface drying, and the moisture-holding capacity of air, as well as changing 

atmospheric circulation patterns. As the climate warms, there is greater evaporation from 

the ocean and other water bodies. In wet regions this will lead to greater precipitation, 

whereas increasing evaporation in the continental interiors will lead to drier conditions. 

As a result, soil moisture and runoff to streams and rivers will likely increase in coastal 

regions and mountains but decrease in the continental interior (Held and Soden 2006; 

Chapin et al. 2011; Trenberth 2011; Bush et al. 2014). 

Climate models project that rising temperatures induced by increasing GHG 

concentrations will in addition to affecting climate and weather, also affect biological 

phenomena (EEA, 2004; Linderholm 2006). One of the already documented biological 

impacts of climate change on temperate ecosystems is a lengthening of the growing 

season (Field et al. 2007; Elmore at al. 2012). Shifts have been reported in spring and 
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autumn phenological phases of vegetation in the boreal and temperate zones of the 

northern hemisphere. Flowering and leaf unfolding in Europe and North America, have 

been reported to have advanced by 1.2 to 3.8 days per decade on average, while leaf-

colour change and leaf fall have been on average delayed by 0.3 to 1.6 days per decade 

(Menzel and Fabian 1999; Chuine and Beaubien 2001; Menzel 2002; Huang et al. 2010). 

Furthermore, Keeling et al. (1996) have shown an association in variations in timing and 

amplitude of the seasonal cycle of atmospheric CO2 with surface air temperatures. Since 

the early 1960s, 20 and 40% increases in annual amplitude of seasonal CO2 in Hawaii 

and the Arctic region were linked to a lengthening of the growing season by about seven 

days. Myneni et al. (1997) suggested that the observations they made of increased 

photosynthetic activity of terrestrial vegetation from satellite data during 1981–1991 was 

an indication of increased plant growth resulting from a lengthening of the growing 

season (Linderholm 2006). 

At mid to high northern latitudes, rapid warming in surface air temperature has led 

to increased soil temperature and soil freeze-thaw in both permafrost and nonpermafrost 

regions, with the decomposition rates of soil organic matter accelerating. This has 

resulted in more readily mineralised nutrients available to plants, particularly of 

nitrogen, the most common limiting nutrient (Osterkamp and Romanovsky 1999; 

Davidson et al. 2000; Luo et al. 2004; Huang et al. 2010). The increase in the 

availability of soil nitrogen with rising temperatures, combined with the lengthening of 

the growing season is expected to increase overall tree growth and biomass production 

(Parker et al. 2000; Stromgren and Linder 2002). On some sites, however, increased 

temperature may result in temperature-induced drought, resulting in moisture stress and 
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reduced tree growth (Wilmking et al. 2004; Wilmking and Juday 2005; Subedi and 

Sharma 2013). Additionally, above- and belowground biomass may be positively 

affected by rising atmospheric CO2 resulting from its enhancing effect on plant 

photosynthesis and water-use efficiency in a CO2-enriched world (Korner 2006), i.e., the 

CO2 fertilisation effect (Huang et al. 2007). All these impacts together might lead to 

shifts in species composition and community structure (Weltzin et al. 2003; Huang et al. 

2010). 

 

1.2 Climate change and forest ecosystems 

The projected change in climatic conditions over this century is especially relevant 

to forest ecosystems (Thiel et al. 2012; Eilmman et al. 2013), as the long-term impact of 

climate warming on the productivity and composition of forests is currently unclear. The 

study of climate adaptation mechanisms in trees is facilitated by their longevity, as they 

would during their lifespan experience climate fluctuations which would have shaped 

species individual and population adaptation strategies (Matyas 1996). Range 

boundaries often follow temperature gradients, polar boundaries generally defined by 

freezing tolerance, and equatorial (warm) boundaries determined by a direct thermal 

limit for survival, or indirectly, via increased evapotranspiration, and thus drier soils 

(Woodward 1987; Sykes and Prentice 1996; Loehle 1998). Climatic warming could 

cause extensive range shifts and changes in forest composition because of species 

differences in temperature sensitivity (Berry and Bjorkman 1980; Solomon 1986; 

Woodward 1987; Thomas et al. 2004; Jump et al. 2006; Gunderson et al. 2010), and 

differential levels of species growth and turnover (Littell et al. 2008; Lo et al. 2010). The 



6 

 

effect of climate change will vary regionally, with certain regions being under 

significantly greater pressure than others (Sidor et al. 2015). Climate change effects on 

tree growth, therefore, will likely depend on the specific changes in regional climatic 

conditions, and their ability to thrive under new conditions (Candel-Perez et al. 2012). 

Climate change is expected to increase overall forest productivity in northern Europe 

due to longer and warmer growing seasons. However, in many parts of Europe, 

increased temperature, as well as frequency and severity of drought are expected to have 

negative effects on forest production. Such changes in climatic conditions are projected 

to lead to range shifts and reduced growth in Norway spruce [Picea abies (L.) Karst.], a 

species with high economic and ecological importance, with attendant losses of benefits 

derivable from the species (Loehle, 1998; Kellomaki et al. 2008; Reich and Oleksyn 

2008; Jansons et al. 2013; Zang et al. 2014; Suvanto et al. 2016). The present challenge 

is to ensure that naturally established or planted forest species will be able to adapt to the 

changing climate (Vitasse et al. 2009a).  

 

1.3 Use of provenance research in the study of tree response to climate 

To achieve better predictions of how forest ecosystems will respond to future 

climate change a precise understanding of species-specific responses with respect to 

changes in ecological site conditions is required (Brubaker 1980; Graumlich 1993; Cook 

et al. 2001; Friedrichs et al. 2009; Liang et al. 2010; Subedi and Sharma 2013; Sidor et 

al. 2015). In the assessment of climate change impacts on tree species, they are often 

treated as homogeneous groups, that respond similarly to environmental factors 

(Suvanto et al. 2016). Several models have projected major changes in species 
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composition and biomass accumulation of forests when the apparent limits for growth 

and regeneration of species assemblages are exceeded by climatic changes (Solomon 

1986; Martin 1992; Shugart et al. 1992). These models incorporate temperature response 

as a parabolic function that predicts maximum growth at temperatures (in growing 

degree-days) found near the midpoint of the north-south distribution of the range and 

zero growth at the northern and southern limits (Solomon 1986; Shugart et al. 1992; 

Loehle and LeBlanc 1996; Gunderson et al. 2000). The models assume, for all 

populations across the range, a single constant temperature optimum. However, as 

growth-limiting factors vary spatially (Makinen et al. 2002; Henttonen et al. 2014), tree 

populations accordingly develop adaptations to local conditions, resulting in differing 

responses to climate within a species (Gunderson et al. 2000; Suvanto et al. 2016).  

 

1.3.1 Tree species variation 

Species of temperate and boreal conifers with broad ecological amplitude and 

continuous distribution ranges are composed of numerous populations (Rehfeldt 2004). 

Isozyme and molecular surveys reveal continuous variation among these species in the 

occurrence of small changes in allele frequencies across the environmental gradients 

over which they are distributed (Ledig 1998; Rweyongeza et al. 2007a).  

Furthermore, tree species are composed of populations that vary in their responses 

to climatic conditions of the different habitats they occupy (Rehfeldt et al. 2001; 

Thomson et al. 2009). Morphological and physiological characteristics in forest trees are 

controlled by genes constituting the genotype, which can be passed on from generation 

to generation to perpetuate them. The expression of these characteristics, constituting the 
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phenotype, are influenced by environmental conditions and are influential in 

determining the level of gene expression of their morphological and physiological traits. 

The phenotype is, therefore, the result of the combined effects of both genetic and 

environmental factors (Kozlowski et al. 1991; Barnes et al. 1998).  

Natural selection plays an important role in the level of variability in the genetic 

structure of a given species, as it determines which genes are favoured. This occurs 

through a change in gene frequency to increase average fitness, and a modification of the 

expressed phenotype in response to environmental changes (Chapin et al. 1987; Perry 

1994; Matyas 1996; Palmroth et al. 1999; Pigliucci et al. 2006; Vitasse et al. 2009a; 

Rodriguez-Garcia and Bravo 2013). Environmental changes influence tree growth and 

survival through their influence on rates and balances of physiological processes, such as 

photosynthesis, respiration, transpiration, hormone synthesis, etc. (Kozlowski et al. 

1991). The level of variability in the genetic structure of tree species is also dependent 

on the extent of the natural range of a species (Barnes et al. 1998). 

Across a species’ range with differing climatic conditions, tree populations 

undergo selection that results in variation in phenology of leaf unfolding and senescence 

to avoid spring and fall frost damage, considerably affecting tree fitness and annual 

growth (Lechowicz 1984; Leinonen and Hanninen 2002; Norby et al. 2003; Vitasse et al. 

2009a). The timing of bud break and resumption of shoot elongation for eastern white 

pine [Pinus strobus (L.) Small] and red pine (P. resinosa Ait.) populations varies at 

different latitudes, reflecting a gradient in spring temperatures, such as has been seen in 

these species in North Carolina and New Hampshire, southeastern and northeastern 

United States of America. Specifically, shoot elongation of the former began in late 
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March, whereas it began in the latter in early May (Kozlowski et al. 1991). Scots pine 

(Pinus sylvestris L.) populations differ in the timing of bud set and frost hardening, with 

northern populations setting buds and initiating frost hardening earlier than southern 

ones (Hurme et al. 1997; Repo et al. 2000), because of the latitudinal cline in timing of 

temperature and light availability declines in fall. In a study of populations, Sycamore 

maple (Acer pseudoplatanus L.), common ash (Fraxinus excelsior L.), European beech 

(Fagus sylvatica L.), and sessile oak [Quercus petraea (Mattuschaka.) Leibel.] along an 

elevation gradient in the Pyrenees region of southwestern France, Vitasse et al. (2009b) 

found that the interval between spring flushing and autumn senescence, encompassing 

the growing season, lengthened with temperature relative to the location of populations 

for all species. Spring flushing had a greater effect on the growing-season length than 

autumn senescence. 

 

1.3.2 Provenance research 

Strategies of climate change adaptation can be developed by using information on 

population differences to identify provenances better suited to new climatic conditions, 

and thus facilitate the maintenance or increase of forest growth and wood production 

(Schueler et al. 2013; Williams and Dumroese 2013; Gunderson et al. 2000; Suvanto et 

al. 2016). Such studies give an understanding of the inherent adaptive capacities that 

permit tree species to cope with new environmental conditions (Andalo et al. 2005; 

Vitasse et al. 2009a; Thiel et al. 2012; Eilmman et al. 2013), as well as guide 

formulation of forest management strategies to achieve sustainable use (Worbes, 1999) 

and adaptation to climate change (Liang et al. 2010; Littell et al. 2011; Subedi and 
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Sharma 2013; Sidor et al. 2015). Provenance studies were originally developed for the 

identification of stands, populations, or areas with the best commercially desirable traits 

at test locations. Over time, they have in addition, come to be used in quantifying 

genetic phenomena as well as in the analysis of plant intraspecific diversity, growth, and 

physiology (Matyas 1996). 

Provenance research is the analysis of plantations of tree populations growing in a 

common environment described as a common garden, originating from ecologically 

distinct locations with different climatic optima. Provenance indicates the source, an 

identified stand or region representing a defined area from which seeds of a population 

sample were collected (Matyas 1996; Eilmann et al. 2014). 

The International Union of Forest Research Institutions (IUFRO) founded in 1892 

has played a key role in promoting the interest in provenance trials with the 

establishment of international provenance experiments which have become extensive in 

scope over time. An example is the international Norway spruce provenance test set up 

in 1962, which includes 1100 provenances sourced from Siberia to Iberia, spanning 20 

parallel experiments in 14 countries (Giertych, 1979; Matyas 1994; Schmidtling 1994; 

Matyas 1996). Similar long-term provenance trials have been established at several 

locations in Canada and USA (Carter 1996). These include range-wide jack pine (Pinus 

banksiana Lamb.), black spruce [Picea mariana (Mill.) B.S.P.] and lodgepole pine (P. 

contorta Doug.) provenance trials, and those involving range subsets of white spruce [P. 

glauca (Moench) Voss], established in the 1960s and 1970s (Matyas and Yeatman 1992; 

Andalo et al. 2005; Rweyongeza et al. 2007b; Savva et al. 2008; Thomson and Parker 

2008; Thomson et al. 2009; Nigh 2014). 
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Provenance experiments were not originally designed to study climate change 

effects on trees, this, however, occurred fortuitously. Matyas (1994) recognized the 

potential of provenance trials, which involved taking seed adapted to one climate and 

planting it in another climate, as a means of studying the effects of climate change on 

tree growth and proposed a modelling framework for doing so (Nigh 2014). With the 

transfer of the seed sources, an associated climate shift occurs, which mimics scenarios 

of future climate change (Andalo et al. 2005). The transfer of northern provenances to 

southward locations simulates climate warming and vice versa (Matyas 1999; Savva et 

al. 2007a, 2008). A major factor in the performance of trees planted in a provenance trial 

is the change in climatic conditions under which they grow, and their source-stands 

(Schmidtling 1994). 

The work of Campbell (1974) which set the precedent for current provenances 

trials developed functions based on seed transfer over geographic distances, with the 

underlying assumption that geographic gradients were surrogates for climate variables 

that govern microevolution and, thereby, control adaptation, which were at the time 

deemed difficult to observe (Rehfeldt et al. 1999). Genetic variation among populations 

distributed across a wide range can be expressed in geographic terms, such as a 

latitudinal or longitudinal cline. However, models based on such geographic variables 

are inadequate for studying tree response to a changing climate (Rehfeldt et al. 1999), as 

they may not reflect the ecological complexities associated with regional or local 

variable conditions or niches (Oleksyn et al. 1998b; Wei et al. 2004). Also, geographic 

variables are not functional factors related to variation in genotypic traits per se, but 

trees respond to climatic factors that vary with latitudinal or longitudinal clines (Reich et 
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al. 1996). As weather varies from year to year, mean values over a long-term period 

better represent a location’s stable climate. As a result, the use of long-term weather 

station data was suggested for the study of population response to changing climatic 

conditions (Rehfeldt 1995; Rehfeldt et al. 1999; Wei et al. 2004).  

Provenance-trial data is used to determine how trees from diverse populations of a 

species respond to climatic variation (Savva 2008). Measured morphological or 

physiological traits of trees in provenance trials enable researchers to determine if there 

are significant genetic differences among the populations, and the amount of genetic 

differentiation among provenances under similar climatic conditions. In studying tree 

adaptation to climatic variation with provenance trials, researchers use regression 

analysis to relate the performance of tree populations growing at the test site to the 

climate at the provenance source [e.g., Thomson and Parker (2008), for jack pine; 

Eilmann et al. 2013, Douglas fir (Pseudotsuga menziesii (Mirb.) Franco); Marchin et al. 

2008, white ash (Fraxinus Americana L.); Reich et al. 1996, Scots pine; Oleksyn et al. 

1998a, Norway spruce; Oleksyn et al. 2003, Scots pine; Wei et al. 2004, black spruce; 

Rweyongeza 2007b, white spruce; and Tjoelker 2009 jack pine] or the transfer distance 

between the test site and provenance source [e.g., Nigh 2014, for lodgepole pine; Matyas 

1994, jack pine; Tjoelker 2008, jack pine; Rehfeldt et al. 1999, three Larix species 

[Larix sukaczewii Dyl., L. sibirica Ledeb., and L. gmelinii (Rupr.) Rupr.]; Savva 2007, 

jack pine; and Andalo 2005, white spruce]. This enables model development that 

describe species response to climatic variation (Matyas 1994; 1996; Rehfeldt et al. 2003; 

St. Clair and Howe 2007; Thomson et al. 2009). 
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Several studies have used provenance-trial data to make projections on the effect 

of climate change on tree growth. Parker et al. (2006) analysed height, diameter, and 

survival data of jack pine provenances in Canada and concluded that northern, central, 

and southern seed sources would display different response to climate change, based on 

differences in their climate optima, with northern seed sources likely to benefit from 

climate warming. Matyas and Yeatman (1992) analysed height growth of jack pine in 

Ontario Canada and demonstrated that the trait was shaped by thermo- and photo-

periodic effects (Savva et al. 2008). Savva et al. 2007 studied radial growth of Ontario 

jack pine provenances and identified key climatic variables that influenced variation in 

this trait. Provenance trials have been used to identify productive and drought-resistant 

populations of Douglas fir in central Europe, for planting in areas with a moderate 

climate in central Europe, with similar trials conducted for common ash, loblolly pine 

(P. taeda L.), and Norway spruce (Schmidtling 1994; Broadmeadow et al. 2005; 

Eilmann 2014). Studies of Norway spruce provenances have analysed the effects of seed 

transfers on tree height and volume increment in the species (Beuker 1994; Schmidtling 

1994; Gömöry et al. 2012; Kapeller et al. 2012; Jansen et al. 2012; Eilmann et al. 2013; 

Eilmann 2014; Suvanto et al. 2016). Studies by Schuler (1994) and Marchin (2008) on 

growth, survival, leaf morphology, gas-exchange, and stable carbon isotope ratios of 

white ash provenances in USA have shown differences in these traits that are indicative 

of provenance source climate. 

Provenance studies enable the identification of climatic variables that exert strong 

selective pressures on natural populations. Also identified are traits that respond to these 
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selective pressures (St. Clair and Howe 2007). These represent a powerful tool for 

testing hypotheses of tree adaptation to climatic variation (Matyas 1996). 

 

1.4 Study species 

Balsam fir [Abies balsamea (L.) Mill.] is a shade‐tolerant tree ranging from 

northwestern Alberta to Newfoundland in Canada, and southward through Minnesota 

and Maine to northern Virginia, USA (Frank 1990). Across this range, mean temperature 

and precipitation varied from -1°–15°C and 300–1600 mm during 1981–2010 

(Environment and Climate Change Canada 2018; National Oceanic and Atmospheric 

Administration, USA, 2018). Balsam fir is an ecologically and economically important 

species. It is found in pure stands or in an admixture with black and white spruce. It is 

used for pulp production, light frame construction, and paneling, as well as in the 

manufacture of medicines, and aesthetics. Balsam fir is preferred for Christmas tree 

cultivation in eastern North America (Frank 1990).  

 

1.5 Dissertation objectives 

Several studies have modelled the response of conifers to climatic change using 

provenance trials based on jack pine (Rweyongeza et al. 2007a; Savva et al. 2008; 

Tjoelker et al. 2008), white spruce (Andalo et al. 2005), black spruce (Wei et al. 2004; 

Thomson et al. 2009), and Scots pine (Reich et al. 1996; Persson 1998; Rehfeldt et al. 

2002), but studies involving balsam fir are quite uncommon (Carter 1996). The 

objectives of the current study are to characterise (i) the morphological (i.e., diameter at 

breast height, height, crown width, and specific leaf area), (ii) survival, and (ii) 
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physiological (photosynthesis, stomatal conductance, and intrinsic water-use efficiency) 

responses of balsam fir to climatic variation.  

 

1.6 Dissertation outline 

The effect of climatic variation on diameter at breast height (DBH), height (H), 

crown width (CW), and survival (S) (Chapter 2); specific leaf area (SLA) (Chapter 3) of 

balsam fir provenances planted in a common garden in northern New Brunswick is 

assessed. The effect of detachment on the rate of photosynthesis at the current level of 

atmospheric CO2 (i.e., 400 µmol mol-1, A400), maximum rates of Ribulose-1,5-

bisphosphate (RuBP) carboxylation (Vcmax) and regeneration (Jmax), the ratio of Jmax to 

Vcmax (Jmax:Vcmax), and stomatal conductance (gs) of foliage of balsam fir branches is 

assessed in Chapter 4. Also assessed is the effect of climatic variation on A400, Vcmax, 

Jmax, Jmax:Vcmax, and gs (Chapter 5), and intrinsic water-use efficiency (iWUE), and DBH 

increment (Chapter 6) in balsam fir provenances. Chapter 7 states the contributions of 

the findings of the studies in tree response to climatic variation and outlines the 

conclusions and recommendations of the various studies of this dissertation. 

  



16 

 

References 

Andalo, C., Beaulieu, J., and Bousquet, J. (2005). The impact of climate change on 

growth of local white spruce populations in Quebec, Canada. Forest Ecology and 

Management, 205(1–3), 169–182. 

Barnes, B.V., Zak, D.R., Denton, S.R., and Spurr, S.H. (1998). Forest Ecology (4th Ed.). 

John Wiley and Sons Inc., New York, USA.   

Becker, M. (1989). The role of climate on present and past vitality of silver fir forests in 

the Vosges mountains of northeastern France. Canadian Journal of Forest 

Research, 19(9), 1110–1117. 

Berry J., and Bjorkman, O. (1980). Photosynthetic response and adaptation to 

temperature in higher plants. Annual Review of Plant Physiology, 31(1), 491–

543. 

Beuker, E. (1994). Long-term effects of temperature on wood production of Pinus 

sylvestris L. and Picea abies (L.) Karst. in old provenance experiments. 

Scandinavian Journal of Forest Research, 9(1–4), 34–45. 

Broadmeadow, M.S.J., Ray D, and Samuel, C.J.A. (2005). Climate change and the 

future for broadleaved tree species in Britain. Forestry, 78(2), 145–161. 

Brubaker, L.B. (1980). Spatial patterns of tree growth anomalies in the Pacific 

Northwest. Ecology, 61(4), 798–807.  

  



17 

 

Bush, E.J., Loder, J.W., James, T.S., Mortsch, L.D., and Cohen, S.J. (2014). An 

Overview of Canada’s Changing Climate; In F.J. Warren and D.S. Lemmen 

(Eds.) Canada in a Changing Climate: Sector Perspectives on Impacts and 

Adaptation. Government of Canada, Ottawa, ON, pp. 23–64. 

Campbell, R.K. (1974). A provenance-transfer model for boreal regions. Rep. 

Norweigian Forest and Landscape Institute, No. 31, 544–546. 

Candel-Perez, D., Linares, J.C., Vinegla, B., and Lucas-Borja, M.E. (2012). Assessing 

climate–growth relationships under contrasting stands of co-occurring Iberian 

pines along an altitudinal gradient. Forest Ecology and Management, 274, 48–

57. 

Carter, K. K. (1996). Provenance tests as indicators of growth response to climate 

change in 10 north temperate tree species. Canadian Journal of Forest Research, 

26(6), 1089–1095.  

Chapin, F. S., Matson, P.A., and Vitousek, P.M. (2011). Principles of Terrestrial 

Ecosystem Ecology (4th Ed.). Springer Science and Business Media, New York. 

Chapin, F.S., Bloom, A.J., Field, C.B., and Waring, R.H. (1987). Plant responses to 

multiple Environmental factors. Bioscience, 37(1), 49–57. 

Chuine, I., and Beaubien, E.G. (2001). Phenology is a major determinant of tree species 

range. Ecology Letters, 4(5), 500–510. 

Cook, E.R., Glitzenstein, J.S., Krusic, P.J., and Harcombe, P.A. (2001). Identifying 

functional groups of trees in west Gulf Coast forests (USA): a tree-ring approach. 

Ecolological Applications, 11(3), 883–903.  



18 

 

Davidson, E.A., Trumbore SE, and Amundson, R. (2000). Soil warming and organic 

carbon content. Nature, 408(6814), 789–790. 

Eilmann, B., de Vries, S.M., den Ouden, J., Mohren, G.M., Sauren, P., and Sass-

Klaassen, U. (2013). Origin matters! Difference in drought tolerance and 

productivity of coastal Douglas-fir [Pseudotsuga menziesii (Mirb.)] provenances. 

Forest Ecology and Management, 302, 133–143. 

Eilmann, B., Sterck, F., Wegner, L., de Vries, S.M., Von Arx, G., Mohren, G.M., den 

Ouden, J., and Sass-Klaassen, U. (2014). Wood structural differences between 

northern and southern beech provenances growing at a moderate site. Tree 

Physiology, 34(8), 882–893. 

Elmore, A.J., Guinn, S.M., Minsley, B.J., and Richardson, A.D. (2012). Landscape 

controls on the timing of spring, autumn, and growing season length in 

mid‐Atlantic forests. Global Change Biology, 18(2), 656–674. 

Environment and Climate Change Canada. (2018). http://climate.weather.gc.ca/. 

European Environment Agency. (2004). Impacts of Europe’s Changing Climate-An 

Indicator Based Assessment. European Environment Agency Report No. 2/2004. 

107 pp. 

Field, C.B., Lobell, D.B., Peters, H.A., and Chiariello, N.R. (2007). Feedbacks of 

terrestrial ecosystems to climate change. Annual Review of Environment and 

Resources, 32, 1–29. 

  



19 

 

Frank, R.M. (1990). Abies balsamea. Silvics of North America: 1. Conifers; 2. 

Hardwoods. Agriculture Handbook 654 Vol.1. (Tech. Cords. R. M. Burns and 

B.H. Honkala). United States Department of Agriculture, Forest Service, 

Washington, DC. 877p. 

Friedrichs, D.A., Buntgen, U., Frank, D.C., Esper, J., Neuwirth, B., and Loffler, J. 

(2009). Complex climate controls on 20th century oak growth in central-west 

Germany. Tree Physiology, 29(1), 39–51. 

Giertych, M. (1979). Summary of results of Scots pine height growth in IUFRO 

provenance experiments. Silvae Genetica, 28(4), 136–152. 

Gomory, D., Longauerm, R., Hlasny, T., Pacalaj, M., Strmen, S., and Krajmerova, D. 

(2012). Adaptation to common optimum in different populations of Norway 

spruce (Pice abies Karst.). European Journal of Forest Research, 131(2), 401–

411. 

Graumlich, L.J. (1993). Response of tree growth to climatic variation in the mixed 

conifer and deciduous forests of the Upper Great Lakes region. Canadian 

Journal of Forest Research, 23(2), 133–143.  

Gunderson, C.A., Norby, R.J., and Wullschleger, S.D. (2000). Acclimation of 

photosynthesis and respiration to simulated climatic warming in northern and 

southern populations of Acer saccharum: laboratory and field evidence. Tree 

Physiology, 20(2), 87–96. 

  



20 

 

Gunderson, C.A., O'hara, K.H., Campion, C.M., Walker, A.V., and Edwards, N.T. 

(2010). Thermal plasticity of photosynthesis: the role of acclimation in forest 

responses to a warming climate. Global Change Biology, 16(8), 2272–2286. 

Held, I.M., and Soden, B.J. (2006). Robust responses of the hydrological cycle to global 

warming. Journal of Climate, 19(21), 5686–5699. 

Henttonen, H.M., Makinen, H., Heiskanen, J., Peltoniemi, M., Lauren, A., and Hordo, 

M. (2014). Response of radial increment variation of Scots pine to temperature, 

precipitation and soil water content along a latitudinal gradient across Finland 

and Estonia. Agricultural and Forest Meteorology, 198, 294–308. 

Hofgaard, A., Tardif, J., and Bergeron, Y. (1999). Dendroclimatic response of Picea 

mariana and Pinus banksiana along a latitudinal gradient in the eastern Canadian 

boreal forest. Canadian Journal of Forest Research, 29(9), 1333–1346. 

Huang, J., Tardif, J.C., Bergeron, Y., Denneler, B., Berninger, F., and Girardin, M.P. 

(2010). Radial growth response of four dominant boreal tree species to climate 

along a latitudinal gradient in the eastern Canadian boreal forest. Global Change 

Biology, 16(2), 711–731. 

Huang, J.G., Bergeron, Y., Denneler, B., Berninger, F., and Tardif, J. (2007). Response 

of forest trees to increased atmospheric CO2. Critical Reviews in Plant Sciences, 

26(5–6), 265–283. 

Hurme, P., Repo, T., Savolainen, O., and Paakkonen, T. (1997). Climatic adaptation of 

bud set and frost hardiness in Scots pine (Pinus sylvestris). Canadian Journal of 

Forest Research, 27(5), 716–723. 



21 

 

Hurrell, J.W. (1995). Decadal trends in the North Atlantic Oscillation: regional 

temperatures and precipitation. Science, 269(5224), 676–679. 

Innes, J.L. 1994. Climatic sensitivity of temperate forests. Environmental Pollution, 

83(1–2), 237–243. 

Intergovernmental Panel on Climate Change. (1995). The Science of Climate Change. 

Cambridge University Press, Cambridge, 572 p. 

Intergovernmental Panel on Climate Change. (2007). Climate Change 2007: The 

Physical Science Basis. Contribution of Working Group I to the Fourth 

Assessment Report of the Intergovernmental Panel on Climate Change; S. 

Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor, 

and H.L. Miller (Eds.). Cambridge University Press, Cambridge, United 

Kingdom and New York, USA, 996 p. 

Intergovernmental Panel on Climate Change. (2012). Managing the Risks of Extreme 

Events and Disasters to Advance Climate Change Adaptation. A Special Report 

of Working Groups I and II of the Intergovernmental Panel on Climate Change 

(Eds. C.B. Field, V. Barros, T.F. Stocker, D. Qin, D.J. Dokken, K.L. Ebi, M.D. 

Mastrandrea, K.J. Mach, G.-K. Plattner, S.K. Allen, M. Tignor, and P.M. 

Midgley) Cambridge University Press, Cambridge, United Kingdom and New 

York, NY, USA, 582 p. 

Intergovernmental Panel on Climate Change. (2014). Climate Change 2014: Synthesis 

Report. Contribution of Working Groups I, II and III to the Fifth Assessment 

Report of theIntergovernmental Panel on Climate Change; Core Writing Team, 

R.K. Pachauri and L.A. Meyer (Eds.). IPCC, Geneva, 151p. 



22 

 

Jansen, K., Sohrt, J., Kohnle, U., Ensminger, I., and Gessler, A. (2012). Tree ring 

isotopic composition, radial increment and height growth reveal provenance-

specific reactions of Douglas-fir towards environmental parameters. Trees, 27(1), 

37–52. 

Jansons, A., Matisons, R., Baumanis, I., and Puriņa, L. (2013). Effect of climatic factors 

on height increment of Scots pine in experimental plantation in Kalsnava, Latvia. 

Forest Ecology and Management, 306, 185–191. 

Jump, A.S., Hunt J.M., and Penuelas, J. (2006). Rapid climate change-related growth 

decline at the southern range edge of Fagus sylvatica. Global Change Biology, 

12(11), 2163–2174. 

Kapeller, S., Lexer, M., Geburek, T., Hiebl, J., and Schueler, S. (2012). Intraspesific 

variation in climate response of Norway spruce in the eastern Alpine range: 

selecting appropriate provenances for future climate. Forest Ecology and 

Management, 271, 46–57. 

Karnosky, D, Ceulemans, R., Scarascia-Mugnozza, G.E., and Innes, J.L. (2001). The 

impact of carbon dioxide and other greenhouse gases on forest ecosystems: An 

Introduction; In D. Karnosky, R. Ceulemans, G.E. Scarascia-Mugnozza, and J.L. 

Innes (Eds.). The impact of carbon dioxide and other greenhouse gases on forest 

ecosystems: report no. 3 of the IUFRO Task Force on Environmental Change 

(Vol. 8). CABI. 

Keeling, C.D., Chin, J.F.S., and Whorf, T.P. (1996). Increased activity of northern 

vegetation inferred from atmospheric CO2 measurements. Nature, 382(6587), 

146–149. 



23 

 

Kellomaki, S., Peltola, H., Nuutinen, T., Korhonen, K.T., and Strandman, H. (2008). 

Sensitivity of managed boreal forests in Finland to climate change, with 

implications for adaptive management. Philosophical Transactions of the Royal 

Society B: Biological Sciences, 363(1501), 2341–2351. 

Korner, C. (2006). Plant CO2 responses: an issue of definition, time and resource supply. 

New Phytologist, 172(3), 393–411. 

Kozlowski, T.T, Kramer, P.J., and Pallardy, S.G. (1991). The Physiological Ecology of 

Woody Plants. Academic Press Inc., London, UK. 

Lechowicz, M. (1984). Why do temperate deciduous trees leaf out at different times? 

Adaptation and ecology of forest communities. American Nauralist, 124(6), 821–

842. 

Ledig, F.T. (1998). Genetic variation in Pinus. In Ecology and biogeography of Pinus. 

Edited by D.M. Richardson. Cambridge University Press, Cambridge, UK. pp. 

251–280. 

Leinonen, I., and Hanninen, H. (2002). Adaptation of the timing of bud burst of Norway 

spruce to temperate and boreal climates. Silva Fennica, 36(3), 695–701. 

Liang, E., Shao, X., Eckstein, D., and Liu, X. (2010). Spatial variability of tree growth 

along a latitudinal transect in the Qilian Mountains, northeastern Tibetan Plateau. 

Canadian Journal of Forest Research, 40(2), 200–211. 

Linderholm, H.W. (2006). Growing season changes in the last century. Agricultural and 

Forest Meteorology, 137(1–2), 1–14. 



24 

 

Littell, J.S., McKenzie, D., Kerns, B.K., Cushman, S., and Shaw, C.G. (2011). 

Managing uncertainty in climate-driven ecological models to inform adaptation 

to climate change. Ecosphere, 2(9), 1–19. 

Littell, J.S., Peterson, D.L., and Tjoelker, M. (2008). Douglas-fir growth in mountain 

ecosystems: water limits tree growth from stand to region. Ecological 

Monographs, 78(3), 349–368. 

Lo, Y.H., Blanco, J.A., Seely, B., Welham, C., and Kimmins, J.H. (2010). Relationships 

between climate and tree radial growth in interior British Columbia, Canada. 

Forest Ecology and Management, 259(5), 932–942. 

Loehle, C. (1998). Height growth rate tradeoffs determine northern and southern range 

limits for trees. Journal of Biogeography, 25(4), 735–742. 

Loehle, C., and LeBlanc, D. (1996). Model-based assessments of climate change effects 

on forests: a critical review. Ecological Modelling, 90(1), 1–31. 

Makinen, H., Nojd, P., and Mielikainen, K. (2000). Climatic signal in annual growth 

variation of Norway spruce (Picea abies) along a transect from central Finland to 

the Arctic timberline. Canadian Journal of Forest Research, 30(5), 769–777. 

Makinen, H., Nojd, P., Kahle, H.P., Neumann, U., Tveite, B., Mielikainen, K., Rohle, 

H., and Spiecker, H. (2002). Radial growth variation of Norway spruce [Picea 

abies (L.) Karst.] across latitudinal and altitudinal gradients in central and 

northern Europe. Forest Ecology and Management, 171(3), 243–259. 

Marchin, R.M., Sage, E.L., and Ward, J.K. (2008). Population-level variation of 

Fraxinus americana (white ash) is influenced by precipitation differences across 

the native range. Tree Physiology, 28(1), 151–159. 



25 

 

Martin, P. (1992). EXE: a climatically sensitive model to study climate change and CO2 

enhancement effects on forests. Australian Journal of Botany, 40(5), 717–735. 

Matyas, C. (1994). Modeling climate change effects with provenance test data. Tree 

Physiology, 14(7–8–9), 797–804. 

Matyas, C. (1996). Climatic adaptation of trees: rediscovering provenance tests. 

Euphytica, 92(1–2), 45–54. 

Matyas, C. (1999). Forest Genetics and Sustainability. Kluwer Academic Publishers, 

Dordrecht, Boston. 

Matyas, C. S., and Yeatman, C.W. (1992). Effect of geographical transfer on growth and 

survival of jack pine (Pinus banksiana Lamb.) populations. Silvae Genetica, 

41(6), 370–376. 

Menzel, A. (2002). Phenology: its importance to the global change community. Climatic 

Change, 54(4), 379–385. 

Menzel, A., and Fabian, P. (1999). Growing season extended in Europe. Nature, 

397(6721), 659. 

Myneni, R.C., Keeling, C.D., Tucker, C.J., Asrar, G., and Nemani, R.R. (1997). 

Increased plant growth in the northern high latitudes from 1981 to 1991. Nature, 

386(6626), 698–702. 

National Oceanic and Atmospheric Administration, United States of America. (2018). 

Comparative Climatic Data. https://www.ncdc.noaa.gov/ghcn/comparative-

climatic-data. 



26 

 

Nigh, G. (2014). Mitigating the effects of climate change on lodgepole pine site height 

in British Columbia, Canada, with a transfer function. Forestry: An International 

Journal of Forest Research, 87(3), 377–387. 

Norby, R.J., Hartz-Rubin, J.S., and Verbrugge, M.J. (2003). Phenological responses in 

maple to experimental atmospheric warming and CO2 enrichment. Global 

Change Biology, 9(12), 1792–1801. 

Oleksyn, J., Modrzýnski, J., Tjoelker, M.G., Reich, P.B., and Karolewski, P. (1998a). 

Growth and physiology of Picea abies populations from elevational transects: 

common garden evidence for altitudinal ecotypes and cold adaptation. 

Functional Ecology, 12(4), 573–590. 

Oleksyn, J., Tjoelker, M.G., and Reich, P.B. (1998b). Adaptation to changing 

environment in Scots pine populations across a latitudinal gradient. Silva 

Fennica. 32(2), 129–140. 

Oleksyn, J., Reich, P.B., Zytkowiak, R., Karolewski, P., and Tjoelker, M.G. (2003). 

Nutrient conservation increases with latitude of origin in European. Pinus 

sylvestris populations. Oecologia, 136(2), 220-235. 

Osterkamp, T.E., and Romanovsky, V.E. (1999). Evidence for warming and thawing of 

discontinuous permafrost in Alaska. Permafrost and Periglacial Processes, 

10(1), 17–37. 

Palmroth, S., Berninger, F., and Nikinmaa, E. Lloyd, J., Pulkkinen, P., and Hari, P. 

(1999). Structural adaptation rather than water conservation was observed in 

Scots pine over a range of wet to dry climates. Oecologia, 121(3), 302–309. 



27 

 

Parker, W.C., Colombo, S.J., Cherry, M.L., Greifenhagen, S., Papadopol, C., Flannigan, 

M.D., McAlpine, R.S., and Scarr, T. (2000). Third millennium forestry: what 

climate change might mean to forests and forest management in Ontario. The 

Forestry Chronicle, 76(3), 445–463. 

Parker, W.H., Thomson, A.M., and Lesser, M.R. (2006). Identification of jack pine seed 

sources to compensate for loss growth resulting from climate change. Final 

Report—Living Legacy Research Program. Project No. LULL RP-06. 

Perry, D.A. (1994). Forest Ecosystems. Johns Hopkins University Press. Maryland, 

USA.  

Persson, B. (1994). Effects of provenance transfer on survival in nine experimental 

series with Pinus sylvestris (L). in northern Sweden. Scandinavian Journal of 

Forest Research, 9(1–4), 275–287.  

Pigliucci, M., Murren, C.J. and Schlichting, C.D. (2006). Phenotypic plasticity and 

evolution by genetic assimilation. Journal of Experimental Biology, 209(12), 

2362–2367. 

Rehfeldt, G.E. (1995). Genetic variation, climate models and the ecological genetics of 

Larix occidentalis. Forest Ecology Management, 78(1–3), 21–37. 

Rehfeldt, G.E. (2004). Interspecific and intraspecific variation in Picea engelmannii and 

its congeneric cohorts: biosystematics, genecology, and climate change. USDA 

For. Serv. Gen. Tech. Rep. RMRS-GTR-134.  

Rehfeldt, G.E., Tchebakova, N.M., and Barnhardt, L.K. (1999). Efficacy of climate 

transfer functions: Introduction of Eurasian populations of Larix into Alberta. 

Canadian Journal of Forest Research, 29(11), 1660-1668.  



28 

 

Rehfeldt, G.E., Wykoff, W.R., and Ying, C.C. (2001). Physiologic plasticity, evolution, 

and impacts of a changing climate on Pinus contorta. Climatic Change, 50(3), 

355–376. 

Rehfeldt, G. E., Tchebakova, N. M., Parfenova, Y. I., Wykoff, W. R., Kuzmina, N. A., 

and Milyutin, L. I. (2002). Intraspecific responses to climate change in Pinus 

sylvestris. Global Change Biology, 8(9), 912–929.  

Reich, P. B., Oleksyn, J., and Tjoelker, M. G. (1996). Needle respiration and nitrogen 

concentration in Scots pine populations from a broad latitudinal range: A 

common garden test with field-grown trees. Functional Ecology, 10(6), 768–776.  

Reich, P.B., and Oleksyn, J. (2008). Climate warming will reduce growth and survival 

of Scots pine except in the far north. Ecology letters, 11(6), 588–597. 

Repo, T., Zhang, G., Ryyppo, A., Rikala, R., and Vuorinen, M. (2000). The relation 

between growth cessation and frost hardening in Scots pines of different origins. 

Trees, 14(8), 456–464. 

Rodriguez-Garcia, E., and Bravo, F. (2013). Plasticity in Pinus pinaster populations of 

diverse origins: Comparative seedling responses to light and nitrogen 

availability. Forest Ecology and Management, 307, 196–205. 

Rweyongeza, D. M., Dhir, N. K., Barnhardt, L. K., Hansen, C., and Yang, R. (2007a). 

Population differentiation of the lodgepole pine (Pinus contorta) and jack pine 

(Pinus banksiana) complex in Alberta: Growth, survival, and responses to 

climate. Canadian Journal of Botany, 85(6), 545–556. 



29 

 

Rweyongeza, D. M., Yang, R.-C., Dhir, N. K., Barnhardt, L. K., and Hansen, C. 

(2007b). Genetic variation and climatic impacts on survival and growth of white 

spruce in Alberta, Canada. Silvae Genetica, 56(1–6), 117–127. 

Savva, Y., Denneler, B., Koubaa, A., Tremblay, F., and Tjoelker, M. G. (2007). Seed 

transfer and climate change effects on radial growth of jack pine populations in a 

common garden in Petawawa, Ontario, Canada. Forest Ecology and 

Management, 243(2–3), 636–647.  

Savva, Y., Bergeron, Y. Denneler, B., Koubaa, A., and Tremblay, F. (2008). Effect of 

interannual climate variations on radial growth of jack pine provenances in 

Petawawa, Ontario. Canadian Journal of Forest Research, 38(3), 619–630. 

Schmidtling, R.C. (1994). Use of provenance tests to predict response to climatic 

change: loblolly pine and Norway spruce. Tree Physiology, 14(7–8–9), 805–817. 

Schueler, S., Kapeller, S., and Konrad, H. (2013). Adaptive genetic diversity of trees 

forforest conservation in a future climate: a case study on Norway spruce in 

Austria. Biodiversity and Conservation, 22(5), 1151–1166. 

Schuler, T.M. (1994). Survival and growth of white ash families and provenances 15 

years after establishment in West Virginia. Res. Pap. NE-684. Radnor, PA: 

United States Department of Agriculture, Forest Service, Northeastern Forest 

Experiment Station. 7, p. 684. 

Shugart, H.H., Smith T.M., and Post, W.M. (1992). The potential for application of 

individual-based simulation models for assessing the effects of global change. 

Annual Review of Ecology and Systematics, 23(1), 15–38. 



30 

 

Sidor, C.G., Popa, I., Vlad, R. and Cherubini, P. (2015). Different tree-ring responses of 

Norway spruce to air temperature across an altitudinal gradient in the Eastern 

Carpathians (Romania). Trees, 29(4), 985–997. 

Solomon, A.M. (1986). Transient response of forests to CO2-induced climate change: 

simulation modeling of experiments in eastern North America. Oecologia, 68(4), 

567–579. 

Spiecker, H., Mielikainen, K., Kohl, M., and Skovsgaard, J.P. (1996). Growth trends in 

European Forests. Springer, Berlin. 

St Clair, J., and Howe, G.T. (2007). Genetic maladaptation of coastal Douglas‐fir 

seedlings to future climates. Global Change Biology, 13(7), 1441–1454. 

Stromgren, M. and Linder, S. (2002). Effects of nutrition and soil warming on stemwood 

production of a boreal Norway spruce stand. Global Change Biology, 8(12), 

1195–1204. 

Subedi, N., and Sharma, M. (2013). Climate‐diameter growth relationships of black 

spruce and jack pine trees in boreal Ontario, Canada. Global Change Biology, 

19(2), 505–516. 

Suvanto, S., Nojd, P., Henttonen, H.M., Beuker, E. and Makinen, H. (2016). 

Geographical patterns in the radial growth response of Norway spruce 

provenances to climatic variation. Agricultural and Forest Meteorology, 222, 

10–20. 

Sykes, M.T., and Prentice, I.C. (1996). Climate-change, tree species distributions and 

forest dynamics: a case study in the mixed-conifer northern hardwoods zone of 

northern Europe. Climatic Change, 34(2), 161–177. 



31 

 

Thiel, D., Nagy, L., Beierkuhnlein, C., Huber, G., Jentsch, A., Konnert, M., and 

Kreyling, J. (2012). Uniform drought and warming responses in Pinus nigra 

provenances despite specific overall performances. Forest Ecology and 

Management, 270, 200–208. 

Thomas, C.D., Cameron, A., Green, R.E., Bakkenes, M., Beaumont, L.J., Collingham, 

Y.C., Erasmus, B.F., De Siqueira, M.F., Grainger, A., Hannah, L., and Hughes, 

L. (2004). Extinction risk from climate change. Nature, 427(6970), 145–148. 

Thomson, A.M., and Parker, W.H. (2008). Boreal forest provenance tests used to predict 

optimal growth and response to climate change. 1. Jack pine. Canadian Journal 

of Forest Research, 38(1), 157–170. 

Thomson, A.M., Riddell, C.L., and Parker, W.H. (2009). Boreal forest provenance tests 

used to predict optimal growth and response to climate change: 2. Black spruce. 

Canadian Journal of Forest Research, 39(1), 143–153. 

Tjoelker, M. G., Oleksyn, J., Reich, P. B., and Zytkowiak, R. (2008). Coupling of 

respiration, nitrogen, and sugars underlies convergent temperature acclimation in 

Pinus banksiana across wide-ranging sites and populations. Global Change 

Biology, 14(4), 782–797.  

Tjoelker, M.G., Oleksyn, J., Lorenc‐Plucinska, G., and Reich, P.B. (2009). Acclimation 

of respiratory temperature responses in northern and southern populations of 

Pinus banksiana. New Phytologist, 181(1), 218–229. 

Trenberth, K.E. (2011). Changes in precipitation with climate change. Climate 

Research, 47(1–2), 123–138. 



32 

 

Vila, B., Vennetier, M., Ripert, C., Chandioux, O., Liang, E., Guibal, F., and Torre, F. 

(2008). Has global change induced divergent trends in radial growth of Pinus 

sylvestris and Pinus halepensis at their bioclimatic limit? The example of the 

Sainte-Baume forest (southeast France). Annals of Forest Science, 65(7), 709. 

Vitasse, Y., Delzon, S., Bresson, C.C., Michalet, R., and Kremer, A. (2009a). Altitudinal 

differentiation in growth and phenology among populations of temperate-zone 

tree species growing in a common garden. Canadian Journal of Forest Research, 

39(7), 1259–1269. 

Vitasse, Y., Porte, A.J., Kremer, A., Michalet, R., and Delzon, S. (2009b). Responses of 

canopy duration to temperature changes in four temperate tree species: relative 

contributions of spring and autumn leaf phenology. Oecologia, 161(1), 187–198. 

Wei, R, Han, S., Dhir, N.K., and Yeh, F.C. (2004). Population variation in growth and 

15-year-old shoot elongation along geographic and climatic gradients in black 

spruce in Alberta. Canadian Journal of Forest Research, 34(8), 1691–1702. 

Weltzin, J.F., Bridgham, S.D., Pastor, J, Chen, J, and Harth, C. (2003). Potential effects 

of warming and drying on peatland plant community composition. Global 

Change Biology, 9(2), 141–151. 

Williams, M.I., and Dumroese, R.K. (2013). Preparing for climate change: forestry and 

assisted migration. Journal of Forestry, 111(4), 287–297. 

Wilmking, M., and Juday, G.P. (2005) Longitudinal variation of radial growth at 

Alaska’s northern tree line–recent changes and possible scenarios for the 21st 

century. Global and Planetary Change, 47(2–4), 282–300. 



33 

 

Wilmking, M., Juday, G.P., Barber, V.A., and Zald, H.S.J. (2004). Recent climate 

warming forces contrasting growth responses of white spruce at tree line in 

Alaska through temperature thresholds. Global Change Biology, 10(10), 1724–

1736. 

Woodward, F.I. (1987). Climate and Plant Distribution (Cambridge Studies in Ecology). 

Cambridge University Press, Cambridge, UK. 

Worbes, M. (1999). Annual growth rings, rainfall-dependent growth and long-term 

growth patterns of tropical trees form the Caparo Forest Reserve in Venezuela. 

Journal of Ecology, 87(3), 391–403. 

Zang, C., Hartl-Meier, C., Dittmar, C., Rothe, A., and Menzel, A. (2014). Patterns of 

drought tolerance in major European temperate forest trees: climatic drivers and 

levels of variability. Global Change Biology, 20(12), 3767–3779. 

  



34 

 

CHAPTER 2 

 

EFFECT OF CLIMATIC VARIATION ON THE MORPHOLOGICAL 

CHARACTERISTICS AND SURVIVAL OF BALSAM FIR PROVENANCES 

PLANTED IN A 37‐YEAR‐OLD COMMON GARDEN 

 

Abstract 

The extent of the effect of projected changes in climate on trees remains unclear. 

The objectives of this study were to: (i) determine the effect of climatic variation on 

morphological traits and survival of balsam fir; and (ii) develop climate response models 

for this species. Diameter at breast height (DBH), height (H), crown width (CW), and 

survival (S) of balsam fir [Abies balsamea (L.) Mill.] provenances sourced from 

locations spanning latitudes from 44–51° N and longitudes from 53–102° W in North 

America, growing in a common garden in eastern Canada were studied. Provenances 

sourced from locations south of the common garden performed significantly better than 

provenances sourced from locations north of the common garden (p < 0.05) regarding 

DBH, H, and CW, a distinction indicative of genotypic control on these traits. There 

was, however, no significant difference among provenances in terms of S (p > 0.05), an 

indication of a resource allocation strategy directed at S relative to productivity in 

provenances sourced from northern locations, as seen in their lower DBH, H, and CW 

compared to provenances sourced from southern locations. The pattern of clustering 

among provenances indicates that climate at the provenance origin played an important 

role in the response of the measured variables to conditions at the test site. The variation 
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in DBH, H and CW were substantially influenced by provenance, but this effect was 

reduced regarding S.  Temperature had a stronger relationship with DBH, H, and CW 

than precipitation, a reflection of adaptation to local conditions in populations of the 

species along latitudinal gradients. Both climatic variables had some effect on tree S. 

These results suggest that the response of balsam fir to climatic variation will likely not 

be uniform in the species, but different based on genetic characteristics between 

populations located in the northern and southern parts of the species’ range. Population 

differences in response to climatic variation may be more evident in growth traits, 

compared to S of balsam fir. The findings of this study will facilitate modelling in the 

species that is reflective of genetic variation in response to climatic conditions, and 

guide provenance selection for utilisation in terms of productivity or resilience. 

 

 

 

 

 

 

 

 

 

 

A version of this Chapter was published in Ecology and Evolution, 8: 3208–3218 

(2018), reprinted with permission from Wiley and Sons (See Appendix A) 
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2.1 Introduction 

Climate is a major environmental factor that controls the distribution and growth 

of plant species (Woodward 1987). Species occupying large ranges, which span more 

than one climate zone, usually show large intraspecific variation in physiology, 

morphology, and growth rate (Abrams 1994; Palmroth et al. 1999; Aspelmeier and 

Leuschner 2004; Donselman and Flint 1982; Geber and Dawson 1993; Schuler 1994; 

Marchin et al. 2008). 

Climate models predict a rise in the mean annual temperature of the Northern 

Hemisphere and modified patterns of precipitation (Andalo et al. 2005). North America 

is projected to warm by between 1 and 3°C this century, with the greatest warming 

expected to occur at high latitudes in winter and the southwest of the USA in summer. 

Annual precipitation is projected to increase across the North American continent, 

except in the southwest of the USA where a decrease is anticipated, and in parts of 

southern Canada where precipitation declines are expected to occur in summer and fall 

(IPCC 2007; Lemmen et al. 2008; Warren et al. 2014). 

It is projected that climate change will have a tremendous effect on forest 

ecosystems and tree growth. Iverson and Prasad (1998) based on scenario analysis, 

involving several conifers and broad‐leaved species in USA, show potential shifts 

arising from climate change, which may result in species’ range transformations. Briffa 

et al. (1998a, 1998b) in tree ring studies in Northern Hemisphere species showed 

increasing divergence between ring width and maximum latewood density and 

temperature variation over decadal scales. The extent of these anticipated changes, 
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however, remains unclear (Saxe et al. 2001; Solberg et al. 2002; Wilson and Elling 

2004; Buntgen et al. 2006; Savva et al. 2008). 

Provenance trials, originally established in many countries in the last century for 

the selection of superior commercial genotypes, have emerged serendipitously as in situ 

laboratories for the study of tree response to climate change (Matyas 1994; O'Neill and 

Nigh 2011). Provenance trials involve the manual transfer of seeds from different parts 

of a species range to a similar environment, simulating spatially the complex 

atmospheric variations likely to occur over the next few decades (Montesinos-Navarro et 

al. 2011; Anderson et al. 2012). This makes provenance trials well‐suited for studying 

tree response to climate change (Schmidtling 1994; Carter 1996; Matyas 1996, 1999; 

Persson 1998; Rehfeldt et al. 1999; Andalo et al. 2005; Savva et al. 2008).  

Tree species comprising populations genetically attuned to different climates will 

experience short‐ and long‐term impacts on their growth and survival when such 

populations are moved from their climate of origin to a different climate (Rehfeldt 

2004). Short‐term impacts are controlled by the ability of species to make phenotypic 

adjustments to environmental change, whereas the long‐term response to climate is 

achieved through processes such as selection, migration, and random genetic drift, 

which result in modification of gene pools (Rweyongeza et al. 2007b). Using 

provenance trials, species or population responses across an environmental gradient can 

be characterized by relating the provenance's performance to climatic conditions at its 

source area. Effects of climate change on future performance of species or populations 

can be predicted by modelling these response patterns, facilitating forest management 
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strategies that can be based on knowledge of the adaptive capabilities of these species 

(Cherry and Parker 2003; Thomson and Parker 2008). 

There are not many studies on the response of balsam fir to climatic change 

(Carter 1996). The objectives of this study were to: (i) determine the effect of climatic 

variation on morphological traits and survival of balsam fir; and (ii) develop climate 

response models for this species. 

 

2.2 Materials and Methods 

2.2.1 Test site and provenances 

This study is based on data from a provenance trial established in 1961 (see 

Appendix B, Figure B1), made up of twelve balsam fir [Abies balsamia (L.) Mill.] seed 

sources planted at Salmon River Balsam Fir Provenance Research Plantation in northern 

New Brunswick, Canada (47° 7′ N and 67° 32′ W; MacGillivray 1963). Five-year-old 

seedlings were used to establish the provenance trial. The test site is in the Atlantic 

Maritime Ecozone (Ecological Stratification Working Group 1996), with the following 

climatic conditions for the period 1971–2000: (i) mean annual temperature of 3.5°C; (ii) 

mean summer temperature of 16.8°C; (iii) mean winter temperature of −11.1°C; and (iv) 

total precipitation of 1134.4 mm (Environment and Climate Change Canada 2016). The 

provenances were sourced from locations spanning latitudes from 44–51° N and 

longitudes from 53–102° W (Figure 2.1, Table 2.1). 
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Figure 2.1. Map showing provenance sources and provenance test site. 
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Table 2.1. Provenance sources and provenance test site, with their coordinate position, 

key climatic variables for the period 1971–2000 [(mean annual temperature (MAT), 

mean winter temperature (MWT), mean summer temperature (MST), all in °C; total 

annual precipitation (TPPT), in mm)], and Ecozone/Ecoregion location (refer to 

MacGillivray, 1963; Bailey, 1995; Ecological Stratification Working Group 1996; 

Environment and Climate Change Canada 2016; National Oceanic and Atmospheric 

Administration, United States of America, 2016). Abbreviations: SK refers to 

Saskatchewan, NL=Newfoundland, MB=Manitoba, NB=New Brunswick, QC=Quebec, 

and NY=New York. 
  

Provenance Seed Source Latitude Longitude MAT 

(°C) 

MWT 

(°C) 

MST  

(°C) 

TPPT 

(mm) 

Ecozone/ 

Ecoregion 

MS-130 Duck Mountain, 

Saskatchewan (SK) 

51° 50ʹ N 102° W 1.6 -15.5 11.1 450.9 Prairies* 

MS-133 Roddickton,  

Newfoundland 

(NL) 

50° 55ʹ N 56° W 2.1 -9.2 13.2 975.3 Boreal 

Shield 

MS-131 Airplane Bay,  

Manitoba (MB) 

50° 40ʹ N 100° W 1.1 -16.1 16.4 457.1 Prairies* 

MS-126 Hawke’s Bay,  

Newfoundland 

(NL) 

50° 37ʹ N 57° 15 W 2.4 -8.4 12.7 1145.2 Boreal 

Shield 

MS-127 Bonne Bay, 

Newfoundland 

(NL) 

49° 25ʹ N 57° 44ʹ W 4.1 -6.5 14.7 1620.7 Boreal 

Shield 

MS-123 Sandy Brook,  

Newfoundland 

(NL) 

48° 44ʹ N 56° 04ʹ W 3.2 -7.8 14.1 1082.8 Boreal 

Shield 

MS-2 Green River 

Watershed,  

New Brunswick 

(NB) 

47° 46ʹ N 68° 15ʹ W 3.2 -11.2 16.5 1091.5 Atlantic 

Maritime 

MS-125 Salmonier, 

Newfoundland 

(NF) 

47° 17ʹ N 53° 20ʹ W 4.9 -3.7 13.3 1392.1 Boreal 

Shield 

Test Site Salmon River 

Plantation, 

New Brunswick 

(NB) 

47° 07ʹ N 67° 32ʹ W 3.5 -11.1 16.8 1134.4 Atlantic 

Maritime 

MS-124 Valcartier Forest 

Station, Quebec 

(QC) 

46° 55ʹ N 71° 32ʹ W 4.5 -10.5 18.2 1139.8 Atlantic 

Maritime 

MS-118 Acadia Research 

Forest, 

New Brunswick 

(NB) 

45° 59ʹ N 66° 21ʹ W 5.0 -8.4 17.4 1202.7 Atlantic 

Maritime 

MS-117 Oromocto, 

New Brunswick 

(NB) 

45° 52ʹ N 66° 24ʹ W 5.4 -7.9 17.9 1152.1 Atlantic 

Maritime 

MS-303 Adirondack 

Mountains, 

New York State 

(NY) 

44° 42ʹ N 74° W 6.2 -6.8 18.4 1102.0 Warm 

Continental 

*These provenances were sourced from the Aspen Parkland Ecoregion of the Prairie Ecozone of Canada. 
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2.2.2 Experimental design and data collection 

The layout is a block design with three replications. Each block is made up of 

twelve 0.04-ha plots in which 100 trees were planted at a spacing of 1.8 m × 1.8 m in 10 

rows of 10 trees. A total number of 3,600 trees were planted covering 1.46 ha (see 

Appendix C, Figure C1). 

In 1998, when the provenance trial was 37 years old, survival (S, %) per 

provenance plot was calculated, as well as diameter at breast height (DBH; cm), height 

(H, m), and crown width (CW, cm). Mean values for each variable were calculated per 

provenance-plot per block, averaged across blocks for provenance means. 
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2.2.3 Data analysis 

The methods used in the analysis of data collected are outlined in the flowchart in 

Figure 2.2. 

 

Figure 2.2. Flowchart of methods used in data analysis. 

 

2.2.3.1 Analysis of variance (ANOVA) 

Analysis of variance (ANOVA) was used for DBH, H, CW, and S using the 

General Linear Model option in SPSS Statistical software (ver. 24, IBM Corp., New 

York, USA), with provenance and block as fixed effects. Levene's test for homogeneity 

of sample variances was conducted. Analysis of variance was performed to determine 

the level of significance of the effect of provenance and blocking on the four tree 
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variables. If the analysis of variance detected significant differences, the least significant 

difference (LSD) post-hoc test was subsequently used to separate effect means. 

 

2.2.3.2 Cluster analysis 

Hierarchical cluster analysis was used to enable identification of grouping-patterns 

among provenances based on similarities in measured variables. Clustering was done in 

SPSS with provenances as cases, using (i) the agglomeration schedule, an iterative 

display of how clusters are formed, (ii) between-group linkages, the process by which 

cases are grouped into clusters, and (iii) squared Euclidean distance, a measure-interval 

between variables. Final clustering of variables was plotted in a dendrogram. 

 

2.2.3.3 Climate normals 

Climatic variables for the 1971–2000 period (described as climate normals) were 

obtained from weather station data (Environment and Climate Change Canada 2016; 

National Oceanic and Atmospheric Administration, USA, 2016). A total of 53 climatic 

variables were examined, including annual and seasonal (winter, spring, and summer) 

temperature‐based (18 variables, in total) and precipitation‐based variables (10); heat 

accumulation indices; growing degree-days above 5 and 10°C (2); annual and seasonal 

moisture indices (8); durations above temperature and precipitation thresholds (5 and 9, 

respectively); and a continentality index based on the difference between the warmest 

and coldest months in a year. The annual and seasonal moisture indices were calculated 

from the ratio of growing degree-days > 5 and 10°C to precipitation over the course of a 

year or in respective seasons. Values obtained were indicative of temperature levels and 
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their effect on moisture availability, with higher values representative of areas with 

warm or hot summers with a potential for moisture deficits, and lower values 

representative of areas with cooler conditions (Rweyongeza et al. 2007b). The climatic 

normals were used in the assessment of the cluster-analysis output and the development 

of statistical models. 

 

2.2.3.4 Principal component analysis 

Principal component analysis was used to identify related climatic variables to 

reduce the large suite of variables used in the development of statistical models. 

Component extraction was done using the eigen value which determines the importance 

of each component by measuring how much variance it can explain. The threshold for 

extraction was an eigen value > 1.0. In addition, a scree plot of each component against 

its eigen value was developed, which facilitated a visual presentation of the inflection 

point of the extraction threshold of particular importance when working with many 

variables. Within each extracted component, climatic values were then streamlined 

based on their component loadings, coefficients that indicate the extent of the 

relationship of each variable with the extracted component. Streamlining of climatic 

variables was done based on a minimum value of 0.3. VARIMAX rotation (an option in 

SPSS) enabled the tabulation of the streamlined groups of climatic variables within each 

principal component. 
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2.2.3.5 Regression models 

Regression was done based on extracted principal components for each climatic 

variable grouping. Statistical models were developed for DBH, H, CW, and S of balsam 

fir. Development of each model was based on the methods of Matyas and Yeatman 

(1992), Rehfeldt et al. (2002), Rweyongeza et al. (2007b), and Thomson and Parker 

(2008). Climatic normals were used to relate provenance growth to climate at 

provenance origin.  

Based on prior visual review of scatter plots, linear regression (eqn. 2.1) was used 

in assessing the relationship between CW and the climatic variables, whereas linear and 

quadratic regressions (eqn. 2.2) were used in assessing the relationship between DBH, 

H, and S, and the same suite of variables. 

Provenance response to climate was assessed using regressions of each trait on a 

climatic variable at the provenance source area, i.e., 

 

𝑌 = 𝛽0 + 𝛽1𝑋 + 𝜀, and                                                                                  (2.1) 

 

𝑌 = 𝛽0 + 𝛽1𝑋 + 𝛽2𝑋2 + 𝜀.                                                                          (2.2) 

 

Dependent variable Y in eqn.’s 2.1 and 2.2 is the provenance trait; independent variable 

X is the explanatory climatic variable for the provenance, β0, β1, and β2 are regression 

coefficients to be estimated, and ε is the error term for the provenance source. Climatic 

variables suitable for model development for balsam fir were retained, based on 

r2‐values > 0.40 and p‐values < 0.05 of the linear and quadratic regressions. 
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2.3 Results 

2.3.1 Provenance 

The results show that provenance of balsam fir had a significant effect on DBH, H, 

and CW (p < 0.05), but no significant effect on S (p > 0.05). Provenances sourced from 

Oromocto, NB and Adirondack, Mountain, NY were the best performing compared to 

other provenances in terms of DBH and H (p < 0.05). Provenances sourced from 

Oromocto, NB and Valcartier Forest Station, QC were the best performing, compared to 

other provenances in terms of CW (p < 0.05). The best performing provenances were all 

sourced from locations south of the study site (Table 2.2). Generally, provenances 

sourced from locations south of the study site (hereafter, lower-latitude provenances), 

and as a result moved to a cooler location, performed better than provenances sourced 

from locations north of the study site (hereafter, higher-latitude provenances), moved to 

a warmer location. Provenance accounted for 76.9% of the variation in DBH. In relation 

to H, CW and S, provenance accounted for 86.2, 63.8, and 31.2% of the variation, 

respectively (Table 2.3).  
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Table 2.2. Mean diameter at breast height (DBH, cm), height (H, m), crown width (CW, 

cm), and survival (S, %) of balsam fir provenances growing in a common environment 

in northern New Brunswick; ±standard deviations are in parenthesis.  

 

Provenance Mean DBH Mean H Mean CW Mean Survival 

MS-2     (NB) 13.19 (±0.86)ad 12.09 (±0.43)be 258.40 (±25.90)cg 76.33 (±5.86)d 

MS-117 (NB) 14.78 (±0.54)ab 12.93 (±0.05) bd 288.51 (±29.46)cd 80.33 (±5.69)d 

MS-118 (NB) 13.01 (±0.57)ad 10.91 (±0.51) bh 247.74 (±11.87)c 76.00 (±3.46)d 

MS-123 (NL) 12.73 (±1.42)ae 10.60 (±0.78) b 236.67 (±18.08)c 77.33 (±3.06)d 

MS-124 (QC) 13.29 (±0.69)ad 12.29 (±0.68) be 283.37 (±17.80)cd 78.67 (±7.02)d 

MS-125 (NL) 11.39 (±0.64)a 9.77 (±0.53) b 278.47 (±5.58)ce 72.67 (±4.04)d 

MS-126 (NL) 11.13 (±0.43)a 10.01 (±0.35) b 246.69 (±4.07)c 77.67 (±3.79)d 

MS-127 (NL) 12.09 (±0.75)a 10.58 (±0.39) b 260.37 (±26.45)cg 69.33 (±2.31)d 

MS-130 (SK) 13.15 (±0.82)ad 11.83 (±0.43) bf 216.12 (±25.73)c 77.00 (±2.65)d 

MS-131 (MB) 11.72 (±0.48)a 10.73 (±0.51) bh 234.34 (±7.81)c 69.00 (±8.54)d 

MS-133 (NL) 12.90 (±0.40)ae 11.02 (±0.53) bg 269.67 (±20.74)cf 75.00 (±17.09)d 

MS-303 (NY) 14.49 (±0.44)ac 13.08 (±0.70) bc 262.56 (±31.06)cg 80.00 (±1.73)d 

a no statistical difference in DBH when compared to the other provenances with a similar letter; ab DBH was 
significantly greater than in MS-2, MS-118, MS-123, MS-124, MS-125, MS-126, MS-127, MS-130, MS-
131, and MS-133; ac DBH was significantly greater than in MS-2, MS-118, MS-123, MS-125, MS-126, MS-
127, MS-130, MS-131, and MS-133;  ad DBH was significantly greater than in at MS 125, MS 126, and MS 
131; ae DBH was significantly greater than in MS-125 and MS-126 at p < 0.05; 
b no statistical difference in H when compared to the other provenances with a similar letter; bc DBH was 
significantly greater than in MS-2, MS-118, MS-123, MS-125, MS-126, MS-127, MS-130, MS-131, and 
MS-133; bd H was significantly greater than in MS-118, MS-123, MS-125, MS-126, MS-127, MS-130, MS-
131, and MS-133;  be H was significantly greater than in MS-118, MS-123, MS-125, MS-126, MS-127, MS-
131, and MS-133; bf H was significantly greater than in MS-118, MS-123, MS-125, MS-126, MS-127, and 
MS-131; bg H was significantly greater than in MS-125 and MS-126 bh H was significantly greater than in 
MS-125 at p < 0.05; 
c no statistical difference in CW when compared to the other provenances with a similar letter; cd CW was 

significantly greater than in MS-118, MS-123, MS-126, MS-130, and MS-131; ce CW was significantly 

greater than in MS-123, MS-130, and MS-131; cf CW was significantly greater than in MS-130 and MS-131; 
cg CW was significantly greater than in MS-130 at p < 0.05; 
d no statistical difference in S when compared to the other provenances with a similar letter at p > 0.05. 
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Table 2.3 Output of analysis of variance on diameter at breast height (cm), height (m), 

crown width (cm), and survival (%) of balsam fir provenances growing in a common 

garden in northern New Brunswick; df stands for degrees of freedom. 

 

Variable Source df F-value p-value Partial Eta Squared 

Diameter 

at breast 

height 

Provenance 11 6.657 < 0.001 0.769 

 Block 2 0.011 0.989 0.001 

      

Height Provenance 11 12.466 < 0.001 0.862 

 Block 2 0.355 0.705 0.031 

      

Crown 

width 

Provenance 11 3.529 0.006 0.638 

 Block 2 2.049 0.153 0.157 

      

Survival Provenance 11 0.908 0.549 0.312 

 Block 2 0.964 0.397 0.081 

 

The dendrogram plotted from the between-groups linkages among cases shows 

that the provenances were grouped into two major clusters regarding DBH, H, CW, and 

S (Figure 2.3–2.6, below).  

Based on DBH, provenances from NB (MS-2, MS-118), SK (MS-130), QC (MS-

124), NL (MS-123, MS-125, MS-126, MS-127, MS-133), and MB (MS-131) were 

grouped in one cluster, and the third provenance from NB (MS-117) and that from NY 

(MS-303) were grouped in another (Figure 2.3). In one cluster, provenances from Green 

River and Acadia Research Forest, NB, Sandy Brook, Roddickton and Hawke’s Bay, 

NF, Airplane Bay, MN, Duck Mountain, SK were sourced from stands where the mean 

minimum annual temperature (MMIN), the lowest temperature of the warmest month 
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(LTWM), summer precipitation (SPPT), growing degree-days > 10°C (GDD10), and 

annual moisture index based on GDD10 (AMI10) ranged from -4.7 and -1.2°C, 9.5–

11.8°C, 210.4–317.9 mm, 344.8–874.5, and 0.3–1.8, respectively. Provenances from 

Oromocto, NB and Adirondack, Mountain, NY grouped in another cluster, were sourced 

from stands where MMIN and LTWM were at 0 and 12.9°C, respectively (refer to Table 

2.4 for variable definition). 

 

Table 2.4. Climatic variables and their abbreviations. 
 
 

Parameter Abbreviation 

Mean annual temperature MAT 

Mean maximum annual temperature  MMAX 

Mean minimum annual temperature MMIN 

Mean maximum spring temperature SpMAX 

Mean minimum spring temperature SpMIN 

Highest temperature of the warmest month HTWM 

Lowest temperature of the warmest month LTWM 

Mean temperature of the warmest month MTWM 

Days with minimum temperature < -20°C DMIN -20 

Days with minimum temperature < -2°C DMIN -2 

Total precipitation TPPT 

Spring precipitation SpPPT 

Summer precipitation SPPT 

Winter precipitation WPPT 

Total rainfall TR 

Days with precipitation above 10 mm DPPT10 

Growing degree-days > 10°C GDD10 

Annual moisture index based on GDD10 AMI10 

Spring moisture index based on GDD10 SpMI10 

Summer moisture index based on GDD10 SMI10 
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Figure 2.3. Dendrogram based on hierarchical cluster analysis of mean DBH (cm) of 

balsam fir provenances growing in a common garden in northern New Brunswick.  

 

Based on H, provenances from NF (MS-123, MS-125, MS-126, MS-127, MS-131, 

MS-133), and NB (MS-118) were grouped in one cluster and the two other provenances 

from NB (MS-2; MS-117), as wells as those from NY (MS-303), SK (MS-130), and QC 

(MS-124) were grouped in another (Figure 2.4). In one cluster, provenances from 

Hawke’s Bay, Sandy Brook, and Roddickton, NF were sourced from stands where the 

mean temperature of the warmest month (MTWM), SPPT, GDD10, and AMI10 ranged 

from 14.1–15.7°C, 258.1–314.2 mm, 344.8–475.0, and 0.3–0.4, respectively. 

Provenances from Oromocto, NB, Valcartier, QC, Duck Mountain, SK, and Adirondack, 

Mountain, NY grouped in another cluster, were sourced from stands where MTWM, 

GDD10, and AMI10 ranged from 17.8–19.5°C, 791.0–1255.2, and 0.7–1.8, respectively. 

MS-2 - NB

MS-130 - SK

MS-124 - QC

MS-118 - NB

MS-133 - NF

MS-123 - NF

MS-125 - NF

MS-126 - NF

MS-127 - NF

MS-131 - MB

MS-117 - NB

MS-303 - NY
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Figure 2.4. Dendrogram based on hierarchical cluster analysis of mean H (m) of balsam 

fir provenances growing in a common garden in northern New Brunswick.  

 

Based on CW, provenances from NB (MS-118), NF (MS-123, MS-126, MS-131), 

and SK (MS-130) were grouped in one cluster and the other two and three provenances 

from NB (MS-2, MS-117) and NF (MS-125, MS-127, MS-133), as well as those from 

QC (MS-124) and NY (MS-303) were grouped in another (Figure 2.5). In one cluster, 

provenances from Duck Mountain, SK and Airplane Bay, MB were sourced from stands 

where mean annual temperature (MAT), mean minimum spring temperature (SpMIN), 

spring precipitation (SpPPT), GDD10, and AMI10 were 1.1 and 1.6°C, -4.1 and -3.8°C, 

92.2 and 92.9 mm, 751.2 and 791.0, and 3.3 and 3.4, respectively. Provenances from 

Oromocto, NB, Valcartier, QC, and Adirondack, Mountain, NY grouped in another 

cluster, were sourced from stands where MAT, SpMIN, SpPPT, GDD10, and AMI10 

MS-2 - NB

MS-130 - SK

MS-124 - QC

MS-118 - NB

MS-133 - NF

MS-123 - NF

MS-125 - NF

MS-126 - NF

MS-127 - NF

MS-131 - MB

MS-117 - NB

MS-303 - NY
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ranged from 4.5–6.2°C, -1.3 and -1.0°C, 251.0–283.1 mm, 943.2–1255.2, and 1.6–2.0, 

respectively. 

 

 

Figure 2.5. Dendrogram based on hierarchical cluster analysis of mean CW (cm) of 

balsam fir provenances growing in a common garden in northern New Brunswick.  

 

Based on S, provenances from NB (MS-2, MS-117, MS-118), SK (MS-130), QC 

(MS-124), NF (MS-123, MS-126, MS-133), and NY (MS-303) were grouped in one 

cluster and the other three provenances from NF (MS-125, MS-127, MS-131) were 

grouped in another (Figure 2.6).  

In one cluster, provenances from Duck Mountain, SK, Roddickton and Sandy 

Brook, NF were sourced from stands where MAT, MMIN, SPPT, and summer moisture 

index based on GDD10 (SMI10) ranged from 1.6–3.2°C, -4.3 and -2.1°C, 215.7–278.7 

MS-2 - NB

MS-130 - SK

MS-124 - QC

MS-118 - NB

MS-133 - NF

MS-123 - NF

MS-125 - NF

MS-126 - NF

MS-127 - NF

MS-131 - MB

MS-117 - NB

MS-303 - NY
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mm, and 1.6–3.7, respectively. Provenances from Bonne Bay and Salmonier, NL 

grouped in another cluster, were sourced from stands where MAT, MMIN, and SPPT, 

were 4.1, 4.9°C, 0.3 and 0.9°C, 345.2 and 349.9 mm, respectively.  

 

 

Figure 2.6. Dendrogram based on hierarchical cluster analysis of mean S (%) of balsam 

fir provenances growing in a common garden in northern New Brunswick.  

  

MS-2 - NB

MS-130 - SK

MS-124 - QC

MS-118 - NB

MS-133 - NF

MS-123 - NF

MS-125 - NF

MS-126 - NF

MS-127 - NF

MS-131 - MB

MS-117 - NB

MS-303 - NY
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2.3.2 Provenance-climatic relationships 

The extracted climatic variables from PCA showed that the principal components 

for each climatic-variable grouping i.e., temperature, precipitation, temperature index, 

temperature-precipitation index, temperature, and precipitation duration variables 

accounted for 98, 93, 99, 99, 97, and 97% of variability of all the variables in each 

grouping, respectively. 

Annual moisture index based on GDD10 had the strongest influence on DBH (r2 = 

0.67) in a nonlinear relationship (consult Figure 2.7a for that relationship). Spring 

moisture index based on GDD10 had the strongest influence on H (r2 = 0.78), also in a 

nonlinear relationship (Figure 2.8a). 
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Maximum DBH and H occurred at moderate AMI10, respectively, with lower-

latitude provenances sourced from Oromocto, NB and Valcartier, QC in the Atlantic 

Maritime Ecozone of Canada and Adirondack, NY in the Warm Continental Ecoregion 

of the USA, while the lowest values were obtained with higher-latitude provenances 

sourced from Salmonier and Hawke’s Bay, NF in the Boreal Shield Ecozone of Canada.   

Mean minimum annual temperature had the strongest influence on CW (r2 = 0.56), 

with values increasing linearly (Figure 2.9a). Crown width increased with decreasing 

MMIN, with the highest CW values in lower-latitude provenances sourced from 

Oromocto, NB and Valcartier, QC, as indicated earlier, in the Atlantic Maritime 

Ecozone of Canada, whereas the lowest CW values were obtained in the higher-latitude 

provenances sourced from Airplane Bay, MB and Duck Mountain, SK in the Prairie 

Ecozone of Canada.  

Total precipitation had the strongest influence on S (r2 = 0.58) in a nonlinear 

relationship (Figure 2.10a).  Maximum S occurred at moderate TPPT with lower 

latitude-provenances sourced from Oromocto, NB and Valcartier, QC in the Atlantic 

Maritime Ecozone of Canada and Adirondack, NY in the Warm Continental Ecoregion 

of the USA. The lowest values were obtained with higher-latitude provenances sourced 

from Bonne Bay, NF and Airplane Bay, MB in the Boreal Shield Ecozone of Canada. 
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In addition, MTWM, mean maximum spring temperature (SpMAX), mean 

maximum annual temperature (MMAX), and GDD10, correlated reasonably well with 

DBH. Diameter at breast height increased linearly with GDD10 and MTWM (Figure 

2.7b, c). The spring and summer moisture indices based on GDD10, GDD10, HTWM, 

LTWM and SpMAX had good relationships with H. Tree height increased linearly with 

GDD10 and HTWM (Figure 2.8b, c). The mean minimum annual temperature, TR, days 

with minimum temperature < -2°C (DMIN -2) had good relationships with CW. Crown 

width increased with TR but decreased linearly in relation to days with minimum 

temperature < -2°C (DMIN -2; Figure 2.9b, c).  The number of days with precipitation 

above 10 mm (DPPT10), days with minimum temperature < -20°C (DMIN -20), and 

winter precipitation (WPPT) had good relationships with survival, which were all 

nonlinear. Maximum survival was obtained in relation to moderate DPPT10 and DMIN -

20 (Figure 2.10b, c; refer to Table 2.5 for regression coefficients).  
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Table 2.5. Coefficients (β0, β1, β2, and r2) and p‐values from regressions of mean DBH 

(cm), H (m), CW (cm), and survival (%) of balsam fir in northern New Brunswick, in 

relation to climatic variables at the source stand. 
 

Trait Climatic 

variable 

β0 β1 β2 r2 p0.05 

Mean DBH AMI10 9.351 9.418 - 4.410 0.67 0.007 

 MTWM 4.752 0.470  0.62 0.002 

 GDD10 10.582 0.003  0.60 0.003 

 SpMAX 10.294 0.331  0.56 0.005 

 MMAX 9.042 0.432  0.53 0.007 

       

Mean H SpMI10 7.063 2.160 - 0.197 0.78 0.001 

 GDD10 8.905 0.003  0.73 0.000 

 HTWM 3.800 0.433  0.66 0.001 

 LTWM 4.596 0.587  0.51 0.009 

 SPMAX 8.766 0.335  0.59 0.003 

 SMI10 9.366 0.797  0.50 0.010 

       

Mean CW MMIN 270.473 8.993  0.56 0.005 

 TR 209.047 0.060  0.51 0.009 

 DMIN -2 365.845 - 0.733  0.48 0.013 

       

Mean Survival TPPT 59.335 0.399 -0.00002 0.58 0.019 

 DPPT10 65.697 0.770 -0.012 0.57 0.024 

 DMIN -20 70.010 0.521 -0.008 0.51 0.039 

 WPPT 71.094 0.048 -0.0001 0.50 0.046 
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2.4 Discussion 

The latitudinal distinction between lower-latitude and higher-latitude provenances 

regarding DBH, H, and CW is indicative of genotypic control of these traits arising from 

adaptations developed at their respective seed sources. Growing-season length between 

spring budburst and autumn leaf‐fall is closely associated with latitudinal gradients 

(Lechowicz 1984; Elmore et al. 2012; Thiel et. al. 2012). Lower-latitude provenances 

originate from warm more southerly environments with a longer growing season, 

characterised by earlier spring budburst and later bud-development in fall (Giertych and 

Oleksyn 1981, 1992, Johnsen et al. 1996; Shutyaev and Giertych 1997, Oleksyn et al. 

2000; Repo et al. 2000; Davis and Shaw, 2001; O’Neill and Yanchuk, 2005; Savva et al. 

2007), whereas higher-latitude provenances originate from cold northern environments 

with a short growing season, where metabolic activities and growth rates are limited by 

low temperatures and unfavorable soil conditions (Larcher 1980; Friend and Woodward 

1990; Oleksyn et al. 1992; Reich et al. 1992; Reich et al. 1996; Oleksyn et al. 1999). 

The finding of this study that provenances did not differ significantly in terms of S 

(p > 0.05) is like that of Rweyongeza et al. (2007a) from a study of Pinus contorta 

Doug. and P. banksiana (Ait.) provenances. In conifers, S often shows genetic variation 

patterns that differ from those seen in growth characteristics (Eriksson et al. 1980; 

Persson, 1994; Schmidtling, 1994; Wei et. al. 2004; Andalo 2005). Once trees grow past 

a height of 2 m, they develop a high capacity to buffer against deterioration in climatic 

conditions and low mortality, which enables them to cope with diverse climatic stresses 

during their lifetime (Kullman 1987; Persson 1998). However, the conservative growth 

pattern developed by higher-latitude provenances in response to the harsh climatic 
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conditions at their source stands may have resulted in the absence of provenance effect 

on S.  

Adaptation of lower-latitude provenances to the mild climatic conditions from 

which they originate results in their better growth performance from increased carbon 

assimilation, compared to higher-latitude provenances when grown in a common garden. 

Lower-latitude provenances, however, can be affected by damage from late frosts, pest 

attacks, and disease that can cause them to incur higher mortality rates than higher-

latitude provenances (Campbell, 1979; Zobel and Talbert 1984; Korner 2003; Savva et 

al. 2007; Vitasse et al. 2009). Higher-latitude provenances have adapted to lower winter 

temperatures and shorter growing seasons at ther source-sites with longer periods of 

winter dormancy compared to lower-latitude provenances, enabling them to survive 

adverse conditions. As a result, conservative, slower growth of higher-latitude 

provenances may be a resource allocation strategy directed at S relative to productivity, 

developed in response to the climatic conditions at the provenance source-stand 

(Lechowicz 1984; Schmidtling 1994; Leinonen and Hanninen 2002; Oleksyn et al. 2003; 

Vitasse et al. 2009). 

The pattern of clustering among provenances indicates that climate at the 

provenance origin played an important role in the response of the measured variables to 

conditions at the test site. Key variables associated with the clustering of provenances in 

this study include MAT, MMIN, LTWM, MTWM, SpMIN, SpPPT, SPPT, TR; GDD10, 

AMI10, and SMI10. Similarly, Rweyongeza et al. (2007a) in their study of P. contorta 

and P. banksiana provenances, and Suvanto et al. (2016) in their study of Picea abies 

(L.) Karst. provenances reported clustering based on climatic conditions prevailing at the 
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provenance source stands. As was found in this study, Rweyongeza et al. (2007a) found 

that MTWM and GDD among other climatic variables explained the clustering of the 

conifer provenances they studied, based on their heights. 

Variation in DBH, H, and CW were substantially influenced by provenance, 

reflecting prevailing climatic conditions at their source stands. Provenance effect was 

reduced for S. These findings indicate a strong provenance effect on DBH, H and CW. 

For S, however, the provenance effect may have occurred in combination with other 

factors, according to (Kozlowski et al. 1991), such as attacks from insects, disease 

pathogens, parasitic plants, windstorms, and water deficits arising from excessively hot 

summers. A determination of the influence of provenance on measured variables from a 

common-garden study is important in the utilization of the findings of such studies 

(Eilmann et al. 1991). 

The results show that temperature has a stronger influence than precipitation on 

DBH, H, and CW in balsam fir. Annual moisture index based on GDD10 shows an 

influence on DBH, and SpMI10 and SMI10 show an influence on H. Temperature and 

precipitation both had influences on S. Several studies have similarly reported that 

temperature is a better determinant of variation in plant populations, compared to 

precipitation (e.g., Matyas and Yeatman 1992; Schmidtling 1994; Parker and Niejenhuis 

1996; Matyas 1997; Thomson et al. 2009). The results of the current study suggest a 

strong adaptation in balsam fir provenances to the temperature at their seed sources.  

The balance between selection and gene flow is influential in local adaptation. 

Balsam fir, like most conifers, is monecious. However, conifers commonly 

cross‐pollinate because of the location of female and male reproductive structures in the 
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upper and lower branches of the tree crown, respectively, and the maturation of such 

structures not coinciding precisely. This is, in addition to wind pollination, characteristic 

of conifer life history (Frank 1990; Barnes et al. 1998; Pallardy 2008). Such 

circumstances would facilitate gene flow among species populations and could minimise 

selective pressure that would engender adaptation to local conditions at the provenance 

sites. Adaptation to local temperature conditions, as the results show, could therefore be 

an indication of relatively strong directional selection in the species, which may have 

been facilitated by the spatial predictability of temperature with latitude (Oleksyn et al. 

1998; Andalo et. al. 2005; Arend et al. 2011). 

The annual moisture index based on GDD10 encompasses the growing season, 

during which tree diameter growth from cambial activity occurs in spring and early 

summer (Barnes et al. 1998) following dormancy in the fall and winter months 

(Mellerowicz et al. 1992). Although the lower- and higher-latitude provenances had 

comparable annual precipitation levels at their seed sources, the higher GDD10 levels at 

the lower-latitude provenance seed sources may have contributed to adaptations in them, 

which resulted in earlier reactivation of cambial activity, than in the higher-latitude 

provenances. Key to reactivation of cambial activity and growth is spring temperature 

and soil water availability during the growing season (Barnes et al. 1998; Kirdyanov et 

al. 2003; Oribe et al. 2001, 2003, Gricar et al. 2006, 2007; Deslauriers et al. 2008).  

The response of H to spring moisture index based on GDD10 is indicative of the 

importance of spring events to height growth. Height growth commences early, often 

prior to the last frost, and concludes in the early part of the growing season (Baldwin 

1931; Cook 1941; Kramer 1943; Kozlowski 1955; Kozlowski and Ward 1957a, 1957b; 
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Husch 1959; Kozlowski 1962; Zimmermann and Brown 1974; Barnes et al. 1998; 

Salminen and Jalkanen 2005). As with annual precipitation, the lower- and higher-

latitude provenances had comparable spring precipitation levels at seed sources, but the 

higher GDD10 values at the lower-latitude provenance seed sources may also have 

engendered adaptations, which resulted in earlier spring budding, for which spring 

warming is an important factor (Barnes et al. 1998).  

Crown width is an important factor in tree growth, as the crowns of trees intercept 

and absorb solar radiation, and are the location of physiological processes, such as 

photosynthesis, respiration, and transpiration (Honer 1971; Grace 1990; Wang and 

Jarvis 1990; Stenberg et al. 1994; Vose et al. 1994; McCrady and Jokela 1996, 1998; 

Xiao et al. 2003; Crecente-Campo et al. 2009). Variation in CW among provenance 

sources in response to mean minimum annual temperature may be indicative of the 

restrictive effect of very low winter temperatures on CW (Bechtold 2003) in the higher-

latitude provenances of the Prairie Ecozone, compared to the lower-latitude provenances 

of the Atlantic Maritime Ecozone. The relationships of S with total precipitation, the 

number of days with precipitation above 10 mm, and temperature below -20°C agree 

with the findings of Rweyongeza et al. (2007b), who have reported that S in P. glauca 

(Moench) Voss provenances responded best to precipitation over the course of the year, 

and cool seasonal temperatures. 

These results suggest that the response of balsam fir to climatic variation will 

likely not be uniform in the species, but different based on genetic characteristics 

between populations located in the northern and southern parts of the species’ range. 

Population differences in response to climatic variation may be evident earlier in growth 
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traits, compared to S in balsam fir. The findings of this study will facilitate modelling in 

the species that is reflective of genetic variation in response to climatic conditions, and 

guide provenance selection for utilisation in terms of productivity or resilience. 

 

2.5 Conclusions 

This study investigated the effect of climatic variation on morphological traits and 

survival of balsam fir provenances growing in a common garden in northern New 

Brunswick. The results showed that provenances sourced from locations south of the 

common garden performed significantly better than provenances sourced from locations 

north of the common garden (p < 0.05) regarding diameter at breast height (DBH), 

height (H), and crown width (CW), an indication of genotypic control on these traits. 

There was, however, no significant difference in survival (S) among provenances (p > 

0.05), indicative of a resource allocation strategy directed at S relative to productivity in 

northern-sourced provenances, as seen in their lower DBH, H, and CW compared to 

southern-sourced provenances. The pattern of clustering among provenances indicates 

that climate at the provenance origin was influential in the response of the measured 

variables to conditions at the test site. The lack of a significant difference among 

provenances (p > 0.05) regarding S is reflective of a resource-allocation strategy directed 

at S relative to productivity arising from genetic adaptations in provenances sourced 

from northern locations, which, although resulting in slower growth compared to the 

provenances from southern locations, facilitates a lowering of mortality rates under 

adverse conditions. Variation in DBH, H, and CW were substantially influenced by 

provenance, but this effect was reduced for S.  
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Temperature had a stronger relationship with DBH, H, and CW than precipitation. 

Both climatic variables had some effect on S. The relationship of temperature with 

DBH, H, and CW suggests strong directional selection in balsam fir that has engendered 

adaptation to local conditions in populations of the species along latitudinal gradients. 

The results suggest that the morphological response of balsam fir to climatic variation 

will likely differ between populations located in the northern and southern parts of the 

species’ range. Population differences in response to climatic variation may be more 

evident in growth traits compared to S in the species. These findings will facilitate 

modelling of balsam fir that is reflective of genetic variation in response to climatic 

conditions, and guide provenance selection for utilisation and breeding programmes. 

The findings of this study were obtained from one study site. There is a definite need for 

future studies on multiple sites in other parts of the species’ range to establish the extent 

of adaptive patterns identified here.  
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CHAPTER 3 

 

EFFECT OF CLIMATIC VARIATION ON THE SPECIFIC LEAF AREA OF 

BALSAM FIR PROVENANCES PLANTED IN A COMMON GARDEN  

 

Abstract 

Functional traits, measurable features of individuals, play an important role in their 

responses to environmental conditions, as well as how they affect ecosystem processes. 

Specific leaf area (SLA) is a key trait in plant carbon fixation. There is a need to 

understand how ecotypic differentiation in SLA influences vegetation dynamics under 

changing climatic conditions. The objectives of this study were to determine the effect 

of (i) climatic variation on and (ii) interannual variation in, SLA of balsam fir [Abies 

balsamia (L.) Mill.]. Specific leaf area (SLA) of balsam fir provenances sourced from 

locations spanning latitudes from 44–51° N and longitudes from 53–102° W across 

North America, growing in a common garden in eastern Canada, were studied in 2015 

and 2016. Provenance did not have a significant effect on specific leaf area in 2015 and 

2016 (SLA; p > 0.05), an indication of plasticity in this trait in balsam fir. Specific leaf 

area, however, declined significantly in the second year of the study, compared to the 

first year (p < 0.05). This coincided with a decline in precipitation at the test site 

between 2013 and 2015, an interval which covers the periods of bud set and expansion. 

Cluster analysis showed a consistent pattern of grouping of most provenances, which 

remained in the same clusters in both study years. When an assessment of the 

provenances which remained in the same clusters in both study years was done using 
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climate data of the source stands, precipitation and low temperature were the 

predominant climatic variables identified. The provenances, which did not remain in the 

same cluster in both study years may have displayed a greater level of change in their 

leaf characteristics compared to the other provenances which remained in the same 

clusters, likely from lower adaptation-levels in these provenances to their source-stands. 

These results indicate that the flexibility of balsam fir foliage under variable climatic 

conditions may enable the species to adjust its photosynthetic activities in response. 

Under climate change, the species may experience a decline in the western part of its 

range as temperatures increase, while those in the eastern part of the range may 

experience little to no negative impacts, as precipitation levels increase. These findings 

will facilitate understanding of the photosynthetic characteristics of balsam fir, with 

respect to SLA, under variable climatic and interannual conditions. 
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3.1 Introduction 

 Functional traits are measurable features of individuals, which play an important 

role in their responses to environmental conditions, influencing their fitness, as well as 

how they affect ecosystem processes (Lavorel et al. 1997; Diaz et al. 2007; Albert et al. 

2010; Edwards 2013; Mouillot et al. 2013; Adler et al. 2014; Carlucci et al. 2015; Kraft 

et al. 2015; Carmona et al. 2016). Traits involved in resource uptake and utilization, leaf 

structure and function, nutrient and biomass allocation, canopy structure and dynamics, 

with direct influence on plant growth, undergo adaptive changes (Ackerly et al. 2000). 

Within a species’ range, plant traits may be adapted to environmental conditions in a 

location, but expressed differently in other locations, as a result of differential selective 

pressures (Ramírez-Valiente 2010; Scheepens et al. 2010; Varone et al. 2016).  

Plants cope with spatial and temporal environmental heterogeneity through 

phenotypic variability, which is produced by two non-excluding strategies; genetic 

variability or phenotypic plasticity (Grassein et al. 2010; Ramírez-Valiente 2010; 

Varone et al. 2016). Genetic variability from local adaptation of different phenotypes 

produced by different genotypes results selection in varying environments, depending on 

their trait values. Local adaptation in plant populations, the result of interaction between 

genotype and environment, leads to long-term natural selection engendering genetic 

changes in response to specific ecological conditions. Under such conditions, the 

phenotype with the most suitable morphological and physiological adaptations to the 

local environment is selected, and ecotypic differentiation generated in important 

functional traits. This process results in a single species comprising several distinct 

populations genetically adapted to local climatic conditions, with differing life-history 

http://onlinelibrary.wiley.com/wol1/doi/10.1111/1442-1984.12103/full#psbi12103-bib-0059
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traits, which enable the persistence of an individual plant under its specific habitat 

conditions. Phenotypic plasticity is the ability of a genotype to express alternative 

phenotypes in response to environmental variation. It is based on the ability of plants to 

perceive environmental cues, which enable them to distinguish environmental qualities 

most suitable for their growth and development, to which they respond with 

morphological and physiological changes. In responding to environmental cues, plants 

can moderate the ecological environment that they face (Ackerly et al. 2000; Donohue 

2003; Sultan, 2004; Savolainen et al. 2007; Li and Yu 2009; Grassein et al. 2010; 

Ramírez-Valiente 2010; Varone et al. 2016). 

Specific leaf area (SLA) is a key trait in plant carbon fixation (Westoby 1998). 

Specific leaf area’s importance in this regard, derives from its usefulness as an index of 

the potential rate of return on investment in a leaf because leaves intercept light at a rate 

proportional to leaf area, and the cost of allocation varies proportionally to mass (Field 

and Mooney 1986, Reich et al. 1997; Meziane and Shipley 1999; Gouveia and Freitas 

2008; Dwyer et al. 2014). There is a need to understand how plant functional traits, as 

they relate to ecotypic differentiation, influence vegetation dynamics under changing 

climatic conditions (Diaz and Cabido, 2001; McGill et al. 2006; Westoby and Wright, 

2006; Marchin et al. 2008; Fajardo and Piper 2010; Albert et al. 2010b; Varone et al. 

2016). The objectives of this study are to determine the effect of (i) climatic variation 

on, and (ii) interannual variation in, SLA of balsam fir [Abies balsamia (L.) Mill.]. 
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3.2 Materials and Methods 

3.2.1 Test site and provenances 

Data for this study was obtained from nine provenances of balsam fir grown as 

part of a provenance trial established in 1961 (see Appendix B, Figure B1), from twelve 

seed sources planted at Salmon River Balsam Fir Provenance Research Plantation in 

northern New Brunswick, Canada (47° 7' N and 67° 32' W; MacGillivray 1963). The 

location of the test site is the Atlantic Maritime Ecozone (Ecological Stratification 

Working Group 1996), with climatic conditions for the period 1981–2010 as follows: (i) 

mean annual temperature of 3.8°C; (ii) mean summer temperature of 16.9°C; (iii) mean 

winter temperature of -10.4°C; and (iv) total annual precipitation of 1085 mm 

(Environment and Climate Change Canada 2018a). At the study site, the dominant soils 

are humo-ferric and ferro-humic podzols, with large amounts of gray luvisols. The soils 

are made up of medium to fine loams from the soil surface up to a depth of 25 cm, 

including parent material of medium to fine loam to clay loam with coarse fragments. 

The range of depth to the compacted layer is from 30–65 cm, with the soils moderately 

well drained (Ecological Stratification Working Group 1996; Canadian Soil Information 

Service 2019). The provenances’ source locations spanned latitudes from 44–51° N and 

longitudes from 53–102° W (Figure 3.1, Table 3.1). 
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Figure 3.1. Map showing provenance sources and provenance test site. 
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Table 3.1. Provenance sources and provenance test site, with their coordinate position, 

key climatic variables for the period 1981–2010 [(mean annual temperature (MAT), 

mean winter temperature (MWT), mean summer temperature (MST), all in °C; total 

annual precipitation (TPPT), in mm)], and Ecozone/Ecoregion location (refer to 

MacGillivray 1963, Bailey 1995, Ecological Stratification Working Group 1996, 

Environment and Climate Change Canada 2018a, and National Oceanic and 

Atmospheric Administration, United States of America 2018). Abbreviations: SK refers 

to Saskatchewan, NL=Newfoundland, MB=Manitoba, NB=New Brunswick, 

QC=Quebec, and NY=New York State. 

 

Provenance Seed Source Latitude Longitude MAT 

(°C) 

MWT 

(°C) 

MST  

(°C) 

TPPT 

(mm) 

Ecozone/ 

Ecoregion 

MS-130 Duck Mountain, 

Saskatchewan 

(SK) 

51° 50ʹ N 102° W 1.9 -14.5 16.8 449.3 Prairies* 

MS-133 Roddickton,  

Newfoundland 

(NL) 

50° 55ʹ N 56° W 2.4 -8.5 12.8 1211.4 Boreal 

Shield 

MS-131 Airplane Bay,  

Manitoba (MB) 

50° 40ʹ N 100° W 1.5 -15.2 16.6 473.4 Prairies* 

MS-127 Bonne Bay, 

Newfoundland 

(NL) 

49° 25ʹ N 57° 44ʹ W 4.4 -6.2 15 1131.5 Boreal 

Shield 

MS-2 Green River 

Watershed  

New Brunswick 

(NB) 

47° 46ʹ N 68° 15ʹ W 3.5 -10.8 16.6 1104.1 Atlantic 

Maritime 

MS-125 Salmonier, 

Newfoundland 

(NL) 

47° 17ʹ N 53° 20ʹ W 5.6 -2.6 13.7 1571.7 Boreal 

Shield 

Test Site Salmon River 

Plantation, 

New Brunswick 

(NB) 

47° 07ʹ N 67° 32ʹ W 3.8 -10.4 16.9 1085 Atlantic 

Maritime 

MS-124 Valcartier Forest 

Station, Quebec 

(QC) 

46° 55ʹ N 71° 32ʹ W 4.9 -9.9 18.3 1158.1 Atlantic 

Maritime 

MS-118 Acadia Research 

Forest, 

New Brunswick 

(NB) 

45° 59ʹ N 66° 21ʹ W 5.2 -8.0 17.6 1175.8 Atlantic 

Maritime 

MS-303 Adirondack 

Mountains 

New York State 

(NY) 

44° 42ʹ N 74° W 6.7 

 

-8.5 19.7 965.3 Warm 

Continental 

*These provenances were sourced from the Aspen Parkland Ecoregion of the Prairie Ecozone of Canada. 

  

In 2015, when the study commenced, trees of each provenance were 59 years old. 

Each provenance was grown in 0.04-ha plots in which 100 trees were planted at a 
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spacing of 1.8 m × 1.8 m in 10 rows of 10 trees (see Appendix C, Figure C2). In 1998, 

one half of each provenance-plot was commercially thinned. Trees sampled were from 

the section that was not thinned. Trees in each provenance plot section were measured 

for diameter at breast height (DBH) from which the mean DBH was calculated and used 

to select trees for the study. Foliage samples were collected in the late summers of 2015 

and 2016, specifically August 25 and 11 of respective years, from three trees of each 

provenance. One-year-old foliage samples were collected from the upper part of the 

south-facing, canopy sections of each tree from 9:00 h (Local Atlantic Daylight Time). 

Telescopic pruners (see Appendix D, Figure D1) were used to detach shoots from each 

tree, which were put in sealed plastic bags, and kept in containers with ice packs until 

SLA (cm2 g-1) measurements were made. Projected or ½ of the total leaf area of sampled 

foliage was determined with a CanoScan LiDE 110 Flatbed Scanner (Canon Canada Inc, 

Mississauga, Ontario, Canada) and Image J analytical software (National Institutes of 

Health, Bethesda, Maryland, USA), after which the foliage was dried in a forced air 

oven at 55°C for a period of 48 hours and weighed. Leaf area and mass values for each 

foliage sample were used in the calculation of SLA. 
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3.2.2 Data analysis 

The methods used in the analysis of data collected are outlined in the flowchart in 

Figure 3.2. 

 

 

Figure 3.2. Flowchart of methods used in data analysis. 

 

3.2.2.1 Mixed analysis of variance (ANOVA) 

Mixed analysis of variance (ANOVA) was performed on the 2015 and 2016 SLA 

data using the repeated measures option in SPSS Statistical software (ver. 24, IBM 

Corp., New York, USA), with provenance as the between-subjects factor, year as the 

within-subjects factor, and SLA as the dependent variable. Homogeneity of sample 

variances was assessed using a Levene's test. Mixed ANOVA was done to determine the 

level of significance of the effects of provenance, year, and the interaction of these 

factors on SLA. If significant differences were detected in between- and within-subjects 

factor, the least significant difference (LSD) post-hoc test was subsequently used to 

separate effect means.    
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3.2.2.2 Cluster analysis and climatic variables 

Hierarchical cluster analysis was carried out for the identification of patterns of 

grouping among the provenances based on similarities in SLA in 2015 and 2016. 

Clustering was done with SPSS, in which provenances were set as cases, using (i) the 

agglomeration schedule, an iterative display of how clusters were formed, (ii) between-

groups linkages, the means by which cases are grouped into clusters, and (iii) squared 

Euclidean distance, a between-variables measure interval. Final clustering was displayed 

in a dendrogram. 

The output of the cluster analysis was assessed with climate normals (1981–2010), 

calculated from weather-station data from eastern North America (Environment and 

Climate Change Canada 2018a; National Oceanic and Atmospheric Administration, 

USA, 2018). Forty-five (45) climatic variables were considered, including (i) annual and 

seasonal (winter, spring, and summer) temperature‐based variables (18); (ii) 

precipitation‐based variables (seven); heat accumulation indices; growing degree-days 

above 5 and 10°C (two); annual and seasonal moisture indices (eight); and durations 

above temperature- and precipitation-thresholds (five each).  
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3.3 Results 

3.3.1 Provenance 

The results show that provenance of balsam fir did not have a significant effect on 

SLA (p > 0.05), but SLA across provenances in 2015 was significantly larger than those 

in 2016 (p < 0.05). There was also no significant provenance × year interaction (p > 

0.05). Provenance accounted for 26.8% of the variation in SLA, year, 80.9%, and 

provenance × year interaction, 30.3% (Tables 3.2 and 3.3). 

 

Table 3.2. Mean SLA (cm2 g-1; n = 3) in balsam fir provenances (n = 9) growing in a 

common garden in northern New Brunswick; sample standard deviations (three samples 

per provenance) are in parenthesis. 

 

Provenance                          Year 

         2015                         2016 

MS 2 (NB) 76.18 (±13.57) 57.27 (±14.36)a 

MS 118 (NB) 93.57 (±27.98) 51.53 (±7.10) a 

MS 124 (QC) 81.72 (±8.88) 54.35 (±8.44) a 

MS 125 (NL) 65.14 (±13.95) 48.42 (±2.75) a 

MS 127 (NL) 82.70 (±21.69) 59.71 (±11.86) a 

MS 130 (SK) 77.82 (±15.45) 46.24 (±6.11) a 

MS 131 (MB) 88.58 (±3.92) 50.63 (±0.07) a 

MS 133 (NL) 77.36 (±5.64) 61.03 (±8.98) a 

MS 303 (NY) 84.72 (±13.85) 56.77 (±5.81) a 

a no statistical difference in SLA when compared to the other     

  provenances with a similar letter at p > 0.05. 
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Table 3.3. Output of mixed analysis of variance on SLA (cm2 g-1) in balsam fir 

provenances growing in a common garden in northern New Brunswick. 

  

Source df F-value p-value Partial Eta Squared 

Provenance 8 0.823 0.593 0.268 

Year 1 76.013 <0.001 0.809 

Provenance × Year 8 0.978 0.483 0.303 

 

Leaf area and mass, the constituents of SLA, showed trends in relation to 

provenance and year. In 2015, leaf area and mass of foliage samples across provenances 

ranged from 4.78–21.93 cm2 and 0.05–0.34 g, respectively. In 2016, leaf area and mass 

of foliage samples across provenances ranged from 3.70–12.04 cm2 and 0.09–0.27 g, 

respectively.   

 

3.3.2 Cluster analysis and climatic variables 

Results of cluster analysis show that in 2015 provenances from NB (i.e., MS-2 and 

MS-118), QC (MS-124), NL (MS-125, MS-127, and MS-133), SK (MS-130), MB (MS-

131), NY (MS-303) were grouped in one cluster and the second provenance from NB 

(MS-118) was in another. In 2016, provenances from NB (MS-2), QC (MS-124), NL 

(MS-127, and MS-133), and NY (MS-303) were grouped in one cluster, and the second 

provenance from NB (MS-118), the third provenance from NL (MS-125), and the 

provenances from SK (MS-130), and MB (MS-131) were grouped in another (Figure 

3.3). The provenances from NB (MS-2, and MS-118), QC (MS-124), NL (MS-127, and 

MS-133), and NY (MS-303) remained in the same cluster grouping in both years, 
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whereas the third provenance from NL (MS-125), as well as those from SK (MS-130) 

and MB (MS-131) were in different clusters in both years. 

The provenances from Green River, NB, Valcartier, QC, Bonne Bay and 

Roddickton, NL, and Adirondack, NY that remained in the same cluster in 2015 and 

2016 were sourced from stands where spring precipitation (SPPT) and the days with 

precipitation > 10 mm (i.e., DPPT10) ranged between 222.8 and 255.0 mm, and 31.1 

and 39.4, respectively. The provenance from Acadia Research Forest, NB, in the other 

cluster, also in both years was sourced from stands with SPPT, and DPPT10 of 296.6 

and 40.2, respectively. Regarding mean spring temperature (SpMN), provenances 

similarly situated in one cluster, from Green River, NB, Valcartier, QC, and Bonne Bay 

and Roddickton, NL, were sourced from stands where the SpMN ranged between -0.4 

and 4.0°C. The provenance from Acadia Research Forest, NB, in the other cluster, was 

sourced from stands with SpMN of 4.1°C. The provenances from Green River, NB, 

Valcartier, QC, and Roddickton, NL, which maintained similar clustering in 2015 and 

2016 originated from stands where mean temperature of the coldest month (MTCM) and 

mean winter temperature (MWT) ranged between -10.5 and -12.1°C, and -8.5 and -

10.8°C, respectively. The provenance from the Acadia Research Forest, NB, in the other 

cluster, originated from stands with MTCM, and MWT at -10 and -8°C, respectively. 

The provenances from Green River, NB, and Roddickton, NL, present in the same 

cluster in 2015 and 2016 were sourced from stands where mean minimum annual 

temperature (MMIN), were -2.2, and -1.1°C, respectively, and growing degree-days > 

10°C (GDD10), were 766.3, and 372.9, respectively. The provenance from Acadia 
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Research Forest, NB, in the other cluster, was sourced from stands with MMIN and 

GDD10 of -0.9°C and 902, respectively (refer to Table 3.4 for variable definition). 

 

 

Figure 3.3. Dendrograms based on hierarchical cluster analysis of mean SLA (cm2 g-1) 

of balsam fir provenances growing in a common garden in northern New Brunswick in 

2015 (a) and 2016 (b). 

  

a

MS-2 - NB

MS-130 - SK

MS-124 - QC

MS-118 - NB

MS-133 - NF

MS-125 - NF

MS-127 - NF

MS-131 - MB

MS-303 - NY

b

MS-2 - NB

MS-130 - SK

MS-124 - QC

MS-118 - NB

MS-133 - NF

MS-125 - NF

MS-127 - NF

MS-131 - MB

MS-303 - NY



95 

 

Table 3.4. Climatic variables and their abbreviations. 

 

Parameter Abbreviation 

Mean minimum annual temperature MMIN 

Mean temperature of the coldest month MTCM 

Mean spring temperature SpMN 

Mean winter temperature MWT 

Growing degree-days > 10°C GDD10 

Summer precipitation SPPT 

Days with precipitation above 10 mm DPPT10 
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3.4 Discussion  

The results show that provenance did not have a significant effect on SLA in 

balsam fir (p > 0.05) during the observation period. This finding differs from the 

findings of common garden studies conducted by Oleksyn et al. (1998) on provenances 

of Picea abies (L.) Karst. and Luo et al. (2006) on provenances of P. asperata Mast., 

who found significant differences in SLA of the provenances they studied. A lack of 

significant difference between provenances in common garden studies may occur if the 

atmospheric conditions at the provenance sources are similar, or provenances were 

sourced along gradients that did not differ markedly in prevailing climatic conditions 

(Matyas 1996). This, however, was not the case with this study, as provenances were 

sourced along a marked climatic gradient (i.e., MAT range from 1.9 to 6.7°C and TPPT 

range from < 500 to >1500 mm). The lack of significant difference in provenance SLA 

may, therefore, be an indication of plasticity in this trait in balsam fir. Leaves are highly 

plastic during their expansion, aimed at facilitating improved plant performance over a 

wide range of environmental conditions and differing levels of resource availability 

(Castro-Diez et al. 1997). The ability of plants to alter morphological characteristics in 

their leaves may result in variation in SLA, which confer flexibility in plant adaptation 

to prevailing atmospheric conditions (Sims and Pearcy 1992; Scheepens et al. 2010). A 

lack of significant genetic differentiation in SLA among plant populations may likely 

indicate that they do not differ much in the constituent leaf dimensions (i.e., area and 

mass) in response to the climatic gradient the provenances considered here represent or 

that there is compensatory variation between these dimensions (Mimura and Aitken 

2007). Plant intraspecific characteristics can vary under different growing conditions 
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(Bissing 1982; Woodward 1983; Baas et al. 1984; Waring 1991; Karlsson 1992). Leaves 

display a highly plastic response to environmental variability, as evidenced by changes 

in their morphological characteristics, directed at improved plant performance and 

maintenance of species fitness to enable an optimal adjustment to changing conditions 

(Nobel et al. 1975; Jurik 1986; Margaris and Mooney 1981; Castro-Diez et al. 1997). 

Specific leaf area is the result of changes in the rates of leaf area expansion relative to 

changes in leaf mass (Dwyer et al. 2014).  

The significant decline in SLA (p < 0.05), between 2015 and 2016 may be because 

of decline in precipitation at the test site between 2013 and 2015 (Environment and 

Climate Change Canada 2018b), an interval which covers the periods of bud set and 

expansion. Climate data for the test site for periods July–October of 2013 and 2014 and 

March–June of 2014 and 2015 showed declines in precipitation, as follows: (i) July–

October of 2013, with 530.5 mm; (ii) July–October of 2014, 377.0 mm; (iii) March–June 

of 2014, 297.8 mm, and (iv) March–June of 2015, 92.7 mm. These periods were chosen 

because they cover sequentially, the periods when buds were set, which would 

subsequently undergo expansion in respective years following, and then develop into 

foliage from which one-year-old samples were collected for SLA measurements one 

year later.  

An assessment of provenances, which remained in the same clusters in both study 

years using climate data from the source stands, showed that precipitation (by way of 

SPPT and DPPT10), and low temperature (i.e., SpMN, MTCM, MWT, and MMIN) were 

the predominant climatic variables. Water availability from precipitation during bud set 

in one year and bud expansion in the following year are important in the division and 
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enlargement of cells of the apical meristem which results in foliage and stem 

development (Powell 1982; Kozlowski et al. 1991; Pallardy 2008). Water availability, 

which is dependent on precipitation amounts, also influences leaf area, the size of which 

is important during photosynthesis, and the resultant amount of photosynthate available 

for plant growth (Kozlowski et al. 1991). It also plays important roles in leaf cell 

division and expansion, as well as in generating turgor pressure, which enables leaves to 

maintain their structure and rigidity, and avoid wilting (Taiz and Zeiger 2010). 

Precipitation controls ecosystem processes through its input to the system and 

distribution through the soil complex (Noy‐Meir, 1973; Webb et al. 1983; 

Rodríguez‐Iturbe, 2000; Weltzin et al. 2003; Méndez‐Barroso et al. 2009), with seasonal 

precipitation being important to ecosystem functioning (Knapp and Smith, 2001; 

Nemani et al. 2003; Huxman et al. 2004; Forzieri et al. 2014). Seasonality of 

precipitation influences plant productivity through interaction with vegetation 

morphology, physiology, and life history (Stephenson, 1990; Kramer et al. 2000). 

Seasonal precipitation, particularly in spring, is more important than annual sums 

because spring precipitation is more readily available for plant growth, compared to 

winter precipitation (snow), which is frozen (Brooks et al. 1998). Also, during this 

period, evapotranspiration is low, and precipitation provides near-surface soil moisture 

early in the growing season, potentially replenishing groundwater reserves (Xiao and 

Moody 2004). 

The distribution of boreal and temperate plant species is defined by temperature 

during the cold season (Sakai 1983; Kreyling 2010; Strimbeck et al. 2007). The ability 

to withstand sub-freezing temperatures is a key adaptation of conifers (Sakai and Weiser 
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1973; Sakai and Larcher, 1987; Bannister and Neuner, 2001). Winter temperature is an 

important factor in natural selection for cold hardiness, as well as other adaptive and 

growth traits in conifers (Campbell, 1979; Oleksyn et al. 1998; Benowicz et al. 2001; 

Sorensen et al. 2001; Rehfeldt 2004; St Clair et al. 2005; Bower and Aitken 2006; St. 

Clair 2006; Rehfeldt and Jaquish 2010; Rehfeldt et al. 2014; Bansal et al. 2015). Woody 

plants in northern latitudes develop cold hardiness in two stages (Sakai and Larcher 

1987). The first stage, which results in modest levels of hardiness, is induced by 

shortening photoperiod and declining but warm temperatures ranging between 10 and 

20°C in autumn (Kozlowski et al. 1991). The subsequent stage, however, is induced by 

low temperature with sub-zero temperatures being the most effective (Silim and 

Lavender 1994). The development of cold hardiness in woody plants of boreal and 

temperate Ecozones occurs through the accumulation of carbohydrates, synthesis of 

proteins, and an increase in the concentration of lipids. The accumulation of 

carbohydrates and synthesis of proteins results in a decrease in the amount of ice 

formation to reduce freeze-induced dehydration. The increase in the concentration of 

lipids in chloroplast membranes enables them to maintain their fluidity at low 

temperatures, protecting the plant against damage that can result from freezing 

temperatures (Sakai and Larcher, 1987; Williams et al. 1988; Kozlowski et al. 1991; 

Palta et al. 1993; Lambers et al. 1998; Taiz and Zeiger 2010). The level of cold 

hardiness in conifers corresponds well with the winter temperature of their natural 

ranges. Populations across a widely distributed species’ range, with varying climatic 

conditions will develop different levels of cold hardiness (Sakai and Larcher 1987; 

Sutinen et al. 1992; Silim and Lavender 1994), with northern populations of a species 
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reported to be hardier than southern populations of the same species (Campbell and 

Sorensen 1974; Sakai and Weiser 1973; Rehfeldt 1979; Sakai 1983; Aitken and Adams 

1996). Conifers in boreal regions can attain very high levels of cold hardiness, being 

able to survive in temperatures up to -70°C in midwinter (Sakai 1983; Sakai and Larcher 

1987), while those in temperate regions attain moderate levels of hardiness to survive in 

temperatures up to -40°C (Silim and Lavender 1994). Specifically, regarding balsam fir, 

the relationship of the provenances with winter temperature may be because the 

optimum growth in the species, whose range extends across North America from central 

to eastern Canada, and southward through upper portions of midwestern to northeastern, 

USA, occurs in areas with cool temperatures (Frank 1990). 

The provenances from Salmonier, NL, Duck Mountain, SK, and Airplane Bay, 

MB, which did not remain in the same cluster in both study years may have displayed a 

greater level of change in their leaf characteristics compared to the other provenances 

that remained in the same clusters. This may be the result of lower levels of adaptation 

of these provenances to their source stands. Conifer populations generally undergo high 

levels of gene flow from wind-dispersed pollen that tend to diminish local adaptation 

(Hamrick et al. 1992; Le Corre and Kremer, 1998; Mimura and Aitken 2007).  

Climate change projections for North America indicate that the entire continent 

will warm during this century, with warming effects more evident in winter and summer. 

In winter, the greatest amount of warming will occur in northern Canada in winter and 

southern Canada in summer (Bush et al. 2014). Warming in summer is projected to 

occur across Canada, with the largest increases in temperature expected to take place in 

the continental interiors. Annual precipitation is projected to increase across parts of 
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Canada and the northeastern USA. In parts of southern Canada, precipitation is projected 

to increase in winter and spring, but decrease in summer and fall. In these areas, higher 

rates of evaporation because of warmer summer temperatures may increase the tendency 

towards drier conditions (IPCC 2007; Bush et al. 2014). Viewed in relation to climate 

change projections, the results from this study, which show that precipitation and low 

temperature at the source stands were the predominant climatic variables associated with 

the grouping of most provenances studied, indicate that in the western part of its range, 

the species may experience a decline as temperatures increase, and moisture deficits 

become more pronounced, while those in the eastern part of the range, may experience 

little to no negative impacts, and even thrive under increasing precipitation levels 

projected to occur. 

 

3.5 Conclusions 

This study investigated the effect of climatic variation on specific leaf area (SLA) 

in balsam fir provenances which were sourced from locations across latitudes from 44–

51° N and longitudes from 53–102° W, growing in a common garden in eastern Canada. 

Provenance did not have a significant effect on SLA (p > 0.05), an indication of 

plasticity in this trait in balsam fir. There was, however, a significant decline in SLA in 

the second year of the study compared to the first year (p < 0.05). This coincided with a 

decline between 2013 and 2015, in precipitation at the test site, an interval which covers 

the periods of bud set and bud expansion. Cluster analysis showed a consistent pattern of 

grouping of most provenances, which remained in the same clusters in both study years. 

When an assessment was done, of those provenances which remained in the same 
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clusters in both study years, using climate data of the source stands, the predominant 

climatic variables identified were precipitation and low temperature. The provenances 

which did not remain in the same clusters in both study years may have displayed a level 

of change in their leaf characteristics greater than that in the other provenances, which 

remained in the same clusters, likely the result of lower levels of adaptation in these 

provenances to their source-stand conditions. These results indicate that under variable 

climatic conditions the flexibility of balsam fir foliage may enable the species to adjust 

its photosynthetic activities in response. Under climate change, the species may 

experience a decline in the western part of its range with temperature increases, whereas 

those in the eastern part of the range may experience little to no negative impacts, with 

increases in precipitation. These findings will facilitate understanding of the 

photosynthetic characteristics in balsam fir, with respect to SLA, under variable 

interannual and climatic conditions. There is a need for further studies on additional sites 

within the range of balsam fir to establish the response of foliage of the species under 

different growing conditions, from those under which this study was conducted.  
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CHAPTER 4 

 

PHOTOSYNTHETIC PARAMETERS AND STOMATAL CONDUCTANCE IN 

ATTACHED AND DETACHED BALSAM FIR FOLIAGE 

 

Abstract 

Leaf level gas-exchange measurements are of benefit to studies in tree physiology, 

as they facilitate the understanding of tree response to changes in environmental 

conditions. To address the challenge of access to the crown of tall trees, such 

measurements can be made on foliage of detached branches. However, detachment may 

have impacts on leaf gas-exchange performance, and there is a need to study the gas-

exchange characteristics of foliage on detached branches to assess the feasibility of 

using the detached-branch method for gas-exchange analysis. The objective of this study 

was to report field observations of the parameters of photosynthesis and stomatal 

conductance before and after branch detachment during early summer-to-fall conditions. 

Photosynthesis and stomatal conductance in foliage of attached and detached branches 

of balsam fir [Abies balsamea (L.) Mill.], were compared at different times during the 

growing season. Data was analysed using the linear mixed-effects model with branch 

status and measurement month as fixed effects, and tree number as a random effect. 

Results indicated that branch detachment did not have significant effects on: (i) the rate 

of photosynthesis at the current level of atmospheric CO2 (i.e., photosynthesis at 400 

µmol mol-1, A400); (ii) maximum rates of Ribulose-1,5-bisphosphate (RuBP) 

carboxylation (Vcmax) and regeneration (Jmax); (iii) the ratio of Jmax to Vcmax (i.e., 
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Jmax:Vcmax), and (iv) stomatal conductance (gs) across trees sampled during the study 

period (p > 0.05). There was a strong seasonal effect on A400, Vcmax, Jmax, Jmax:Vcmax , and 

mean gs (p < 0.05), with higher rates of gas exchange in the fall than in summer months. 

The data from this study indicates that caution should be exercised when gas-exchange 

measurements are made on detached foliage during hot summer periods. Reliable gas-

exchange measurements can be obtained using balsam fir foliage on detached branches 

50–80 cm in length, in cooler growing-season periods, up to 30 minutes after 

detachment. 
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4.1 Introduction 

Gas-exchange measurements are of benefit to studies in tree physiology, as they 

facilitate the understanding of tree response to changes in environmental conditions. The 

administration of gas-exchange measurements in situ, with the foliage attached to the 

branch is readily done in seedlings or small saplings because of ease-of-access. 

However, access to foliage becomes difficult when trees grow past the sapling stage 

(Gauthier and Jacobs 2018). Experiments could be done with the help of ladders, 

scaffolding, towers, mobile lifts, or bucket trucks to reach foliage in the crown, several 

tens of metres above the ground. Choice of means of access to the tree crown is 

informed by factors, such as the safety of researchers, effort and associated logistics 

required, flexibility of the system, and cost (McCarthy 1988). These difficulties 

associated with canopy access would limit the number of measurements, many of which 

are required, in view of within-tree crown and between-tree variation. A trade-off 

option, in conducting gas-exchange experiments could be accomplished by detaching 

foliage from tall trees and conveniently taking measurements on the ground (Meng and 

Arp 1993; Richardson and Berlyn 2002). 

Detaching foliage from trees may cause physiological changes and indirectly 

affect gas-exchange. This is particularly important because the process of branch cutting 

itself, the interval between branch cutting and gas-exchange measurements, or both, can 

affect the variables being assessed (Richardson and Berlyn 2002). Clark (1954) cites 

Lundegardh (1931), who states that the photosynthetic capacity of cut foliage may be 

affected by resultant changes in cell turgor or stomatal aperture. In addition, in detached 

foliage, drawdown of moisture may occur because of continued transpiration (Meng and 
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Arp 1993). However, detachment is still a viable method for measuring gas exchange 

and has been used in several studies on-site or after transportation to a laboratory (e.g., 

Schaberg 1998; Medlyn et al. 2002; Goodine et al. 2008; Merilo et al. 2009; Woodruff et 

al. 2009). Few studies have reported on the effects of branch detachment on gas-

exchange measurements (Clark 1954; Koike and Sakagami 1984; Meng and Arp 1993; 

Gauthier and Jacobs 2018).  

Clark (1954) studied the effect of detachment on photosynthesis in Norway spruce 

[Picea abies (L.) Karst.] and found that the rate of photosynthesis remained unchanged 

in foliage detached under water when compared to that in attached foliage, for up to 20 

minutes after detachment. Koike and Sakagami (1984) in a similar study on three 

species of birch (Betula ermanii Cham., B. platyphylla Sukatchev. and B. 

Maximowicziana Sukatchev) reported unchanged rates of photosynthesis in the species, 

up to seven minutes after detachment, also under water. Meng and Arp (1993) from their 

study of red spruce (Picea rubens Sarg.) found that photosynthesis and stomatal 

conductance in attached and detached small current-year twigs were unchanged for up to 

six minutes after detachment. Gauthier and Jacobs (2018) found in their study of black 

walnut (Juglans nigra L.) that photosynthesis and stomatal conductance were unchanged 

up to nine minutes after detachment. In the two other species they studied, red and white 

oak (Quercus rubra L. and Q. alba L.), the effect of detachment occurred after three and 

six minutes (for photosynthesis) and three and 12 minutes (for stomatal conductance). 

The divergent results from these studies may be attributable to the species, as well as 

demensions of the foliage used. For example, Clark (1954) used a detached branch, 
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which had two- or three-years’ growth. Meng and Arp (1993) in contrast used detached 

current-year twigs. 

Gas-exchange studies available in the literature have generally assessed the 

impacts of detachment on instantaneous photosynthesis (A) in tree foliage, and even 

fewer, on stomatal conductance (gs). This study reports on the impacts of detachment on 

photosynthetic parameters, including maximum rate of Ribulose-1,5-bisphosphate 

(RuBP) carboxylation (Vcmax; μmol m–2 s–1) and the maximum rate of RuBP regeneration 

(Jmax; μmol m–2 s–1), derived from measurements of A (μmol m–2 s–1) relative to 

intercellular carbon dioxide (Ci; μmol mol–1), in response to changing levels of carbon 

dioxide (alias CO2 response or A-Ci curves). This is important because the Farquhar et 

al. (1980) model is the most widely used in the analysis of CO2-photosynthesis response 

in trees. Two key parameters in the Farquhar et al. model, i.e., Vcmax and Jmax, have been 

reported on, in several in situ gas-exchange studies (e.g., Wilson et al. 2000; Xu and 

Baldocchi 2003; Grassi et al. 2005; Diaz-Espejo et al. 2006; Hikosaka et al. 2007; 

Montpied et al. 2009; Fujita et al. 2012). Several researchers have reported on these 

parameters derived from measurements directly obtained from detached foliage (Table 

4.1). Studies by Wang et al. (2008) and Whitehead et al. (2011) only reported Vcmax. 
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Table 4.1. Studies reporting Vcmax and Jmax from detached foliage. 

 

Source Species studied 

Niinemets et al. (1998) Populus tremula L., Fraxinus excelsior L., 

Tilia cordata Mill., Corylus avellana L. 

Medlyn et al. (2002) Pinus pinstar Aiton. 

Warren et al. (2003) Pinus sylvestris L. 

Ethier et al. (2006) Pseudotsuga menziesii (Mirb.) Franco 

Goodine et al. (2008) Abies balsamea (L.) Mill. 

Wang et al. (2008)a Fagus crenata Blume 

Merilo et al. (2009) Picea abies L. 

Woodruff et al. (2009) Pseudotsuga menziesii 

Drake et al. (2010) Pinus taeda L. 

Whitehead et al. (2011)a Nothofagus solandrii (Hook.f.) Oerst. 

Raim et al. (2012) Picea abies 

Katahata et al. (2014) Daphniphyllum humile Maxim 

a Studies that only report Vcmax. 

 

Warren et al. (2003), Ethier et al. (2006), Goodine et al. (2008), Merilo et al. (2009), 

Woodruff et al. (2009), Drake et al. (2010), and Katahata et al. (2014) referred to 

preliminary measurements conducted in attached and detached foliage to compare rates 

of gas exchange prior to conducting measurements on which their studies were based. 

The study by Drake et al. (2010) was the only one found from a search of the literature, 

that reported on the effects of foliage detachment on Vcmax and Jmax, and this is the first 

study that assesses Vcmax and Jmax of attached and detached foliage in balsam fir, as well 

as the response of these parameters in such foliage to seasonal variation. The objective 

of this study is to report field observations of the parameters of photosynthesis and 
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stomatal conductance before and after branch detachment during early summer-to-fall 

conditions. 

 

4.2 Materials and Methods 

4.2.1 Study site 

The study was conducted at the University of New Brunswick (UNB) Woodlot 

(45° 56ʹ N, 66° 40ʹ W), New Brunswick, Canada. It is a 1,500-ha teaching and research 

forest, dominated by balsam fir and spruce (Picea spp.). The study site lies within the 

Maritime Lowlands Ecoregion of the Atlantic Maritime Ecozone (Ecological 

Stratification Working Group 1996). Humo-ferric podzols and gray luvisols are the 

dominant soil types in the area. Also present are significant zones of gleysols, fibrisols, 

and mesisols (Ecological Stratification Working Group 1996). The soils are well-

drained, sandy-clay loams, from the soil surface to a depth of 30 cm with < 20% coarse 

fragments. The depth to the compacted layer ranges from < 30 to 30–65 cm (Ecological 

Stratification Working Group 1996; Canadian Soil Information Service 2019). 

 

4.2.2 Gas-exchange measurements 

Nine balsam fir trees, ranging in age from 15–20 years, with diameter at breast 

heights (DBH) between 9–19 cm, were selected. The selections were done after a 

preliminary survey of the species in the section of the UNB Woodlot where 

measurements were conducted. Photosynthesis measurements were made in July [i.e., 

day of year (DOY) 198–200 and 205–207], August (219–221 and 226–228), October 

(228–290), and November (309–311) of 2019. At the time of study, mean monthly 
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temperature and total precipitation were (i) 20°C and 70.7 mm for July, (ii) 18.2°C and 

79.9 mm for August, (iii) 8.2°C and 105.1 mm for October, and (iv) -0.6°C and 118.1 

mm for November (after Environment and Climate Change Canada 2019). 

Gas-exchange measurements commenced each day at 09:00 h (Local Atlantic 

Daylight Time). Carbon dioxide (CO2) response curves were developed by measuring 

the rate of photosynthesis, A, in 1-year-old foliage, relative to CO2 concentration 

determined with a CIRAS-2 Photosynthesis System (PP Systems, Amesbury, Maryland, 

USA; see Appendix D, Figure D2). Measurements were first made on 1-year-old foliage 

while branches were attached to each tree, then again on the same foliage, following 

detachment. Each detached branch was around 50–80 cm long. Prior to placing the 

foliage in the conifer chamber (cuvette), needles at the lower end of each sample were 

removed using tweezers to ensure that the remaining needles were totally enclosed in the 

chamber.  

Foliage samples were enclosed in the chamber under saturating light, with 

photosynthetically active radiation (PAR) ranging from 1190–1200 μmol m–2 s–1 

supplied by a tungsten halogen light unit (PP Systems, Amesbury, Maryland, USA). 

Reference CO2 concentration (Cref) was changed in descending steps of 400, 200, 100, 

and 50, and ascending steps of 400, 800, 1,000, 1,400, and 1,800 μmol mol–1. Flow rate 

was set at 400 ml min–1, chamber temperature at 18°C, and relative humidity at 70%. 

Chamber temperature was set at 18°C because conifers are known to undergo optimal 

photosynthetic activity at temperatures lower than 25°C (Weiser et al. 2010; Lin et al. 

2012), the reference temperature on which the Farquhar et al. (1980) model is based. 

Before starting each response curve, foliage samples were acclimated to cuvette 
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conditions for three minutes. Two minutes were allowed for stabilization of A after each 

change in CO2 concentration before it was measured. Stomatal conductance (mmol m–2 

s–1) was measured simultaneously. Each CO2 response curve was completed within 30 

minutes. A total of 56 response curves were developed over the study period.  

After the completion of response curves for both attached and detached foliage, all 

needles on each foliage sample (n = 30–50) that were within the cuvette, were removed, 

and projected leaf area (½ of the total leaf area) was determined by scanning the needles 

with a CanoScanLiDE 110 Flatbed Scanner (Canon Canada Inc, Mississauga, Ontario, 

Canada). The image was then analysed with Image J software (National Institutes of 

Health, Bethesda, Maryland, USA). Projected leaf area was subsequently used to 

calculate A on a leaf-area basis.  

 

4.2.3 Data analysis 

The methods used in the analysis of data collected are outlined in the flowchart in 

Figure 4.1. 

 

Figure 4.1. Flowchart of methods used in data analysis. 
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4.2.3.1 Photosynthesis models 

The Farquhar et al. (1980) photosynthesis model is comprised of two parts. The 

first part is 

 

𝐴𝑐 =
𝑉𝑐𝑚𝑎𝑥𝐶𝑖−Г∗

𝐶𝑖+𝐾𝑐(1+
𝑂𝑖
𝐾𝑜

)
− 𝑅𝑑,                                                                      (4.1) 

 

where Ac is the Ribulose-1,5-bisphosphatecarboxylase/oxygenase (Rubisco)-limited net 

photosynthesis (μmol m–2 s–1), Kc and Ko the Michaelis-Menten constants for 

carboxylation and oxygenation (404 μmol mol–1 and 248 mmol mol–1, respectively; von 

Caemmerer et al. 1994), Oi the oxygen concentration at the site of carboxylation (210 

mmol mol–1), and Rd dark respiration (μmol m–2 s–1). The second part is: 

 

𝐴𝑟 =
𝐽𝑚𝑎𝑥𝐶𝑖−Г∗

4𝐶𝑖+8Г∗ − 𝑅𝑑 ,                                                                               (4.2) 

 

where Ar is the Ribulose-1,5-bisphosphate (RuBP)-limited net photosynthesis (μmol m–2 

s–1), Ci the intercellular CO2 concentration at the current ambient CO2 concentration, 

~400 μmol mol–1, and Г* the CO2 compensation point in the absence of dark respiration 

(μmol mol–1), at which point there is no net assimilation. The CO2 compensation point in 

the absence of dark respiration is determined by: 

 

Г∗ =
𝐾𝑐𝑂𝑖𝑘𝑜

2𝐾𝑜𝑘𝑐
,                      (4.3) 
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where kc and ko are the turnover rates for RuBP carboxylase and RuBP oxygenase (2.5s–1 

and 0.55 s–1 or 0.22kc; after Farquhar et al. 1980). 

The key parameters Vcmax and Jmax in eqn.’s 4.1 and 4.2 were estimated from 

regression analysis of A-Ci curves (Wullshcleger 1993; Wilson et al. 2000; Grassi et al. 

2001; Xu and Baldocchi 2003). This analysis necessitates the designation a priori of a 

Ci-threshold, at which there is a switch between RuBP-saturated and limited portions of 

the curve (Manter and Kerrigan 2004). Generally, it is assumed that at low Ci, A is solely 

limited by Vcmax, whereas at high Ci, A is limited by Jmax. The maximum rate of 

carboxylation was estimated using the lower section of the response curve, when Ci was 

approximately equal to or smaller than 300 µmol mol–1, whereas Jmax was estimated 

using the entire curve (Farquhar et al. 1980; Xu and Baldocchi 2003; Wullshcleger 

1993), i.e., 

 

𝐶𝐸 =
𝑉𝑐𝑚𝑎𝑥

Г∗+𝐾𝑐(1+
𝑂𝑖
𝐾𝑜

)
,                                                                                         (4.4) 

 

𝑉𝑐 =
𝑉𝑐𝑚𝑎𝑥𝐶𝑖

𝐶𝑖+𝐾𝑐(1+
𝑂𝑖
𝐾𝑜

)
, and                                                     (4.5) 

 

𝐽𝑚𝑎𝑥 = (4 +
8Г∗

𝐶𝑖
),                                                                                        (4.6) 
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(after Farquhar et al. 1980 and von Caemmerer 2000), where CE and Vc in eqn.’s 4.4 and 

4.5 are the carboxylation efficiency, representing the initial slope of the CO2 response 

curve and the rate of carboxylation, respectively. The equation constants, Kc, Ko, and Г* 

were derived at an ambient temperature of 25°C. As a result, their respective values 

were converted to values at the reference temperature (i.e., 18°C) with the following 

equations: 

 

𝐾𝑐(𝑇) = 𝐾𝑐(25°C)exp (59356 (
0.000404(𝑇−25)

𝑇+273
)),                                           (4.7)  

 

𝐾𝑜(𝑇) = 𝐾𝑜(25°C)exp (35948 (
0.000404(𝑇−25)

𝑇+273
)), and                                      (4.8) 

 

Г∗ (𝑇) = Г∗ (25°C) + 0.188(T-25) + 0.0036(T-25)2
                                      (4.9) 

 

(Lambers et al. 1998), where T is the reference temperature at which the CO2 response 

curve was developed. 

 

4.2.3.2 Mixed effects model 

The linear mixed-effects model option in SPSS Statistical software (ver. 24.0, IBM 

Corp., New York, USA) was used to analyse the maximum rate of photosynthesis at the 

current ambient CO2 concentration (i.e., photosynthesis at 400 µmol mol-1, A400), Vcmax, 

Jmax, ratio of Jmaxto Vcmax (i.e., Jmax:Vcmax), and mean gs. Branch status (attached or 

detached foliage) and measurement month (July, August, October, and November) were 
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the fixed factors, and tree number was the random factor. This analysis was done based 

on the fact of non-independence of measurements made on both types of foliage from 

each tree, and repeated sampling during the study period. 

The model equations used are as follows, 

 

Y = β0+β1branch status+β2measurement month+b1tree number+ε,              (4.10) 

 

Y= β0+β1branch status+β2month of measurement+β3branch status×month of 

measurement+b1tree number+ε.                                                                     (4.11) 

 

In eqn.’s 4.10 and 4.11, Y is the gas-exchange parameter of interest, β0, β1, β2, β3, and b1 

are regression coefficients to be estimated, and ε is the regression error term. 

 

4.3 Results 

As shown in Figure 4.2a–e, A increased with changing Cref (from 50–1800 µmol 

mol-1) and ranged from 0.00–30.79 µmol m-2 s-1in attached foliage and 0.00–30.50 µmol 

m-2 s-1in detached foliage. During the study period, A400 ranged from 5.30–14.70 µmol 

m-2 s-1 in attached foliage and 4.30–14.60 µmol m-2 s-1 in detached foliage. The highest 

mean A400 values for attached and detached foliage were 10.80±1.56 and 10.66±1.61 

µmol m-2 s-1, respectively. The highest mean A400 values for attached and detached 

foliage were found in October. The range for Vcmax in attached and detached foliage were 

14.58–53.36 and 11.62–52.78 µmol m-2 s-1, respectively. The highest mean Vcmax in 

attached and detached foliage, i.e., 35.79±9.44 and 33.59±9.29 µmol m-2 s-1, 
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respectively, also occurred in October. The range for Jmax in attached and detached 

foliage were 16.28–81.33 and 12.44–72.71 µmol m-2 s-1. The mean Jmax value in 

November of 48.20±14.37 µmol m-2 s-1 was the highest in attached foliage. In detached 

foliage, this occurred in October, with a value of 44.49±13.98 µmol m-2 s-1. The ratio of 

Jmax to Vcmax in attached and detached foliage ranged from 1.06–1.90 (non-dimensional). 

The highest mean Jmax:Vcmax ratios were 1.51±0.33 and 1.35±0.12 for attached and 

detached foliage and occurred in July. Stomatal conductance (gs) in both attached and 

detached foliage ranged from 20–150 mmol m-2 s-1. Some exceptions between 150–230 

mmol m-2 s-1coincided with periods of active rainfall that increased foliage surface 

wetness and cuvette relative humidity, which led to higher-than-normal readings of gs. In 

attached foliage, mean gs at the lowest Cref, 50 µmol mol-1 ranged from 74.49–117.24 

mmol m-2 s-1, and at the highest Cref, 1800 µmol mol-1 it ranged from 67.72–106.5 mmol 

m-2 s-1. In detached foliage, mean gs at 50 mol mol-1 ranged from 67.41–119.01 mmol m-

2 s-1, and at 1800 µmol mol-1 it ranged from 60.20–117.13 mmol m-2 s-1. Across Cref 

levels mean gs in attached and detached foliage samples ranged from 36.80–139.27 and 

35.74–145.79 mmol m-2 s-1, respectively. The highest mean gs in attached and detached 

foliage samples, i.e., 106.42±22.45 and 110.96±24.09 mmol m-2 s-1, also occurred in 

October (Figure 4.3–4.7). The branch status (fixed effect) and tree number (random 

effect) did not have significant effects on A400, Vcmax, Jmax, Jmax:Vcmax, and mean gs (p > 

0.05). The month of measurement did have a significant effect on A400, Vcmax, and Jmax (p 

< 0.05), but branch status × month of measurement had no significant effect on A400, 

Vcmax, and Jmax (p > 0.05). Month of measurement only had a significant effect on 

Jmax:Vcmax and mean gs when the main effects of the fixed factors were assessed (p < 
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0.05), as the introduction of the interaction term, which also was not significant (p > 

0.05) rendered the effect of month on Jmax:Vcmax and mean gs statistically non-significant. 

With the interaction between the fixed factors having no significant effect on all gas-

exchange parameters, the interaction term was ignored (Tables 4.2 and 4.3). 
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Figure 4.2. The response of maximum photosynthesis (A; µmol m-2 s-1) to intercellular 

CO2 (Ci; µmol mol-1) in attached (closed circles) and detached (open circles) balsam fir 

foliage measured in July through to November 2019 (a). Given are the mean response ± 

the standard deviation (error bars) for all foliage during the study period (b, c, d, e). 
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Figure 4.3. Box plots of rate of photosynthesis at 400 µmol mol-1 (A400; µmol m-2 s-1) in 

attached and detached balsam fir foliage measured in July through to November 2019. 

The thick horizontal lines in the boxes represent the median of plotted values. The 

bottom and top edges of the boxes denote the 25th and 75th percentiles, whereas the ends 

of the whiskers correspond to the 10th and 90th percentiles. Similar lowercase letters 

indicate no significant difference regarding branch status (p > 0.05). Differences in 

upper case letters indicate significant differences regarding measurement month (p < 

0.05). Comparisons were made in relation to reference values for branch status and 

measurement month. 
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Figure 4.4. Box plots of the maximum rate of ribulose-1,5-bisphosphate carboxylation 

(Vcmax; µmol m-2 s-1) in attached and detached balsam fir foliage measured in July 

through to November 2019. See Figure 4.3 for box-plot descriptions. Similar lowercase 

letters indicate no significant difference regarding branch status (p > 0.05). Differences 

in upper case letters indicate significant differences regarding measurement month (p < 

0.05). Comparisons were made in relation to reference values for branch status and 

measurement month.  
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Figure 4.5. Box plots of the maximum rate of ribulose-1,5-bisphosphate regeneration 

(Jmax; µmol m-2 s-1) in attached and detached balsam fir foliage measured in July through 

to November 2019. See Figure 4.3 for box-plot descriptions. Similar lowercase letters 

indicate no significant difference regarding branch status (p > 0.05). Differences in 

upper case letters indicate significant differences regarding measurement month (p < 

0.05). Comparisons were made in relation to reference values for branch status and 

measurement month. 
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Figure 4.6. Box plots of the ratio of the maximum rates of ribulose-1,5-bisphosphate 

regeneration (Jmax; µmol m-2 s-1) to carboxylation (Vcmax; µmol m-2 s-1) in attached and 

detached balsam fir foliage measured in July through to November 2019. See Figure 4.3 

for box-plot descriptions. Similar lowercase letters indicate no significant difference 

regarding branch status (p > 0.05). Differences in upper case letters indicate significant 

differences regarding measurement month (p < 0.05). Comparisons were made in 

relation to reference values for branch status and measurement month. 
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Figure 4.7. Box plots of mean stomatal conductance (gs; mmol m-2 s-1) in attached and 

detached balsam fir foliage measured from 50–1800 µmol mol-1 in July through to 

November 2019. See Figure 4.3 for box-plot descriptions. Similar lowercase letters 

indicate no significant difference regarding branch status (p > 0.05). Differences in 

upper case letters indicate significant differences regarding measurement month (p < 

0.05). Comparisons were made in relation to reference values for branch status and 

measurement month. 
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Table 4.2. Output of mixed model analysis (fixed effects; branch status and month) of 

A400, Vcmax, Jmax, Jmax:Vcmax, and mean gs in attached and detached balsam fir foliage 

measured in July through to November 2019. 

 

Parameter Estimate Std. Error df t-value p-value 

A400      

Branch status      

Attached 0.525 0.418 42.571 1.254 0.217 

*Detached 0 0 . . . 

Month      

July -3.222 0.577 47.417 -5.585 <0.001 

August -3.447 0.604 48.842 -5.707 <0.001 

October 0.310 0.574 44.376 0.539 0.593 

*November                                                                                                 0 0 . . . 
      

Vcmax       

Branch status      

Attached 2.285 1.684 46.837 1.357 0.181 

*Detached 0 0 . . . 

Month      

July -12.439 2.309 48.971 -5.388 <0.001 

August -10.885 2.409 49.028 -4.518 <0.001 

October 2.547 2.307 47.840 1.104 0.275 

*November                                                                                                 0 0 . . . 
      

Jmax      

Branch status      

Attached 4.811 3.038 47.968 1.584 0.120 

*Detached 0 0 . . . 

Month      

July -15.849 4.170 49.280 -3.800 <0.001 

August -19.942 4.352 49.322 -4.582 <0.001 

October 1.286 4.165 48.604 0.309 0.759 

*November                                                                                                 0 0 . . . 
      

Jmax:Vcmax       

Branch status      

Attached 0.074 0.052 45.300 1.415 0.164 

*Detached 0 0 . . . 

Month      

July 0.466 0.072 48.500 0.647 0.520 

August -0.205 0.075 48.930 -2.729 0.009 

October -0.071 0.072 46.580 -0.994 0.325 

*November                                                                                                 0 0 . . . 
      

Mean gs      

Branch status      

Attached 7.240 7.436 47.159 0.974 0.335 

*Detached 0 0 . . . 

Month      

July -4.216 10.274 49.189 -0.410 0.683 

August -25.650 10.897 50.262 -2.354 0.023 

October 14.272 10.206 47.800 1.398 0.168 

*November                                                                                                 0 0 . . . 

*Reference set to zero. 
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Table 4.3. Output of mixed model analysis (random effect; tree) of A400, Vcmax, Jmax, 

Jmax:Vcmax, and gs in attached and detached balsam fir foliage samples measured in July 

through to November, 2019. 

 

Parameter Estimate Std. Error Wald Z p-value 

A400 0.090 0.283 0.319 0.749 

     

Vcmax 0.244 2.414 0.101 0.919 

     

Jmax 2.933 7.884 0.372 0.710 

     

Jmax:Vcmax 0.002 0.003 0.449 0.654 

     

Mean gs 108.231 325.566 0.332 0.740 
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4.4 Discussion 

The results of this study showed that gas exchange in detached foliage did not 

differ significantly from those in attached foliage within 30 minutes after detachment (p 

> 0.05), the period required for completion of a single CO2 response curve. This may be 

because the water status of the detached foliage was not affected by detachment during 

the development of individual response curves. Hydraulically efficient stems ensure 

adequate water supply to the leaves such that water loss through transpiration can be 

replaced readily, ensuring that deficits in leaf water supply are minimised, and stomata 

remain open for CO2 uptake (Xiong et al. 2018; Bucci et al. 2019). Photosynthesis has 

frequently been documented among the primary physiological processes affected by 

water stress (Galmes et al. 2011). It has been found that detachment does not initially 

affect the rate of net photosynthesis and stomatal conductance of detached foliage. Over 

a prolonged period, however, cumulative moisture losses from leaves caused by 

detachment fosters reductions. Nevertheless, a small and immediate increase in 

measurement variations occurs following twig detachment (Meng and Arp 1993).  

The stomata that are embedded in the epidermis simultaneously control plant 

water losses during transpiration and their uptake of CO2 through the opening and 

closing action of the stomatal apparatus. Water loss through plant leaves during 

transpiration, which results in the closure of the stomata occurs when there is an 

imbalance between water effluxes and water influxes. Several factors, including water 

status, and pressure relations in surrounding tissue influence stomatal activity. During 

transpiration, water-conducting elements contain water columns, which are under 

tension. Consequently, a water-potential gradient between mesophyll tissue and xylem 
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elements occurs, ensuring movement of water against flow resistances (Heber et al. 

1986; Buckley 2005). Stomatal response to foliage detachment results from the activity 

of the stomatal aperture which has a positive relationship with turgor pressure in the 

guard cells, but a negative relationship with that of adjacent epidermal cells. Epidermal 

backpressure, the more effective of these opposing pressures in regulating aperture, is 

termed the mechanical advantage of the epidermis (Buckley 2005). 

The rate at which CO2 enters the leaf is regulated by resistances caused by the 

opening and closing action of the stomata, and the internal pathways within the leaf 

mesophyll. The reduction in plant photosynthesis arising from moisture stress is 

generally explained by an increase in the resistance to the movement of CO2 through the 

stomata and mesophyll pathways to the site of fixation in the chloroplast. These 

resistances are substantially increased under such conditions, because of low leaf water 

potentials (Brix 1962; Slatyer 1967; Crafts 1968; Beadle et al. 1973; Puritch 1973). 

Plants, when under moisture stress, undergo a reduction in photosynthesis (Ashton 

1956; Beadle et al. 1973). Generally, an increase in water stress results in a two-phase 

response, with a xylem water potential threshold, above which little or no change in 

photosynthesis occurs, and below which it rapidly decreases. This two-phase response of 

photosynthesis to xylem water potential varies among species with the threshold xylem 

water potential, as well as the subsequent pattern of photosynthetic decline (Melzack et 

al. 1985). The two-phase response with a threshold xylem water potential has been 

observed in conifers in studies of the effects of water stress in P. taeda (Brix 1962), four 

species of the genus Abies [i.e., A. balsamea, A. amabilis, Doug., A. lasiocarpa (Hook.) 

Nutt., and A. grandis Doug.; Puritch 1973], and P. sitchensis (Bong.) Carr, (Watts and 
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Neilson 1978). Brix (1962) found that photosynthesis in P. taeda, under water stress was 

stable until it increased to 405 kPa, following which there was a decline. Puritch (1973) 

reported similar stability of photosynthesis under water stress in the four species of the 

genus Abies studied, up until stresses between 900 and 1,100 kPa followed by a decline. 

Watts and Neilson (1978) observed stable photosynthesis in P. sitchensis under water 

stress up until 1500 kPa, after which there was a decline. The results of this study may 

be an indication that the period over which a CO2 response curve was derived for each 

of the detached foliage sample, occurred at a xylem water potential that allowed 

photosynthesis to remain at rates that were largely like those in attached foliage samples. 

The values of A400, Vcmax, Jmax and Jmax:Vcmax for attached and detached foliage all 

showed strong seasonal variation. The studies by Xu and Baldocchi (2003) and Wilson 

et al. (2000) showed seasonal variation in the gas-exchange parameters measured, with 

peak values recorded for the gas-exchange parameters measured in spring and summer, 

respectively, with declines in subsequent seasons. In this study, however, A400, Vcmax, 

and Jmax increased from summer to fall. This is attributable to the fact that Xu and 

Baldocchi (2003) worked on Quercus douglasii Hook and Arn, and Wilson et al. (2000) 

worked on Q. prinus L., Q. alba L., Acer rubrum L., A. saccharum Marsh., and Nyssa 

sylvatica Marsh., all deciduous species. Conifers and deciduous species have different 

photosynthetic responses to changing atmospheric temperature, with conifers (including 

balsam fir) attaining higher photosynthetic rates at lower temperatures compared to 

deciduous species (Lin et al. 2012), such as obtained during fall. The pattern of seasonal 

variation in Jmax:Vcmax, in attached and detached samples showed that the highest value 

in both foliage types occurred in July. Though the pattern of seasonal variation 
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Jmax:Vcmax is a departure from the trends seen in A400, Vcmax, and Jmax, the values were 

within the comparatively small range from 1–3, within which Jmax:Vcmax is reported to 

vary (Wullschleger 1993; Leuning 2002; Walcroft et al. 1997; Medlyn et al. 1999, 2002; 

Robakowski et al. 2002; Onoda et al. 2005a,b; Kattage and Knoor 2007). This reflects 

the balance between RuBP carboxylation and regeneration. Mean gs across Cref-levels 

showed a seasonal trend with a peak in October. A similar trend was reported by Beadle 

et al. (1985) in their study of P. sylvestris. The assessment of the seasonal effect on 

detached foliage also showed variation in relation to prevailing atmospheric conditions 

with a general trend of significantly lower gas-exchange parameters in August compared 

to those in October and November. This is largely due to the higher temperatures and 

accompanying greater vapour pressure deficits between foliage and the air in the 

summer, than in the fall (Berry and Bjorkman 1980). 

 

4.5 Conclusions 

In this study, a comparison was made of photosynthetic parameters and stomatal 

conductance in foliage of attached and detached branches of balsam fir at different times 

during the growing season. Data was analysed using the linear mixed-effects model with 

branch status and measurement month as fixed effects, and tree number as a random 

effect. Results indicated that branch detachment did not have significant effects on: A400, 

Vcmax, Jmax, Jmax:Vcmax, and gs across trees sampled during the study period (p > 0.05). 

There was a strong seasonal effect on all gas-exchange parameters measured (p < 0.05). 

The trend of the data from this study indicates that the photosynthetic parameters and 

rate of photosynthesis are higher in October and November (fixed-effect parameters), an 
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indication that the optimal temperature of balsam fir is generally low. The observed 

impact of detachment on gs during July and August indicated that caution is required 

when gas-exchange measurements are made over long durations, especially during hot 

summer periods. It can be concluded that detachment has negligible impact on gas-

exchange measurements in balsam fir foliage (within 50–80 cm long) for up to 30 

minutes especially during cooler months. 
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CHAPTER 5 

 

 

THE RESPONSE OF BALSAM FIR PHOTOSYNTHESIS AND STOMATAL 

CONDUCTANCE TO CLIMATIC VARIATION 

 

Abstract 

There is a need to understand the process of gas exchange under changing climatic 

conditions. The objective of this study was to determine the effect of climatic variation 

on photosynthesis and stomatal conductance in balsam fir in northwestern New 

Brunswick, Canada. The rate of photosynthesis, photosynthetic parameters, and stomatal 

conductance in foliage samples of 63-year-old balsam fir [Abies balsamea (L.) Mill.] 

provenances sourced from 44–51° N and 53–102° W growing in a common garden in 

eastern Canada, were measured in 2019. Results showed that provenance did not have 

significant effects on: (i) the rate of photosynthesis at the current level of atmospheric 

CO2 (i.e., photosynthesis at 400 µmol mol-1, A400); (ii) maximum rates of Ribulose-1,5-

bisphosphate (RuBP) carboxylation (Vcmax) and regeneration (Jmax); (iii) the ratio of Jmax 

to Vcmax (i.e., Jmax:Vcmax; p > 0.05), but had a significant effect on (iv) stomatal 

conductance (gs) (p < 0.05). There were linear relationships between Vcmax and Jmax 

(positive), and intercellular CO2 at 400 μmol mol-1 (Ci400) and Vcmax (negative), as well 

as multiple linear relationships of mean annual temperature (MAT) and mean minimum 

annual temperature (MMIN), respectively, and summer precipitation (SPPT) with Vcmax. 

Provenances in groupings from cluster analysis of their gas-exchange parameters had 
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similarities in climatic variables related to annual spring and cool temperatures across 

the year, and annual spring and summer precipitation, and precipitation threshold. The 

data from this study showed that the effect of intraspecific variation in A400, Vcmax, Jmax, 

and Jmax:Vcmax in balsam fir was not very strong, whereas it was more evident in gs. The 

closely coordinated relationship between Vcmax and Jmax was unaffected by climatic 

variation. Provenance gas-exchange parameters retained relationships with climatic 

variables at their source stands.  
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5.1 Introduction 

Climate is an important determinant of tree growth, natural range of tree species, 

and composition of forest stands throughout the species range (Schweingruber, 1996; 

Sykes and Prentice, 1996; Iverson and Prasad, 1998; Makipaa 1999; Fritts, 2001; 

Hollingsworth et al. 2006; Lafleur et al. 2010; Jansons et al. 2013; Dwyer et al. 2014). 

Intraspecific variation in morphological and physiological attributes results in 

populations that can maintain their fitness under varying growing conditions along 

climatic gradients and associated levels of resource availability (Woodward 1983; 

Villar-Salvador et al. 1997; Rehfeldt et al. 2001; Suvanto et al. 2016).  

Across continental, regional, and local scales, temperature and the balance 

between precipitation and evapotranspiration are particularly important, as they largely 

control the rates of species and ecosystem biological processes (Hobbie 1996; Moore et 

al. 1999; Nemani et al. 2003; Lafleur et al. 2010). Higher temperatures and altered 

precipitation regimes associated with climate change will likely affect plant exchange of 

energy, carbon, water, and nutrients with the environment (Grossiord et al. 2017), 

influence plant growth (Huang et al. 2007; Brassard et al. 2009; Lafleur et al. 2010), and 

physiology (Keeling et al. 1996; Myneni et al. 1997). Furthermore, plants will need to 

undergo physiological and morphological adjustments to persist and thrive under 

projected climates (Nicotra et al. 2010; Grossiord et al. 2017), which will have 

implications for local abundance and community composition (Lafleur et al. 2010). 

The quantification of tree growth-climatic relationships and underlying 

physiological processes (Orwig and Abrams 1997; Spiecker 1999; Lindner et al. 2014) 

has gained importance in studies directed at understanding climate change impacts 
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(Rohner et al. 2016). Moreover, detailed studies at regional and sub-regional scales are 

needed, to characterise species-specific response to climate change (Peterson et al. 2002; 

Bunn et al. 2005; Sidor et al. 2015). This is borne out by the fact that tree species, 

though often treated as homogeneous groups, consist of sub-populations that show 

adaptations to local climate. An understanding of intraspecific tree growth-climatic 

relationships will improve projections of forest ecosystem response to future climatic 

conditions (Brubaker 1980; Graumlich 1993; Cook et al. 2001; Beniston, 2002; Liang et 

al. 2010; Pompa-Garcia et al. 2013; Suvanto et al. 2016). 

 As photosynthesis directly influences plant growth (Porte and Loustau 1998; 

Ackerly et al. 2000), there is a need to define its role regarding how trees respond to 

climate change. During photosynthesis plants use light energy to fix atmospheric carbon 

for the formation of carbohydrates. These carbohydrates are accumulated in various 

meristems (e.g., shoot and root apical meristem, vascular cambium, foliar structures), for 

growth and maintenance, as well as production of storage and defence compounds 

(Landsberg and Gower 1997; Barnes et al. 1998; Beadle and Sands 2004; Warren and 

Dreyer 2006; Pallardy 2008). The objective of this study is to determine the effect of 

climatic variation on photosynthesis and stomatal conductance in balsam fir in 

northwestern New Brunswick, Canada.  

 

5.2 Materials and Methods 

5.2.1 Study site 

The study was conducted at a long-term research site established by Natural 

Resources Canada, Canadian Forest Service in northern New Brunswick, Canada (47° 7ʹ 
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N, 67° 32ʹ W). The study site is a balsam fir provenance trial established in 1961, near 

Salmon River (see Appendix B, Figure B1), comprising twelve provenances from 

locations across 44–51° N and 53–102° W across North America (MacGillivray 1963). 

Five-year-old seedlings were used to establish the provenance trial (Table 5.1).  
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Table 5.1. Provenance sources and provenance test site, with their coordinate position, 

key climatic variables for the period 1981–2010 [(mean annual temperature (MAT), 

mean winter temperature (MWT), mean summer temperature (MST), all in °C; total 

annual precipitation (TPPT), in mm)], and Ecozone/Ecoregion location (refer to 

MacGillivray 1963, Bailey 1995, Ecological Stratification Working Group 1996, 

Environment and Climate Change Canada 2018, and National Oceanic and Atmospheric 

Administration, USA, 2018). Abbreviations: SK refers to Saskatchewan, 

NL=Newfoundland, MB=Manitoba, NB=New Brunswick, QC=Quebec, and NY=New 

York State. 

 

Provenance Seed Source Latitude Longitude MAT 

(°C) 

MWT 

(°C) 

MST  

(°C) 

TPPT 

(mm) 

Ecozone/ 

Ecoregion 

MS-130 Duck Mountain, 

Saskatchewan (SK) 

51° 50ʹ N 102° W 1.9 -14.5 16.8 449.3 Prairies* 

MS-133 Roddickton,  

Newfoundland 

(NL) 

50° 55ʹ N 56° W 2.4 -8.5 12.8 1211.4 Boreal 

Shield 

MS-131 Airplane Bay,  

Manitoba (MB) 

50° 40ʹ N 100° W 1.5 -15.2 16.6 473.4 Prairies* 

MS-126 Hawke’s Bay,  

Newfoundland 

(NL) 

50° 37ʹ N 57° 15 W 3.2 -8.2 14.2 1010.2 Boreal 

Shield 

MS-127 Bonne Bay, 

Newfoundland 

(NL) 

49° 25ʹ N 57° 44ʹ W 4.4 -6.2 15 1131.5 Boreal 

Shield 

MS-123 Sandy Brook,  

Newfoundland 

(NL) 

48° 44ʹ N 56° 04ʹ W 3.4 -7.2 14.2 1104.4 Boreal 

Shield 

MS-2 Green River 

Watershed,  

New Brunswick 

(NB) 

47° 46ʹ N 68° 15ʹ W 3.5 -10.8 16.6 1104.1 Atlantic 

Maritime 

MS-125 Salmonier, 

Newfoundland 

(NF) 

47° 17ʹ N 53° 20ʹ W 5.6 -2.6 13.7 1571.7 Boreal 

Shield 

Test Site Salmon River 

Plantation, 

New Brunswick 

(NB) 

47° 07ʹ N 67° 32ʹ W 3.8 -10.4 16.9 1085 Atlantic 

Maritime 

MS-124 Valcartier Forest 

Station, Quebec 

(QC) 

46° 55ʹ N 71° 32ʹ W 4.9 -9.9 18.3 1158.1 Atlantic 

Maritime 

MS-118 Acadia Research 

Forest, 

New Brunswick 

(NB) 

45° 59ʹ N 66° 21ʹ W 5.2 -8.0 17.6 1175.8 Atlantic 

Maritime 

MS-117 Oromocto, 

New Brunswick 

(NB) 

45° 52ʹ N 66° 24ʹ W 5.6 -7.7 18.0 1077.7 Atlantic 

Maritime 

MS-303 Adirondack 

Mountains, 

New York State 

(NY) 

44° 42ʹ N 74° W 6.7 

 

-8.5 19.7 965.3 Warm 

Continental 

*These provenances were sourced from the Aspen Parkland Ecoregion of the Prairie Ecozone of Canada.  
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The site lies within the Northern New Brunswick Uplands Ecoregion of the Atlantic 

Maritime Ecozone (Ecological Stratification Working Group 1996). At the time of the 

study mean monthly temperature and total precipitation in the months of study were: (i) 

12.2°C and 150.6 mm in September; (ii) 8°C and 121.6 mm in October (Environment 

and Climate Change Canada 2019). The dominant soils at the study site are humo-ferric 

and ferro-humic podzols, with significant amounts of gray luvisols. The soils are 

medium to fine loams from the soil surface to a depth of 25 cm, and parent material of 

medium to fine loam to clay loam, with coarse fragments. The depth to the compacted 

layer ranges from 30–65 cm. The soils are moderately well drained (Ecological 

Stratification Working Group 1996; Canadian Soil Information Service 2019).  

  

5.2.2 Gas-exchange measurements 

Trees of each provenance were 63 years old at the time of the study. Each 

provenance was grown in 0.04-ha plots planted with 100 trees at a spacing of 1.8 m × 

1.8 m in 10 rows made up of 10 trees (see Appendix C, Figure C2). In 1998, one half of 

each provenance-plot was commercially thinned. Trees sampled were from the section 

that was not thinned. Trees in each provenance plot section had been measured for 

diameter at breast height (DBH) from which the mean DBH was obtained and used to 

select trees for the study. Foliage samples were collected for photosynthesis 

measurements over a 6-day period, between the 25th of September and the 1st of October 

2019. Specifically, branches were detached from the upper canopy between 09:00–15:00 

h (Local Atlantic Daylight Time), using telescopic pole pruners. Branch samples were 

collected from three trees of each provenance, for developing CO2 response curves. 
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Branch samples were collected from the upper part of the south-facing canopy sections 

of each tree, immediately after which gas-exchange measurements were made (see 

Appendices D and E, Figure D3–E1, respectively). 

Earlier measurements of attached and detached foliage samples showed no 

significant difference (p > 0.05) in gas-exchange rates (Chapter 4). Carbon dioxide 

response curves were developed by measuring the rate of photosynthesis, A (μmol m–2 s–

1) in 1-year-old foliage samples relative to intercellular CO2 concentration (Ci) with a 

CIRAS-2 Photosynthesis System (PP Systems, Amesbury, Maryland, USA) after 

current-year foliage were removed with hand pruners. Stomatal conductance (gs) was 

measured, simultaneously. Measurements were made on foliage samples of detached 

tree branches, 50–80 cm in length. Before each foliage sample was placed in the conifer 

chamber (cuvette) tweezers were used to remove needles at the lower end of each 

sample to ensure that the remaining needles were totally enclosed in the chamber. 

Carbon dioxide response curves (also known as A-Ci curves) were developed using the 

method described in Chapter 4. A total of 33 CO2 response curves were developed for 

the study. Trees from one of the provenances, i.e., MS-131 (Airplane Bay, Manitoba, 

MB) could not be measured because only one of the 50 trees in the unthinned plot 

section was alive at the time of the study.  

On completion of each response curve, all needles (n = 30–90) on each sample that 

were enclosed in the cuvette were removed, and subsequently scanned using a 

CanoScanLiDE 110 Flatbed Scanner (Canon Canada Inc, Mississauga, Ontario, Canada) 

for projected leaf area (½ of the total leaf area) determination. Image J software 

(National Institutes of Health, Bethesda, Maryland, USA) was then used to analyse the 
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image. Projected leaf area was used to calculate A on a leaf-area basis (see Appendix E, 

Figure E2).  

 

5.2.3 Data analysis 

The methods used in the analysis of data collected are outlined in the flowchart in 

Figure 5.1. 

 
 

 

Figure 5.1. Flowchart of methods used in data analysis. 

 

5.2.3.1 Photosynthetic parameters 

Key parameters of the Farquhar et al. (1980) photosynthesis model; the maximum 

rate of Ribulose-1,5-bisphosphate (RuBP) carboxylation or Rubisco activity (Vcmax), and 

the maximum rate of RuBP regeneration or electron transport (Jmax) for each 
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provenance, were estimated from regression analysis of A-Ci curves (see Chapter 4 for 

details of the model components, equations, and relevant references). 

 

5.2.3.2 Analysis of variance (ANOVA) 

Data collected included the rate of photosynthesis at 400 μmol m–2 s–1 (A400), 

Vcmax, Jmax the ratio of Jmax to Vcmax (i.e., Jmax:Vcmax) and mean gs across the Cref-levels 

were subjected to analysis of variance (ANOVA) using the General Linear Model option 

in SPSS Statistical software (ver. 24, IBM Corp., New York, USA), with provenance as 

the fixed effect. Levene's test for homogeneity of sample variances was conducted. The 

Bonferroni post-hoc test was carried out if the analysis of variance detected significant 

differences between provenances. 

 

5.2.3.3 Cluster analysis 

Hierarchical cluster analysis was done on the gas-exchange parameters to identify 

patterns of grouping among the provenances based on similarities in the measured 

variables. This was done in SPSS, with provenances as cases, using (i) the 

agglomeration schedule, an iterative display of how clusters are formed, (ii) between-

group linkages process for grouping cases into clusters, and (iii) squared Euclidean 

distance as a measure of interval between variables. Final clustering was plotted in a 

dendrogram. 
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5.2.3.4 Climate normals 

Climate normals for the period 1981–2010 were obtained from weather station 

data (Environment Canada 2018; National Oceanic and Atmospheric Administration, 

USA, 2018). Forty-five (45) climatic variables were examined, including (i) annual and 

seasonal (winter, spring, and summer) temperature‐based variables (18); (ii) 

precipitation‐based variables (seven); (iii) heat accumulation indices based on growing 

degree-days above 5 and 10°C (two); (iv) annual and seasonal moisture indices (eight); 

(v) durations above temperature-thresholds (five); and (vi) precipitation-thresholds 

(five). 

The climatic normals were used in assessing the cluster-analysis output and the 

development of statistical models. 

 

5.2.3.5 Principal component analysis  

Principal component analysis was used to reduce the large number of climatic 

variables used in the development of statistical models. Component extraction was done 

using eigen values > 1.0 as the threshold for extraction. In addition, a scree plot of each 

component against its eigen value was developed, to facilitate a visual presentation of 

the inflection point of the extraction threshold. Within each extracted component, 

climatic values were then streamlined based on their component loadings, with a 

minimum value of 0.3. The tabulation of the streamlined groups of climatic variables 

within each component was done using VARIMAX rotation (an option in SPSS).  
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5.2.3.6 Regression models 

Regression was done based on extracted principal components for each climatic 

variable grouping. Statistical models were developed for A400, Vcmax, Jmax, Jmax:Vcmax and 

mean gs in balsam fir. Provenance response to climate was assessed using regressions of 

the gas-exchange parameters on a climatic variable at the provenance source area 

(Matyas and Yeatman 1992; Thomson and Parker 2008).  

Simple and multiple linear and quadratic regressions were carried out using the 

following equations: 

 

𝑌 = 𝛽0 + 𝛽1𝑋 + 𝜀, and                                                                                  (5.1) 

 

𝑌 = 𝛽0 + 𝛽1𝑋 + 𝛽2𝑋2 + 𝜀                                                                          (5.2) 

 

𝑌 = 𝛽0 + 𝛽1𝑋 + 𝛽2𝑋2 + 𝜀.                                                                          (5.3) 

 

Dependent variable Y in eqn.’s. 5.1–5.3 represents the particular gas-exchange 

parameter; independent variables X, X2 and X2 are the explanatory climatic variables for 

the provenance, β0, β1, and β2 are regression coefficients which are to be estimated, and ε 

is the error term for the provenance source. Suitable climatic variables for model 

development for balsam fir were retained, based on r2‐values > 0.40 and p‐values < 0.05 

of the linear and quadratic regressions.  
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Regressions were also done between Vcmax and Jmax, and Ci at 400 µmol mol-1 

(Ci400; µmol mol-1) and Vcmax using an equation like that in 5.1, but with Jmax as the 

dependent variable and Vcmax as the independent variable in the former. In the latter, 

Vcmax was the dependent variable, and Ci400 was the independent variable.  

 

5.3 Results 

5.3.1 Provenances 

Among provenances, the response of A to changing Cref showed that from lowest 

to highest Cref (i.e., 50–1800 µmol mol-1) A ranged from 0.41–28.05 µmol m-2 s-1. The 

highest mean A, 25.43±2.61 µmol m-2 s-1 occurred in the provenance from Roddickton, 

NL. The rate of photosynthesis at 400 µmol mol-1 (A400) ranged from 6.10–14.50 µmol 

m-2 s-1. The highest mean A400, 11.87(±2.37) µmol m-2 s-1, occurred in the provenance 

from Bonne Bay, NL. The range for Vcmax was 12.78–36.01 µmol m-2 s-1 and for Jmax it 

was 21.99–50.43 µmol m-2 s-1. The highest mean Vcmax value, i.e., 29.43(±2.42) µmol m-

2 s-1 occurred in the provenance from New York State, USA. The highest mean Jmax, 

46.74(±4.26) µmol m-2 s-1 occurred in the provenance from Oromocto, NB. The ratio of 

the maximum rates of RuBP regeneration to carboxylation (Jmax:Vcmax) ranged from 

1.19–2.07. The highest mean Jmax:Vcmax value, 1.69±0.35 occurred in the provenance 

from Oromocto, NB. Stomatal conductance (gs) during the study period, from lowest to 

highest Cref-levels ranged from 67.77–299.28 mmol m-2 s-1. Stomatal conductance at the 

lowest Cref, 50 µmol mol-1 ranged from 81.74–299.28 mmol m-2 s-1, and at the highest 

Cref, 1800 µmol mol-1 it ranged from 74.92–270.24 mmol m-2 s-1. The highest mean gs, 

245.66±34.41 mmol m-2 s-1 occurred in the provenance from Bonne Bay, NL (Figure 
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5.2–5.4, Table 5.2). Provenance did not have a significant effect on A400, Vcmax, Jmax, and 

Jmax:Vcmax (p > 0.05), but had a significant effect on mean gs (p < 0.05). Mean gs for the 

provenance from Bonne Bay, NL, and Valcartier Forest Station, QC, with the second 

highest value of the parameter, were significantly greater than those of provenances 

from Hawke’s Bay, Acadia Research Forest, Duck Mountain SK, and Adirondack 

Mountain, NY (Table 5.3).  

       

 

 

Figure 5.2. The response of maximum photosynthesis (A, µmol m-2 s-1) to intercellular 

CO2 (Ci, µmol mol-1) in balsam fir provenances (n = 11) growing in a common garden in 

northern New Brunswick. 
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Figure 5.3. Mean response ±standard deviations (error bars; n = 3) of maximum photosynthesis 

(A, µmol m-2 s-1) to intercellular CO2 (Ci, µmol mol-1) in balsam fir provenances growing in a 

common garden in northern New Brunswick. 
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Figure 5.4. Response of mean stomatal conductance (gs, mmol m-2 s-1) to intercellular 

carbon dioxide (Ci, µmol mol-1) in balsam fir provenances (n = 11) growing in a 

common garden in northern New Brunswick.  
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Table 5.2. Mean (n = 3) rate of photosynthesis at 400 µmol mol-1 (A400, µmol m-2 s-1), 

maximum rate of carboxylation (Vcmax, µmol m-2 s-1), maximum rate of regeneration 

(Jmax, µmol m-2 s-1), Jmax:Vcmax, and stomatal conductance (gs, mmol m-2 s-1) in balsam fir 

provenances (n = 11) growing in a common garden in northern New Brunswick; 

±standard deviations. 

 
Provenance Mean A400 

 

Mean Vcmax Mean Jmax 

 

Mean 

Jmax:Vcmax 

Mean gs 

 

MS-2 (NB) 10.07 (±2.40)a 21.88(±3.87)b 31.86 (±6.84)c 1.45 (±0.11)d 175.75 (±58.32)e 

MS-117 (NB)  11.37 (±0.85)a 28.27(±5.73)b 46.74 (±4.26)c 1.69 (±0.35)d 202.00 (±35.40)eg 

MS-118 (NB) 8.83 (±2.23)a 25.36(±8.70)b 34.50 (±8.49)c 1.40 (±0.19)d 107.71 (±30.97)e 

MS-123 (NL) 10.17 (±1.47)a 23.04(±3.78)b 35.34 (±6.24)c 1.54 (±0.13)d 170.90 (±39.62)e 

MS-124 (QC) 10.93 (±1.36)a 20.13(±6.48)b 32.94 (±8.46) c 1.67 (±0.18)d 242.35 (±31.62)ef 

MS-125 (NL) 10.97 (±1.62)a 25.56(±4.75)b 38.26 (±4.84)c 1.51 (±0.14)d 165.22 (±18.79)e 

MS-126 (NL) 7.87 (±1.54)a 26.33(±10.90)b 36.58 (±12.64)c 1.43 (±0.18)d 79.78 (±7.61)e 

MS-127 (NL) 11.87 (±2.37)a 23.81(±6.60)b 36.16 (±7.37)c 1.54 (±0.14)d 245.66 (±34.41)ef 

MS-130 (SK) 10.10 (±1.57)a 25.20(±3.78)b 35.41 (±5.18)c 1.41 (±0.02)d 121.66 (±22.10)e 

MS-133 (MB) 10.33 (±0.91)a 24.01(±5.37)b 35.83 (±10.88)c 1.48 (±0.17)d 165.73 (±42.09)e 

MS-303 (NY) 10.37 (±0.15)a 29.43(±2.42)b 36.19 (±2.83)c 1.23 (±0.03)d 102.40 (±8.66)e 

a, b, c, d no statistical difference in mean A400, mean Vcmax, mean Jmax, mean Jmax:Vcmax, respectively when 

compared to the other provenances with a similar letter at p > 0.05. 
ef Mean gs was significantly greater than in MS-118, MS-126, MS-130, MS-303; eg Mean gs was 

significantly greater than in MS-126 at p < 0.05. 

 

 

Table 5.3. Output of analysis of variance on photosynthesis at 400 µmol mol-1 (A400, 

µmol m-2 s-1), maximum rate of carboxylation (Vcmax, µmol m-2 s-1), maximum rate of 

regeneration (Jmax, µmol m-2 s-1), Jmax:Vcmax, and stomatal conductance (gs, mmol m-2 s-1) 

in balsam fir provenances growing in a common garden in northern New Brunswick. 

 

Variable Source df F-value p-value Partial Eta Squared 

A400 Provenance 10 1.415 0.238 0.391 

Vcmax Provenance 10 0.573 0.818 0.207 

Jmax Provenance 10 0.771 0.655 0.259 

Jmax:Vcmax Provenance 10 1.723 0.138 0.435 

gs Provenance 10 8.252 <0.001 0.790 
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The regression between Vcmax and Jmax showed a strong positive linear relationship 

(r2 = 0.67; Figure 5.5). There was an inverse linear relationship between Ci400 and Vcmax, 

with a decrease in Vcmax as Ci400 increased (r2 = 0.39; Figure 5.6). 

 

 
Figure 5.5. Regression of the of maximum rate of RuBP regeneration (Jmax, µmol m-2 s-

1) on the maximum rate of Ribulose-1,5-bisphosphate (RuBP) carboxylation (Vcmax, µmol 

m-2 s-1) in balsam fir provenances growing in a common garden in northern New 

Brunswick. 
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Figure 5.6. Regression of the maximum rate of Ribulose-1,5-bisphosphate (RuBP) 

carboxylation (Vcmax, µmol m-2 s-1) on intercellular CO2 at 400 µmol mol-1 (Ci400) in 

balsam fir provenances growing in a common garden in northern New Brunswick.  
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provenance from NL (MS-126) were in another (Figure 5.7). In relation to mean annual 

temperature (MAT) provenances from NB (MS-2), QC (MS-124), and NL (MS-123, 
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temperatures ranged from 5.2–6.7°C. In relation to mean minimum annual temperature 

(MMIN) provenances from NB (MS-2 and MS-117), QC (MS-124), and NL (MS-133), 

grouped in one cluster, were sourced from stands where temperatures ranged from -0.2 

to -1.7°C. The third provenance from NB (MS-118), another provenance from NL (MS-

126), and that from NY (MS-303), grouped in the other cluster were sourced from stands 

when temperatures ranged from -4.0 to -0.9°C. In relation to mean spring temperature 

(SpMN) provenances from NB (MS-2), and NL (MS-123, MS-125, and MS-133), 

grouped in one cluster, were sourced from stands where temperatures ranged from -0.4–

2.7°C. The third provenance from NB (MS-118) and that from NY (MS-303), grouped 

in the other cluster were sourced from stands where temperatures ranged from 4.1–

5.8°C. Provenances from NB (MS-2) and NL (MS-123, MS-125, MS-127, and MS-

133), grouped in one cluster, were sourced from stands where mean summer temperature 

(SMN) ranged from 12.8–5.0°C. The third provenance from NB (MS-118) and and that 

from NY (MS-303), grouped in the other cluster were sourced from stands where SMN 

ranged from 17.6– 19.7°C. In one cluster, the provenances from NB (MS-2), QC (MS-

124), and NL (MS-123, MS-125, MS-127, and MS-133) were sourced from stands 

where total precipitation (TPPT) ranged from 1104.1–1571.7 mm. In the other cluster 

provenances from NL (MS-126), SK (MS 130), and NY (MS-303) were sourced from 

stands where TPPT ranged 449.3–1010.2.8 mm. Spring precipitation (SpPPT) at the 

sources-stands of provenances from NB (MS-2 and MS-117), QC (MS-124), and NL 

(MS-123, MS-125, MS-127, and MS-133) in one cluster, ranged from 231.0–380.6 mm. 

In the other cluster, SpPPT at the sources-stands of the fifth provenance from NL (MS-

126), and those from SK (MS-130), and NY (MS-303) ranged from 92.9–222.8 mm.  
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Summer precipitation (SPPT) at the sources-stands of provenances from NB (MS-2), 

QC (MS-124), and NL (MS-125 and MS-133) in one cluster, ranged from 318.9–344.4 

mm. In the other cluster, SPPT at the sources-stands of another provenance from NL 

(MS-126), and those from SK (MS-130), and NY (MS-303) ranged from 220.5–278.6 

mm. At the source-stands of provenances from NB (MS-2), and NL (MS-123, MS-125, 

MS-127, and MS-133) grouped in one cluster, annual moisture index based on GDD > 

10°C (AMI10) ranged from 0.3–0.7. At the source-stands of provenances from SK (MS-

130), and NY (MS-303) in the other cluster, AMI10 ranged from 1.3–1.8. At the source-

stands of provenances from NB (MS-2 and MS-117), QC (MS-124), and NL (MS-123, 

MS-125, MS-127, and MS-133), grouped in one cluster, spring moisture index based on 

GDD > 10°C (SpMI10) ranged from 1.5–3.9. At the source-stands of provenances from 

SK (MS-130), and NY (MS-303) in the other cluster, SpMI10 ranged from 5.6–8.6. 

Source-stand summer moisture index based on GDD > 10°C (SMI10) of provenances 

from NB (MS-2), QC (MS-124), and NL (MS-123, MS-125, MS-127, and MS-133) in 

one cluster, ranged from 1.1–2.9. Source-stand SMI10 of provenances from SK (MS-

130) and NY (MS-303) in the other cluster, ranged from 3.6–4.6. Provenances from NB 

(MS-2 and MS-117), QC (MS-124), and NL (MS-123, MS-125, MS-127, and MS-133), 

grouped in one cluster, were sourced from stands where the number of days with 

precipitation above 25 mm (DPPT25) ranged from 5.4–8.0. The fifth provenance from 

NL (MS-126), and those from SK (MS-130), and NY (MS-303), grouped in the other 

cluster were sourced from stands where DPPT25 ranged from 2.1–3.9 (see Table 5.1 for 

more provenance-specific details). 
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Figure 5.7. Dendrogram based on hierarchical cluster analysis of mean rate of 

photosynthesis at 400 µmol mol-1 (A400, µmol m-2 s-1), maximum rate of carboxylation 

(Vcmax, µmol m-2 s-1), maximum rate of regeneration (Jmax, µmol m-2 s-1), mean ratio of 

the maximum rates of RuBP regeneration (Jmax, µmol m-2 s-1) to carboxylation (Vcmax, 

µmol m-2 s-1) and mean gs (mmol m-2 s-1) in balsam fir provenances growing in a 

common garden in northern New Brunswick.  

 

5.3.2 Provenance-climate relationships 

The climatic variables extracted with PCA showed that the principal components 

for each of the groupings of climatic-variable i.e., temperature, precipitation, 

temperature index, temperature-precipitation index, temperature, and precipitation 

duration variables accounted for 96, 93, 99, 99, 96, and 96% of variability of all the 

variables in each grouping, respectively. 

Generally, the relationships between gas-exchange parameters and individual 

climatic variables at the provenance source were not strong, as indicated by the r2-values 
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less than 0.52 and p-values > 0.05. It was only multiple linear regressions of mean 

annual temperature (MAT), mean minimum annual temperature (MMIN), and summer 

precipitation against Vcmax (i.e., Vcmax = β0, + β1MAT + β2SPPT; Vcmax = β0, + β1MMIN + 

β2SPPT) that showed strong relationships, with r2-values of 0.63 and 0.79, and p < 0.05, 

respectively (Table 5.4). 

 

Table 5.4. Coefficients (β0, β1, β2, and r2) and p‐values from regressions of mean Vcmax 

(µmol m-2 s-1), in balsam fir in northern New Brunswick relative to climatic variables at 

the source-stand. 

 

Trait Climatic 

variables 

β0 β1 β2 r2 p0.05 

Mean Vcmax  

 

MAT, SPPT 35.588 0.965 -0.051 0.626 0.02 

 MMIN, SPPT 44.770 1.153 -0.065 0.788 0.002 

 

5.4 Discussion 

The results of this study show that the photosynthetic parameters (i.e., A400, Vcmax, 

Jmax, and Jmax:Vcmax) did not vary significantly (p > 0.05), but mean gs across Cref-levels 

varied significantly  among the provenances studied (p < 0.05). This may be an 

indication of contrasting responses in the photosynthetic parameters and gs to 

environmental heterogeneity. Trees which grow under a wide range of climatic 

conditions respond either by phenotypic plasticity (rendering a variation of their traits 

under different environments) or by genotypic variation (adaptations which are 

specialised for a subset of environmental conditions; Aspelmeier and Leuschner 2004; 

Baquedano et al. 2008; Gimeno et al. 2009). The similarity in photosynthetic parameters 
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of the provenances may be because of phenotypic plasticity in the traits, whereas the 

significant difference in gs among the provenances may be the result of adaptations to 

conditions at the provenance source. Robson et al. (2012) found, as in this study, 

significant differences in gs among Fagus sylvatica L. provenances. The range of 

Jmax:Vcmax obtained in this study is similar to that reported by others (e.g., Walcroft et al. 

1997; Robakowski et al. 2002; Onoda et al. 2005a, Onoda et al. 2005b). The balance of 

RuBP carboxylation and regeneration reflected in Jmax:Vcmax varies in a comparatively 

small range, from 1–3 (Wullschleger 1993; Leuning 2002; Medlyn et al. 1999, 2002a; 

Kattage and Knoor 2007). Furthermore, Jmax:Vcmax did not differ significantly among 

provenances, a finding similar to those of other studies where no impact of growth 

temperature was observed in Picea mariana (Mill.) B.S.P. (Way and Sage 2008), Pinus 

pinaster Ait. (Medlyn et al. 2002b), Fagus crenata Blume. (Onoda et al. 2005b), and 

Nerium oleander L. (Hikosaka and Hirose, 2001). The provenances in this study 

underwent temperature variation by being grown under temperature conditions different 

from their source stands. Hikosaka (2005) attributes the lack of an influence of 

temperature variation on Jmax:Vcmax to the influential role Jmax plays in the temperature 

response of Jmax:Vcmax. The study by Onoda et al. (2005b) investigated Polygonum 

cuspidatum Siebold and Zucc. and F. crenata. P. cuspidatum had a similar temperature 

dependence of Vcmax with F. crenata. Polygonum cuspidatum, which had Jmax:Vcmax vary 

with temperature, however, had a higher temperature dependence of Jmax compared to F. 

crenata. Additionally, Onoda et al. (2005b) state that the temperature response of Jmax is 

also influenced by its activation energy. The relatively low activation energy for Jmax in 

F. crenata was the reason it did not alter Jmax:Vcmax in relation to prevailing temperature. 
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When plants have a relatively low activation energy for Jmax, the temperature response of 

Jmax is similar to that of Vcmax, and as a result Jmax:Vcmax  is not altered (Hikosaka et al. 

2006; Katahata 2014). The balance between carboxylation and regeneration of RuBP 

represented by Jmax:Vcmax, is relatively constant across species and growing conditions, 

maintaining a close functional balance in resource allocation to these two processes 

(Wullschleger 1993). This may occur when the temperature dependence of RuBP 

carboxylation and regeneration are similar, and as a result a change in Jmax:Vcmax does 

not alter the temperature dependence of photosynthesis (Hikosaka et al. 2006). 

 There was a positive linear relationship between Vcmax and Jmax. This confirms the 

finding of Wullschleger (1993) from his meta-analysis of CO2-response curve data of 

109 C3 species showing a linear relationship between Vcmax and Jmax, which indicates a 

close functional balance in the allocation of resources to these two component processes. 

In contrast, there was an inverse linear relationship between and Ci400 and Vcmax. This 

may be the result of the tendency of plants to have lower Vcmax with increasing CO2 

which has been attributed to decreased amounts of Rubisco, and sometimes to a low 

activation state (Gunderson and Wullschleger, 1994; Sage, 1994; Jacob et al. 1995 Cook 

et al. 1998; Onoda 2005a). 

Cluster analysis showed that the provenances studied were grouped into two major 

clusters, regarding A400, Vcmax, Jmax, Vcmax, and mean gs. Provenances in both clusters had 

similarities in climatic variables at their sources stands, related to annual, spring, and 

summer temperature, precipitation and moisture indices, cool temperatures across the 

year, and a precipitation threshold. Regression analysis only showed strong relationships 

of a combination of temperature and precipitation variables with Vcmax, among the gas-
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exchange parameters measured. This is an indication of the influential role of Vcmax in 

the temperature dependence of photosynthesis (Hikosaka et al. 2006), as well as the 

interconnected effect of temperature and precipitation on vegetation productivity (Xiao 

and Moody 2004). Temperature plays an important role in the functioning of plants 

(Lupi et al. 2012) by controlling photosynthesis among other plant processes (Lenz et al. 

2013; Jochner et al. 2018).  Goodine et al. (2008) found from their study of the onset of 

photosynthesis in balsam fir that spring temperature played an important role in the 

resumption of photosynthesis in spring. The source-stand temperature, precipitation and 

moisture-index variables identified from the cluster and regression analyses as having 

relationships with the provenances are influential in the growing season (the days 

between the last frost in the spring and the first frost in autumn) which plays an 

important role in plant photosynthesis. During the growing season, conifers undergo an 

annual trend of photosynthetic activity which increases during spring, peaks over 

summer and autumn, and markedly declines in winter (Bergh et al. 1998; Hanninen and 

Hari 2002; Tanja et al. 2003; Makela et al. 2004; Gea-Izquierdo et al. 2010). 

Additionally, balsam fir attains optimal rates of photosynthesis under cool temperatures 

(Frank 1990).  

 

5.5 Conclusions 

This study measured the rate of photosynthesis, parameters of photosynthesis, and 

stomatal conductance in foliage samples of 63-year-old balsam fir provenances sourced 

from 44–51° N and 53–102° W growing in a common garden in eastern Canada. Results 

showed that provenance had no significant effects on A400, Vcmax, and Jmax:Vcmax (p > 
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0.05), but had a significant effect on stomatal conductance (p < 0.05). There were linear 

positive and negative relationships between Vcmax and Jmax, and intercellular CO2 at 400 

μmol mol-1 (Ci400) and Vcmax, as well as multiple linear relationships involving mean 

annual temperature (MAT), mean minimum annual temperature (MMIN), and summer 

precipitation (SPPT) against Vcmax. Provenances in groups resulting from cluster analysis 

of their gas-exchange parameters had similarities in climatic variables related to annual, 

spring, and cool temperatures across the year, and annual spring and summer 

precipitation, and precipitation threshold. The data from this study showed no 

intraspecific variation in balsam fir A400, Vcmax, Jmax, and Jmax:Vcmax, whereas with gs it 

was clearly evident. The closely coordinated relationship between Vcmax and Jmax was not 

affected by climatic variation. Some relationships between provenance gas-exchange 

parameters and climate variables at their source stands were maintained.  
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CHAPTER 6 

 

VARIATION IN INTRINSIC WATER-USE EFFICIENCY AND DIAMETER 

INCREMENT IN BALSAM FIR PROVENANCES GROWING IN A COMMON 

GARDEN 

 

Abstract 

There is a need to understand the physio-morphological responses of northern tree 

species to climate change. The hypothesis of the current study was that provenance and 

light intensity were both influential in the control of intrinsic water-use efficiency 

(iWUE). Diameter at breast height (DBH)-increment was hypothesised as being more 

affected by provenance. Intrinsic water-use efficiency (iWUE), the ratio of 

photosynthesis (A) to stomatal conductance (gs), was assessed in foliage under two 

levels of photosynthetically active radiation (PAR, i.e., 300 and 1200 μmol m-2 s-1) in 

63-year-old balsam fir [Abies balsamea (L.) Mill.] provenances derived from seed 

sources from across the species’ natural range (namely, within 44–51° N latitudes and 

53–102° W longitudes) and cultivated in a common garden in eastern Canada. Diameter 

at breast height (DBH) of provenances from the common garden were measured when 

they were 42 and 58 years old (giving DBH1998 and DBH2014). The results confirmed the 

hypotheses regarding the roles of provenance on iWUE and DBH (p < 0.05) but showed 

a diminished role of PAR on iWUE (p = 0.048). The lowest and highest mean iWUE 

and DBH among the provenances ranged between 0.028–0.031 and 0.079–0.083 μmol 

mmol−1 and 11.82–12.78 and 16.38–18.44 cm, respectively. Stomatal conductance in 
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balsam fir had a strong relationship with iWUE at both light settings, whereas A had a 

weaker relationship with iWUE. There were no significant relationships between iWUE 

at the two light settings and climatic variables at the provenance source (p > 0.05). 

Diameter at breast height in 2014 was significantly greater than DBH1998 (p < 0.05). The 

relationships between DBH2014 and climatic variables at the provenance source were 

statistically significant (p < 0.05). There was a significant positive relationship between 

iWUE and DBH measured in 2014. Survivorship of provenances was shown to vary 

with DBH-increment. The results show that for present-day and future forest 

management, (i) selection in balsam fir, in relation to iWUE, should ideally be based on 

a criterion of intraspecific stomatal conductance; (ii) shade tolerance of balsam fir, 

population differentiation, and consistent pace of DBH-growth under variable climatic 

conditions are important factors in the species’ sustained growth under changes in forest 

dynamics projected to accompany changes in regional climate; (iii) temperature 

variables are strong indicators of DBH-increment in balsam fir; (iv) the effect of tree 

size on its survival is maintained under variable climatic conditions; and (v) there is a 

clear association between iWUE and the species’ radial growth. 

 

 

 

 

This Chapter was published in Forests, 12(2):186 (2021), reprinted with permission 

from MDPI based on its Creative Commons Attribution License (CC BY 4.0; 

https://creativecommons.org/licenses/by/4.0/legalcode) 
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6.1 Introduction 

Increased temperatures and varied precipitation patterns resulting from the 

anthropogenic buildup of atmospheric carbon dioxide (CO2) concentrations and other 

greenhouse gases could have profound impacts on the temperate and boreal forests at 

mid to high latitudes in the Northern Hemisphere. This necessitates an understanding of 

the physio-morphological responses of northern tree species to climate change to 

facilitate the sustainable utilization of forests (Oechel et al. 1993; Huang et al. 2010; 

Grossoid et al. 2017). 

Plant assimilation of atmospheric CO2 during leaf photosynthesis is accompanied 

by water loss during transpiration, through leaf stomata (Keenan et al. 2013; 

Hetherington and Woodward, 2003). Regulation of these leaf gas-exchange processes, 

which link the global carbon and hydrological cycles, is achieved by control of the 

stomata relative to changes in the environment (Aphalo and Jarvis 1991; Chen et al. 

2006; Papanatsiou and Amtmann et al. 2017; Xu et al. 2018). The global carbon cycle is 

pivotally affected by terrestrial ecosystems that sequester a significant amount of 

anthropogenic CO2 emissions, which have caused a rise in global air temperatures since 

the mid-20th century (IPCC 2007). Terrestrial ecosystems act as a key control on climate 

warming (Hayes et al. 2011). Forests cover ~4.1 billion ha of the Earth’s surface and 

hold 80 and 40% of terrestrial carbon above and belowground, respectively. Regional 

carbon stocks influence the dynamics of global carbon pools and fluxes (Schroeder 

1991; Dixon et al. 1994; Vogt et al. 1996). The carbon cycle is characterized by gross 

primary production (GPP) from carbon assimilation resulting from photosynthesis. Net 

primary production (NPP) is the portion of GPP stored in plants after accounting for 
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losses to respiration. Net ecosystem production (NEP) is NPP minus heterotrophic 

respiration (Schulz et al. 2000). The hydrological cycle of forest ecosystems commences 

with precipitation, which reaches and enters the soil through gaps in the forest-canopy, 

flows down tree trunks, and drips from tree crowns. A large portion of water that reaches 

the soil surface is absorbed by the roots of trees and understory plants, and then released 

into the atmosphere during transpiration or it recharges soil water. The rest, intercepted 

by the canopy, is evaporated back to the atmosphere (Roberts 2009). Water-use 

efficiency (WUE), the rate of carbon uptake per unit water loss, is a key characteristic of 

ecosystem functioning. The variable enables the evaluation of tree performance in 

relation to water availability and consumption (Keenan et al. 2013; Monclus et al. 2006; 

Cernusak et al. 2006; Barbour et al. 2011; Battie-Laclau et al. 2016; Hu et al. 2019). 

Intrinsic water-use efficiency (iWUE) is the ratio of the rate of photosynthesis (A) to 

stomatal conductance (gs), both of which can be obtained from leaf gas-exchange 

measurements (Xu et al. 2018; Wang et al. 2012). Changes in iWUE influence 

ecosystem functioning, as higher iWUE can result from reductions in stomatal 

conductance, increases in photosynthesis, or the combined effect of the two responses 

(Liu et al. 2008; Wang et al. 2012). 

Light is one of the main environmental variables that affect plant development. It 

is an important energy source for plant photosynthesis and stomatal activity. To 

maximise their morphological growth and physiological processes, plants must be able 

to sense and respond to changes in light properties, which vary spatially and temporally 

in natural conditions, especially within forest canopies. There is a marked decrease in 

light intensity from the upper to the lower canopy, with upper-canopy foliage exposed to 
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higher insolation than lower-canopy foliage shaded by leaves and branches residing in 

the upper canopy (Walters and Horton 1994; Zhang et al. 2004; Legner et al. 2014; 

Niglas et al. 2017; Passos et al. 2018). There is a need to clarify how iWUE varies with 

light intensity. This is because the quantification of changes in plant WUE 

characteristics, their drivers, as well as their relationships to climatic factors is important 

in modelling plant-growth response and regional forest carbon uptake (Yu et al. 2005; 

Catoni et al. 2015; Passos et al. 2018; Xu et al. 2018). 

Tree diameter-growth occurs through the formation of consecutive layers of 

structural tissue by the vascular cambium, inwardly toward the pith, and outwardly 

toward the bark, giving rise to the water and nutrient-conducting xylem, and 

photosynsynthate-conducting phloem, respectively. The presence of lignin in the xylem 

gives the tree trunk strength (Barnes et al. 1998). The anticipated effect of climate 

change on forest ecosystem processes has necessitated an increase in the knowledge of 

climate–growth relationships, with resultant studies at diurnal, seasonal, annual, and 

multi-annual timescales (Fraser 1954; Fritts 1958; Hofgaard et al. 1999; Duchesne and 

Houle 2011; Subedi and Sharma 2013). Studies of relationships between climatic factors 

and stem-increment dynamics will facilitate the understanding of the effects of changing 

climatic conditions on the growth of trees and enhance the modelling of tree–climate 

relationships (Kulmala et al. 2017; Wang et al. 2018).  

Several studies have been conducted in the past to assess the response of conifers 

to climate change, with trials based on provenances of jack pine (Pinus banksiana 

Lamb.; Savva et al. 2008), white spruce [Picea glauca (Moench.) Voss.; Andalo et al. 

2005], black spruce [Picea mariana (Mill.) B.S.P.; Thomson and Riddell 2009], and 
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Scots pine (Pinus sylvestris L.; Rehfeldt et al. 2002). Studies based on balsam fir [Abies 

balsamea (L.) Mill.] are not commonly found (Carter 1996). The hypotheses for this 

study are that (i) provenance and light intensity play a significant role in the control of 

iWUE, and (ii) provenance influences the multi-year increment in diameter at breast 

height (DBH). This study assesses these controls in provenances of balsam fir. 

 

6.2 Materials and Methods 

6.2.1 Study site 

The study was conducted at a research site of Natural Resources Canada, in 

northwestern New Brunswick (NB), Canada (47° 7′ N, 67° 32′ W). The study site is a 

balsam fir provenance trial, near Salmon River, established in 1961 (see Appendix B, 

Figure B1), with the planting of five-year-old balsam fir seedlings. The provenance trial 

was comprised of twelve provenances from locations within 44–51° N latitudes and 53–

102° W longitudes across North America (MacGillivray 1963; Table 6.1), along a 

climatic gradient with mean annual temperature and total annual precipitation from 1.5–

6.7°C and < 500–1500 mm, respectively.  
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Table 6.1. Provenance sources and provenance test site, with their coordinate position, 

key climatic variables for the period 1981–2010 [(mean annual temperature (MAT), 

mean winter temperature (MWT), mean summer temperature (MST), all in °C; total 

annual precipitation (TPPT), in mm)], and Ecozone/Ecoregion location (refer to 

MacGillivray 1963, Bailey 1995, Ecological Stratification Working Group 1996, 

Environment and Climate Change Canada 2018, and National Oceanic and Atmospheric 

Administration, United States of America 2018). Abbreviations: SK refers to 

Saskatchewan, NL=Newfoundland, MB=Manitoba, NB=New Brunswick, QC=Quebec, 

and NY=New York State. 

 

Provenance Seed Source Latitude Longitude MAT 

(°C) 

MWT 

(°C) 

MST  

(°C) 

TPPT 

(mm) 

Ecozone/ 

Ecoregion 

MS-130 Duck Mountain, 

Saskatchewan 

(SK) 

51° 50ʹ N 102° W 1.9 -14.5 16.8 449.3 Prairies* 

MS-133 Roddickton,  

Newfoundland 

(NL) 

50° 55ʹ N 56° W 2.4 -8.5 12.8 1211.4 Boreal 

Shield 

MS-131 Airplane Bay,  

Manitoba (MB) 

50° 40ʹ N 100° W 1.5 -15.2 16.6 473.4 Prairies* 

MS-126 Hawke’s Bay,  

Newfoundland 

(NL) 

50° 37ʹ N 57° 15 W 3.2 -8.2 14.2 1010.2 Boreal 

Shield 

MS-127 Bonne Bay, 

Newfoundland 

(NL) 

49° 25ʹ N 57° 44ʹ W 4.4 -6.2 15 1131.5 Boreal 

Shield 

MS-123 Sandy Brook,  

Newfoundland 

(NL) 

48° 44ʹ N 56° 04ʹ W 3.4 -7.2 14.2 1104.4 Boreal 

Shield 

MS-2 Green River 

Watershed,  

New Brunswick 

(NB) 

47° 46ʹ N 68° 15ʹ W 3.5 -10.8 16.6 1104.1 Atlantic 

Maritime 

MS-125 Salmonier, 

Newfoundland 

(NF) 

47° 17ʹ N 53° 20ʹ W 5.6 -2.6 13.7 1571.7 Boreal 

Shield 

Test Site Salmon River 

Plantation, 

New Brunswick 

(NB) 

47° 07ʹ N 67° 32ʹ W 3.8 -10.4 16.9 1085 Atlantic 

Maritime 

MS-124 Valcartier Forest 

Station, Quebec 

(QC) 

46° 55ʹ N 71° 32ʹ W 4.9 -9.9 18.3 1158.1 Atlantic 

Maritime 

MS-118 Acadia Research 

Forest, 

New Brunswick 

(NB) 

45° 59ʹ N 66° 21ʹ W 5.2 -8.0 17.6 1175.8 Atlantic 

Maritime 

MS-117 Oromocto, 

New Brunswick 

(NB) 

45° 52ʹ N 66° 24ʹ W 5.6 -7.7 18.0 1077.7 Atlantic 

Maritime 

MS-303 Adirondack 

Mountains, 

New York State 

(NY) 

44° 42ʹ N 74° W 6.7 

 

-8.5 19.7 965.3 Warm 

Continental 

*These provenances were sourced from the Aspen Parkland Ecoregion of the Prairie Ecozone of Canada.  
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The test site (common garden) is located within the northern NB Uplands 

Ecoregion. All of NB falls in the Atlantic Maritime Ecozone (Ecological Stratification 

Working Group 1996). Mean temperature and total precipitation during the study 

months of September and October were 12.2°C and 150.6 mm, and 8°C and 121.6 mm, 

respectively (Environment and Climate Change Canada 2019). The soils are dominated 

by humo-ferric and ferro-humic podzols, with substantial amounts of gray luvisols. The 

soils are moderately well-drained, medium to fine loam up to a depth of 25 cm from the 

surface. Local parent material is of medium to fine loam to clay loam with coarse 

fragments. The depth to the compacted layer ranges from 30–65 cm (Ecological 

Stratification Working Group 1996; Canadian Soil Information Service 2019). 

 

6.2.2. Tree Sampling 

Each provenance was grown in 0.04 ha plots, planted with 100 trees in 10 rows 

made up of 10 trees at a 1.8 m × 1.8 m spacing, one half of which was commercially 

thinned in 1998 (see Appendix C, Figure C2). Diameter at breast height of trees in the 

unthinned portion had been previously collected in 1998, when the provenances were 42 

years old for a larger study, referenced in Chapter 2. 

Diameter at breast height was again collected in 2014, when the provenances were 

58 years old. The DBH data collected from the unthinned portion of each provenance-

plot in 2014 were subsequently used to determine the mean DBH for all sampled plots. 

The mean DBH for each sampled plot (plot-DBH) was then used in the selection of 

representative sample trees for quantifying species evaluation of iWUE and DBH. Data 
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from one of the provenances (i.e., MS-131) were only used in the study of DBH and not 

iWUE because of low tree survival in 2014, with only one of the trees being alive in 

2019. 

For the study on iWUE, three representative sample trees were selected from each 

provenance plot (except MS-131) for foliar gas-exchange measurements. Measurements 

were acquired for the rate of photosynthesis (A; μmol m−2 s−1) and stomatal conductance 

(gs; mmol m−2 s−1), which were used in the calculation of iWUE (μmol mmol−1): 

 

𝑖𝑊𝑈𝐸 =
𝐴

𝑔𝑠
                                                                           (6.1) 

 

Measurements were made on a total of 33 foliage samples. 

For the study on provenance DBH, five representative sample trees were selected 

from each provenance plot (the three trees from which branches were removed for foliar 

gas-exchange measurement and two additional trees) for the comparison of provenance 

DBH at the two points of measurement (i.e., DBH1998 and DBH2014, respectively). 

Measurements were made on a total of 60 trees. 

 

6.2.3. Gas-exchange Measurements 

The foliar gas-exchange measurements were conducted in 2019 when the 

provenances were 63 years old. Gas-exchange measurements were made over a 6-day 

period between September and October 2019 from 09:00–15:00 h (Local Atlantic 

Daylight Time) each day. Considering the heights of trees in the provenance plots (≥ 10 
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m), telescopic pole pruners were used to detach branches from each tree. Gas exchange 

in the detached foliage of trees can be affected by the time interval between branch 

cutting and gas-exchange measurement (Richardson and Berlyn 2002). However, Clark 

(1954), Koike and Sakagami (1984), and Gauthier and Jacobs (2018) showed the 

practicality of measuring gas exchange in detached foliage, as evidenced by unchanged 

gas-exchange rates associated with the foliage of species studied, ranging from seven to 

20 min after detachment. Earlier measurements on attached and detached balsam fir 

foliage showed no statistically significant differences in gas-exchange rates (p > 0.05; 

see Chapter 4). 

Specifically, branches 50–80 cm long were detached from the south-facing, upper-

canopy sections of each tree. Gas-exchange measurements were made immediately 

thereafter. Measurements were acquired for the rate of photosynthesis (A; μmol m−2 s−1) 

and stomatal conductance (gs; mmol m−2 s−1) in 1-year-old foliage, after current-year 

needles were removed with hand pruners. Measurements were taken under two 

photosynthetically active radiation (PAR) settings, with light perpendicularly incident on 

foliage, supplied by a tungsten halogen light unit attached to a CIRAS-2 Photosynthesis 

System (PP Systems, Amesbury, MD, USA). The two light settings were 1200 and 300 

μmol m−2 s−1, with light varied downward from the former to the latter setting. 

Measurements were made on foliage of the detached tree branches, of which needles at 

the lower end were removed with tweezers. The remaining needles were completely 

enclosed in the conifer chamber (cuvette) with a CO2 concentration maintained at 400 

μmol mol−1, together with a flow rate, chamber temperature, and relative humidity of 

400 mL min−1, 18°C, and 70%, respectively. Before starting each series of 
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measurements, foliage was acclimated to cuvette conditions for 15 min at 1200 μmol 

m−2 s−1. Photosynthesis and gs were permitted to stabilise for two min at 1200 and 300 

μmol m−2 s−1 (hereafter high and low light, respectively) before being measured. 

On completion of each set of measurements, all needles (n = 20–90) on each 

foliage sample enclosed in the cuvette were removed and then scanned using a 

CanoScanLiDE 110 Flatbed Scanner (Canon Canada Inc, Mississauga, ON, Canada) for 

the determination of projected leaf area (i.e., ½ of total leaf area) with Image J software 

(ver. 1.49, National Institutes of Health, Bethesda, MD, USA). Projected leaf area was 

then used to estimate A and gs on a leaf area basis, following which iWUE was 

determined. 

 

6.2.4. Data analysis 

The methods used in the analysis of data collected are outlined in the flowchart in 

Figure 6.1. 
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Figure 6.1. Flowchart of methods used in data analysis. 

 

6.2.4.1 Mixed analysis of variance (ANOVA) 

Mixed analysis of variance (ANOVA) was performed on (i) iWUE at high and low 

light settings, and (ii) DBH at 42 and 58 years old. The analyses were performed with 

SPSS Statistical software (ver. 24, IBM Corp., New York, NY, USA) using the repeated 

measures option, with provenance, the between-subjects factor in (i) and (ii), and PAR 

and age, the within-subjects factors, and iWUE and DBH as the corresponding 

dependent variables. An assessment of the homogeneity of sample variances was carried 

out using Levene’s test. Mixed ANOVA was used to determine the significance level of 

the effects of provenance, PAR, and provenance × PAR interaction on iWUE, and the 

effects of provenance, growth period, and provenance × growth period interaction on 



204 

 

DBH. The Bonferroni test was used subsequently to separate the effect means when 

significant differences were detected with respect to both between- and within-subjects 

factors. 

 

6.2.4.2 Regression analysis 

Regression analysis was performed using the methods of Matyas and Yeatman 

(1992) and Thomson and Parker (2008) by relating the physio-morphological variables 

measured to climate at the provenance-source stands. This was done to identify climatic 

variables that exert selective pressures on the traits of the provenances in the 

development of climate models for balsam fir. Climate normals for the 1981–2010 

period were generated from weather station data, including (i) annual and seasonal 

temperature-variables (18, in total); (ii) precipitation variables (seven); (iii) indices of 

heat accumulation (i.e., growing degree-days > 5 and 10°C) (two); (iv) annual and 

seasonal moisture indices (eight); and (v) durations above specified temperature and 

precipitation-thresholds (ten, five for each group). The number of climatic variables used 

in the regression analysis was reduced using principal component analysis (PCA). The 

climatic variables extracted by PCA were then used in regressions of iWUE at low and 

high light settings, and DBH of provenances at 58 years old against the various 

provenance-source stand climatic variables. Regressions for DBH of provenances at 42 

years old had been determined in Chapter 2. Scatter plots of iWUE and climatic 

variables indicated nonlinear relationships, and as a result, quadratic and third-order 

polynomials were used in an expanded regression analysis. Equations used in the 

regressions involving iWUE and DBH2014 are as follows: 
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𝑌 = 𝛽0 + 𝛽1𝑋 + 𝜀,                                                                                         (6.2) 

 

𝑌 = 𝛽0 + 𝛽1𝑋 + 𝛽2𝑋2 + 𝜀, and                                                                   (6.3) 

 

𝑌 = 𝛽0 + 𝛽1𝑋 + 𝛽2𝑋2 + 𝛽3𝑋3 + 𝜀.                                                          (6.4) 

 

In eqn.’s 6.2–6.4, Y, dependent variable, is the provenance trait; X, the independent 

variable, is the explanatory climatic variable for the provenance; β0, β1, β2, and β3 are 

equation coefficients estimated by least squares regression; and ε is the provenance-

source error. Climatic variables were assessed for suitability in balsam fir model 

development based on values of r2 > 0.40 and p < 0.05. 

A 3-parameter Gaussian-equation was used, which related survivorship (lx) of trees 

in the provenance plots to DBH-increment over the 16-year period, i.e., 1998–2014. This 

was done using SigmaPlot Statistical software (version 11, Systat Software Inc., San 

Jose, CA, USA). Diameter-increment over the 16-year period for the sampled trees in 

each provenance plot was calculated from the difference between DBH1998 and DBH2014. 

Survivorship (i.e., lx) over the 16-year period was calculated for trees in the provenance 

plots (Sheil et al. 1995; Roman et al. 2014) from which DBH was determined: 

𝑙𝑥 =
𝑛2

𝑛1
                                                                                                                                    (6.5) 
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In eqn. 6.5, n1 and n2 are the number of trees at the beginning and end of the 16-year 

period, respectively. The equation used in the regression analysis is as follows: 

 

𝑌 = 𝑎 × 𝑒𝑥𝑝 (−0.5 (
𝑋−𝑏

𝑐
)

2

),                                                                                (6.6) 

 

In eqn. 6.6, Y is the survivorship; X is the DBH-increment; and a, b, and c are the 

equation coefficients. This equation was selected because the relationship between tree 

DBH-growth and survival is nonlinear, and the representation of this relationship 

requires flexible equations that allow for variable curve forms (Buchman et al. 1983; 

Monserud and Sterba 1999). 

Regression analysis was performed between iWUE at high and low light settings 

with DBH2014. Before the regression analysis was done, as both variables were measured 

in different years, 2019 and 2014, respectively, there was need to determine the 

similarity of climatic conditions at the study site when collected. An assessment of time 

series temperature and precipitation data for the study site over a ten-year period (i.e., 

2010–2019), was therefore carried out. An autocorrelation analysis was done with a 

regression of temperature and precipitation in a 5-year period (i.e., 2015–2019) on those 

for the preceding 5-year period (2010–2014) and Durbin–Watson values obtained 

(indicator of presence-absence of autocorrelation). Based on a strong similarity of the 

temperature data in the period assessed, the regression analysis relating iWUE at high 

and low light with DBH2014 was then performed excluding data from the MS-131 

provenance.  
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6.3 Results 

6.3.1 Intrinsic water-use efficiency 

The results showed that provenance and light setting had significant effects on 

iWUE in balsam fir (p < 0.05 and = 0.048, respectively), but at a reduced level of 

significance in the latter relationship. The lowest and highest mean iWUE among the 

provenances ranged between 0.028 and 0.031 and between 0.079 and 0.083 μmol 

mmol−1, respectively. There was no significant provenance × PAR interaction (p > 0.05). 

Provenance, PAR, and provenance × PAR interaction accounted for 74.50, 16.70, 

and 33.0%, respectively, of the variation in iWUE (Tables 6.2 and 6.3). Relative to the 

location of the common garden, the best-performing provenances were from Hawke’s 

Bay, NL (MS-126; 0.6°C cooler and 74.8 mm drier), Acadia Research Forest, NB (MS-

118; 1.4°C warmer and 90.8 mm wetter), Duck Mountain, SK (MS-130; 1.9°C cooler 

and 635.7 mm drier), and Adirondack Mountains, NY (MS-303; 2.9°C warmer and 

119.7 mm drier). Intrinsic WUE in most provenances increased with an increased light 

setting (Table 6.2). The components of iWUE for the provenances (i.e., A and gs) had 

mean ranges of 7.037(±1.956)–8.783(±2.402) µmol m−2 s−1 and 90.733(±25.353)–

252.835(±76.863) mmol m-2 s-1, respectively (see Table 6.4 for provenance-specific 

results).  
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Table 6.2. Mean intrinsic water-use efficiency (i.e., iWUE; μmol mmol−1; n = 3) at 

photosynthetically active radiation (PAR) of 300 and 1200 μmol m−2 s−1 in provenances 

of balsam fir (n = 11) growing in a common garden established in northern New 

Brunswick, with standard deviations in parenthesis. 

 

Provenance PAR (μmol m−2s−1) 

 300 1200 

MS-2 (NB) 0.052(±0.002) 0.067(±0.016)a 

MS-117 (NB) 0.032(±0.010) 0.040(±0.008)a 

MS-118 (NB) 0.078(±0.013) 0.083(±0.021)a 

MS-123 (NL) 0.044(±0.012) 0.051(±0.008)a 

MS-124 (QC) 0.035(±0.014) 0.044(±0.022)ab 

MS-125 (NL) 0.049(±0.011) 0.061(±0.016)a 

MS-126 (NL) 0.083(±0.009) 0.079(±0.006)ab 

MS-127 (NL) 0.031(±0.010) 0.028(±0.011)a 

MS-130 (SK) 0.074(±0.010) 0.068(±0.001)ac 

MS-133 (NL) 0.052(±0.014) 0.048(±0.012)a 

MS-303 (NY) 0.064(±0.026) 0.073(±0.017)ac 

a no statistical difference in iWUE when compared to the other provenances with a similar letter; ab iWUE 
was significantly greater than in MS-117, MS-124, and MS-127; ac iWUE was significantly greater than in 
MS-127 at p < 0.05. 

 

Table 6.3. Output of mixed analysis of variance on iWUE (μmol mmol−1) at 300 and 

1200 μmol m−2 s−1 in provenances of balsam fir growing in a common garden 

established in northern New Brunswick; “df” stands for degrees of freedom. 

 

Source df F-value p-value Partial Eta Squared 

Provenance 10 6.420 <0.001 0.745 

PAR 1 4.398 0.048 0.167 

Provenance × PAR 10 1.084 0.415 0.330 
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Table 6.4. Mean rates of photosynthesis (i.e., A; μmol m−2 s−1) and stomatal conductance 

(i.e., gs; mmol m−2 s−1) in provenances of balsam fir growing in a common garden 

established in northern New Brunswick, with standard deviations and value ranges in 

parenthesis. 

 

Provenance A gs 

MS-2 (NB) 8.185[±2.397, 5.775–11.525] 138.620[±40.869, 108.050–217.380] 

MS-117 (NB) 8.426[±2.350, 5.475–11.365] 246.983[±80.673, 130.110–316.316] 

MS-118 (NB) 8.036[±2.364, 5.187–11.305] 104.501[±44.491, 60.055–172.055] 

MS-123 (NL) 8.783[±2.402, 6.331–12.477] 189.164[±53.908, 117.719–253.607] 

MS-124 (QC) 8.349[±2.315, 5.721–11.709] 235.205[±87.675, 129.650–330.764] 

MS-125 (NL) 7.420[±2.365, 4.688–11.227] 141.261[±51.410, 81.703–199.835] 

MS-126 (NL) 7.238[±1.613, 5.061–9.444] 90.733[±25.353, 55.338–116.390] 

MS-127 (NL) 7.037[±1.956, 4.822–10.436] 252.835[±76.863, 174.345–352.125] 

MS-130 (SK) 7.384[±2.445, 5.492–11.841] 105.122[±41.487, 69.601–172.790] 

MS-133 (NL) 7.478[±2.191, 5.094–11.132] 156.507[±53.024, 79.226–226.079] 

MS-303 (NY) 8.443[±4.135, 4.088–15.425] 145.278[±101.174, 45.948–290.511] 

 

Three of the four best-performing provenances, those from Hawke’s Bay, NL, the 

Acadia Research Forest, NB, and Duck Mountain, SK, had the lowest gs, whereas the 

provenance from Bonne Bay, NL, with the lowest iWUE, had the highest gs. 

Regressions, which were performed against A and gs at low and high light, with iWUE 

produced weak and strong inverse linear relationships, yielding r2’s of 0.04, 0.03, 0.79 

and 0.77, respectively (Figure 6.2a, b). The provenances from Hawke’s Bay, NL, and 

Duck Mountain, SK, had the second and third lowest mean A. 
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Figure 6.2. Regression of intrinsic water-use efficiency (i.e., iWUE, µmol mmol−1) 

against (a) the rate of photosynthesis (A), and (b) stomatal conductance (gs) at 300 and 

1200 µmol m−2 s−1 in provenances of balsam fir growing in a common garden in 

northern New Brunswick (open and closed circles, dashed and solid lines, respectively). 
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6.3.2 Diameter at breast height 

The results showed that provenance had a significant effect on DBH in balsam fir 

(p < 0.05). Diameter at breast height in 2014 was significantly larger than DBH in 1998 

(p < 0.05). The lowest and highest mean DBH across provenances ranged between 11.82 

and 12.78, and 16.38 and 18.44 cm, respectively. 

There was no significant provenance × growth period interaction (p > 0.05). 

Provenance, growth period, and provenance × growth period interaction accounted for 

39.80, 80.30, and 30.70%, respectively, of the variation in DBH (Tables 6.5 and 6.6). 

Over the course of the 40-year period between 1971 and 2010, there were 0.3, 0.7, and 

0.1℃ increases in MAT, MWT, and MST, and a 49.4 mm decline in precipitation at the 

common garden (see Table 2.1 in Chapter 2, and Table 6.1 above). 
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Table 6.5. Mean diameter at breast height (i.e., DBH; cm; n =5) in 1998 and 2014 in 

provenances of balsam fir (n = 12) growing in a common garden established in northern 

New Brunswick, with standard deviations in parenthesis. 

 

Provenance Year 

 1998 2014 

MS-2 (NB) 15.64(±1.87) 18.60(±1.07)ac 

MS-117 (NB) 15.00(±2.26) 17.28(±0.94)ad 

MS-118 (NB) 16.38(±3.85) 18.44(±4.88)ab 

MS-123 (NL) 12.50(±1.82) 15.39(±0.84)a 

MS-124 (QC) 15.18(±0.62) 17.29(±0.81)ad 

MS-125 (NL) 12.72(±0.97) 14.50(±1.91)a 

MS-126 (NL) 12.94(±3.55) 15.16(±4.13)a 

MS-127 (NL) 14.48(±0.84) 16.49(±1.09)ad 

MS-130 (SK) 15.26(±2.50) 16.89(±3.10)ad 

MS-131 (MB) 11.82(±1.62) 12.78(±1.91)a 

MS-133 (NL) 14.06(±0.34) 15.24(±0.38)a 

MS-303 (NY) 15.58(±2.65) 19.12(±1.14)ab 

a no statistical difference in DBH when compared to the other provenances with a similar letter; ab 

DBH was significantly greater than in MS-123, MS-125, MS-126, and MS-131; ac DBH was 

significantly greater than in MS-125, MS-126, and MS-131; ad DBH was significantly greater than in 

MS-131 at p < 0.05. 
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Table 6.6. Output of mixed analysis of variance on 16-year DBH-increment between 

1998 and 2014 for provenances of balsam fir growing in a common garden established 

in northern New Brunswick; “df” stands for degrees of freedom. 

 

Source df p-value Partial Eta Squared 

Provenance 11 < 0.01 39.80 

Growth period 1 < 0.01 80.30 

Provenance × Growth period 11 0.058 30.70 

 

 

6.3.3 Provenance-climate relationships 

The climatic variables extracted using PCA showed that the principal components 

for each climatic-variable grouping i.e., temperature, precipitation, temperature index, 

temperature-precipitation index, temperature and precipitation duration variables 

accounted for 93–99% of the variability in all variables in each grouping. 

The r2- and p-values of quadratic and third-order polynomial regressions between 

iWUE at low and high light against temperature, precipitation, heat-accumulation and 

moisture indices, and duration above temperature thresholds at the provenance source 

exhibited weak relationships. The r2-values of quadratic and third-order polynomial 

regressions between iWUE at low and high light, against temperature-related variables, 

and precipitation-threshold variables at the provenance source [i.e., mean maximum 

annual temperature (MMAX); see Table 6.7 for definition of variables], lowest 

temperature of the warmest month (LTWM), number of days with precipitation and 

rainfall above 25 mm (DPPT25, DRnF25) ranged from < 0.40 up to 0.84, with not all p-

values suggesting statistical significance (Table 6.8). 
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Table 6.7 Climatic variables and their abbreviations. 

 

Parameter Abbreviation 

Mean maximum annual temperature  MMAX 

Lowest temperature of the warmest month  LTWM 

Mean spring temperature  SpMN 

Mean minimum summer temperature  SMIN 

Growing degree-days > 10°C  GDD10 

Number of days with temperature > 20°C DMAX20 

Number of days with precipitation > 25 mm  DPPT25 

Number of days with rainfall > 25 mm DRnF25 

 

Table 6.8. Coefficient of determination, r2 and p-values from regressions of mean iWUE 

(µmol mmol−1) at light settings of 300 and 1200 µmol m−2 s−1 in balsam fir growing in 

northwestern New Brunswick, relative to climate at the source stand, see Table 6.7 for 

climatic variable definitions. 

 

Climatic Variable PAR (μmol m–2 s–1) Regression Type r2 p 

MMAX 
300 Polynomial 0.50 0.16 

1200 Polynomial 0.30 0.45 

LTWM 
300 Polynomial 0.43 0.25 

1200 Polynomial 0.26 0.53 

DPPT10 
300 Polynomial 0.31 0.42 

1200 Polynomial 0.32 0.40 

DPPT25 
300 Polynomial 0.84 > 0.05a 

1200 Polynomial 0.55 0.12 

a not all regression coefficients had p-values < 0.05. 
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Regarding the DBH of provenances in 2014, three climatic variables [i.e., mean 

maximum annual temperature (MMAX), mean spring temperature (SpMN), and 

growing-degree days > 10°C (GDD10)] had significant linear relationships (p < 0.05) 

with DBH (r2 = 0.48, 0.46, and 0.40, respectively). Two other climatic variables [i.e., 

mean minimum summer temperature (SMIN) and days with maximum temperature > 

20°C (DMAX20], although with r2-values < 0.40 (r2 = 0.34 for both variables), also had 

statistically significant linear relationships with DBH (Figure 6.3). 
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6.3.4 Survivorship-diameter at breast height relationship  

The regression analysis of survivorship (lx) against DBH-increment (Table 6.9) 

revealed a nonlinear relationship (Figure 6.4 a, b). The relationship showed low survival 

at low DBH-increment, increased survival at intermediate DBH-increment, followed by 

another decline at high DBH-increment. A data-point for one of the provenances (i.e., 

MS-133) appeared to be an outlier (indicated in Figure 6.4a). When all provenances 

were used in the regression, r2 was 0.28, and the unimodal relationship formed was not 

statistically significant (p > 0.05). When the provenance was excluded, r2 increased to 

0.89 and the relationship formed was statistically significant (p < 0.05). Data from the 

provenance suspected of being an outlier departed from the expected trend. The reason 

for the uncharacteristic level of survival for the DBH-increment (Table 6.9) is unclear 

but may have been less obvious with a larger sample size. 
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Table 6.9. Mean DBH-increment (cm; n = 3), five samples per provenance) and survival 

for the period from 1998 to 2014 in provenances of balsam fir (n = 12) growing in a 

common garden established in northern New Brunswick. 

 

Provenance Mean DBH-Increment Survivorship 

MS-2 (NB) 2.96(±1.17) 0.87 

MS-117 (NB) 2.28(±1.70) 0.89 

MS-118 (NB) 2.06(±1.15) 0.63 

MS-123 (NL) 2.89(±1.14) 0.79 

MS-124 (QC) 2.11(±0.39) 0.83 

MS-125 (NL) 1.78(±1.66) 0.59 

MS-126 (NL) 2.22(±0.97) 0.78 

MS-127 (NL) 2.01(±1.05) 0.60 

MS-130 (SK) 1.63(±0.69) 0.38 

MS-131 (MB) 0.96(±0.44) 0.28 

MS-133 (NL) 1.18(±0.61) 0.91 

MS-303 (NY) 3.54(±1.97) 0.59 
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Figure 6.4. Regression of survivorship against DBH-increment (each data point is 

the mean of five foliage samples) in balsam fir (n = 12) growing in a common 

garden in northern New Brunswick over the 1998–2014 study period. Panel (a) 

gives the fit of the 3-parameter Gaussian equation (i.e., eqn. 6.6) with the suspected 

outlier included (i.e., MS-133, identified by the arrow), whereas panel (b) gives the 

same regression excluding the suspected outlier. 

 

6.3.5 Intrinsic water-use efficiency-diameter at breast height relationship  

The regression of temperature and precipitation during the 2015–2019 period on 

those for the 2010–2014 period showed that temperature had a strong r2-value of 0.95, 

whereas precipitation was considerably weaker, at r2 = 0.02. Autocorrelation analysis of 

the regression done on the monthly temperature and precipitation data for the 10-year 

period, 2010–2019 (Figure 6.5), generated Durbin-Watson values of 1.337 and 1.143, 

respectively, indicating autocorrelation. The regression analysis relating iWUE at 300 

and 1200 µmol m−2 s−1 with DBH2014 showed a statistically significant positive linear 

relationship (r2 = 0.18 and p < 0.05, and r2 = 0.27 and p < 0.05, respectively; Figure 6.6). 

Quadratic regression also showed a statistically significant relationship, but equation 

coefficients for linear regression revealed greater statistical significance. 
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Figure 6.5. Monthly temperature (solid line) and precipitation (dashed line) at the 

common garden in northern New Brunswick over the 2010–2019 study period. 

 

 

Figure 6.6. Regression of DBH (cm) measured in 2014 against intrinsic water-use 

efficiency (i.e., iWUE, µmol mmol−1) at 300 and 1200 µmol m−2 s−1 (open and closed 

circles, dashed and solid lines, respectively) in provenances of balsam fir growing in a 

common garden in northern New Brunswick. 
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6.4 Discussion 

The results showed a significant provenance effect on balsam fir iWUE (p < 0.05). 

Intraspecific variation in iWUE has been reported to have a genetic basis (Martin et al. 

1989; Masle et al. 2005; Flexas et al. 2013). Intraspecific variation in iWUE is mainly 

the result of variations in gs, and not in A (Blum 2005; Roussel et al. 2009; Tomas et al. 

2014; Flexas et al. 2015). The values of iWUE obtained in this study were like those 

obtained by Medrano et. al. (2008), Hu et. al. (2019), and Roussel et al. (2009), when 

compared at similar units of measurement. 

Variation in iWUE in this study was a result of the marked differences in stomatal 

conductance among the provenances, as three of the four best-performing provenances 

had the lowest gs, whereas the provenance with the lowest iWUE had the highest gs. 

This is an indication of the influential role of stomatal conductance in the water-use 

characteristics of the provenances. Furthermore, regressions between A and iWUE and 

gs and iWUE at low and high light settings showed a weak negative linear relationship 

regarding the former, and a stronger negative linear relationship with the latter. Stomatal 

conductance influences iWUE, with lower gs associated with higher iWUE. Increases in 

iWUE can be the result of reduced water loss via stomatal control, a higher level of 

photosynthesis, or a combination of changes in the two variables. A meta-analysis by 

Gago et al. (2014) on iWUE in 237 species of trees, shrubs, and herbaceous species 

showed variations in iWUE correlated well with gs. Correlations with A, in contrast, 

were much lower, suggesting a stronger control of iWUE by gs. They observed this trend 

across the species studied, treatments applied, and in well-watered plants. A similar 
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trend in the relationship between gs and iWUE was observed by Medrano et al. (2008), 

Roussel et al. (2009), and Galmes et al. (2010). 

The provenance with the highest iWUE had the lowest mean gs and lowest mean 

A. As gs and A are not independent (Blum 2005), along with a reduction in gs is an 

increase in iWUE and, thereby, a reduction in water losses is expressed as a reduction in 

A as less substrate CO2 enters the leaves. Therefore, an increase in iWUE, due to a 

reduction in gs, results in reduced A, with the inverse being true as gs increases (Flexas et 

al. 2015). 

There was a reduced level of significance in the difference in provenance-based 

iWUE between light settings (p = 0.046). Catoni et al. (2015) found that A and gs (the 

two components of iWUE) of sun leaves were significantly higher than those of shade 

leaves in a study of Quercus robur L., Corylus avellana L., Populus alba L., Acer 

campestre L., and Robinia pseudoacacia L. Murphy et al. (2012) reported similar 

findings when A and gs in sun and shade leaves of Toona ciliate M. Roem. were 

assessed. The marginally significant difference in iWUE in provenances between light 

settings is likely an indication of the fact that balsam fir is a shade-tolerant species. 

Shade tolerance, an important ecological driver behind forest succession, is an 

indication of the extent to which a plant can survive and grow in low light conditions. In 

relation to shade tolerance, tree species are classified into three broad categories: (i) 

shade-tolerant species that can reproduce and survive in low light conditions associated 

with heavy shading; (ii) intermediate shade-tolerant species with an ability to tolerate 

shade during some phases of the species’ life cycle; and (iii) shade-intolerant species 

requiring open, high-growth conditions (Shirely 1943; Anderson et al. 1969; Kobe et al. 
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1995; Kneeshaw et al. 2006; Humbert et al. 2007). Balsam fir, a shade-tolerant species, 

rates 9.8 on a ten-point tolerance scale developed by Graham (1954); also refer to Hett 

and Loucks (1976). The high shade tolerance of balsam fir is a result of its high light-

capture efficiency (klinka et al. 1990; Sims et al. 1990; Claveau et al. 2005). This is 

because shade-tolerant species, to optimize light capture, typically assign a higher 

priority to foliage growth compared to less shade-tolerant species (King 1991). 

Furthermore, species in the genus Abies, to which balsam fir belongs, allocate resources 

in comparable proportions to branches and needles, presumably to hold branches 

horizontally to favor light interception (King 1997; Claveau et al. 2005). It is likely that 

the shade tolerance of balsam fir may be an important factor in the survival of 

populations of the species under changes in forest dynamics projected to accompany 

climate change (Saxe et al. 2001). 

There were no significant relationships between iWUE and climatic variables at 

the provenance source despite the strong provenance effect on the parameter. This 

finding is consistent with that of Santini et al. (2018), who found no relationship 

between C-isotope composition and climate at provenance source in a study of P. 

sylvestris populations. This finding differs from that of Ferrio and Voltas (2005), who 

found relationships between the parameters in populations of P. halepensis Mill. and 

climatic variables at their source sites. C-isotope composition (i.e., δ13C) is reported to 

have a close relationship with iWUE, and as a result, can be used as an alternative 

measure of plant water consumption (Battie-Laclau et al. 2016; Santini et al. 2018; 

Zhang et al. 2018). The lack of significant relationship between iWUE and climatic 

variables at the provenance source, despite the strong provenance effect on the 
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parameter, may be an indication that climatic conditions at the provenance source do not 

play a significant role in intraspecific variation in iWUE in the species (Santini et al. 

2018). 

Diameter at breast height differed significantly among provenances. This is like 

the finding from the earlier study based on the 1998 provenance data at the same site 

(see Chapter 2). Diameter at breast height in 2014 was significantly larger than DBH1998, 

which may be an indication that the rate of radial growth in the provenances during the 

16-year period under review was not negatively impacted by the increases in 

temperature (via, e.g., MAT, MWT, and MST), and decline in precipitation (TPPT) at 

the common garden. Wang et al. (2018) stated that tree DBH-increments are indicators 

of forest productivity, with the dynamics of such increments influenced by the times of 

initiation, cessation, and growth rate. The significant increase in DBH during the study 

period may be a result of the provenances maintaining good levels of productivity, even 

after several decades of continuous growth. 

Diameter at breast height in 2014 had significant linear relationships with 

temperature variables at provenance source. This reaffirms the earlier finding of the 

larger study at the same site, of the predominant effect of temperature on DBH (see 

Chapter 2). The finding is also consistent with other studies of this kind (e.g., Matyas 

and Yeatman 1992; Schmidtling 1994; Thomson et al. 2009). The pairwise relationships 

between DBH and MMAX, SpMN, GDD10, and SMIN are indicative of the importance 

of the growing season, which spans the period between the last and first frost, and 

periods of low temperature (Frank 1990; Barnes et al. 1998; Rossi et al. 2008) to growth 

and development in balsam fir. 
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Survival declined at small and large DBH-increments and increased at 

intermediate DBH increments. This is an indication of the influence of size on tree 

survival (Hamilton 1986; Sims et al. 2009) and is consistent with other studies that have 

reported increasing survival with increasing DBH up to a maximum, after which it 

begins to decrease (Monserud and Sterba 1999; Cortini et al. 2017). High competition 

brought about by limited resource availability is responsible for the low survival at small 

DBH increases, resulting in improved spacing for trees at intermediate DBH-increments 

and higher levels of survival (Luo and Chen 2011). The decline in survival with large 

DBH-increments is the result of high maintenance costs relative to the photosynthate 

produced, associated with large trees, and size-limitations, which constrain water and 

nutrient transport to their canopies (Domec et al. 2008; Luo and Chen 2011). 

Intrinsic water-use efficiency at low and high light showed positive linear 

relationships with DBH2014. On a global scale, it has been found that increase in iWUE 

has not been accompanied by an increase in tree DBH-growth. Penuelas et al. (2011) 

and Silva and Anand (2012), however, state that the relationship between iWUE and tree 

DBH-growth varies latitudinally, with positive relationships between the two variables 

in alpine and boreal regions, and a trend toward a negative relationship with decreasing 

latitude. 

 

6.5. Conclusions 

A study was conducted on balsam fir provenances growing in a common garden in 

eastern Canada. Intrinsic water-use efficiency (iWUE) of the foliage of provenances, 63 

years old, was assessed under low and high light. Diameter at breast height (DBH) of the 
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provenances were independently measured when they were 42 and 58 years old. It was 

concluded from the findings of this study that stomatal conductance, not climatic factors, 

influences intraspecific variation in iWUE in balsam fir, and should therefore be used as 

a criterion in selection within the species under conditions of climate change. Shade 

tolerance, population differentiation, and the consistent pace of DBH-growth in balsam 

fir will facilitate sustained growth of the species under changes in forest dynamics 

projected to occur with climate change. The strong relationships of balsam fir DBH 

measured in 2014 with climate factors, particularly temperature-based, demonstrates that 

temperature variables are reliable indicators of variation in the trait. Under variable 

climatic conditions, the effect of size on tree survival is persistent. The observed positive 

relationship between iWUE and DBH confirms the association of these traits in the 

species. 
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CHAPTER 7 

 

CONTRIBUTIONS OF DISSERTATION AND RECOMMENDATIONS 

 

Contributions 

The contributions to tree-climate research, detailed in Chapters 2–6, are 

highlighted below. This is one of very few studies using a provenance trial to study the 

effects of climatic variation on balsam fir morphology and physiology. 

 

Highlights 

Chapter 2 

• Provenances sourced from locations south of the common garden performed 

significantly better than provenances sourced from locations north of the 

common garden regarding diameter at breast height (DBH), height (H), and 

crown width (CW). 

• There were no significant differences among provenances in terms of survival 

(S). 

• Temperature had a stronger relationship with DBH, H, and CW than 

precipitation, while both climatic variables had some effect on S.  
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Chapter 3 

• Provenance of balsam fir did not have a significant effect on specific leaf area 

(SLA). 

• Specific leaf area declined significantly in the second year of the study, 

compared to the first year. 

• Precipitation and low temperature at the source-stands were the predominant 

climatic variables identified when an assessment of the grouping of provenances 

from cluster analysis was performed. 

 

Chapter 4 

• Reliable gas-exchange measurements with respect to A400, Vcmax, Jmax, Jmax:Vcmax, 

and gs in balsam fir can be obtained using foliage on detached branches (within 

50–80 cm in length) up to 30 minutes after detachment. 

• There was a strong seasonal effect on A400, Vcmax, Jmax, Jmax:Vcmax , and gs in 

foliage from both attached and detached balsam fir branches. The cooler part of 

the growing season caused the gas-exchange parameters to be higher than in the 

warmer part of the same growing season. 
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Chapter 5  

• There was no intraspecific variation in the gas-exchange parameters A400, Vcmax, 

Jmax, and Jmax:Vcmax (p < 0.05), whereas it was evident in gs. 

• The closely coordinated relationship between Vcmax and Jmax was unaffected by 

climatic variation. 

• Provenance gas-exchange parameters retained relationships with climatic 

variables at their source stands. 

 

Chapter 6 

• Provenance had significant effects on iWUE and DBH in balsam fir. 

• Light setting also influenced iWUE, but at a reduced level of significance. 

• Diameter at breast height in 2014 was significantly larger than DBH in 1998.  

• Intrinsic water-use efficiency had no link to climate at the provenance source. 

• Variation of the trait in balsam fir was strongly linked to intraspecific variation in 

gs in the species. 

• Radial growth in balsam fir was strongly linked to temperature, at provenance-

source. 

• Vigorous DBH growth in balsam fir was maintained under variable climatic 

conditions, even after several decades of continuous growth in a common garden. 
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The findings from the study indicate that: (i) the morphological response of balsam 

fir to climatic variation will likely not be uniform in the species, but different based on 

genetic characteristics between sub-populations located in the northern and southern 

parts of the species’ range; (ii) population differences in response to climatic variation 

may be more evident in growth traits, compared to S in balsam fir; (iii) the flexibility of 

balsam fir foliage under variable climatic conditions may enable the species to adjust its 

photosynthetic capacity with its response; (iv) gas-exchange measurements can be 

conducted using foliage detached from tall trees over a duration longer than that required 

for instantaneous measurements, such as is required for determination of the parameters 

of photosynthesis, when attention is given to branch size and seasonal effects; (v) the 

strong link of variation in iWUE in balsam fir to intraspecific variation in gs in the 

species, can be an important criterion for species selection for forest management 

strategies under conditions of climate change; (vi) the shade tolerance of balsam fir may 

likely be a factor of importance in the survival of sub-populations of the species under 

changes in forest dynamics that are projected to accompany climate change; (vii) the 

effect of tree size on its survival is maintained under variable climatic conditions; (viii) 

there is a clear association between iWUE and the species’ radial growth. Overall, it can 

be concluded from the study findings that:  

• Climatic variables can be reliably used in modelling morphological traits and 

survival of balsam fir, but less so with physiological traits. 

• The climate models developed for the morphological traits of balsam fir covering 

a broad section of the species’ range, including DBH at two stages of 
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development will be useful in growth-stage and climate-based scenario analysis 

for the species. 

• Population differentiation in balsam fir traits is an important factor in its 

response to climatic variation and should be the basis for selection programmes 

geared toward management of the species influenced by climate change. 

 

Recommendations 

• There is a need for further provenance studies on multiple sites in other parts of 

the species’ range, as well as studies comparing the performance of provenances 

at trial sites and their seed sources, to establish the extent of adaptive patterns 

identified. 

• There is also a need for further study of the response of physio-morphological 

characteristics (e.g., A400, Vcmax, Jmax, Jmax:Vcmax, gs, iWUE, DBH, H, and CW) 

and S in balsam fir to large climatic gradients. 
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APPENDIX A 
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APPENDIX B 

 

 

 

 

 

Figure B1. Balsam fir provenance trial in northern New Brunswick from two vantage 

points. 

  

a

b



248 

 

APPENDIX C 

 

 

Figure C1. Layout of the balsam fir provenance trial used in the study in Chapter 2. 
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Figure C2. Mean DBH distribution of balsam fir provenances used in the studies in 

Chapters 3, 5, and 6.    
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APPENDIX D 

 

 

 

Figure D1. Telescopic pruners used in the collection of branch foliage samples. 
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Figure D2. CIRAS-2 photosynthesis system with cuvette used for gas-exchange 

measurements.  
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Figure D3. Telescopic pruners (a) and CIRAS-2 photosynthesis system (b) being used 

for field data collection.  
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APPENDIX E 

         

         

         

Figure E1. Branch foliage samples used in gas-exchange measurements. 
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Figure E2. Scanned images of foliage from balsam fir provenances sourced from New 

Brunswick (a) to (c), Newfoundland (d), (f), (g), (h), and (j), Quebec (e), Saskatchewan 

(i), and New York State (k) used in leaf-area determination for gas-exchange 

calculations. 
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