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ABSTRACT 

Red spruce (Picea rubens) is an important species in northeastern North America. 

Climate change impacts on this species are expected to vary regionally. We use two 

historic provenance trials to evaluate red spruce’s capacity to persist under climate 

change by analyzing measurements of tree height and diameter in relation to differences 

between provenance origin climate and test site climate. 

Within the range of climate differentials, warming did not appear to negatively 

impact red spruce performance, but cooling did affect performance by reducing height 

and diameter. Warmer temperatures increased tree size, especially for northern 

provenances, suggesting red spruce at the northern extent of its range is cold suppressed. 

Furthermore, changes in frost free period and mean annual temperature significantly 

impacted tree size. Temperature-related climatic factors had stronger effects than 

moisture-related factors. Our tests of climatic effects on more southerly provenances 

were limited by lack of sites south of red spruce’s range
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1. INTRODUCTION 

Recent, unprecedented climate change has resulted in a 1.0ºC increase in global 

average temperature since the beginning of the industrial revolution (WMO 2019). Projected 

changes in climate for the 21st century are greater than those experienced over the last 100 

years (IPCC 2013). In eastern Canada, even with the buffering effect of the Atlantic Ocean, it 

is predicted mean annual temperature will increase 2.0–6.0°C by 2100 (ECCC 2019). 

 Understanding how tree species will respond to climate change is critical for 

developing management strategies to minimize the impacts of climate change on forests and 

the goods and services they provide (Bonan 2008; Gray et al. 2016; McKenney et al. 2016). 

Recent forest ecosystem modeling studies project that eastern Canada’s Acadian Forest 

Region (AFR; Rowe 1972) will experience substantial shifts in forest growth and 

composition during this century (Taylor et al. 2017). The AFR is an ecological transition 

zone with a number of local tree species being at either the northern or southern extremes of 

their climatic ranges. In particular, some commercial softwood species, such as balsam fir 

(Abies balsamea), red spruce (Picea rubens), black spruce (P. mariana), and white spruce (P. 

glauca), are projected to become less suited to the local climate by the end of the 21st 

century, while warmer-adapted temperate hardwood species, such as red maple (Acer 

rubrum), American beech (Fagus grandifolia) and red oak (Quercus rubra) are expected to 

thrive (Evans and Brown 2017; Fei et al. 2017; Taylor et al. 2017).   

Within the AFR, forestry and forest products account for over 5% of the Gross 

Domestic Product (GDP) (NRCan 2019). Spruce species account for over 70% of lumber, 

and 40% of pulp and paper production in the region (NBDNR 2011; NSDLF 2016). Thus, 

understanding how climate change will affect the future abundance and distribution of spruce 
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species is critical to successful adaptive forest management in the AFR; however, this 

remains a complex and challenging task. While modeling studies (i.e., Boulanger et al. 2017; 

Taylor et al. 2017; Miller and McGill 2018) indicate a future climate less suited to spruce, 

these models typically do not account for genetic variability within species and species 

ability to persist under environmental change (Thuiller et al. 2008; McMahon et al. 2011; 

Urban et al. 2016).  

Two major biological strategies considered important to successful persistence under 

climate change are ‘acclimation’ and ‘adaptation’ (Alberto et al. 2013; Corlett and Westcott 

2013). Acclimation is the process by which an individual organism adjusts to changes in the 

environment during its lifetime through phenotypic plasticity, while adaptation is a longer-

term evolutionary process by which a population adjusts to changes in the environment over 

multiple generations. Currently, most forest ecosystem simulation models ignore the capacity 

of species to persist through acclimation and adaptation processes and rely on simple, mean 

trait values for parameterization (Bolnick et al. 2011). Such limitations create uncertainty in 

model predictions and inhibit our ability to understand and predict the impacts of climate 

change on the forestry sector. 

Trees exhibit a high degree of phenotypic plasticity to climate variation, which may 

help buffer the impacts of climate change; however, the “plastic” limits of most tree species 

remain unclear (Alberto et al. 2013). Historic common garden experiments or ‘provenance 

trials’ can be used to help measure the plasticity (i.e., acclimation) of tree species populations 

to novel environments. For instance, provenance trials that have been planted at sites that 

vary with respect to environmental conditions, such as temperature and water availability, 

can be used to test the response of phenotypic traits as a function of environmental gradients. 
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Indeed, transfers of northern tree populations to more southerly climates have been used to 

investigate tree species acclimation potential (Wang et al. 2006; Lu et al. 2014; Pedlar and 

McKenney 2017).  

In this project we sought to better understand the capacity of a commercial softwood 

species to persist under climate change by taking advantage of existing, historic provenance 

trials. We re-measured red spruce provenance trials originally established by the Canadian 

Forest Service (CFS) and collaborators across northeastern North America circa 1960 to 

investigate the acclimation potential of red spruce populations to variation in site and 

climatic conditions. More specifically, we tested whether differences in climate between the 

trial sites and provenance origins significantly influenced tree growth as measured by 

diameter at breast height (DBH, 1.3 m) and total tree height. We hypothesized that greater 

climate differentials would have a stronger influence on red spruce growth than smaller 

climate differentials, since provenances have evolved specific adaptations to their climate of 

origin (Sendall et al. 2015; Aubin et al. 2016). Specifically, we expect that red spruce 

provenances from near the northern limits of their range will respond positively to increases 

in temperature (i.e., cold suppressed) while provenances from the southern part of the range 

will have neutral or negative responses when moved to colder climates. We expect the results 

from our analysis will provide useful insight on how sensitive (i.e., plastic) red spruce is to 

changes in climate, and potentially help identify provenances better adapted to anticipated 

climate change in the AFR. 
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2. METHODS 

2.1 Study species  

The natural range of red spruce extends from southeastern Ontario east to the Maritime 

provinces in Canada, down into New England in the US. Isolated pockets of red spruce can be 

found further south in central New York, Pennsylvania, Maryland, West Virginia and North 

Carolina, but only at higher elevations along the Appalachian Mountains where the climate is 

cool and moist enough to support populations (Blum 1990,  Fig.1). 

Red spruce prefers humid, cool climatic conditions and is well adapted to coastal 

regions or mountains where abundant moisture from rain or snowfall is available. It tends to 

grow on sites where annual precipitation ranges from 910 to 1,320 mm, winter temperature 

ranges from -7 ℃ to -1 ℃, and summer temperature ranges from 21 ℃ to 27 ℃ (Blum 

1990). Acid Spodosols and Inceptisols are common soils on which red spruce occurs, where 

pH of soils usually ranges from 4.0 to 5.5 (Blum 1990).  

Red spruce is a long-lived, medium-size tree species at maturity. It can live for 400 

years and may reach 23 cm in DBH and 19 m tall by 60 years of age under favorable growing 

conditions (Blum 1990). It is considered very shade tolerant and can live in the dense understory 

for many years once it reaches sapling size. Its major competitors are balsam fir and tolerant 

hardwoods (e.g., sugar maple and American beech) that produce heavy shade (Blum 1990). 

Over the past century, the population of red spruce has shrunk across its geographic range 

due (Schauffler and Jacobson Jr 2002), in part, to overharvesting (Lorimer 1977), acid rain 

deposition (Johnson 1983), and possibly increasing temperatures that have led to more 

frequent drought stress (Ribbons 2014). Red spruce is also influenced by some natural 

disturbances, including insect damage from spruce budworm (Choristoneura fumiferana 
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Clemens), and, because it is a shallow rotted tree, windthrow from windstorms and 

hurricanes (Taylor et al. 2019). 

 

2.2   Provenance trials (history, design, and remeasurement)  

2.2.1 History and design 

The CFS established two series of red spruce provenance trials around 1960. The first 

series (referred to as the “Range-Wide” study) included 16 provenances and seven trials from 

throughout the natural range of red spruce (Morgenstern et al. 1980). Only seven of the 

nineteen original trials are included in this study because some trials no longer exist (e.g., 

were harvested or developed) or were inaccessible. Up to 16 provenances were planted at 

each trial site (though not all provenances were planted at each site and different mixtures 

occur across sites, resulting in an incomplete random block design). The geographic 

distribution of all Range-Wide study provenances and trial sites used here are shown in 

Figure 1, information on experimental design and locations are given in Table 1. An example 

layout map of the experimental design for a Range-Wide trial is shown in Appendix A, 

Figure A1. Data and background information on all provenances and trials are given in 

Appendix A, Table A1 and A2. A photographic example of a current Range-Wide trial is 

shown in Figure 2.   
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Figure 1 Map showing geographic range of red spruce (USGS 1971) and locations of 

provenances and trials for the Range-Wide study. (red arrows indicate precise locations of 

trials overlapping with provenance origins)  
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Figure 2 A photograph showing typical conditions for the Range-Wide study trial site, using 

a site located in Fundy National Park, N.B. (Photo courtesy of A.R. Taylor, CFS) 

The second test series (referred to as the “Maritimes” study) consisted total of 30 

provenances, most of them were from Canada’s Maritimes region, specifically the provinces 

of New Brunswick and Nova Scotia, two provenances from Maine, two provenances from 

West Virginia (Fig. 3), and six trial sites (Fowler et al. 1988). All 30 provenances were 

planted at each trial site using a randomized complete block design. The experimental design 

used a 4-tree square plot for 30 provenances as a block, replicated 10 times for each site 

(Table 1). An example layout map is shown in Figure A2 and a photographic example of a 

typical trial site is shown in Figure 4. Data and background information on all provenances 

and trials are given in Tables A3 and A4.  
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Table 1 Trial identification code, establishment year, location, and basic experimental design 

for the Range-Wide and Maritimes trial sites used in this study. 

Trial 

Code 

Establishment 

Year 

Location No. of 

Provenances 

Trees 

per Plot 

No. of 

Replicates 

Spacing 

(m) 

--- Range-Wide Study --- 

14-A 1959 Acadia Forest Exp. Stat., N.B., 

CA 

16 50 5 1.2 x 1.2 

14-B 1960 Grimmer Settlement, N.B., CA 16 100 5 1.2 x 1.2 

14-C 1960 Fundy National Park, N.B., CA 16 100 5 1.2 x 1.2 

95-D 1959 Valcartier Forest Exp. Stat., QC, 

CA 

14 49 5 1.8 x 1.8 

 95-L 1960 Coleman State Park, N.H., USA 12 25  3 1.8 x 1.8 

95-K1 1960 Nicolet Nat. For. Wisconsin, 

USA 

14 2  25 rows1 2.4 x 2.4 

95-Q 1960 UNB Woodlot, N.B., CA 16 Rows1 None 1.5 x 1.8 

--- Maritimes Study --- 

18-B1 1962 Acadia R.F, N.B., CA 30 4 10 1.8 x 1.8 

18-C 1962 Fundy National Park, N.B., CA 30 4 10 1.8 x 1.8 

18-D 1962 Iris, P.E.I., CA 30 4 10 1.8 x 1.8 

18-F 1962 E. Kemptville, N.S., CA 30 4 10 1.8 x 1.8 

18-E 1962 New Glen, N.S., CA 30 4 10 1.8 x 1.8 

18-I 1964 North Pond, N.L., CA 30 4 10 1.8 x 1.8 

1rows indicate that trees from each provenance were planted with random numbers of 

individuals 
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Figure 3 Map showing geographic range of red spruce (USGS 1971) and locations of 

provenances and trials for the Maritimes study. (yellow arrows indicate precise locations of 

overlapping provenances origins) 
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Figure 4 A photograph showing typical conditions for a Maritimes study trial site, using a 

site located in the Acadia Research Forest, N.B. (Photo courtesy of A.R. Taylor, CFS). 

The Range-Wide study was last summarized by Morgenstern et al. (1980) and the 

Maritimes study by Fowler et al. (1988). In 2013 all existing sites that could be located were 

remeasured and these data form the basis for the current study’s analysis (Table 1).  

2.2.2 Remeasurement strategy 

 In 2013, a team lead by the CFS (A.R. Taylor and D. A. McPhee) located and 

remeasured remaining intact trial sites from both studies. Seven trials were located and 

remeasured in the Range-Wide study and six trials in the Maritimes study (Table 1, Figs. 1 

and 3). Using archived records and maps of experimental layouts, the individual provenances 

at each trial site were located and all surviving trees remeasured. Some trials, such as the 

University of New Brunswick (UNB) woodlot site in the Range-Wide study, had been  
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partially destroyed by human activities (i.e., TransCanada Highway construction). The 

Maritimes trial sites were generally more intact.  

Growth response  

For all remeasured trials, trees were identified by provenance, block (i.e., row), and 

tree number. Surviving trees were remeasured for current DBH (to nearest 0.1 cm) and total 

height (HT, to nearest 0.1 m; Table 2), which were used as the response variables in this 

study. All height measurements were conducted using a TruPulse™ 200 laser range finder 

hypsometer. Any damage to trees, including stem abrasions, fungal infections, or major 

branch losses, were recorded. When possible, cause of death was assessed on any dead or 

missing trees and recorded (those trees are not included in this study).  

Soil variables  

Measures of soil site conditions were collected as co-variants to control for 

confounding site effects. At each trial, site-level soil moisture regime and drainage were 

assessed following the procedures described in Neilly et al. (2013). One soil pit was 

excavated at a representative location within each trial site (Fig. 5). When possible, pits were 

excavated to the bottom of the rooting zone (maximum 60 cm depth). Mineral soil profiles 

and textures were described, and soils were field classified using the Canadian System of 

Soil Classification (Soil Classification Working Group, 1998). 
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Figure 5 Photograph showing example of soil pit excavation at a red spruce provenance trial 

site. (Photo courtesy of A.R. Taylor, CFS) 

Mineral soil bulk density volumes were estimated after excavation using glass beads 

and a volumetric cylinder. Mineral soil samples (target 1000 cm3) were collected at 15 cm 

depth intervals from the top of the mineral soil horizon for chemical analysis. All soil 

samples collected for chemical analyses were placed in a cooler while in the field and later 

refrigerated until processed in the CFS Atlantic Forestry Centre Laboratory.  

Bulk density was determined by drying samples at 105ºC until a constant weight was 

achieved (typically 48 h) and correcting for volume of coarse fragments (>2 mm). Soil 

samples collected for chemical analyses were air dried, sieved (2 mm mesh), and ground in a 

Wiley mill prior to analysis. Chemical analyses, including pH and total nitrogen (N), were 

conducted by the Laboratory for Forest Soils and Environmental Quality, University of New 
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Brunswick. pH was measured using 0.01 CaCl2 solution (ratio 1:1) and a bench top meter. 

Total N was measured using a LECO induction furnace.  

Because of the limited soils data (one observation per site) and high variability within 

the soil profile, average soil values for the upper 30 cm of mineral soil were calculated for 

each soil variable (i.e., texture, pH, and total nitrogen) at each trial site by averaging the 

value for the 0 to 15 cm and 15 – 30 cm soil layers. A complete list of soil variables and their 

definitions are given in Table 2. 

Table 2 here 

2.3 Climate data 

To test the effect of climate change on red spruce growth, we acquired monthly 

climate normals (1961-1990) for climatic variables for each trial site and provenance origin 

location from the CFS (Price et al. 2011). A list of each climatic variable is provided in Table 

2. Climate differentials (ΔClimate) for each climatic variable were then calculated as the 

difference between trial location and provenance location climates: 

!"#$%&'( = "#$%&'(*+,%&#-./01	−	"#$%&'(*+,%&#4.56780897 

A positive value reflects a warmer temperature, increased moisture, or longer growing season 

at the trial site relative to the provenance’s origin climate. 

 

 

 

 

 



 

 

 

14 

Table 2 A list of all response and explanatory variables and their abbreviations used in this 

study. 

 Variables Abbreviation 
Continuous/ 

Categorical   

Response variables 
diameter at breast height (cm) DBH Continuous 

height (m) HT Continuous 

 

 

 

 

 

 

 

 

 

 

Explanatory 

variables 

Soil 

variables  

pH pH Continuous 

Total nitrogen (%) N Continuous 

sand (%) sand Continuous 

silt (%) silt Continuous 

clay (%) clay Continuous 

moisture class (3 levels: xeric, 

mesic, hydric) 

moisture Categorical 

drainage class (7 classes: “very 

rapidly drained” to “very poorly 

drained”) 

drainage Categorical 

Climatic 

variables  

growing degree days above 

5°C(days) 

GDD Continuous 

climate moisture deficit (mm) CMD Continuous 

mean annual temperature (°C) MAT Continuous 

frost free period (days) FFP Continuous 

mean annual precipitation (mm) MAP Continuous 

mean summer temperature (°C) MST Continuous 

mean winter temperature (°C) MWT Continuous 

mean temperature of the warmest 

month (°C) 

MWMT Continuous 
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 2.3 Data analysis  

 To test our hypothesis that greater ΔClimate would have a stronger influence on red 

spruce growth, we used DBH and HT as our response variables and the ΔClimate as 

explanatory variables. Although our primary interest was in testing the effect of ΔClimate on 

growth, to account for potential confounding effects from differences in soil conditions 

among trials, and to explore the relative significance of soil conditions on growth, we also 

included the soil variables as potential explanatory variables. Due to differences in trial 

design and provenance origins, the two provenance studies were analyzed separately in this 

study. 

2.3.1 Initial variable exploration 

 To initially explore the effect of the ΔClimate on DBH and HT, we assessed 

relationships between the response variables and ΔClimate visually using graphical methods 

and regression smoothing (Cleveland 1994). Both DBH and HT were plotted against each of 

the ΔClimate variables for each study. Locally weighted regression and scatterplot smoothing 

(LOWESS) trend lines were added using the lowess() function in R (R Core Team 2019). 

The visual analyses were useful in identifying potential relationships between tree size and 

the climatic variables and demonstrating the need to separately analyze the Range-Wide and 

Maritimes studies. The graphs were also useful in interpreting the subsequent results, refining 

our final analyses, and rechecking relationships that did not initially produce significant 

statistical results.   
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2.3.2 Nonlinear Mixed Effects Modeling 

Nonlinear Model Development 

Based on trends observed in the initial variable exploration (see Results section 3.1) 

and due to high multicollinearity between climatic variables, we decided to use a stepwise, 

nonlinear mixed effects (NLME) modeling approach to analyze the relationship between tree 

size and ΔClimate. The initial variable exploration analysis revealed that the temperature-

related ΔClimate variables generally have a strong asymptotic relationship with DBH and HT 

(Figs. 6-11), while the moisture-related ΔClimate variables show a more linear or weakly 

exponential relationship (Fig. 12 &13). To further explore the influence of ΔClimate on red 

spruce performance, we proposed two basic models: 

Model 1: : = ((<=><? (@AAB7->CD)⁄ )
     

where X was the tree size variable (DBH or HT); b0 and b1 were nonlinear regression 

coefficients; offset was the absolute value of the minimum of ΔT; and ΔT was the 

temperature-related ΔClimate; The Offset was required to make the denominator associated 

with b1 always greater than 0, and not cause algebraic errors when fitting or applying the 

model. 

Model 2: : = ((<=><GCH)       

where X was the tree size variable (DBH or HT); b0 and b2 were nonlinear regression 

coefficients; and ΔM was the moisture-related ΔClimate.  

 Models 1 and 2 were fitted to DBH and HT separately according to study (Range-

Wide versus Maritimes) and by each ΔClimate variable, resulting in eight models for 

comparison. The models were ranked by root mean squared error (rMSE). All nonlinear 

models were fitted in the R statistical language (R Core Team 2019) using the nls() function.  
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Models containing all combinations of temperature- and moisture-related variables 

were then explored using the same method as described above. The final model form selected 

was based on minimum rMSE, the significance of parameter estimates (i.e., p-values), and 

model prediction behavior (i.e., residual analyses and graphical display of trend lines). We 

used a stepwise approach that included all combinations (all-subsets) of independent 

variables to evaluate different model forms and variable combinations (Furnival and Wilson 

1974), with the final model form being: 

Model 3: : = ((<=><? (@AAB7->CD)⁄ ><G∙CH) 

where X, b0, b1, b2, Offset, ΔT, and ΔM are as defined above.  

 In addition to the ΔClimate variables, soil variables were also tested to help account 

for potential confounding effects from differences in soil conditions between trial sites and to 

test the importance of soil properties on red spruce performance. The final, best performing 

model, as measured by rMSE, significance of parameter estimates, and model prediction 

behavior, was an expansion of Model 3 that included a single soil variable: 

Model 4: : = ((<=><? (@AAB7->CD)⁄ ><G∙CH><J∙K)      

where X, Offset, ΔT, ΔM are as defined above; b0, b1, b2, and b3 are nonlinear regression 

coefficients, and S is the best performing soil variable. 

 Model 4 was then fitted as a NLME model, including provenance as a random effect. 

Since trees were nested within provenance and one of our objectives was to evaluate 

provenance performance, the use of provenance as a random effect was an efficient and 

statistically valid approach (Pinheiro and Bates 2000). The NLME model was fitted using the 

nlme() function from the nlme package (Pinheiro et al. 2019) in R. The inclusion of random 

effects in nonlinear models has been used to analyze various species-specific tree attributes 



 

 

 

18 

including individual tree taper and volume (Weiskittel et al. 2015), biomass (Colmanetti et al. 

2018), height (Lam et al. 2017), and height increment (Russell et al. 2014). NLME models 

have been shown to consistently outperform generalized nonlinear least squares equations 

fitted separately to individual species (Weiskittel et al. 2007).  

Lastly, we analyzed the variance from the random effects for provenances to explore 

how individual provenances responded to differences in climate (i.e., ΔClimate). To do so, 

we graphed random effects for DBH versus HT for each independent variable (Intercept, ΔT, 

ΔM, and N) and examined groupings of random effects and how their values impacted the 

curve shapes (i.e., predictions) to classify provenances’ tolerances to climate change (change 

tolerant, change sensitive and cold limited). These tolerance classes were then spatially 

evaluated by plotting tolerance classes associated with provenance location and examining 

spatial trends. 
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3. RESULTS 

3.1 Initial variable exploration  

Overall, the provenances in the Maritimes study showed greater climatic sensitivity 

than did the provenances in the Range-Wide study (Figs. 6 – 13). With the exception of 

ΔMWT (Fig. 11), the temperature-related variables (panels b and d in Figs. 6-10) had greater 

influence on DBH and HT than did the moisture-related variables (panels b and d in Figs.12-

13) for the Maritimes study. Both DBH and HT responded positively as temperature 

increased across the range of the temperature-related variables, (panels b and d in Fig. 6 - 

10). Positive temperature differentials, which indicate warmer trial sites relative to 

provenance origin climate, tended to produce larger diameter and taller trees, while negative 

differentials, indicating cooler trial sites, resulted in smaller diameter, shorter trees (Figs. 6 – 

13); this trend was most pronounced for ΔFFP (Fig. 7). The results were less clear for the 

moisture-related variables, with ΔCMD generally producing smaller diameter, shorter trees 

on more moisture limited trial sites, relative to the provenance’s origin, while trial sites with 

greater moisture availability (relative to the origin) had higher growth (panels b and d in Fig. 

12). No discernible trend was visually evident for ΔMAP, suggesting change in level of 

precipitation between provenance origin and trial site had little effect on DBH and HT (Fig. 

13). While similar temperature-related trends were observed for the Range-Wide study, as in 

the Maritimes study, changes DBH and HT were relatively small and linear (panels a and c in 

Figs. 6-11), and no discernible trends for the moisture-related variables could be detected 

(Figs. 12a and 13a).  
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ΔFFP (Fig. 7b and 7d) produced the smoothest lowess trend lines for both DBH and 

HT in the Maritimes study compared to all other temperature-related climatic variables. For 

DBH, the North Pond trial had the lowest measurements and represented the majority of 

points below 10cm on the graphs. North Pond also had the slowest growing HT, and 

represented the clusters of points below 5 m on the HT graphs.  

ΔClimate variables associated with summer temperatures, i.e., ΔMWMT (Fig. 9) and 

ΔMST (Fig. 10), also showed a positive trend with warmer trial sites (i.e., positive 

differentials), but displayed much more variation than the other temperature-related 

variables. For instance, some of the shortest trees (North Pond) and some of the tallest trees 

(East Kemptville) were associated with the largest negative differentials (i.e., colder trial 

sites relative to their origin). However, while both trial locations have cool summertime 

temperatures, East Kemptville is located near the southwestern tip of Nova Scotia and  the 

moderating effects of the Atlantic Ocean and Bay of Fundy produce a much longer frost free 

period (146 days compared to 112 days at North Pond), demonstrating the variable effects 

climate can have on tree growth at different geographical locations.  
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Figure 6 Influence of ΔGDD on DBH (cm) and HT (m) by red spruce provenance study 

(Range-Wide versus Maritimes): a) DBH in Range-Wide study; b) DBH in Maritimes study; 

c) HT in Range-Wide study; d) HT in Maritimes study.  
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Figure 7 Influence of ΔFFP (frost free period) on DBH (cm) and HT (m) by red spruce 

provenance study (Range-Wide versus Maritimes) : a) DBH in Range-Wide study; b) DBH 

in Maritimes study; c) HT in Range-Wide study; and d) HT in Maritimes study 
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Figure 8 Influence of ΔMAT (mean annual temperature) on DBH (cm) and HT (m) by red 

spruce provenance study (Range-Wide versus Maritimes): a) DBH in Range-Wide study; b) 

DBH in Maritimes study; c) HT in Range-Wide study; and d) HT in Maritimes study 
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Figure 9 Influence of ΔMWMT (mean warmest month temperature) on DBH (cm) and HT 

(m) by red spruce provenance study (Range-Wide versus Maritimes): a) DBH in Range-Wide 

study; b) DBH in Maritimes study; c) HT in Range-Wide study; and d) HT in Maritimes 

study 
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Figure 10 Influence of ΔMST (mean summer temperature) on DBH (cm) and HT (m) by red 

spruce provenance study (Range-Wide versus Maritimes): a) DBH in Range-Wide study; b) 

DBH in Maritimes study; c) HT in Range-Wide study; and d) HT in Maritimes study 
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Figure 11 Influence of ΔMWT (mean winter temperature) on DBH (cm) and HT (m) by red 

spruce provenance study (Range-Wide versus Maritimes): a) DBH in Range-Wide study; b) 

DBH in Maritimes study; c) HT in Range-Wide study; and d) HT in Maritimes study 
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Figure 12 Influence of ΔCMD (climatic moisture deficit) on DBH (cm) and HT (m) by red 

spruce provenance study (Range-Wide versus Maritimes): a) DBH in Range-Wide study; b) 

DBH in Maritimes study; c) HT in Range-Wide study; and d) HT in Maritimes study 
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Figure 13 Influence of ΔMAP (mean annual precipitation) on DBH (cm) and HT (m) by red 

spruce provenance study (Range-Wide versus Maritimes): a) DBH in Range-Wide study; b) 

DBH in Maritimes study; c) HT in Range-Wide study; and d) HT in Maritimes study 
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3.2 Nonlinear Mixed Effects Modeling 

 The parameter estimates, their associated standard errors, and the rMSEs were 

calculated for Model 1 (i.e., the temperature-related ΔClimate variables) (Table 3). For the 

Maritimes study, models that included variables representing growing season length (i.e, 

ΔGDD and ΔFFP) consistently produced lower rMSEs than those models with ΔClimate 

variables associated with more general or seasonal temperature conditions (i.e., ΔMAT, 

ΔMWMT, ΔMST, and ΔMWT). This was true for both DBH and HT. For the Range-Wide 

study, there were less obvious differences between models, but models with ΔClimate 

variables associated with temperature conditions (i.e., ΔMAT, ΔMWMT, and ΔMST) had 

slightly lower rMSEs (Table 3). The model using ΔFFP was the highest performing model 

for both DBH and HT for the Maritimes study while the model using ΔMAT was the highest 

for the Range-Wide study. The Maritimes study tended to have larger rMSEs, potentially 

reflecting greater variation between sites, climate, and provenances in the Maritimes study. 

 Overall, the moisture-related ΔClimate variables were less significant than the 

temperature variables (compare rMSEs in Table 4 to those in Table 3) and differences 

between the moisture variables were less obvious than with the temperature variables. For 

example, rMSE for DBH on the Maritimes study was 7.123 for ΔMAP and 6.965 for ΔCMD 

(Table 4) while it ranged from 5.315 for ΔFFP to 7.192 for ΔMWT (Table 3). The model 

with ΔMAP included was slightly more significant than ΔCMD for the Range-Wide study, 

while the reverse was true for the Maritimes study (Table 4). 

 When temperature- and moisture-related ΔClimate variables were combined (Table 

5), the results were similar to what were observed in Models 1 (Table 3) and 2 (Tables 4). 

The models with ΔFFP outperformed models containing ΔMAT for the Maritimes study 
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while the opposite was true for the Range-Wide study. Again, the moisture-related variables 

were less significant; however, the model containing ΔCMD had a slightly lower rMSE for 

the Maritimes study, while ΔMAP was slightly lower for the Range-Wide study (Table 5). 

 As with the ΔClimate variables, an all subsets, stepwise approach (Furnival and 

Wilson 1974) was used to evaluate soil variables for inclusion in Model 4. Based on rMSE, 

significance of parameter estimates, and model predictions, nitrogen (N) was the most 

significant soil variable for the Range-Wide study while N and soil pH had essentially equal 

significance in the Maritimes study (results not shown). When provenance was included as a 

random effect variable, pH was no longer a significant fixed effect, while N maintained 

strong significance. Therefore, only Model 4 containing N was further analyzed.  

  



 

 

 

31 

Table 3 Parameter estimates, their associated standard errors (in parentheses), and the root 

mean square errors (rMSE) for Model 1 (ΔTemperature effects) by temperature-related 

ΔClimate variable and provenance study.  

ΔClimate  Range-Wide Study  Maritimes Study 

 Offset b0 b1 rMSE  Offset b0 b1 rMSE 

-- Diameter at Breast Height (DBH) -- 

ΔFFP 45 2.8604 -0.6540 5.234  35 3.6268 -32.693 5.315 

  (0.003818) (0.04573)    (0.01681) (0.7174)  

ΔGDD 850 2.8322 -0.30214 5.305  770 17.091 -10987 5.562 

  (0.003368) (0.03810)    (0.2982) (230)  

ΔMAT 7 3.0185 -0.9011 5.152  4 3.2842 -1.6123 6.446 

  (0.008641) (0.03992)    (0.01836) (0.06222)  

ΔMST 4 2.9324 -0.2654 5.208  4.5 3.1648 -1.1432 6.532 

  (0.005951) (0.013562)    (0.01473) (0.04554)  

ΔMWT 12 2.9115 -0.6640 5.271  6 2.7643 0.05492 7.192 

  (0.007149) (0.052461)    (0.01028) (0.03276)  

ΔMWMT 4 2.9656 -0.4040 5.212  4.5 3.1021 -1.0078 6.863 

  (0.007390) (0.02047)    (0.01589) (0.04981)  

-- Height (HT) -- 

ΔFFP 45 2.5777 -0.40667 2.857  35 3.1267 -17.804 3.576 

  (0.00265) (0.02659)    (0.01194) (0.3755)  

ΔGDD 850 2.5591 -0.15504 2.901  770 17.337 -11412 3.834 

  (0.002419) (0.023671)    (0.2794) (216)  

ΔMAT 7 2.68857 -0.61803 2.805  4 3.5271 6.7795 4.499 

  (0.005822) (0.02609)    (0.03134) (0.2103)  

ΔMST 4 2.6218 -0.16284 2.849  4.5 2.9400 -1.4110 4.492 

  (0.004045) (0.008663)    (0.01422) (0.04594)  

ΔMWT 12 2.6101 -0.41942 2.873  6 2.4447 0.10600 5.202 

  (0.004633) (0.032353)    (0.009957) (0.030492)  

ΔMWMT 4 2.6442 -0.2540 2.851  4.5 2.5285 -0.1389 5.061 

  (0.00508) (0.01356)    (0.00746) (0.009113)  

Boldface indicates p > .05 (i.e., not significantly different from 0)
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Table 4 Parameter estimates, their associated standard errors (in parentheses), and the 

root mean square errors (rMSE) for Model 2 (ΔMoisture effects) by moisture-related 

ΔClimate variable and provenance study. 

 ΔClimate Range-Wide Study  Maritimes Study 

 b0 b1 rMSE  b0 b1 rMSE 

-- Diameter at Breast Height (DBH) -- 

ΔMAP 2.8350 0.0001435 5.307  2.7840 0.0005482 7.123 

 (.0003414) (.00001635)   (0.007158) (0.00006060)  

ΔCMD 2.8271 0.0001388 5.329  2.8276 0.003267 6.965 

 (.003381) (.00006648)   (0.007248) (0.0002037)  

-- Height (HT) -- 

ΔMAP 2.5617 .00009715 2.897  2.4757 0.0005676 5.152 

 (.002453) (.00001157)   (.007046) (.00005964)  

ΔCMD 2.5559 0.0001731 2.907  2.5277 0.003913 4.964 

 (.002419) (.00004756)   (0.006942) (0.0001990)  
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Table 5 Parameter estimates, their associated standard errors (in parentheses), and the root mean square errors (rMSE) for the 

combined temperature and moisture-related effects (Model 3) by ΔClimate variables for DBH and HT in the Range-Wide and 

Maritimes study. 

ΔClimate Range-Wide Study  Maritimes Study 

  Offset b0 b1 b2 rMSE  Offset b0 b1 b2 rMSE 
 -- Diameter at Breast Height (DBH) -- 

ΔFFP ΔMAP 45 2.8625 -0.6068 0.00008576 5.226  35 3.4132 -17.285 -0.0003949 5.354 
   (.003811) (0.04525) (0.00001617)    (0.01325) (0.4125) (0.00004297)  
ΔFFP ΔCMD 45 2.8601 -0.6793 0.0003286 5.227  35 3.3884 -15.9944 0.001012 5.383 
   (0.003823) (0.04620) (0.00006546)    (0.01306) (0.4010) (0.0001515)  
ΔMAT ΔMAP 7 3.0307 -0.9734 -0.00005884 5.150  4 3.3169 -1.7323 -0.0002105 6.436 
   (0.009280) (0.004487) (0.00001785)    (0.01958) (0.06750) (0.00005576)  
ΔMAT ΔCMD 7 3.0179 -0.9020 0.0001616 5.151  4 3.2637 -1.4384 0.001948 6.366 
   (0.008650) (0.03992) (0.00006446)    (0.01792) (0.06078) (0.0001873)  

 -- Height (HT) -- 
ΔFFP ΔMAP 45 2.5795 -0.3819 0.00005965 2.853  35 3.1579 -18.8340 -0.00004562 3.512 
   (0.002662) (0.02667) (0.00001149)    (0.01205) (0.3829) (0.00003789)  
ΔFFP ΔCMD 45 2.5773 -0.4271 0.0003040 2.851  35 3.1291 -17.2414 0.001389 3.531 

   (0.002650) (0.02679) (0.00004691)    (0.01188) (.3716) (0.0001350)  
ΔMAT ΔMAP 7 2.6968 -0.6680 -0.00004584 2.803  4 3.0624 -1.9147 -0.0002816 4.512 

   (0.006193) (0.02916) (0.00001254)    (0.01892) (0.06608) (0.00005289)  
ΔMAT ΔCMD 7 2.6878 -0.6190 0.0001911 2.802  4 2.9934 -1.5384 0.002456 4.429 

   (0.005824) (0.02606) (0.00004597)    (0.01711) (0.05860) (0.0001779)  

33 
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3.3 Analysis of Random Effects and Provenance Performance 

 The results for the final NLME models with provenance included as a random 

effect variable are shown in Table 6. As with Model 3, ΔFFP consistently performed 

better than ΔMAT for the Maritimes study, but ΔMAT was better for HT in the 

Range-Wide study. Significant (p < .05) random effects were obtained for all four 

regression parameters for all models except the ΔMAT/ΔMAP model for DBH in the 

Maritimes study where the random effects associated with ΔMAP were not 

significant (loglikelihood ratio test, p > .05). NLME models fit average models and 

random effects measure how much group factors deviate from the average model 

(Pinheiro and Bates 2002). Significant random effects associated with provenance 

indicate that provenances vary in their individual responses to ΔClimate and Soil (N) 

variables. The random effects associated with temperature-related variables were the 

most significant (Table 6). The random effects associated with N were, generally, the 

next most significant random effects, followed by the intercept term, with random 

effects for moisture-related variables accounting for very low, but significant (p < 

.05) variation. Overall, including provenance as random effects accounted for a 

substantial, additional amount of variation in tree size not accounted for in the fixed 

effect only models (compare rMSEs in Table 5 to Table 6). 

Provenances’ sensitivities differed between ΔFFP and ΔMAT. To explore 

these differences, all provenances were ranked by plotting random effects values for 

DBH versus HT associated with the four coefficients (b0, b1, b2, b3), thus there are 
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four panel plots of two NLME models for the Maritimes study (Figs 14 & 15). As the 

random effects change, the resulting model coefficients used to predict provenance-

level responses change, which in turn changes the shape of the response curves. For 

the temperature-related ΔClimate variables, three different response curve shapes 

were observed (Fig. 16). Some provenances were unaffected by ΔFFP (as shown in 

black), other provenances had a more linear increase with increasing ΔFFP (as shown 

in red), and other provenances were extremely cold limited (as shown in green). 

These three different response patterns can be translated into provenance groupings in 

the panels for ΔTemperature (Figs. 14b and 15b). For random effects associated with 

ΔFFP (Fig 14b), provenances with random effects values for b1 less than -20 were 

very sensitive to decreases in ΔFFP (cold limited); provenances with random effects 

for b1 greater than 11 had essentially equal performance across the range of ΔFFP 

observed in this study (temperature insensitive), and the provenances with random 

effects values between -20 and 11 had a more linear trend in response to increases 

across the range of ΔFFP. Provenances fell into the same groupings across their 

respective ranges of random effects whether these breaks were applied to DBH 

random effects values or HT random effects values.  

Similar results were observed for the ΔMAT models (Fig. 15) with the groups 

breaking at random effects values of -3 and 4.5. Again, provenances fell into the same 

groups whether DBH related random effects were used or HT related random effects. 

Differences due to moisture-related variables were much less dramatic; provenances 

with negative random effects were relatively insensitive to moisture changes while 
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those with positive effects were increasingly sensitive, but the changes were much 

smaller relative to those observed for temperature. No similar trends can be observed 

for soil N (b3) because provenances grouped very differently among models (panel d 

in Figs. 14 and 15).



 

Note: b is for fixed effect, s (b) is for random effect. –- indicates non-significant random effects 
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Table 6 NLME model results for the combined ΔClimate and soil variables with provenance included as a random effect for DBH and 
HT on the Range-Wide and Maritimes study trials. Parameter estimates, their associated standard errors, and the root mean square 
errors (rMSE) are shown. 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

Parameter Range-Wide Study Maritimes Study  
 -- Diameter at Breast Height (DBH) -- 

 ΔFFP + ΔMAP + N + (Prov)  ΔMAT + ΔMAP + N + (Prov) ΔFFP + ΔMAP + N +(Prov)  ΔMAT + ΔMAP + N + (Prov) 
 Estimate Standard Error  Estimate Standard Error Estimate Standard Error  Estimate Standard Error 
b0 3.4837 0.03949  3.6222 0.06987 3.6945 0.04706  4.3012 0.09657 
b1 -12.3876 2.0912  -3.6533 0.8584 -29.5211 3.3953  -6.2745 0.7061 
b2 0.0007300 0.0001434  -0.0002850  0.0004785 -0.0002860 0.00009600  -0.0006960 0.00007140 
b3 -0.7781 0.06873  -0.4914 0.2126 0.1630 0.07529  0.4718 0.04739 
s(β0)  0.142   0.269  0.247   0.515 
s(β1)  8.198   3.489  18.389   3.821 
s(β2)  0.000527   0.00192  0.000413   --- 
s(β3)  0.238   0.849  0.366   0.137 
rMSE  4.496   4.695  3.942   4.200 

 --Height (HT) -- 
 ΔFFP + ΔMAP + N + (Prov)  ΔMAT + ΔMAP +N +(Prov) ΔFFP + ΔMAP + N + (Prov)  ΔMAT + ΔMAP + N + (Prov) 

b0 3.03560 0.04366  3.1496 0.05151 3.4270 0.05053  4.0944 0.1044 
b1 -5.7913 1.3058  -2.3407 0.6829 -32.3637 3.6586  -6.8382 0.7909 
b2 0.0006100 0.0001544  -0.0002486 0.0003422 -0.0005101 0.00008499  -0.0008959 0.00008330 
b3 -0.8220 0.04496  -0.5419 0.1496 0.3154 0.06958  0.6178 0.06017 
s(β0)  0.166   0.196  0. 271   0.562 
s(β1)  5.087   2.764  19.914   4.300 
s(β2)  0.000595   0.00137  0.000391   0.000334 
s(β3)  0.151   0.598  0. 352   0.277 
rMSE  2.426   2.379  2.109   2.475 

35 
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Figure 14 Random effects for HT versus DBH for Maritimes study: a) b0 (asymptote); b) b1 

(ΔFFP); c) b2 (ΔMAP); and d) b3 (N); numbers represent all provenances in Maritimes study 

(see Table A3) 
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Figure 15 Random effects for HT versus DBH for Maritimes study: a) b0 (asymptote); b) b1 

(ΔMAT); and d) b3 (N). (Note random effects associated with ΔMAP were not significant, 

layout was maintained for ease of reading) 
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Figure 16 Three example provenances from the Maritimes study showing the range of 

response patterns with respect to difference in frost free days. (the different lines for the same 

colors show differences associated with ΔMAP) 
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Table 7 shows the classification of provenances by the three groups of temperatures 

responses, and Figure 17 shows the geographic distribution of provenance locations by 

temperature groupings. In general, the provenances with the most tolerance to change in FFP 

were the more southerly provenances. As provenance origins move northward and westward, 

they become increasingly sensitive to changes in FFP and MAT.    

The results for the Range-Wide study were much more variable, with no clear 

patterns or groupings (Figs. 18 and 19). HT appears to be responding differently to climate 

changes (ΔMAT, ΔFFP, ΔMAP) relative to DBH and the ranges of random effects are much 

different, but substantially smaller than the ranges observed for the Maritimes study. In 

general, most provenances would fall in the category of insensitive to climate change, as 

shown in Figures 6 – 12.  
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Table 7 Distribution of provenances in the Maritimes study based on climate sensitivity groupings derived from the b1 random effects 

for the ΔFFP NLME model and the ΔMAT NLME model. 

Frost Free Period Mean Annual Temperature 

 Change Tolerant Change Sensitive Cold Limited 

Change Tolerant --- Timber Lake, N.S.,  

Corberrie, N.S.,  

Waverley, N.S., 

 New River Watershed, N.B,  

Boyne Road, N.B.,  

Chezzetcook, N.S.,  

South Paradise, N.S.,  

Nictau West, N.S.,  

Mushamuch and Spondo Lakes, N.S. 

--- 

Change Sensitive Canaan Mountain, W. Virginia, 

Monogahela Nat. Forest, W. Virginia  

Great Salmon River, N.B.,  

Scotts Bay, N.S.,  

East Sheet Harbour River, N.S.,  

Hart’s Lake, N.S.,  

Economy River, N.S., 

 Upper Blackville, N.B.,  

Acadia Forest Exp. Station, N.B.,  

Lakelands, N.S.,  

Blanchard N.S.,  

West of Five Mile Lake, N.S.,  

West of Great Salmon River, N.B.,  

Penobscot Forest Exp. Station, Maine,  

Evans Brook River, N.S. 

--- 

Cold Limited --- --- Napadogan, N.B.,  

Sisters Brook, N.B.,  

Rocky Brook, N.B., 

 Snare Lake, N.S.,  

Crooked Creek, N.B,  

Little Black River, Maine 

4
0
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Figure 17 Map showing provenance ΔClimate sensitivity classifications for all 

provenances located within Maine and Maritimes provinces. 
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Figure 18 Random effects for HT versus DBH for Range-Wide study: a) b0 (asymptote); 

b) b1 (ΔFFP); c) b2 (ΔMAP); and d) b3 (N).  
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Figure 19 Random effects of 17 provenances for HT versus DBH for Range-Wide study: 

a) b0 (asymptote); b) b1 (ΔMAT); c) b2(ΔMAP); and d) b3 (N). 
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4. DISCUSSION  

Overall, provenances within the Maritimes study seemed more responsive than 

provenances within the Range-wide study (Figs. 6-13). Initially it was expected that the 

Range-wide study would have greater responses because of the greater climate 

differentials. However, the Range-wide study has several design flaws that limit 

inferences: not all provenances where planted at all trials, differing densities of trial 

plantings were used, many trials were thinned or otherwise affected, and trial sites were 

mostly dispersed east-west across the range of red spruce with less north-south variation 

(Fig. 1).  

Red spruce DBH and height appeared more responsive to temperature-related 

variables (Figs. 6 – 11) than moisture-related variables (Figs. 12 and 13), though the 

random effects indicate that there is much variability between provenances (Table 6).  

Similar results were observed for black spruce (Hofgaard et al. 1999; Thomson et al. 

2009), jack pine (Pinus banksiana) (Matyas and Yeatman 1992), and Norway spruce 

(Picea abies) (Schmidtling 1994). All of these studies indicate that precipitation does not 

impact tree growth as significantly as temperature. In our study, for example, ∆FFP 

ranged from about -50 days to +30 days. Increases in FFP significantly influenced most 

provenances, with sites with shorter frost free periods typically having smaller tree sizes 

(Fig. 7), while sites with longer frost free periods had larger trees. Again, there was much 

variation between provenances, with some provenances showing almost no response to 

ΔFFP (i.e. Timber Lake, N.S., CA., Table 7.) while others showed a linear or asymptotic 

trend across the range of ΔFFP (i.e. Great Salmon River, N.B., CA., Table 7). In contrast, 

Liu et al., (2018) suggested the lengthening of the growing season may have deleterious 
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effects on plant species by exposing them to late spring frosts and/or early autumn frosts. 

Frost events during the growing season can affect tree size by inhibiting growth (Beck et 

al. 2007). While this does not appear to be a factor with the +ΔFFP (lengthening) shifts, 

frost damage may partially explain the reduced tree size in the – ΔFFP (shortening) shifts. 

In our study, ΔMAT ranged from about -7°C to +4°C. Across this range, warmer 

trial sites relative to provenance origin had a general positive affect on red spruce DBH 

and height, while cooling (i.e., cooler trial sites) had the opposite effect. It was expected 

that as temperature continued to increase that the plateau in tree size observed would 

begin to drop off as temperatures became deleterious to red spruce development. This 

type of trend has been observed for other boreal conifer species including black spruce, 

jack pine (Pedlar and McKenney 2017), and balsam fir, as well as hardwoods such as red 

maple and white ash (Fraxinus americana) (Carter 1996). However, in our study, MAT 

ranged from +4°C to +7°C, which corresponded very closely to the optimal temperatures 

observed in Pedlar and McKenney (2017). For the provenances used in this study, we did 

not observe a decrease in tree size as a result of warmer temperatures. Similar to Pedlar’s 

and McKenney’s (2017) results for black spruce and balsam fir, Ribbons (2014) observed 

a range-wide decrease in radial growth of red spruce across its range and attributed much 

of this decrease due to climate change (warming). While we did observe increasing tree 

sizes with increasing temperatures, we may not have reached the point where any 

negative effects were observed. One possible explanation is that the temperature 

differentials in this study were too narrow to detect any decreases in tree size as a result 

of increasing temperature. 
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While the general trend was one of increasing in tree size with increasing 

temperature differentials, there was much variation between provenances with northern 

populations showing greater positive growth when moved south (warmer) and southern 

populations showing either an indifference to temperature changes or negative responses 

when moved north (cooler). Because of the restrictions in study design for the Maritimes 

study, our study did not test the effect of warming on the most southerly (or warmest-

adapted) provenances, as we did not have trial sites located at sites warmer than the 

origins of our most southerly (warmest-adapted) provenances. However, we were able to 

show that when the warmest-adapted provenances were planted at cooler sites, they either 

had no change in growth or had reduced tree sizes. This is consistent with what has been 

observed for white spruce (Lu et al. 2014), where the warmest-adapted provenances 

responded negatively to decreasing temperatures, while the northern and central 

populations had positive responses. Unfortunately, we could not test how the southern 

provenances would do at warmer sites. This remains a critical knowledge gap that other 

studies will need to address as it is the most southerly populations at the tail-end of their 

geographical range that are likely already at their upper climatic limits (Ribbons 2014) 

and less likely to cope with additional warming (Taylor et al. 2017). 

Results from this study suggest that most red spruce provenances will show 

decreases in tree size with decreases in temperature. This implies that moving southern 

provenances north may provide provenances better adapted for future climates, but in the 

short-term these provenances will be severely disadvantaged by colder temperatures. 

Taking northern provenances south may result in those provenances growing faster than 

they would in the north, but in the long-term they may perform worse than the existing 
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southern provenances. In addition, as climate continues to change with forecasted 

temperature increases, the northern provenances may reach a threshold where their 

positive response reverses and tree size begins to diminish as growth rates are impacted 

by the increased temperatures. Those provenances with broad tolerances of climate 

differentials with little or no response across the gradient may be the preferred choice for 

assisted migration or development of climate resilient forests.  

This study shows that red spruce trees possess a large degree of plasticity in their 

tolerance to climate change. Incorporating this plasticity into ecosystem models will 

provide better predictions and allow scientists to better predict changes in forest 

composition and assist forest managers in developing climate resilient forests for the 

future. 
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APPENDIX A 

  

Fig. A An example of the Fundy site field design in the Range-Wide study: partial provenances represented in a 100-tree plot for each 

provenance (left) replicated five times (right)    
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Table A 1 Seed lot number, location, latitude, longitude and climatic norms of all provenances in Range-Wide study  

 
 
  

Seed 
lot 
No. 

Place of origin  Latitude,  Longitude,  Climatic Variable 

(°N) (°W) MAP CMD FFP MAT MST MWT GDD MWMT 

1 Indian Gap, N.C., CA 35.6 -83.5 1906 0 149 9.1 17.8 0.2 2205 18.4 
2 Glade River, Monongahela 

Nat. For., W.V., USA 
38.6 -79.8 1267 60 135 8.1 17.9 -2.2 2081 18.7 

3 Bear Meadows, Centre Co., 
PA., USA 

40.7 -77.7 1162 87 145 8.4 19.4 -3.1 2288 20.4 

4 October Mts., Berkshire Co., 
MA., USA 

42.4 -73.2 1295 20 135 6.6 17.9 -5.5 1926 19 

5 Paul Smiths, Franklin Co., 
N.Y., USA 

44.4 -74.2 1100 80 123 5.4 17.5 -7.7 1805 18.6 

6 Upper Jay, N.Y. USA 44.4 -73.7 976 130 136 6.7 19 -6.5 2085 20.2 
7 Mt. Monadnock (2300-

2600ft), N.H., USA 
42.9 -72.1 1272 50 143 7.5 18.8 -4.5 2121 19.9 

8 Pillsbury State Forest 
(1550ft), N.H., USA 

43.2 -72.1 1331 0 153 7.6 19 -4.3 2150 20 

9 Amherst, Handcock Co., 
ME, USA 

44.9 -68.3 1115 138 124 5.7 18 -7.4 1860 19.3 

10 Andorra Forest (1700ft), 
N.H., USA 

43.1 -72.1 1343 22 146 7.6 19 -4.4 2151 20 

11 Valcartier F.E.S., PQ, CA 46.9 -71.5 1152 23 129 4.4 17.7 -9.8 1749 19.1 
12 St. Charles de Mandeville, 

PQ, CA 
46.5 -75.3 994 71 126 3.8 17.1 -11.1 1668 18.2 

13 Sheet Harbour, N.S., CA 45.2 -62.7 1336 34 127 5.7 16.1 -5 1621 17.6 
14 Corberrie, Digby Co., N.S., 

CA 
44.2 -65.9 1278 32 145 6.5 14.9 -2.3 1605 16 

15 Big Salmon River, N.S., CA 45.4 -65.4 1287 65 129 5.8 16.8 -5.7 1726 18.2 
16 Acadia F.E.S., Sunbury Co., 

N.B., CA 
46 -66.3 1172 86 130 5.6 17.8 -7.4 1831 19.1 
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Table A 2 Trial site location, latitude, longitude and climatic norms of all sites in Range-Wide study 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Trial  Location  LAT LON Climatic Variable 
  (°N) (°W) MAP CMD FFP MAT MST MWT GDD MWMT 
14-A Acadia Forest Exp. 

Stat., N.B., CA 
45.992434 -66.266399 1169 86 130 5.6 17.8 -7.5 1830 19.2 

14-B Grimmer Settlement, 
N.B., CA 

47.689148 -67.414106 1047 57 109 2.8 15.9 -11.3 1439 17.4 

14-C Fundy National Park, 
N.B., CA 

45.594402 -65.012556 1279 70 122 5.1 16.7 -6.8 1635 18.1 

95-D Valcartier Forest Exp. 
Stat., QC, CA 

46.946237 -71.492478 1154 20 129 4.4 17.7 -9.9 1739 19.1 

95-L Coleman State Park, 
N.H, USA 

44.938830 -71.321089 1372 0 110 3.4 15.7 -9.7 1448 16.9 

95-K1 Nicolet Nat. For.  
Wisconsin, USA 

45.429361 -88.511147 803 164 124 5.4 18.3 -8.5 1887 19.4 

95-Q UNB Woodlot, N.B, 
CA 

45.899190 -66.652326 1164 96 128 5.5 17.8 -7.6 1822 19.1 
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Fig. A 1. An example of the Fundy site field design in the Maritimes study consisting of each provenance represented in a 4-tree 

square plot for randomly planted trees in each of 10 replicates (blocks)   
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 Table A 3 Seed lot number, location, latitude, longitude and climatic norms of all provenances in Maritimes study  

Seed 
lot 
No.  

Place of origin  
Latitude,  Longitude,  Climatic Variable 

 
(°N) �°W) MAP CMD FFP MAT MST MWT GDD MWMT 

1 Napadogan, N.B., CA 46.4 -67 1153 67 117 4 16.8 -9.7 1600 18.2 
2 Great Salmon River, N.B., CA 45.4 -65.4 1253 82 132 6.2 17.2 -5.3 1800 18.5 
3 Timber Lake, N.S., CA 44.68 -64.1 1368 68 138 6.6 17.1 -4.1 1811 18.4 
4 Sister Brook, N.B., CA 46.6 -66.6 1133 76 119 4.2 17.1 -9.5 1645 18.5 
5 Scotts Bay, N.S., CA 45.3 -64.3 1185 116 135 6.6 17.8 -4.8 1891 19.2 
6 Corberrie, N.S., CA 44.1 -65.9 1274 32 145 6.6 14.8 -2.2 1608 15.9 
7 Waverley, N.S., CA 44.5 -63.7 1415 38 142 6.8 16.9 -3.6 1820 18.2 
8 East Sheet Harbour, N.S., CA 45.2 -62.7 1328 37 126 5.6 16.1 -5.1 1621 17.6 
9 Harts Lake, N.S., CA 45.6 -63.5 1259 57 125 5.3 16.5 -6.1 1629 18.1 
10 Economy River, N.S., CA 45.5 -63.9 1259 72 129 5.7 16.9 -5.8 1710 18.4 
11 Canaan Mountain, W.V., USA 38.6 -79.8 1267 60 135 8.1 17.9 -2.2 2081 18.7 
12 Monongahela Nat. Forest, W.V., USA 38.6 -79.8 1267 60 135 8.1 17.9 -2.2 2081 18.7 
13 New River Watershed, N.B. CA 45.2 -66.5 1230 67 137 6.3 16.7 -4.6 1769 17.8 
14 Upper Blackville, N.B., CA 46.6 -65.8 1123 103 123 5 17.7 -8.4 1761 19.1 
15 Rocky Brook, N.B., CA 46.6 -66.6 1159 58 117 3.8 16.7 -9.9 1575 18.2 
16 Acadia Research Forest, N.B., CA 46 -66.3 1172 86 130 5.6 17.8 -7.4 1831 19.1 
17 Boyne Rd, N.B., CA 45.5 -66.5 1221 69 135 6 17.3 -6 1816 18.5 
18 Lakelands, N.S., CA 45.4 -64.3 1181 102 133 6.2 17.4 -5.3 1825 18.8 
19 Chezzetcook, N.S., CA 44.7 -63.3 1382 36 139 6.7 16.9 -3.6 1816 18.3 
20 South Paradise, N.S., CA 44.85 -65.2 1250 108 138 7 17.4 -3.6 1889 18.7 
21 Blanchard, N.S., CA 45.4 -62.4 1308 39 127 5.5 16.1 -5.2 1612 17.8 
22 Snare Lk, N.S., CA 45.5 -63.4 1272 53 124 5.1 16.3 -6.2 1603 18 
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23 West of Five Mile Lake, N.S., CA 44.8 -64 1384 71 135 6.4 17.2 -4.6 1802 18.7 
24 Crooked Creek, N.B., CA 45.8 -64.8 1257 70 121 4.9 16.7 -7.1 1627 18.2 
25 West of Great Salmon River, N.B., CA 45.4 -65.4 1286 65 129 5.8 16.9 -5.8 1724 18.2 
26 Penobscot Research Forest, Maine, USA 44.8 -68.6 1036 158 131 6.5 18.7 -6.5 2009 20 
27 Evans Brook, N.S., CA 44.7 -65.3 1336 69 136 6.4 16.5 -3.8 1727 17.7 
28 Little Black Brook, Maine, USA 47.3 -69.3 1039 74 114 3.7 16.9 -10.6 1604 18.2 
29 Nictaux, N.S., CA 44.9 -65.1 1213 124 138 7.1 17.8 -3.7 1941 19.1 
30 Mushamuch and Spondo Lakes, N.S., 

CA 
44.5 -64.4 1350 65 140 6.7 16.8 -3.7 1797 18 

 

Table A 4 Trial site location, lat., long. and climatic norms of all sites in Maritimes study 

 

 

 

Trial Location LAT LON Climatic Variable 
  (°N) (° W) MAP CMD FFP MAT MST MWT GDD MWMT 
18-B2 Acadia R.F, N.B., CA 46 -66.383333 1175 83 129 5.5 17.8 -7.6 1812 19.1 
18-C Fundy National Park, N.B., CA 45.5973537 -65.013662 1278 69 122 5.1 16.7 -6.8 1638 18.2 
18-D Iris, P.E.I., CA 46.01597164 -62.716935 1093 90 139 6.3 17.4 -5 1824 19.1 
18-F E. Kemptville, N.S., CA 44.08193151 -65.779677 1296 30 146 6.6 14.7 -2.1 1594 15.8 
18-E New Glen, N.S., CA 46.20346339 -60.773515 1313 47 134 6.1 16.4 -3.9 1676 17.9 
18-I North Pond, N.L., CA 48.69101835 -54.555884 1186 31 112 4.5 14.4 -5.2 1314 16 

63 



 

64 

 

APPENDIX B 

Measuring variable importance and initial variable screening 

 We used generalized boosted machine learning (GBM) to initially identify 

influential variables. The gbm package(Greenwell et al. 2018) in R was used to fit the 

models. Separate GBM models were fitted for DBH and height for both the Range-Wide 

and Maritimes studies (i.e., four models in total). Initially all soil and climate differentials 

(Table 2) were included in the models. GBMs differentially weight hard-to-fit 

observations making them an excellent tool for identifying subtle relationships that might 

not be observable in two- or even three-dimensional graphs of observations (Singh 2018).  

 Fitted GBM models were interpreted based on variable relative importance (RI). 

Variable RI is a measure of the influence of each explanatory variable in the model. It is 

calculated by the gbm package as a loss function based on the presence and absence of 

the variable in a set of trees using test splits. One hundred trees were generated for each 

random sample. To help simplify our set of explanatory variables, the GBM models were 

reduced by removing the least influential variables and assessing model performance by 

comparing root mean square error (rMSE) using the gbm.perf (Ridgeway, 2007) function, 

Variables were eliminated using a step-wise selection procedure of removing and adding 

variables based on the variable’s RI from initial GBM models to delete variables until 

significant increases in rMSEs were observed. 

For the Range-Wide trial, soil nitrogen (N) and drainage class were consistently the 

top two influential variables for both DBH and height, while ΔMAP was the most 

influential ΔClimate variable (Fig.B1a&c). For the Maritimes study, pH and drainage 
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were consistently the top two influential variables for both DBH and height (Fig.B1b&d). 

ΔFFP was the most influential climate differential for DBH (Fig.B1c), while ΔMAP was 

the most influential climate differential for height (Fig. B1d). Table B1 summarized the 

remaining significant variables in terms of rMSEs.  

 

Fig. B 1. Relative importance of the ΔClimate and site variables on DBH and HT by 

provenance study for the full GBM models: (a) Range-Wide Study, DBH; (b) Maritimes 

study, DBH; (c) Range-Wide study, HT; (d) Maritimes study, HT;  

Table B 1 Significant GBM variables with their residual mean standard error by DBH 

and HT for the Range-Wide and Maritimes trials. 
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Trials Response  Significant Variables 
 

rMSE 

Range-Wide DBH pH, drainage, clay, silt, sand, ΔMAT, 
ΔMAP, ΔMST, ΔGDD, ΔCMD, 

ΔFFP, ΔMWMT 

0.011 

HT drainage, clay, ΔMAT, ΔMAP, 
ΔGDD, ΔMWMT 

0.005  

Maritimes DBH n, pH, clay, silt, sand, ΔMAT, ΔMAP, 
ΔMST, ΔMWT, ΔGDD, ΔCMD, 

ΔFFP, ΔMWMT 

0.119  

HT n, moisture, drainage, pH, clay, sand, 
ΔMAT, ΔMST, ΔMWT, ΔGDD, 

ΔCMD, ΔFFP, ΔMWMT 

0.098  
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