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Shifting range limits are predicted for many species as the climate warms.
However, the rapid pace of climate change will challenge the natural disper-
sal capacity of long-lived, sessile organisms such as forest trees. Adaptive
responses of populations will, therefore, depend on levels of genetic vari-
ation and plasticity for climate-responsive traits, which likely vary across
the range due to expansion history and current patterns of selection. Here,
we study levels of genetic and plastic variation for phenology and growth
traits in populations of red spruce (Picea rubens), from the range core to
the highly fragmented trailing edge. We measured more than 5000 offspring
sampled from three genetically distinct regions (core, margin and edge)
grown in three common gardens replicated along a latitudinal gradient.
Genetic variation in phenology and growth showed low to moderate herit-
ability and differentiation among regions, suggesting some potential to
respond to selection. Phenology traits were highly plastic, but this plasticity
was generally neutral or maladaptive in the effect on growth, revealing a
potential liability under warmer climates. These results suggest future cli-
mate adaptation will depend on the regional availability of genetic
variation in red spruce and provide a resource for the design and management
of assisted gene flow.

This article is part of the theme issue ‘Species’ ranges in the face of changing
environments (Part II)’.
1. Background
Geographical ranges vary greatly among species with regard to size and degree
of fragmentation [1]. The distribution of a species reflects its biogeographic his-
tory of range expansion and migration as well as its pattern of adaptation to
different environments within the range. These processes play a major role in
shaping the current fit between a species’ functional traits and its climatic
niche, as well as the ability of species to respond to changing climates [2].

For widespread, mobile species with little range fragmentation, the response
to climate warming can involve migration poleward in latitude [3] or upwards
in altitude [4]. However, the current rapid pace of climate change is a major pro-
blem for geographically restricted or fragmented species, especially those that
are sessile and have long generation times, such as forest trees in which genetic
adaptation may be slow [5]. In the past, trees exhibited remarkably high
migration rates according to pollen records, but current climate change predic-
tions indicate that trees require implausibly high migration rates to match the
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climate shifts of the future [6]. In the face of migration lag,
mature trees may be exposed to long periods of unfavourable
climatic conditions including effects of phenological mis-
matches, heat and drought stress and/or failure to meet
chilling requirements [7,8]. Thus, tree responses to rapid cli-
mate change will depend more on standing genetic
variation within current populations, as well as the ability
of existing genotypes to plastically respond to climate
stress, both of which may depend on patterns of past
migration and population fragmentation in different parts
of the range [9].

When a species cannot migrate rapidly, then the current
pattern of local adaptation—that is, how phenotypes have
genetically diverged across the range to match their local cli-
mate conditions—may increasingly become mismatched
from the optimal phenotypic value as the climate shifts. In
these cases, the amount of standing genetic variation in cli-
mate-adaptive traits will be critical to responding to
shifting selection pressures. Evolutionary adaptation along
climatic gradients requires the presence of genetic variation
in functional traits that underlie the response of plant fitness
to the abiotic environment [10]. Functional traits such as
phenology (i.e. the timing of growth and dormancy) are
known to be highly responsive to climate and often exhibit
clinal differentiation along climatic gradients [11,12]. Adap-
tive genetic variation among individuals resulting from
natural selection on traits such as phenology is expected to
vary across landscapes, but the spatial distribution of this
variation is also shaped by historical processes such as
migration and range fragmentation [13].

There are multiple schools of thought regarding how
adaptive genetic variance might be partitioned across the
range. According to the centre-periphery hypothesis, mar-
ginal populations that typically occur in unfavourable
environments and at lower densities at the periphery of the
range are predicted to have lower adaptive genetic variation
than populations in the core of the range, and therefore are
more prone to extinction [14]. However, the validity of this
hypothesis at broader geographical scales has been ques-
tioned, as phylogeographic surveys indicate that range-
wide patterns of genetic variation are strongly shaped by his-
torical processes during past climate-driven range shifts and
not just current range configuration [15]. For example, post-
glacial range expansions often produced founding events
during colonization that reduced genetic variation of popu-
lations expanding into new regions [16]. Additional effects
of history can be evident in ‘rear edge’ populations that
occur near areas of former glacial refugia in many species.
These rear edge populations may be small and fragmented,
but also can support high regional diversity as a consequence
of their greater age and persistence [15]. Where the genetic
variance for climate-adaptive traits is located within the
range has important implications for where evolutionary
responses to climate change may be most constrained.

In addition to knowing where within the range adaptive
genetic variation for individual traits is distributed, predict-
ing selection responses to climate change may be impacted
by genetic correlations between suites of traits. When the
direction of genetic correlation between traits is antagonistic
to the direction of selection [17], this imposes an additional
constraint that slows down a population’s ability to track
spatio-temporal environmental heterogeneity [18]. Genetic
correlations between traits arise at the genotype level due
to features of genetic architecture such as pleiotropy and
physical linkage, although in rare cases correlations may
also reflect assortative mating and correlational selection
within a population. At the among-population level, genetic
correlations can similarly reflect pleiotropy and linkage dise-
quilibrium (LD) caused by linkage and drift in allele
frequencies, but there is an additional component of correla-
tional selection for combinations of trait values that may be
selected together (i.e. ‘selection covariance’ [19]). Despite
their potential to impose constraint on the evolutionary
response of populations to future changes in selection, few
studies have investigated how genetic correlations between
suites of traits may impact climate change responses [20].

While spatial patterns of adaptive genetic variation and
covariation in traits will influence the potential for evolution-
ary change, in the short-term, more immediate responses to
climate change may be mediated by phenotypic plasticity.
Phenotypic plasticity is the ability of a genotype to produce
distinct phenotypes in response to different environments.
Plasticity is hypothesized to be important for a species to
respond to climate change, as plastic changes can happen
within a generation unlike evolutionary processes that
occur across generations [5,21,22]. Thus, phenotypic plasticity
may be crucial for short-term response to climate change, and
may provide a population enough time for an adaptive
response to a novel environment [23]. Evolution of plasticity
is predicated on the amount of genetic variation in the plastic
responses of different genotypes within a population, known
as genotype-by-environment (G × E) interaction, which can
vary greatly by species and trait [24,25]. As such, the magni-
tude of GxE determines how much the norm of reaction can
evolve in response to selection favouring genotypes whose
change in trait expression maximizes fitness under the new
environment. Thus, GxE provides a reservoir of different plas-
tic responses to environmental variation, some of which may
be adaptive, and thus has wide-ranging implications for how
populations may respond to environmental change [26].

However, the mere occurrence of plasticity or GxE does
not guarantee that plastic responses will help maintain
homeostasis for fitness under changing climates. The plastic
responses of genotypes within a population to a novel
environment can be adaptive or maladaptive depending on
the direction of change in the environment and its effect on
the phenotype. Adaptive plasticity is the change in
expression of a phenotype by a genotype that allows it to tol-
erate a range of environmental conditions without a loss in
fitness that would otherwise arise if the phenotype remained
static [27]. However, there are theoretical studies that indicate
numerous constraints and limits on being plastic both at eco-
logical and genetic levels and as such can result in the
expression of maladaptive phenotypes [28]. This can occur
when unreliable environmental cues trigger a non-optimal
phenotypic response, which might reduce fitness in that
environment. There are also genetic costs for maintaining the
machinery for plastic responses, which require energy and
material expenses [29]. In sum, evidence of plasticity in itself
does not confer it to be adaptive, as plasticity can also be
non-adaptive or maladaptive, resulting in reduced fitness [30].

While many studies have begun investigating species for
their ability to respond to climate change through adaptive
evolution or phenotypic plasticity, there remain few examples
that address these issues in species with highly fragmented
ranges, where the spatio-temporal history of isolation, drift
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and selection may result in spatially complex patterns of
adaptive potential. As a result, there is currently a major
gap in our knowledge of how different regions within a frag-
mented species range may respond similarly or differently to
climate change, and consequently, where resource managers
should begin focusing conservation efforts. In this study,
we aim to help fill this gap with a case study of adaptive gen-
etic variation in red spruce (Picea rubens Sarg.)—a prime
example of a climate-sensitive tree species with a highly frag-
mented range. The range of suitable climatic environments
for red spruce is predicted to shift dramatically northwards
in latitude by the end of the twenty-first century, with
severe range contraction and loss of suitable climate pre-
dicted for the southern fragmented part of its range [31].
While climate-based suitability models can help inform
how species occurrence (expressed as a probability) may be
affected by climate change, they generally do not predict
the response of functional traits like phenology or growth.
Here, we use red spruce to address how climate-adaptive
variation is distributed across a species range. We focus on
variation in the timing of seasonal phenology (spring bud
break and late-summer bud set) and their relation to height
growth (a proxy for fitness in forest trees), as these traits
often show clinal divergence along climatic gradients in
trees, exhibit heritable genetic variation and are known to
be phenotypically plastic to environmental cues [32]. Specifi-
cally, we address the following questions:

Q1: How do genetic, plastic and GxE variation for phenology
and growth traits vary in different regions of a species
range that differ in the degree of fragmentation, demo-
graphic history and local climate conditions?

Q2: Do genetic correlations exist between phenological and
growth traits, and how may these impact evolutionary
potential to respond to warming climates?

Q3: Is phenotypic plasticity in phenology traits adaptive or
maladaptive under warming climates?

2. Methods
(a) Study system
Red spruce is a long-lived temperate, coniferous tree species,
often achieving ages of over 350 years [33]. Beginning in the
1980s, red spruce experienced widespread growth decline as a
result of anthropogenic pollution and climate warming [34].
Red spruce has a highly fragmented distribution in the Central
and Southern Appalachians, where populations at the ‘rear
edge’ of the range are often isolated from each other and limited
to elevations above 1066 m in West Virginia and above 1371 m in
North Carolina and Tennessee [35]. Further to the north, red
spruce forms more contiguous stands and is a common
member of the cool-temperate forests of New England and mar-
itime Canada. The species shows strong signals of decline in
effective population size (Ne) and genetic subdivision across its
range, based on analysis of whole exome sequencing [36]. The
genetic subdivision closely follows geography and is divided
into three distinct ancestry groups (henceforth referred to as
regions) viz. core, margin and edge (figure 1), demonstrating a
lack of connectivity between the current range core of the species
in the northeast and the fragmented margin and trailing edge
regions in the southeast. These three geo-genetic regions
diverged from each other during the Holocene as red spruce
expanded from a southern refugium near the present-day edge
to track the receding glacier northward towards the present-
day core [31,36]. Thus, the regions differ in terms of their geogra-
phy, their degree of population fragmentation and in their
expansion history, but it is unknown how they differ for quanti-
tative genetic variation and plasticity in climate-adaptive
phenological traits. For populations in the edge region, the lack
of connectivity with the core may prevent natural migration
northwards, and migration upwards in altitude may be limited
by maximum elevations available in this region. Meanwhile,
populations in the core may have greater connectivity, but the
predicted shifts in climate within the lifetimes of single individ-
uals draws into question whether natural migration will keep
pace with climate change velocity.
(b) Study site and experimental design
Seeds were collected primarily during late summer and autumn
of 2017 from naturally occurring stands across red spruce’s
range, as far south as North Carolina and Tennessee and north
to New England and New Brunswick, Canada. Care was taken
to avoid planted or reforested areas. Seeds were collected from
open-pollinated maternal trees. Since red spruce is wind-polli-
nated and predominantly outcrossing, the identity of the sire is
unknown and we thus consider offspring as maternal half-sib-
lings (hereafter referred to as families) in this study. The
number of cones sampled varied by tree depending on accessibil-
ity and reproductive output, averaging 34 cones per tree. We
sampled 340 families, typically occurring as sets of three to five
families from each of 65 populations across its range in North
America (figure 1). Here, populations refer to the local area
where a group of nearby families were sampled. We included
seed sources from elevations as a low as 776 m in West Virginia,
1036 m in Tennessee and 1251 m in North Carolina; locations
outside those reported by the USDA [35]. The seeds from all
trees were cleaned, germinated in petri dishes with wetted
sand in a controlled germination cabinet, and grown in a soil-
less potting media (ProMix MX) in 164 ml ‘conetainers’
(SC10R; Steuwe and Sons) in 98-cell racks at the University of
Vermont greenhouse from April 2018 to early May 2019 [38].
The positions of the seedlings were randomized in each rack,
and rack position was randomized once per week within the
greenhouse. Seedlings received a liquid fertilizer application
once per week using a mixture of Jack’s LX All Purpose (21-5-
20) and Jacks Dark Weather plus Mag (15-0-14) at a ratio that
delivered 150 ppm of N. At least 15 seedlings were grown for
each maternal family, plus extra seedlings used for replacements,
border rows and fillers (see below).

In spring 2019, seedlings were planted into three common
garden sites located near Burlington, Vermont (VT: N 44.4759°,
W −73.2121°), Frostburg, Maryland (MD: N 39.642483°, W
−78.939213°) and Asheville, North Carolina (NC: N 35.504163°,
W −82.5995°) (figure 1). The VT garden is located at the northern
part of the range, the MD garden towards the latitudinal mid-
point of the range and the NC garden at the southern portion
of the range, with elevations of each garden being 59 m, 588 m
and 665 m, respectively. This latitudinal gradient in garden
sites was thus chosen to provide an expected gradient of increas-
ing temperature and growing season length from north to south.
Five seedlings from each of the 340 families were planted at each
garden in a randomized block design, with one seedling/family
in each of five raised beds (blocks). Timing of plantings was stag-
gered by garden site climate based on historic average date of last
frost (NC: 17 April 2019; MD: 6 May 2019; VT: 8 May 2019). To
maintain density and avoid edge effects on experimental seed-
lings, a border row was planted around the perimeter within
each bed. Beds at each garden were filled with the same soil-
less growth media (General Purpose Mix 703F from ProSource
Plus LLC) supplemented with a fertilizer bead application
(Osmocote Plus 15-9-12; applied at a rate of 1.02 kg per m2).
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Figure 1. Map of the geographical locations of 65 Picea rubens populations (circles) sampled for this study. Colours indicate the assignment to geo-genetic regions
based on genomic analyses. The three common garden sites at Vermont, Maryland and North Carolina are indicated as grey squares along with the elevation
(m.a.s.l.) at which they are located. The brown shaded area on the map indicates the known range extent of red spruce [37].
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Beds were located in open areas, and overhead light intensity
was reduced by 50% through use of a shade cloth cover. Shade
cloths were taken down before the onset of winter snow in late
autumn 2019 after all plants were dormant, and erected again
in late spring 2020.
(c) Phenotypic trait measurements
Field Book v. 4.2.1 [39] software on an android tablet was used to
record and maintain the database of phenotypic and phenologi-
cal traits in the field. The initial height of the seedlings was
measured to the nearest 0.5 cm immediately after planting in
2019, and again at the end of each growing season in 2019 and
2020. These data were used to calculate seasonal height incre-
ment growth as the difference between final and initial height
for each growing season. Observation of bud set (recorded as
Julian day of year (DOY)) began in mid-July each year as
elongation of the main stem ceased and was assessed 2–3 times
per week until all buds had set. In 2019, we scored bud set as
stage 4 of Dhont et al. [40], characterized by the emergence of
fully formed apical bud that is brown in colour and clearly vis-
ible with whorls of needles beginning to open outwards. In
2020, we revised this approach to recording bud set stages 1–4
(on the Dhont et al. scale) for each seedling during every
census and using nonlinear regression to fit the estimated
timing when the plant reached stage 4 (see below). This was
implemented to avoid errors from attempting to score a single
discrete date for bud set. In spring 2020 (late March–early
June), bud break was recorded as the DOY when the needles
emerged from the bud scales and was converted to physiological
units of growing degree days (GDD) frequently reported in
phenology studies [41]. The equation for estimating GDD was
as follows:

GDD ¼ TMAX � TMIN

2
� TBASE,

where TMAX and TMIN are the daily maximum and minimum
temperature and TBASE was set to 0°C. The daily temperature
at each garden site was obtained from the gridMET dataset
[42]. Cumulative growing degree days (cGDD) were derived by
summing the GDD for each day from 1 January to the DOY of
bud break.
(d) Question 1: variability in climate and climate-
adaptive traits across the range

In order to address research question 1, we quantified climate
transfer distance, trait variability and heritability of the traits as
described below.
(i) Climate relationships of sources and garden sites
To describe how historic climatic conditions varied among
families sourced from different regions, we used principal com-
ponent analysis (PCA) in R [43] using the prcomp function on
multiple climatic variables available from the climate NA data-
base [44] and annual potential evapotranspiration from
ENVIREM [45]. A total of 11 climate variables were selected to
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Figure 2. Principal component analysis (PCA) based on 11 selected variables characterizing the climate of origin (1961–1990 normals) for 340 Picea rubens seed
families used in this study. The common garden sites are also plotted based on the selected climate variables for 2019 (triangles) and 2020 (circles). Selected climate
variables are chilling degree-days (DD_0), heating degree days (DD18), mean annual solar radiation (MAR) in MJ m−2 d−1, precipitation as snow (PAS) in mm, May
to September precipitation (MSP) in mm, per cent mean annual relative humidity (RH), extreme maximum temperature (EXT) over 30 years in °C, Hargreaves climatic
moisture deficit (CMD) in mm, continentality (TD) in °C, day of the year on which frost-free period ends (eFFP) and annual potential evapotranspiration (PET) in mm.
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generate the principal component (PC) scores: chilling degree
days (DD_0), heating degree days (DD18), mean annual solar
radiation (MAR) in MJ m−2 d−1, precipitation as snow (PAS) in
mm, May to September precipitation (MSP) in mm, per cent
mean annual relative humidity (RH), extreme maximum temp-
erature (EXT) over 30 years in °C, Hargreaves climatic moisture
deficit (CMD) in mm, continentality (TD) in °C, day of the year
on which frost-free period ends (eFFP) and annual potential eva-
potranspiration (PET) in mm. Our variable selection process
aimed to select ecologically relevant variables that show vari-
ation across the climatic space occupied by red spruce and
delineate this space well while minimizing intercollinearity (see
[46] for more details). Variables were centred and scaled prior
to analysis.
(ii) Genetics, environment and genotype-by-environment
interaction

To investigate the effect of region, planting environment and GxE
on phenology (DOY for bud set and cGDD and DOY for bud
break) and growth, we ran a series of linear mixed effects
models (LMMs) for each trait estimating the fixed effects of
source region (core, margin and edge) and garden (VT, MD
and NC), as well as the random effects of population nested
within region, bed nested within garden and family nested
within population and region using the R package lme4 [47].
We modelled random intercepts for the population and bed
effects, while for family we modelled random intercepts and
slopes among the gardens (e.g. 1 + garden|family) representing
the G × E interaction effect (model I, electronic supplementary
material, table S1). Simplified LMMs were performed without
the garden|family random effect and likelihood ratio tests
(LRTs) used to determine statistical significance of G × E within
populations (model I.a, electronic supplementary material,
table S1). We tested for the significance of quantitative genetic
variation within populations (G +G × E) by fitting a simplified
model that dropped the family and garden|family random
effects (model I.b, electronic supplementary material, table S1)
and compared this to the full model using LRTs to determine
statistical significance. A second simplified model was per-
formed dropping just the garden|family random effect and
compared to the full model using LRTs to determine significance
of G × E.
(iii) Heritability of the traits
Broad-sense heritability estimates for the traits were calculated
through a Bayesian approach using the R package MCMCglmm
[48]. Broad-sense heritability was estimated as the proportion of
genetic variance over the total phenotypic variance:

H2 ¼ VG

VP
¼

2 s2
Fam þ s2

Pop

s2
Total

,

where VG is the broad-sense genetic variance estimated from the
half-sib families (2 s2

Fam) and populations (s2
Pop), and VP is the

total phenotypic variance. Because the expression of phenotypic
variance, and hence heritability, is environment-specific, we esti-
mated H2 separately for each garden. The Bayesian model for
each trait at each garden was run for 1 × 107 iterations after a
burn-in of 1 × 104 and thinning interval of 1000 iterations with
weakly informative priors (variance, ‘V’ = 1 and degree of
belief parameter, ‘nu’ = 0.002 for the residual and random var-
iance) for all the traits, except bud set in 2020 where
parameters expanded priors (prior means, ‘alpha.mu’ = 0 and
prior covariance matrix, ‘alpha.V’ = 100 for random variance)
were used [49] (model II, electronic supplementary material,
table S1).
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(iv) Trait plasticity
To estimate phenotypic plasticity for each trait, we ran LMMs
(model IV, electronic supplementary material, table S1) that
included the fixed effect of garden climate (gPC1, based on
each garden’s eigenvector score along PC1 of the climate PCA
for the year of measurement) and random effects of bed
(1|bed) and family with random intercepts and slopes
(gPC1|family). We used the ‘coef()’ function to extract the
random slopes for each family with gPC1, which provides a
measure of plasticity to garden climate [30]. To test if the magni-
tude of plasticity reflected differences due to source climate
variability, we modelled the absolute value of plasticity as a func-
tion of source climate (sPC1), with a random effect of population
(model V, electronic supplementary material, table S1).

(e) Question 2: genetic correlations between phenology
and growth

We estimated genetic correlations between pairs of traits using
Bayesian MCMCglmm models. Genetic correlations at the
family level were estimated by first extracting family-level
BLUPs (best linear unbiased predictors) for each trait from initial
LMMs run with a fixed effect of garden and random effects of
family and bed (model III.a, electronic supplementary material,
table S1). These BLUPs were then scaled by dividing by the
standard deviation and used as input to a multi-response
MCMCglmm model with random effect of population (model
III.b, electronic supplementary material, table S1). The corre-
lation among traits estimated from the unit covariance was
taken as the family level genetic correlation, while the correlation
among traits from the estimated population covariance was
taken as the genetic correlation at the population level. While
analysing variation among BLUPs may underestimate the varia-
bility within a given trait [50], here we use BLUPs to investigate
correlations between traits, as implemented in similar studies
looking at genetic correlations [51].

( f ) Question 3: assessing evidence for adaptive
phenotypic plasticity

To understand if plasticity in trait expression was adaptive, neu-
tral or maladaptive, we correlated plasticity for each phenology
trait to the corresponding family BLUPs for height growth for
the season, which we used as a proxy for early-life fitness
(model VI, electronic supplementary material, table S1). Height
was selected as a fitness proxy because there was limited varia-
bility in survivorship in this experiment, and height is
arguably a primary early-life fitness component for red spruce
seedlings [38]. We predicted either a positive or negative relation-
ship with height growth for a season to indicate if plasticity in
the trait was adaptive or maladaptive, respectively.
3. Results
(a) Seed source and common garden climates
PC1 of the climate PCA explained 48.5% of the climate
variance among families (figure 2). Higher PC1 scores corre-
sponded to colder climates with higher seasonality. Chilling
degree days (DD_0), PAS and TD increased with increasing
PC1 score, while day of the year marking the eFFP, annual
PET, MAR and heating degree days (DD18) increased with
decreasing PC1 score.

PC2 explained an additional 31.8% of the variation in cli-
mate among families, with higher scores corresponding to
cooler, wetter climates. MSP loaded positively on PC2, while
EXT over 30 years and Hargreaves CMD loaded negatively
on PC2. Within this overall PCA climate space, the families
from the core region occupied the cooler axis with higher sea-
sonality, while those from the edge region covered the warmer
climate space with lower seasonality, and the margin was
intermediate along PC1, but characterized by the warmest
environments with highest moisture deficit along PC2.

For the climate years of this experiment (2019–2020), the
three gardens occupied areas of climate space that were gen-
erally warmer, drier and less seasonal than the multi-decadal
average source climates of the families (figure 2). The VT and
MD gardens were generally more similar to the source cli-
mates of the families, while the NC garden was notably
warmer and drier (lower PC1 and PC2 scores).

(b) Quantitative genetic trait variation and genotype ×
environment interaction

(i) Bud set
Bud set timing was strongly impacted by both region and
garden (figure 3a,b). In 2019, there was a strong environ-
mental effect of garden on bud set timing ( p < 0.001), with
the earliest bud set at NC (on average 21 days earlier than
the other gardens) and latest at VT. Genetic differences
among regions ( p < 0.001) revealed the core tended to set
bud earlier (approx. 240–260 DOY), while plants from the
edge tended to set later into the season (approx. 255–280
DOY), irrespective of garden site. During 2020, bud set
timing was again strongly influenced by region ( p < 0.0001)
and garden ( p < 0.0001), similar to what was observed
during the first growing season (figure 3b). The strong
effect of the environment was most pronounced at the MD
and NC gardens, where buds set 25 and 29 days earlier
(respectively) compared to the VT garden. However, in
2020 genetic divergence among regions was primarily
driven by the margin, which tended to have a significantly
later bud set timing than the core and edge. In both 2019
and 2020, there were significant garden × region interactions,
but these generally reflected small shifts in effect size and not
large rank-order changes in means (figure 3).

There was abundant within-population genetic variation
for bud set in both 2019 and 2020 (electronic supplementary
material, figure S2). For 2019, comparing model I (with G and
GxE effects) to model I.b (without G or GxE effects) returned
a highly significant difference: LRT χ2 = 128.08, d.f. = 6, p <
0.0001. Breaking this down further revealed the presence of
broad-sense genetic variation (model I.a versus I.b: LRT
χ2 = 77.107, d.f. = 1, p < 0.0001) as well as significant GxE
(model I versus I.a: LRT χ2 = 50.972, d.f. = 5, p < 0.0001). The
effect of GxE on bud set was evident in the norm-of-reaction
plots, which clearly show variability in reaction norms of
families with respect to garden sites (electronic supplemen-
tary material, figure S2). In 2020, comparing model I to
model I.b returned a highly significant difference: LRT χ2 =
80.538, d.f. = 6, p < 0.0001, with the presence of broad-sense
genetic variation (model I.a versus I.b: LRT χ2 = 45.36, d.f. =
1, p < 0.0001) as well as significant GxE for bud set (model I
versus I.a: LRT χ2 = 35.178, d.f. = 5, p < 0.0001).

(ii) Bud break
cGDD to bud break in 2020 showed strong effects of both
region and garden (figure 3c). Plants in NC and MD broke
bud after significantly greater accumulated heat sums
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(120.18 and 90.76 cGDD, respectively) compared to the more
northern VT garden (figure 3c). While bud break occurred
with fewer cGDD in the VT garden, this corresponded to a
later DOY compared to the two more southern gardens (elec-
tronic supplementary material, figure S1). Genetic differences
among regions ( p < 0.0001) revealed higher cGDD require-
ments for the edge and margin regions, breaking bud an
average of 12.03 and 7.47 cGDD later than plants from the
core (figure 3c). Bud break also showed significant interaction
effects between gardens and regions ( p = 0.001), with edge
plants requiring proportionally greater heat sums to break
buds at the NC and MD gardens compared to core and
margin plants in these gardens. There was abundant
within-population genetic variation for cGDD requirement
(model I versus model I.b: LRT χ2 = 312.79, d.f. = 6, p <
0.0001), including both significant broad-sense genetic vari-
ation (model I.a versus I.b: LRT χ2 = 159.29, d.f. = 1, p <
0.0001) as well as GxE (model I versus I.a: LRT χ2 = 153.5,
d.f. = 5, p < 0.0001).
(iii) Height growth
There was notable differentiation in height growth among
regions ( p < 0.001), especially between the core compared to
the margin and edge in 2019 (figure 3d ), with higher
growth for the margin and edge evidenced by an increase
of 4.74 cm and 3.02 cm, respectively, compared to the core
(figure 3d ). This trend changed slightly in 2020, with
margin exhibiting significantly greater growth ( p < 0.001)
compared to core and edge, with an increase of 3.76 cm
(figure 3e). The height growths for core and edge were in
the range of approximately 15–20 cm, while the growth for
margin ranged from approximately 15 cm to well beyond
35 cm during 2020; however, this growth increase was pri-
marily attributed to a single population (XBM) extending
the growth range for the margin.

The difference in height growth among gardens was non-
significant in 2019, indicating a reduced influence of the
environment on the final height that plants achieved by sea-
son’s end. However, there was an overall trend towards



Table 1. Broad-sense genetic correlations at family (above diagonal) and population level (below diagonal) between functional traits as estimated with
Bayesian linear mixed effects models (MCMCglmm, electronic supplementary material, table S1 model III.b). The heritability ranges for each trait are shown
along the shaded diagonal. Family- and population-level genetic correlations were estimated among traits from the unit covariance and population covariance of
the model, respectively. The lower and upper limits of the 95% confidence interval are given in the square brackets. Bold entries are significant at p <
0.05. Correlations with ‘n.a.’ were not estimated.

trait bud set 2019 bud set 2020 bud break 2020 growth 2019 growth 2020

bud set 2019 0.12–0.252 0.222 [0.121, 0.327] 0.255 [0.149, 0.351] 0.594 [0.515, 0.656] n.a.

bud set 2020 0.322 [0.011, 0.695] 0.075–0.176 0.002 [−0.095, 0.115] n.a. 0.493 [0.41, 0.573]

bud break 2020 0.884 [0.696, 0.99] 0.085 [−0.336, 0.427] 0.283–0.408 0.339 [0.23, 0.422] 0.0466 [−0.063, 0.15]
growth 2019 0.67 [0.45, 0.821] n.a. 0.567 [0.317, 0.771] 0.186–0.195 0.433 [0.361, 0.531]

growth 2020 n.a. 0.852 [0.604, 0.987] −0.189 [−0.471, 0.091] 0.676 [0.452, 0.821] 0.107–0.261
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decreased growth at the NC garden that most affected plants
from the margin, resulting in a significant garden × region
interaction ( p = 0.001). During 2020, growth was lower at
the NC garden, with a significant garden × region interaction
(figure 3e).

LRTs for height growth in 2019 revealed abundant
within-population genetic variation (model I versus I.b:
LRT χ2 = 129.89, d.f. = 6, p < 0.0001), primarily attributable
to broad-sense genetic variance among families (model I.a
versus I.b: LRT χ2 = 113.39, d.f. = 1, p < 0.0001) as well as
smaller but still significant GxE effects (model I versus I.a:
χ2 = 16.499, d.f. = 5, p = 0.01). The large genetic variance
among families and GxE variance was evident in the norm
of reaction plots (supplementary figure S2). Height growth
in 2020 also revealed abundant within-population genetic
variation (model I versus I.b: LRT χ2 = 63.317, d.f. = 6, p <
0.0001) consisting of variance among families (model I.a
versus I.b: LRT χ2 = 57.164, d.f. = 1, p < 0.0001), but with
non-significant GxE effects (model I versus I.a: χ2 = 6.1533,
d.f. = 5, p = 0.2916) (supplementary figure S2).
(iv) Heritabilities and genetic correlations between traits
Broad-sense heritability (H2) for phenology and height growth
varied across sites and years (table 1 and electronic sup-
plementary material, table S2). Bud break in 2020 had the
highest H2 estimate out of all the traits measured, with herit-
ability highest at MD (0.408), followed by VT (0.294) and NC
(0.283). H2 for bud set was highest in 2019 at VT (0.252), fol-
lowed by NC (0.199) and MD (0.12), while in 2020 bud set
H2 was markedly lower at VT (0.075), but comparable with
2019 values at MD (0.176) and NC (0.174). H2 for growth
was similar across sites in 2019 (VT: 0.195, MD: 0.186, NC:
0.187) and was lower across sites in 2020, decreasing by
45.41%, 33.25% and 39.11% in VT, MD and NC, respectively.

Growth and bud set exhibited significantly positive gen-
etic correlations at the population and family levels across
both 2019 and 2020 (table 1), indicating that timing of bud
set was a strong developmental determinant of height
growth. Growth variation among families and populations
also showed high repeatability, evidenced by strong positive
genetic correlations across years (table 1). Bud set timing
was also genetically correlated across years, though not as
strong as seen in growth (table 1). Interestingly, there was a
highly significant genetic correlation between 2019 bud set
and 2020 bud break (population rg = 0.884, family rg =
0.255), indicating that genetic variability for height growth
late into the season was associated with delayed resumption
of growth the following year. By contrast, there was no sig-
nificant correlation between bud break and bud set timing
within the same year (2020: population rg = 0.085, family
rg = 0.002). This cross-year trend was again observed when
considering previous year height growth with subsequent
year bud break timing (population rg = 0.567, family rg =
0.339), but again this correlation was absent within the
same year (2020: population rg =−0.189, family rg = 0.0466).

(v) Trait plasticity
Trait plasticity showed significantly negative association with
source climate for bud break (2020) and height growth (2019)
(figure 4; model V electronic supplementary material, table
S3). Plants from the edge that occupied warmer but less sea-
sonal environments (lower PC1 scores) exhibited higher
plasticity for bud break and height growth (2019) compared
to plants originating from cooler more seasonal environments
found in the margin and core. Plasticity for bud set and
height growth in 2020 did not vary significantly with
source climate.

Using height growth as a fitness proxy, we found that
levels of plasticity in phenological traits were generally neu-
tral or maladaptive (table 2 and figure 5). For bud break,
the plasticity-fitness showed a significant region × plasticity
interaction (Model VI, table 2). The plasticity in bud break
was significantly maladaptive at the population ( p < 0.001)
and family ( p < 0.01) levels for the margin region, while
bud break plasticity was not significantly associated with
height growth (i.e. was neutral) for the core and edge regions
(figure 5a and electronic supplementary material, figure
S3A). In 2019, plasticity of bud set at the family level was sig-
nificantly maladaptive for the edge ( p < 0.05), while core and
margin plants showed neutral plasticity (figure 5b). More-
over, plasticity was neutral for all regions for bud set in
2020 (figure 5c), and bud set plasticity for all three regions
was neutral at the population level for 2019 and 2020 (elec-
tronic supplementary material, figure S3B,C).
4. Discussion
(a) Environmental and genetic variability in phenology

and growth
Species with highly fragmented distributions may face limit-
ations on their ability to migrate with climate change, creating
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Table 2. F-test results of the linear models analysing the effects of phenotypic plasticity, region and their interaction on height growth (as a proxy for early-life
fitness). The F-values are indicated with their significance levels. See electronic supplementary material, table S1 (model VI) for model details.

trait plasticity region plasticity × region

family level

bud set (2019) F1,328 = 2.2125 F2,328 = 74.4775*** F2,328 = 3.0416*

bud set (2020) F1,328 = 1.3927 F2,328 = 77.1650*** F2,328 = 0.1142

bud break (2020) F1,328 = 0.0010 F2,328 = 81.0307*** F2,328 = 7.0109**

population level

bud set (2019) F1,59 = 7.2142** F2,59 = 36.6626*** F2,59 = 0.2738

bud set (2020) F1,59 = 2.9188 F2,59 = 26.7479*** F2,59 = 0.8523

bud break (2020) F1,59 = 4.3731* F2,59 = 36.0075*** F2,59 = 11.5023***

*p < 0.05, **p < 0.01, ***p < 0.001.
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a pressing need to assess the potential for adaptive genetic
or plastic responses of populations in situ. Phenological
traits are an important component of this adaptive response,
and the timing of phenology must be well-matched with the
local climatic environment to avoid maladaptation at pre-
sent, and importantly, in the future. The climatic
environments inhabited by red spruce vary dramatically in
different parts of its highly fragmented range and are coinci-
dent with the distribution of three geographically and
genetically differentiated regional ancestry groups
(figure 1). Thus, the degree to which phenology traits like
bud break and bud set are environmentally flexible versus
under divergent genetic control has important implications
for how red spruce forests in each region are likely to
respond to climate change.

We found that bud phenology was highly responsive to
environmental differences across our garden sites. Across
both years, trees set buds much later in the year (ca 20–30
days) in the northern VT garden than the southern NC
garden, with the MD site generally intermediate between
these two. A similar difference between sites was observed
for the timing of spring bud break in terms of DOY, which
occurred 20–30 days earlier at NC compared to VT (electronic
supplementary material, figure S1). Thus, growing season
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length, when measured as the number of days between bud
break and bud set, was quite similar between southern and
northern sites despite the differences in absolute timing.
However, the amount of cGDD required to break buds was
much higher at NC than VT (figure 3c), revealing that trees
were physiologically slower to break dormancy at NC in
spring while also resuming dormancy earlier in autumn.
Thus, despite the climatically longer frost-free period in NC
compared to VT, the effective growing season (physiologi-
cally) was actually more constrained, effectively leading to
slightly lower average height growth under the warmest con-
ditions of NC (figure 3). While timing of bud break is known
to be strongly temperature-driven, timing of bud set is most
likely dependent on an interaction between temperature
and photoperiod [52,53]. This might be the reason for the
convergence between core and edge in bud set timing
during the second growing season at VT and MD, while
later bud set was only revealed at the NC site. The NC site
was climatically much further away on the warmer side of
the climate PCA compared to the other garden sites as well
as the average climate of the seed sources (figure 2). Thus,
our results for phenology and growth at the NC site, which
exists outside the historic climatic range of red spruce, may
serve as a good proxy for evaluating responses under a
warming climate. The reduced growth and shorter effective
growing season at the NC site are indicative of how red
spruce seedlings may respond to warmer climates, with
varied outcomes depending on region of origin (figure 3).

In addition to the strong environmental effects, there were
also clear genetic differences in means, as well as GxE vari-
ation, for bud phenology. The significant effect of region
indicates the evolution of divergent phenology and growth
patterns between the core, margin and edge regions since
their divergence following range expansion out of the
southern Appalachian refugium, about 8800 years ago
[31,36]. Plants from the core set bud up to 20 days earlier
under identical conditions compared to plants from the
more southern margin and edge regions, consistent with ear-
lier bud set having evolved in response to shorter growing
seasons. Interestingly, the pattern of divergence between
core and edge was exactly inverse to the environmental influ-
ence on bud set: plants with northern (core) ancestry set bud
earlier than more southern ancestry sources, while the
environmental effect of growing in a northern (VT) environ-
ment was to delay bud set, relative to more southern growth
environments. This trend was not evident for bud break,
which showed an alignment between cGDD at bud break
across extremes of ancestry and garden site; that is, less
cGDD at bud break for core and in VT compared to edge
and in NC. These results are consistent with the core region
having adapted its phenology to accommodate the reduced
growing season length in the north (figure 3). This was
likely an essential adaptation as red spruce expanded away
from lower latitudes during post-glacial expansion.

Adaptation to future climate change will require genetic
variation in climate-adaptive traits [12] and also lack of
strong genetic constraints or trade-offs between traits [17].
There was abundant within-population genetic variation
during both seasons, with significant heritability of all traits
in each garden site and year. This indicates that red spruce
in general has potential for short-term adaptative responses
to climate change. There were also abundant genetic corre-
lations among phenology traits and between phenology
and growth. Genetic correlations can either facilitate or con-
strain climate adaptation, since the high correlation between
traits means that selection on one trait will produce indirect
selection on the correlated trait [17]. Among the strongest
and most consistent genetic correlations were those between
bud set and height growth for each season, which were sig-
nificantly positive at both family and population levels
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(table 1). This indicates that, within the environments of this
experiment, genotypes that delayed bud set consistently
achieved greater seasonal growth relative to earlier-setting
genotypes, pointing to benefits from growing late into the
season when conditions permit. Bud set in 2019 also exhib-
ited a strong cross-season genetic correlation with cGDD at
bud break the following year (table 1). Plants that set buds
later tended to require higher cGDD for bud break in the fol-
lowing year.

The population-level genetic correlation was much higher
than the family-level genetic correlations for the traits
studied. Genetic correlations can arise due to multiple pro-
cesses at among-population and among-family levels that
may constrain or facilitate selection responses to climate
change [17], including pleiotropy, LD (physical and statistical
LD) and coordinated selection on multiple traits. The traits
we’re investigating are likely to be highly polygenic; thus
we consider the influence of LD to be minimal, and thus
infer correlations are most likely due to pleiotropy (family
level) or as a consequence of coordinated selection (‘selection
covariance’ sensu [19]). The strong population-level corre-
lation we observed would seem to suggest selection has
favoured a coordinated strategy in edge populations of
delayed dormancy onset to take advantage of late season
growing conditions, while requiring higher cGDD before
breaking dormancy the following spring, presumably to
avoid pre-mature bud break during unpredictable winter or
early spring warm periods. Additionally, the weaker but
still significant family-level correlation points to a pleiotropic
effect, indicating that genotypes that developmentally delay
bud set in the current year will be forced to delay the start
to the growing season the following year. This constraint
could mean that the timing of spring and autumn transitions
may not be able to respond independently to selection, even
if future climate conditions might favour their decoupling. By
contrast to the effects of environment on bud phenology,
height growth was more uniform across garden sites, differ-
ing primarily among the regions.

During 2019, plants from the core had the lowest amount
of height growth compared to edge and margin plants. This
stark difference in growth between core and edge, the two
extremes of the species distribution, faded during the
second growing season when both regions had comparable
height growth. Margin plants on the other hand exhibited
consistently high growth during both growing seasons
across all garden sites. This robust growth response by
plants from the margin could reflect hybrid vigour as a
result of introgression with black spruce (Picea mariana),
which is known to occur in the margin ([36,54], SR Keller
and T Capblancq 2021, unpublished data). This suggests
that height growth in our experiment was under greater
genetic control and less affected by environmental differ-
ences among the test sites, although there was a trend
towards lower mean growth in NC for both years. Overall,
this pattern is indicative of determinate growth in spruce, in
which buds are set after reaching the determined height
growth for the season [52].

(b) The adaptive value of plasticity varies among traits
and reflects source climate and ancestry

In addition to the identification of significant genetic (co)var-
iation for phenology and growth, a key finding of this study
is GxE for phenology traits and the varying degrees of plas-
ticity expressed by families from different regions. The
greatest levels of plasticity occurred in cGDD for bud break
(figure 4), and we observed significant associations between
source climate (PC1) and the magnitude of plasticity for
bud break (2020) and growth (2019) (figure 4, electronic sup-
plementary material, table S3). These results suggest that bud
break is highly plastic and that genotypes from warmer
environments maintain higher plasticity levels than geno-
types from colder environments, but they are not sufficient
to say whether or not that plasticity is adaptive since adaptive
plasticity must be associated with maintenance of fitness
across variable environments [55], and not all phenotypic
plasticity ends up being adaptive [28]. When using height
growth as a fitness proxy, we found the plasticity for bud
set in 2019 was significantly maladaptive for edge plants,
but remained neutral for core and margin plants. However,
in 2020 bud set plasticity was generally neutral for all three
regions. For bud break, plasticity of margin plants was sig-
nificantly maladaptive while plasticity was neutral or (non-
significantly) positive for core and edge plants.

Overall, these results indicate the presence of abundant
plasticity in phenological traits; however, plasticity seemed
to provide little adaptive benefit during the experiment.
While edge plants exhibited higher growth in 2019 than the
core, this gap largely closed the following year in VT and
MD. The reduced growth of edge plants in 2020 (relative to
core plants) may have reflected the higher degree of mala-
daptive plasticity in edge plants for bud set in 2019. We
recognize that we have only captured a snapshot of the
range of environmental conditions and life-history stages of
this long-lived species, and plasticity for phenology may
show different effects on fitness under different conditions
(e.g. late-spring frosts) or at later life-history stages. Neverthe-
less, our results points to a largely non-adaptive role for
plasticity during response to environmental change in red
spruce, in which trait responses may be highly plastic but
do not necessarily buffer fitness against environmental
variation.
(c) Management implications
Assisted gene flow has been proposed as a management
practice to counter the effect of rapid climate warming and
maintain local adaptation [56]. Successful implementation
of assisted gene flow requires the development of transfer
guidelines that can evaluate the effect on plant fitness of
transferring genotypes from one climate to another, e.g.
planting seed sources from warmer climates northwards or
upwards in altitude to combat climate change [57]. Such a
practice, if properly calibrated and implemented, could help
facilitate local adaptation and reduce maladaptation under
future novel environments.

Our study shows that the core is currently adapted to
shorter growing seasons and as a result sets bud earlier and
achieves reduced growth relative to edge genotypes under
identical environments. Somewhat paradoxically, the plastic
effect of transferring a given genotype to a warmer climate
is also to hasten bud set. Therefore, plasticity without adap-
tation (or assisted gene flow) is unlikely to lead to bud set
phenology that is well-matched to future warmer climates,
and this appears true for all parts of the range. Under the
warmest garden in our experiment (NC), edge genotypes
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were shown to have later bud set relative to the core in both
years of growth, which allowed them to attain higher height
growth in both seasons, but particularly in 2019. This is also
borne out by the significant genetic correlation between bud
set timing and height growth observed across years. For
spring phenology, a warming climate may be expected to
increase the cGDD until bud break (as seen in NC), and
edge genotypes tended to have the largest cGDD require-
ments across gardens. Whether this reflects an adaptation
to warm and/or variable springs to avoid premature release
from dormancy is unknown, but we did not observe any gen-
etic correlation between bud break and height growth during
our experiment. So at least for the early-life stages monitored
in this experiment, higher cGDD to bud break seems to not
have major consequence for seedling performance, and may
actually be a pleiotropic effect of later bud set in the previous
season. Taken together, the case could then be made that
assisted gene flow from edge to core could have benefits of
introducing genotypes with delayed bud set and therefore
greater height growth under expected warming climates,
with little cost in terms of bud break phenology.

However, it should be also be noted that although the
edge region on average shows phenology that appears
adapted to longer growing seasons, the range of family
mean values shows broad overlap between core and edge
within a given garden site, including the site with the warm-
est conditions (NC). This finding, along with the significant
heritability for phenology and growth, suggests that standing
levels of genetic variation within the core is already high, and
edge genotypes may provide little additional benefits, at least
for these specific traits.

Lastly, plants from the margin appear to behave quite dif-
ferently from the other two regions. Plants from the margin
express very high growth, likely attributable to hybrid
vigour through introgression with its congener, black
spruce. Despite the fact that bud break plasticity under
warming was highly maladaptive for margin plants, their
hybrid vigour outperformed core and edge plants across all
environments. However, margin plants did suffer a decline
in growth at the range edge sites (VT and NC) compared to
the more central MD site. One could argue that past intro-
gression of black spruce genes into margin populations
represents another form of (unassisted) gene flow that has
produced clear benefits in terms of growth across the entire
range of climates tested in our experiment. Thus, natural
hybrid genotypes such as those that appear in the margin
and have been vetted by selection, may offer an additional
tool to consider in the effort to select genotypes for restor-
ation and conservation.
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