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Abstract. Under changing climate conditions, understanding local adaptation of plants is crucial to predicting 
the resilience of ecosystems. We selected black spruce (Picea mariana), the most dominant tree species in the North 
American boreal forest, in order to evaluate local adaptation vs. plasticity across regions experiencing some of the 
most extreme climate warming globally. Seeds from three provenances across the latitudinal extent of this species 
in northwestern Canada were planted in a common garden study in growth chambers. Two levels of two resource 
conditions were applied (low/high nutrient and ambient/elevated CO2) in a fully factorial design and we measured 
physiological traits, allocational traits, growth and survival. We found significant differences in height, root length 
and biomass among populations, with southern populations producing the largest seedlings. However, we did not 
detect meaningful significant differences among nutrient or CO2 treatments in any traits measured, and there were 
no consistent population-level differences in physiological traits or allocation patterns. We found that there was 
greater mortality after simulated winter in the high nutrient treatment, which may reflect an important shift in 
seedling growth strategies under increased resource availability. Our study provides important insight into how this 
dominant boreal tree species might respond to the changing climate conditions predicted in this region.
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Introduction
Changes in global climate patterns over the past century 
have led to shifts in climate envelopes, that is, the set of 
climatological characteristics that delineate the extent 
of a species’ range (Walther et al. 2002). These shifts in 
climate present organisms with a limited set of options: 

migrate at the same rate as the climate is shifting, adapt 
to the new conditions through genetic change or toler-
ate the new conditions through plasticity in their func-
tional traits (Aitken et  al. 2008). Trees are particularly 
vulnerable to changes in climatic conditions that influ-
ence survival and reproduction, since most trees are 

*Corresponding author’s e-mail address: jbaltzer@wlu.ca

© The Author(s) 2018. Published by Oxford University Press on behalf of the Annals of Botany Company.

mailto:jbaltzer@wlu.ca?subject=


Sniderhan et al. – Local adaptation, plasticity, resources of boreal tree seedling

AoB PLANTS https://academic.oup.com/aobpla © The Author(s) 20182

long-lived and their migration or genetic adaption may 
not keep pace with changing climate conditions (Jump 
and Peñuelas 2005).

The capacity of individual trees to exhibit trait plas-
ticity (i.e. the ability to express different phenotypes 
under different environments; e.g. Sultan 1995) is an 
important strategy for trees to adapt to environmental 
variability, and thus to acclimate to climate change. As 
a response to the rapidly changing climate, plasticity is 
a means of acclimating to the effects of these changes 
(Sultan 2000). Alternatively, trees with fixed traits that 
are no longer compatible with current conditions may 
be fated to mortality, either through environmental 
stress or interspecific competition to better-adapted 
species (Aitken et al. 2008; Allen et al. 2015). However, 
the degree of plasticity vs. fixed traits is not necessarily 
consistent within a given tree species. There have been 
observations of variability in the presence or degree of 
trait plasticity among populations (e.g. Benito Garzón 
et  al. 2011). For example, a study on Pinus sylvestris 
demonstrated latitudinal differentiation in plasticity of 
the timing of growth cessation under variable climate 
conditions (Savolainen et  al. 2004)—likely as a result 
of the high cost of maintaining plasticity in the face of 
resource limitations at some sites (DeWitt et al. 1998). 
These cost-benefit trade-offs in plants reflect the fast–
slow trait spectrum; plants with slow trait strategies 
maintain low rates of resource acquisition and expend-
iture, whereas those with fast trait strategies require 
high rates of resource uptake and use (Reich 2014). There 
is evidence that this fast–slow continuum corresponds 
with the degree of plasticity that species can maintain; 
individuals from populations adapted to higher resource 
conditions show greater plasticity in their traits than 
those from resource-limited populations, which take a 
slow and steady approach that does not support plas-
ticity. This pattern is seen in studies along elevational 
gradients that have found that plasticity of some tree 
seedlings is lower at higher altitudes (e.g. Green 2005; 
Vitasse et al. 2013), but the fast–slow spectrum has not 
been investigated across latitudinal ranges.

The boreal region of northwestern North America 
has experienced some of the world’s most dramatic 
changes in climate (Chapin et al. 2005). Since the late 
1800s, the mean annual temperature in this region has 
increased by up to 2.5 °C (Hartmann et al. 2013), and it 
is predicted to warm up to an additional 4 °C by the end 
of the 21st century (Flato and Boer 2001; Scinocca et al. 
2008). Despite the possible negative impacts described 
above, warming can provide favourable growth condi-
tions for trees through greater plant-available nutrients 
(due to increased soil microbial activity and in some 
areas greater permafrost thaw) as well as increased 

atmospheric CO2 concentrations which can provide a 
fertilization effect (e.g. Bonan and Shugart 1989; Keeling 
et al. 1996).

Black spruce (Picea mariana) is the most dominant 
tree species in northwestern Canada, and thus an im-
portant subject to study in order to understand wide-
spread boreal forest dynamics. Overall, we aim to 
address three key questions about this species in north-
western Canada: (i) Do populations demonstrate genetic 
differentiation? (ii) Is genetic differentiation consistent 
among different types of plant traits? (iii) Is there evi-
dence for differences in plasticity across populations? In 
this study, we performed a common garden study using 
black spruce seeds from five sites across a 2250 km tran-
sect—effectively capturing the latitudinal extent of this 
species in northwestern Canada (Fig. 1). By comparing 
a range of plant traits (physiological, growth and allo-
cational; see Supporting Information—Table S1 for a 
complete list), we can assess similarities and differences 
among populations permitting us to identify whether 
there is local adaption or plasticity in traits of this wide-
spread species. In addition, our study investigated traits 
under four conditions of resource availability.

We expect the results of this study to have clear 
latitudinal patterns. This follows the basic under-
standing of patterns in plant economics resulting from 
trade-offs between productivity and stress tolerance 
in plants—particularly with respect to ‘slow’ and ‘fast’ 
trait strategies (Reich 2014). For the northern trees in 
our study, which must withstand very harsh condi-
tions at the extreme limit of the species, we expect a 
slow trait strategy. A fast trait strategy would be mal-
adaptive in resource poor environments, as pulses of 
high resource availability are likely short-lived mak-
ing strong responses to changing conditions a risky 
approach (e.g. DeWitt et al. 1998). We expect greater 
plasticity to variable resource conditions from southern 
populations coming from more productive, lower lati-
tude environments than northern populations within 
the four experimental treatments. In addition, we 
hypothesize that southern populations will exhibit 
higher physiological rates and thus greater growth 
(e.g. biomass production, height growth) than nor-
thern populations under the ideal conditions of a con-
trolled growth chamber experiment. We anticipate that 
enhanced access to a given resource will amplify these 
differences through strategic shifts in biomass alloca-
tion and changes in physiological rates (e.g. Oleksyn 
et al. 1998; Green 2005). By comparing the differences 
in an extensive suite of black spruce traits in a common 
garden, this study can help elucidate understanding 
of local adaptation vs. plasticity in the warming boreal 
forests of northwestern Canada.
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Methods

Germination and planting
Black spruce seed was acquired from five locations 
across the latitudinal extent of the species in western 
Canada (Fig. 1). The 14-month-long experiment began 
in July 2014. After a period of cold stratification, 
non-viable seeds were removed by performing a float in 
70 % ethanol, which also served to surface-sterilize the 
seeds. Seeds were plated by population in 60 × 15 mm 
petri dishes of 1  % agar and 0.2  g L−1 of liquid fertil-
izer (Miracle-Gro 24-8-16 Water Soluble All Purpose 
Plant Food, Miracle-Gro Lawn Products, Inc., Marysville, 
OH, USA), with ~20 seeds per plate. The plated seeds 
were maintained in growth chambers (Bigfoot models 
LTCB-19 and TPC-19; BioChambers Inc., Winnipeg, MB, 
Canada) at a 16/8 h dark/light cycle at 20 °C.

After 2 weeks, 60 germinants each from the Prince 
Albert, Fort McMurray and Inuvik populations were in-
dividually transplanted into 1-L Treepots (5 × 5 × 30 cm, 
Stuewe & Sons, Inc., Tangent, OR, USA) containing a 
mixture of 50  % potting soil (0.18-0.1-0.1 Miracle-Gro 
Moisture Control Potting Mix, Miracle-Gro Lawn Products, 
Inc., Marysville, OH, USA; equivalent to 465.77  g N 
m−2) and 50  % Turface (Turface Athletics MVP, Profile 
Products LLC, Buffalo Grove, IL, USA) with 3 mL of ecto-
mycorrhizal inoculum (MYKE PRO LANDSCAPE, Premier 

Tech Ltd, Rivière-du-Loup, QC, Canada) surrounding the 
seed to aid in successful establishment of the seedlings 
(Lamhamedi and Bernier 1994). Poor germination of the 
Fort Simpson and Norman Wells populations led to only 
24 and 19 germinated seeds being planted, respectively. 
These populations were excluded from the remainder of 
the experiment due to insufficient replication.

Experimental design
Our experiment consisted of four treatments in a fully 
factorial design: elevated CO2 (EC), ambient CO2 (AC), 
high nutrient (nitrogen–phosphorus–potassium fertilizer; 
HN) and low nutrient (LN). Plants with assigned HN treat-
ments were given 3  mL of slow release fertilizer mixed 
throughout the upper 15 cm of the soil column in the pot 
(equivalent to an additional 8.57  g N m−2 greater than 
the potting soil; Miracle-Gro Multi-Purpose Shake N Feed 
10-10-10, Miracle-Gro Lawn Products, Inc., Marysville, 
OH, USA). The magnitude of fertilizer applied was based 
on the application instructions for the fertilizer; we were 
interested in increasing resource availability at a mod-
erate rate rather than emulating natural conditions.

Growing conditions. All plants were kept at ambient CO2 
(~400  ppm) for the first 4  months of the experiment to 
allow seedlings to establish. This permitted us to then 
randomly assign surviving plants to eight blocks (using a 

Figure 1. Seed sources for the experiment. IN—Inuvik; NW—Norman Wells; SC—Scotty Creek; FM—Fort McMurray; PA—Prince Albert. Sites 
marked over with a × indicate populations that suffered extensive mortality before the end of the experiment and could not be included in the 
analyses. Dark grey shading shows the distribution of black spruce.
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random number generator) within two CO2 chambers—
maximizing the number of living plants in both levels of 
CO2 treatments. All AC seedlings were grown in a growth 
chamber at ambient CO2 conditions (average 400  ppm), 
while EC plants were kept in a growth chamber where 
the CO2 concentration was maintained at an average 
of 750  ppm (the projected atmospheric CO2 concentra-
tions for 2100 in models presented by the IPCC—www.
ipcc-data.org/observ/ddc_co2) using Sentinel PPM con-
troller (CPPM-4) and CO2 regulator (Sentinel Global Product 
Solutions, Inc., Santa Rosa, CA, USA). The CO2 was scrubbed 
using a potassium permanganate scrubber as described 
in Morison and Gifford (1984) to remove any potential or-
ganic contaminates such as ethylene that might influence 
growth. Although we recognize that it is not ideal to restrict 
all EC plants to one growth chamber while maintaining AC 
plants in one separate chamber, it is an accepted standard 
given the logistical constraints of elevating CO2 in an ex-
perimental setting with extensive replication (e.g. Bazzaz 
et al. 1990; Tjoelker et al. 1998; Way et al. 2010).

Following the seedling establishment period, the 
elevated CO2 treatment began. We simulated seasonal 
shifts over shorter than natural time periods, which 
have been proven successful for triggering bud set, chill-
ing requirements, and growth initiation in boreal spruce 
seedling experiments from across latitudinal ranges 
(Johnsen and Seiler 1996; Mcleod 2001; Bigras and 
Bertrand 2006). During the growing season cycles the 
growth chambers were kept at a 16-h light cycle, with 
22  °C/18  °C day/night temperatures. These conditions 
were maintained for 3 months before initiating a ‘winter’ 
cycle, during which temperatures and hours of light were 
gradually reduced over the course of 17  days to bring 
the chambers down to 4 °C and complete darkness. This 
4 °C dark ‘winter’ cycle lasted for 3 weeks, at which point 
the temperature and light were gradually increased over 
17 days back to the conditions of the growing period. We 
repeated this cycle after each 3-month growing season, 
for a total of three complete growing seasons over the 
course of the experiment. The growth chamber condi-
tions chosen were not designed to emulate natural en-
vironmental conditions, rather they were to provide 
non-stressful conditions for plant growth.

During the growing period, trees were watered twice 
weekly until water was observed to drain out the bottom 
of the pots, and 1.5 mL of slow release fertilizer (equiva-
lent to 60  g N m−2; Miracle-Gro Multi-Purpose Shake N 
Feed, 10-10-10) was added to all HN plants after each 
winter cycle to maintain the HN conditions. We added 
0.5  mL of slow release fertilizer (equivalent to 20  g N 
m−2; Miracle-Gro Multi-Purpose Shake N Feed, 10-10-10) 
to the LN seedlings after the second winter because we 
began to notice signs of nutrient limitation.

Monthly measurements. Each month of the growing 
period, we took measurements of seedling height and 
visible root length. Height was measured as the dis-
tance from the soil surface to the apical shoot tip. Root 
lengths were measured using by tracing visible roots in 
5 × 15 cm windows cut into the front of each pot [see 
Supporting Information—Fig. S1]. The tracings were 
scanned and root lengths were measured using IJ_Rhizo 
(Pierret et al. 2013), an image analysis macro in ImageJ 
(version 1.50b).

Gas exchange measurements. At the end of the 
14-month experiment, we took a series of gas exchange 
measurements on four randomly selected seedlings 
from each surviving population and each CO2 treatment 
using a LI-6400 XT (LI-COR Environmental, Lincoln, NE, 
USA). We used the lighted conifer chamber when seed-
lings were large enough for a signal to be detected in 
this chamber. The seedlings were clamped into the 
chamber so as to fit as much of the plant from the ap-
ical meristem down, on fully expanded leaf tissue. For 
seedlings too small for the conifer chamber, a 2  ×  3 
chamber with a light source was used, placing the plant 
into the chamber using the same approach as above 
with all parameters maintained between the two cham-
bers. Light response curves were created by measur-
ing gas exchange (CO2 assimilation rate—µmol m−2 s−1) 
at increasing light levels (0, 20, 50, 100, 400, 600, 800, 
1200, 2000 µmol m−2 s−1) with sufficient time for all read-
ings to stabilize. Measurements were taken at CO2 con-
centrations of both 400 and 750 ppm to emulate the CO2 
conditions experienced under the two experimental CO2 
treatments. The gas exchange data were post-corrected 
for actual fresh leaf area. We fit modified Michaelis–
Menten models to the PAR vs. CO2 assimilation rate data 
using the following equation:

 
A

A
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´
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where A is the photosynthetic rate, Amax is the maximum 
photosynthetic rate, PAR is the intensity of photosyn-
thetically active radiation (µmol m−2 s−1) and Km is the 
Michaelis–Menten constant. These were implemented 
with the nls() function in R (R Core Team 2014), which 
allowed us to solve for the dark respiration rate (Rd—µmol 
m−2 s−1; A where PAR is equal to 0), maximum photosyn-
thetic rate (Amax; µmol m−2 s−1) and leaf-level light com-
pensation point (LCP—µmol m−2 s−1; PAR where A is equal 
to 0)  under both 400 and 750  ppm CO2 concentration 
(indicated by subscripts 400 and 750, respectively).

Post-harvest measurements. After all gas exchange 
measurements were made, the seedlings were harvested. 

http://www.ipcc-data.org/observ/ddc_co2
http://www.ipcc-data.org/observ/ddc_co2
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We measured dry root biomass (Biomassroot), dry leaf 
biomass (Biomassleaf), dry stem biomass (Biomassstem), 
dry total biomass (Biomasstotal), total root length (TRL; 
using WinRhizo version 2012b, Regent Instruments Inc., 
Quebec, QC, Canada) and total leaf area (TLA; using 
WinSeedle version 2004a, Regent Instruments Inc., 
Quebec, QC, Canada). Total root length and TLA were 
measured on fresh tissue. We also investigated alloca-
tion patterns in the seedlings by calculating specific 
leaf area (SLA; fresh leaf area divided by dry leaf mass), 
specific root length (SRL; fresh root length divided by dry 
root mass), root/shoot ratio (R:S), root/mass ratio (RMR), 
leaf/mass ratio (LMR) and stem/mass ratio (SMR). These 
abbreviations are defined in Supporting Information—
Table S1, for reference throughout the article.

Statistical analyses
All statistical analyses were performed in R version 3.1.2 
(R Core Team 2014). Throughout the analyses, assump-
tions of normality, linearity and homoscedasticity were 
assessed visually using histograms, residual vs. fits plots 
and q-q plots, respectively. In our experiment, extensive 
mortality of seedlings in the HN treatment prevented its 
inclusion into all analyses of a priori hypotheses regard-
ing growth, allocation and physiological traits. However, 
the mortality trends temporally and among populations 
led us to believe that these patterns reflected poten-
tial plastic responses. This hypothesis and analysis are 
described later in this section.

Root length and seedling height from treatments over 
time were compared by fitting linear mixed effect mod-
els in the package lme4 (Bates et al. 2015), with popu-
lation, CO2 treatment and time as fixed effects, height 
or root length as the response and individual nested in 
block as the random effect term. Plant height and root 
length were log-transformed in order to meet assump-
tions of normality. We explored interaction effects of 
population, CO2 treatment and time in both the height 
and root length models.

Gas exchange and post-harvest measurements 
were compared using linear mixed effect models in the 
package lme4 (Bates et  al. 2015), with CO2 treatment 
and population as fixed effects and block as a random 
effect. Log-transformations were applied to LCP750, 
LCP400, Biomassroot, Biomassleaf, Biomassstem, Biomassabove, 
Biomasstotal, TRL, TLA, SLA, R:S and SMR in order to meet 
assumptions of normality. Tukey HSD tests were used 
to test for significant differences between populations 
and CO2 treatments. For all above analyses, the package 
‘lmerTest’ (Kuznetsova et  al. 2016) was used to calcu-
late Satterthwaite approximations of the denominator 
degrees of freedom in order to perform ANOVA, and 
post hoc pairwise comparisons were performed where 

necessary for interpretation using the package ‘lsmeans’ 
(Lenth 2016).

We conducted a survival analysis of the seedlings in 
the experiment, including the HN treatment. This ana-
lysis was prompted when we unexpectedly observed 
some seedlings with high resource treatments exhibit-
ing two growth flushes in a single growing season, and 
consequently not completely hardening prior to the 
onset of winter. Survival analysis was performed using 
Kaplan–Meier survival estimates in the ‘survival’ pack-
age in R (Therneau 2015). To determine differences in 
cumulative survival of each treatment, we implemented 
a log-rank test using the function survdiff().

Results

Monthly measurements
Over the course of the experiment, we found a significant 
interaction between population and time in our model 
of seedling height, driven by the fact that southern pop-
ulations grew at a faster rate than northern populations 
(Fig. 2; Table 1). Although we found a significant inter-
action between CO2 treatment and time in our model 
(Table 1), post hoc testing of EC vs. AC height within each 
time period did not identify significant contrasts [see 
Supporting Information—Table S2]. The patterns we 
observed reflect the latitudinal gradient captured by the 
study; the seedlings from Inuvik were consistently the 
shortest, while tallest seedlings were found in the Prince 
Albert population (Fig.  2A and B; Table  1). In contrast, 
we found no effect of population or treatment on root 
length (from our monthly root windows) throughout 
the experiment (Table  2)—the only significant term in 
our model was time (F1, 225 = 203.34, P < 0.0001), which 
simply demonstrates root growth over time (Fig. 2C and 
D).

Gas exchange measurements
Physiological rates were surprisingly invariable in our 
study; we found no significant effect of either population 
or CO2 treatment on dark respiration rate (Rd, at 400 or 
750 ppm), LCP (at 750 ppm) or maximum photosynthetic 
rate (Amax; at 400 ppm). However, we found a significant 
interaction between population and CO2 treatment on 
LCP at 400  ppm (F2,  18  =  3.67, P  =  0.046). Under these 
conditions, the EC treatment of Fort McMurray had a sig-
nificantly greater LCP than Inuvik seedlings, and within 
the Inuvik population, LCP of AC seedlings was signifi-
cantly higher than EC seedlings (Fig. 3). Measurements 
of Amax at 750 ppm had a significant interaction between 
population and CO2 treatment (F2, 18 = 7.44, P = 0.0044), 
and a significant main effect of population (F2, 18 = 3.71, 
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P  =  0.045). Within the AC treatment, Inuvik seedlings 
had a significantly greater Amax than the other two popu-
lations, and within the Inuvik seedlings Amax was greater 
in AC vs. EC treatments (Fig. 3).

Post-harvest measurements
There were many population-level differences in the 
physical traits measured post-harvest. Total leaf area 
was significantly different among all three popula-
tions, with increased leaf area in seedlings moving from 

northern to southern populations (Fig. 4; F2, 29 = 16.343, 
P < 0.0001). Leaf biomass and TRL also decreased with 
latitude; however, the Fort McMurray population was 
not significantly different from either the Prince Albert 
or Inuvik populations (Fig. 4; Biomassleaf—F2, 29 = 15.110, 
P  <  0.0001; TRL—F2,  29  =  8.237, P  =  0.0015). Root bio-
mass, stem biomass and total biomass were all sig-
nificantly greater in Prince Albert seedlings than Fort 
McMurray and Inuvik (Fig. 4; Biomassroot—F2, 29 = 9.241, 
P  <  0.001; Biomassstem—F2,  29  =  12.961, P  <  0.0001; 

Table  1. ANOVA table for the linear mixed effects model of black spruce seedling height from three populations (Prince Albert SK, Fort 
McMurray AB and Inuvik NT) over the course of the experiment. Individual nested in block was included as a random effect. Denominator 
degrees of freedom were calculated using a Satterthwaite approximation.

Sum of squares Mean squares Numerator d.f. Denominator d.f. F-value P-value

Population 4.097 2.049 2 38.330 23.230 <0.0001

CO2 0.051 0.051 1 37.560 0.577 n.s.

Time 79.513 9.939 8 328.720 112.713 <0.0001

Population * CO2 0.031 0.016 2 38.740 0.176 n.s.

Population * Time 9.996 0.625 16 328.740 7.085 <0.0001

CO2 * Time 1.551 0.194 8 328.720 2.198 0.027

Population * CO2 * Time 1.564 0.0977 16 328.730 1.108 n.s.

Figure 2. Mean seedling height (A, B) and root length (C, D) over the course of the experiment. Each time point corresponds to our monthly 
measurements throughout three 3-month growing seasons (season 1: 1–3, season 2: 4–6, season 3: 7–9). Populations shown are Prince Albert 
SK (PA), Fort McMurray AB (FM) and Inuvik NT (IN). Ambient CO2 treatment is represented by filled symbols (AC), while elevated CO2 is shown as 
unfilled symbols (EC). Error bars represent SE. There were significant differences between the height of the three populations throughout the 
experiment, and how population heights change over time (results shown in Table 1), while CO2 treatment did not significantly affect height 
growth. Neither population nor treatment was a significant term in the model for root length throughout the experiment.
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Table 2. ANOVA table for the linear mixed effects model of black spruce seedling root length measurements from three populations (Prince 
Albert SK, Fort McMurray AB and Inuvik NT) over the course of the experiment. Individual nested in block was included as a random effect. 
Denominator degrees of freedom were calculated using a Satterthwaite approximation.

Sum of squares Mean squares Numerator d.f. Denominator d.f. F-value P-value

Population 0.461 0.231 2 40.279 1.583 n.s.

CO2 0.093 0.0934 1 40.278 0.641 n.s.

Time 86.287 14.3811 6 192.225 98.749 <0.0001

Population * CO2 0.101 0.051 2 40.279 0.348 n.s.

Population * Time 1.628 0.136 12 192.204 0.931 n.s.

CO2 * Time 0.729 0.122 6 192.225 0.834 n.s.

Population * CO2 * Time 0.974 0.081 12 192.204 0.557 n.s.

Figure 3. Light compensation point (LCP), maximum photosynthetic rate (Amax) and dark respiration (Rd) for each of the populations (IN—
Inuvik NT; FM—Fort McMurray AB; PA—Prince Albert SK) and CO2 treatments (AC—ambient CO2; EC—elevated CO2). The CO2 concentrations 
under which the gas exchange measurements were made are indicated by the titles above each panel column (400 or 750 ppm). Error bars 
indicate SE around the means. Significant differences between AC/EC treatments with a population are denoted by (*). Within each CO2 treat-
ment, significant differences between populations are indicated by letter codes.
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Biomasstotal—F2, 29 = 13.745, P < 0.0001). The CO2 treat-
ment had no significant effect on the outcomes of the 
aforementioned traits.

However, despite the population-level differences 
that followed a latitudinal trend, allocation traits were 
not consistent across latitude. There was a significant 
difference in SLA among populations (F2,  25  =  4.006, 
P = 0.031) and CO2 treatment (F1, 25 = 4.480, P = 0.045). 
Specific leaf area was higher in Fort McMurray seedlings 
than Inuvik, and seedlings under the AC treatment had 
greater SLA than EC [see Supporting Information—
Fig. S2]. We found no treatment effect on SRL, R:S, RMR, 
LMR and SMR [see Supporting Information—Fig. S2].

Survival analysis
We found that there was a significant difference in sur-
vival between treatments—HN seedlings had consist-
ently lower survival than their LN counterparts (Fig.  5; 
Χ2 = 38.7, d.f. = 11, P ≤ 0.0001).

Discussion
In this study, we found strong evidence for genetic dif-
ferentiation among the populations studied through 
the very distinct latitudinal patterns in growth-related 
traits (e.g. height, biomass, root length, etc.). Seedlings 
from Prince Albert (the southernmost provenance) were 
always largest in height, biomass and root length meas-
urements, with seedling size exhibiting a decreasing trend 
moving northward (Fig.  4). This pattern was not main-
tained among allocation and physiological traits—there 
were few significant differences across measurements, 
and no consistent latitudinal trend was discernable 
across this suite of measurements (Fig. 3; see Supporting 
Information—Fig. S2). There was not strong evidence 
for plasticity in the responses to elevated CO2—the only 
traits which exhibited significant differences between the 
AC and EC treatment were LCP (at 400 ppm), maximum 
photosynthetic rate (Amax; at 750  ppm) and SLA (Fig.  2; 
see Supporting Information—Fig. S2). However, in the 

Figure 4. Post-harvest morphological trait measurements that exhibit significant differences. Populations shown are Prince Albert SK (PA), 
Fort McMurray AB (FM) and Inuvik NT (IN) and CO2 treatments are ambient CO2 (AC) and elevated CO2 (EC). Error bars indicate SE around the 
means. Treatments showing significant differences are indicated by different letter codes.
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survival analysis, we found that mortality was greater in 
the HN treatments. Observations throughout the experi-
ment lead us to hypothesize that this result is indicative 
of some plastic responses to high resource availability in 
some phenological traits, as we explain below.

Evidence for genetic differentiation between 
populations
Growth traits and the fast–slow spectrum. Consistent 
with our hypotheses, we found that—under the same 
conditions—the southernmost population (Prince 
Albert) had greater height and biomass production, leaf 
area and root length than the more northerly popu-
lations (Fig.  4). At the southernmost extent of black 
spruce, trees are competing for resources with many 
faster-growing tree species than at northern sites (e.g. 
Bell et  al. 2000). The parent trees of these seedlings 
would also have been accustomed to longer, warmer 

growing seasons than northern populations, making 
them likely candidates to exhibit a fast trait strategy. 
In situ, we would expect southern populations to be 
able to take advantage of increasing resource availabil-
ity in a changing climate. At the species’ northernmost 
extent, growth is constrained to a very short frost-free 
growing season. For northern populations, a conserva-
tive slow trait strategy in which individuals produce new 
biomass early, harden new growth and set bud before 
severe weather strikes should facilitate persistence 
under the extreme conditions at northernmost extents 
of forest (e.g. DeWitt et  al. 1998). Although we found 
contrasting results in root length between the monthly 
(no significant population differences; Fig. 2) and end of 
experiment (significant population differences; Fig.  4) 
analyses, this is likely a result of the lack of differenti-
ation between populations during the first few months 
of the experiment. During this time, there were few roots 

Figure 5. (A) Mean cumulative Kaplan–Meier survival estimate of seedlings under each treatment in the experiment. (B–D) Survival curves 
showing Kaplan–Meier survival estimates throughout the experiment for each population. Populations shown are Prince Albert SK (PA), Fort 
McMurray AB (FM) and Inuvik NT (IN), CO2 treatments are ambient CO2 (AC) and elevated CO2 (EC), and nutrient treatments are low nutrient 
(LN) and high nutrient (HN). Error bars indicate SE around the means. Grey vertical bars on panels B–D indicate the first month of measure-
ments post-winter. Each time point corresponds to our monthly measurements throughout three 3-month growing seasons (season 1: 1–3, 
season 2: 4–6, season 3: 7–9).



Sniderhan et al. – Local adaptation, plasticity, resources of boreal tree seedling

AoB PLANTS https://academic.oup.com/aobpla © The Author(s) 201810

visible in the root windows—differences in root length 
between populations by month became more evident at 
the end of the experiment, and it is reflected in the TRL 
measurements post-harvest.

Physiological and allocation traits. Population-level dif-
ferences were not apparent in our measures of alloca-
tion and physiological traits. We found that the Inuvik 
seedlings had a significantly higher maximum photo-
synthetic rate (Amax; measured at 750 ppm) than the two 
southern populations (Fig. 3D), which is consistent with 
studies of black spruce gas exchange across large lati-
tudinal extents (Bigras and Bertrand 2006). We found 
that the magnitude of Amax observed in our experiment 
(0.88–4.23 µmol m−2 s−1) was overlapping but lower than 
other studies of black spruce, which ranged from 2.5 to 
25 µmol m−2 s−1 (Tjoelker et al. 1998; Bigras and Bertrand 
2006; Way and Sage 2008). However, the seed stock was 
all sourced from provenances in Ontario, Quebec and 
Minnesota—all of which are considerably southeast of 
our study region. Differences between the large-scale 
climate patterns and environmental pressures (e.g. 
competition) between the western and eastern boreal 
forests may drive different strategies that could have led 
to this contrasting result.

All other physiological measurements did not exhibit 
a latitudinal trend that would further support the clear 
genetic differentiation observed in the growth traits 
(Fig.  3). Allocation trait measurements were similarly 
inconclusive. Although there was a significant difference 
in SLA among some of the populations, there was no 
apparent latitudinal trend. All other comparisons of allo-
cation traits found no differences or consistent patterns 
among populations [see Supporting Information—Fig. 
S2]. In contrast to our finding that R:S (and other allo-
metric relationships) was not significantly different 
among populations and treatments, Johnsen and Seiler 
(1996) observed greater R:S in northern provenances 
of black spruce. This could be as a result of the longer 
(20 h) photoperiod implemented by Johnsen and Seiler 
(1996) that allowed for seedlings to develop more pro-
nounced differences in their allocation patterns.

Plasticity of traits in response to resource 
treatments
Similar to our findings, many studies on black spruce 
support our result that black spruce is not very plastic 
in many traits including phenology, biomass, height, gas 
exchange and wood anatomy in response to resource 
availability (Morgenstern and Mullin 1990; Parker et al. 
1994; Johnsen and Seiler 1996; Johnsen et  al. 1996; 
Beaulieu et al. 2004; Bigras and Bertrand 2006; Balducci 
et  al. 2015). Experiments with similar CO2 treatments 

to our study found that black spruce responded to the 
elevated CO2 conditions through increases in height 
growth, shoot mass and non-structural carbohydrates 
as well as decreases in stomatal conductance, leaf ni-
trogen content and SLA (Tjoelker et al. 1998; Bigras and 
Bertrand 2006). However, it should be noted that these 
experiments did not indicate that the CO2 used to ele-
vate the experimental CO2 conditions had been scrubbed 
of ethylene—a plant growth hormone that can result in 
effects such as increased shoot elongation and diameter 
(Abeles 1971), and it is a known contaminant in CO2 cyl-
inders (Morison and Gifford 1984). There is also evidence 
to support no effect of CO2 on physiological and mor-
phological traits in previous studies (Johnsen and Seiler 
1996). The different responses observed could be due 
to differences between eastern provenances and those 
used in our study, or acclimation to increased CO2 condi-
tions over the course of the experiment as observed by 
Johnsen and Seiler (1996).

Although we attempted to characterize plastic vs. 
fixed traits under different nutrient treatments, poor 
survival of the HN treatment after our first simulated 
‘winter’ prevented further inclusion of this treatment. 
However, we found that our HN treatment had signifi-
cantly lower survival than seedlings under LN treat-
ments (Fig. 5). We interpret the poor survival of our HN 
seedlings not as nutrient toxicity (N toxicity in black 
spruce seedlings occurs at 2000  mg N L−1 soil (Salifu 
and Timmer 2003) in comparison to our 905 mg N L−1), 
but instead as support for some degree of plasticity 
in the strategies of seedlings. During the experiment, 
the greatest deaths occurred during the first ‘winter’ 
cycle (Fig. 5B–D). We observed that the majority of the 
HN seedlings continued to grow new shoots through-
out the 3-month ‘summer’ cycle and had not hard-
ened new needles or set bud prior to the transition to 
the first ‘winter’. Over this time, we found that the HN 
treatment promoted height growth in comparison to 
the LN treatment [see Supporting Information—Fig. 
S3]. However, HN seedlings suffered severe damage 
over winter, and ultimately led to the widespread mor-
tality recorded in the HN plants. This trend was most 
apparent in the HN × EC treatment, and in the two 
southerly populations (Fig.  5A). Several studies have 
shown that nutrient additions have significant impacts 
on tree phenology (Bigras et  al. 1996), especially in 
seedlings undergoing elevated CO2 treatments (Murray 
et al. 1994; Sigurdsson 2001). In particular, high levels 
of nitrogen fertilization are known to reduce cold hardi-
ness over winter and delay bud set (van den Driessche 
1991). Thus, we believe the mortality we observed to be 
part of the plastic response of black spruce in growth 
and bud set strategies.
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Depending on future climate patterns, this plastic re-
sponse could benefit black spruce by allowing it to take 
advantage of lengthening growing season. Alternatively, 
if there is greater variability in weather patterns (particu-
larly in autumn), delayed bud set may lead to increased risk 
of frost damage and reduced productivity. Unfortunately, 
our experiment was not designed to examine these 
effects in detail. However, this hypothesis has important 
implications for the future of the boreal forest—particu-
larly those on permafrost where thaw is expected to in-
crease nutrient availability (e.g. Keuper et al. 2012)—and 
should be explored in future experiments.

Conclusions
In this study, we found evidence of local adaptation among 
the populations, as there were significant trends in growth 
rates and many of the morphological traits measured in 
this experiment. These differences were not reflected in 
the allocation traits or among most of the physiological 
traits. Our unexpected survival data generated a novel 
hypothesis that under enhanced resource conditions, 
black spruce seedlings may delay bud set, putting them at 
greater risk of winter damage. Because we cannot confirm 
or deny the extent of plasticity through the results of this 
experiment, reciprocal transplant studies are required to 
be able to make predictions about the future of the bor-
eal forest as climate change continues (e.g. Sultan 2000). 
In addition, studies on local adaptation and trait plasticity 
of mature trees are also important to filling gaps in our 
understanding of species resilience, as there is consider-
able evidence of trees showing contrasting responses to 
warming and resource availability between ontogenetic 
stages (Chung et al. 2013; Camarero et al. 2015). However, 
our study has examined an extensive suite of morpho-
logical, allocation and physiological traits across an area of 
the boreal forest where black spruce traits have remained 
largely understudied. Trait plasticity has the potential to 
provide a degree of resilience under changing conditions. 
Thus, filling these gaps and determining the potential for 
populations of this dominant boreal tree species to dem-
onstrate plastic responses to variable resource conditions 
are crucial to predicting the resilience of black spruce for-
ests to ongoing climate change in the boreal region. The 
results of this experiment provide an important first look 
at populations in this area and how they may respond to 
the extreme warming that is predicted for northwestern 
Canada.
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Table S1. List of traits studied, and acronyms used for 
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the experiment.
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pots to monitor root growth measurement throughout 
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Figure S2. Post-harvest allocation trait measurements. 
Populations shown are Prince Albert SK (PA), Fort 
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are ambient CO2 (AC) and elevated CO2 (EC). Error bars 
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Figure S3. Mean seedling height over the first 3-month-
long growing season. Populations shown are Prince 
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Albert SK (PA), Fort McMurray AB (FM) and Inuvik NT (IN). 
Ambient CO2 treatment is represented by filled symbols 
(AC), while elevated CO2 is shown as unfilled symbols 
(EC). Error bars represent SE.
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