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ABSTRACT

Dormant seeds that require long periods of cold stratification to become germinable may be most
sensitive to increases in winter temperatures caused by anthropogenic climate change. In this
study, we used outdoor plots with infrared heaters to simulate the effects of projected winter
warming (+6°C) for Canada’s Acadian Forest Region and compared seed germination success of
tree species with varying stratification requirements. We evaluated four seedlots each of balsam
fir (4bies balsamea (L.) Mill.), red spruce (Picea rubens Sarg.), white pine (Pinus strobus L.),
red maple (Acer rubrum L.), sugar maple (Acer saccharum Marshall) and yellow birch (Betula
alleghaniensis Britton). Three central findings emerged from this study: (1) none of the tested
species were significantly affected by warming; (2) the random effect of seedlot explained more
variation in germination success of deciduous species than it did for conifers; and (3) balsam fir
seedlots exhibited considerable differences in their response to warming, implying intraspecific
variation in depth of dormancy. These results suggest seed germination success of the tested tree
species may not be impeded by their individual seed characteristics under the magnitude of

winter warming projected over the coming century in our study area.

Keywords: seed dormancy, climate change, winter warming, germination, stratification, Acadian

Forest, balsam fir, sugar maple
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Introduction

Evaluating the effects of climate change on forest stand regeneration is of increasing importance
to forest managers and stakeholders. In particular, the role of winter warming on successful tree
seedling establishment has been suggested as an important potential mechanism by which
climate change may influence forest stand succession (Campbell et al. 2005, Kreyling 2010,
Taylor et al. 2020). In the Acadian Forest Region (Rowe 1972), part of North America’s boreal-
temperate ecotone, many constituent tree species lie at either the northern or southern limit of
their geographical range. Mean annual temperature of the Acadian Forest Region is predicted to
rise by 5 to 6°C by the end of this century under Representative Concentration Pathway 8.5
(RCP; van Vuuren et al. 2011; McKenney et al. 2013). Under the same climate change scenario,
mean winter temperature is expected to increase by 6°C (McKenney et al. 2013). This intensity
of winter warming will reduce snow cover period and depth, and spring soil moisture (Houle et
al. 2012), which could have significant impacts on ecological processes that control stand
regeneration (Campbell et al. 2005). Specifically, the successful germination of some tree
species requires a particular range of environmental conditions to relieve seed dormancy to
become germinable (Walck et al. 2011). Thus, variations in these conditions may affect

regeneration and establishment of these species, especially in natural stands.

The mechanisms that control seed dormancy enable a mature, viable seed to avoid germination at
times when temperature and moisture conditions are not conducive to seedling survival (Baskin
and Baskin 2004, Tielborger et al. 2012). Freshly matured seeds are either non-dormant (capable
of germinating under favourable environmental conditions immediately after dispersal) or they
possess primary dormancy due to embryonic or structural characteristics that prevent

germination (Baskin and Baskin 1998, 2004, Walck et al. 2011). Physiological dormancy is a
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common type of embryonic dormancy (Baskin and Baskin 1998) that requires a specific
combination of temperature and moisture over a period of time in order for seeds to become
germinable: warm and moist conditions (warm stratification) or cool (0 to 10°C) and moist
conditions (cold stratification; Walck et al. 2011). Physiological dormancy can be categorized
into deep (requires three to four months of cold stratification), intermediate (requires two to three
months of cold stratification), or non-deep (requires short periods of either warm or cold
stratification) (Baskin and Baskin 2004). Once seeds have been released from dormancy, they
enter a quiescent state, in which they remain until exposed to specific environmental conditions
that will trigger germination (Baskin and Baskin 1998, Bonner and Karrfalt 2008). Dormancy
and germination are distinctly different physiological processes (Fenner and Thompson 2005);

therefore, climate change may affect them independently (Walck et al. 2011).

Warmer winters could significantly lower the germination success of species that require long
periods of cold stratification for their seeds to become non-dormant. For example, sugar maple
(Acer saccharum Marshall), a common shade-tolerant species in the Acadian Forest Region and
often found in remnant old growth stands (Mosseler et al. 2003), requires cold stratification for
40 to 90 days (Bonner and Karrfalt 2008) at temperatures slightly above freezing to release the
seeds from dormancy (Godman et al. 1990). Solarik et al. (2016) observed substantial declines
(up to 75%) in germination rates of sugar maple under moderate (+5°C) and upper threshold
(+7°C) warming scenarios. Similarly, balsam fir (4bies balsamea (L.) Mill.) requires 28 to 60
days of cold stratification to break dormancy and become germinable (Bonner and Karrfalt
2008). Conversely, species that produce seeds that lack dormancy, like red spruce (Picea rubens
Sarg.) (Sullivan 1993), may be unaffected by winter warming. If winter temperatures in North

America continue to rise as predicted by current climate change projections, tree species that
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require specific environmental conditions to release their seeds from dormancy may experience
reduced germination success (Solarik et al. 2016). However, should these species possess a high
degree of intraspecific variation in their dormancy requirements, the range of suitable winter
conditions will increase, creating a variable pattern in the individual response to winter warming

(Bolnick et al. 2011).

In addition to winter temperature, snow depth plays a key role in insulating soil from cold air
during winter months. A snow depth of 20 to 40 cm causes a decoupling of air and soil
temperatures under most conditions (Sharratt et al. 1992, Zhang 2005). Consequently, winter soil
temperature may decrease with less snow cover due to reduced insulation (Venalainen et al.
2001, Decker et al. 2003). Drescher and Thomas (2013) found that germination success declined
with decreasing snow depth for balsam fir, red maple (4cer rubrum L.) and sugar maple seeds
due to exposure to cold temperatures, while germination success of white pine (Pinus strobus L.)
showed no significant change. Variations in snow regime will have other effects, including an
increased frequency of freeze-thaw cycles of the upper soil layers (Decker et al. 2003, Mellander
et al. 2007). This could cause some seeds to germinate early (if cold stratification requirement
has already been satisfied) during a period of warm weather and subsequently die once cold

temperatures resume (Walck et al. 2011).

In this study, we conducted an outdoor experiment to test the effects of projected winter warming
on the germination success of balsam fir, red spruce, white pine, red maple, sugar maple and
yellow birch (Betula alleghaniensis Britton), all commercially and ecologically important tree
species in the Acadian Forest Region that vary in their level of seed dormancy. We hypothesized
that (1) germination success of seeds that require long durations of cold stratification (balsam fir,

white pine, red maple and sugar maple) will decrease with warming due to insufficient
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stratification period length; and (2) seeds of species that lack dormancy or require only short
periods of cold stratification (red spruce and yellow birch) will not be affected by warming
because the conditions of warmer winters will remain sufficient for their release from dormancy

and/or seed imbibition.

Methods

Experimental design

Our study was located at the Canadian Forest Service’s Atlantic Forestry Centre in Fredericton,
New Brunswick, which is located approximately in the middle of the Acadian Forest Region
(45.96° N, 66.64° W). Eight outdoor seedbeds were constructed in an open space adjacent to the
Atlantic Forestry Centre greenhouse to compare seed germination success between current and
projected Fredericton winter climate conditions under the high emissions RCP 8.5 radiative
forcing scenario. Winter climate projections were obtained from high-resolution interpolated
climate data provided by Natural Resources Canada (McKenney et al. 2013) for Fredericton for
the period of 2071 to 2100. Unless further mitigation efforts are initiated to reduce greenhouse
gas emissions beyond those currently in place, the RCP 8.5 high emissions scenario is
increasingly likely (Pachauri et al. 2014, Foster et al. 2017, United Nations Environment
Programme 2019, Voosen 2019). Mean annual temperature in Fredericton is 5.6°C, and mean
January and July temperatures are -9.4°C and 19.3°C, respectively (climate normal data for the
period of 1981 to 2010; Environment Canada 2019). Mean annual snowfall is 252 ¢m, and the
average annual frost-free period is 130 days (climate normal data for the period of 1981 to 2010;

Environment Canada 2019).

© The Author(s) or their Institution(s)
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Two treatment factors were tested in a fully crossed design: temperature (control and heated) and
species (balsam fir, red spruce, white pine, red maple, sugar maple and yellow birch).
Temperature in the heated treatment was manipulated with infrared heaters to mimic the
projected 6°C increase in mean winter temperature under RCP 8.5 for the Acadian Forest Region
(relative to 1981 to 2020 normals; McKenney et al. 2013), and the control treatment had no
additional warming. The experiment had four replicate plots each of the control and heated
treatments and ran from 17 December 2019 to 15 April 2020. Stratification requirements vary
among the tested species with balsam fir, white pine, red maple and sugar maple seeds all
expressing intermediate physiological dormancy, while yellow birch seeds express non-deep
physiological dormancy and red spruce seeds are non-dormant (Bonner and Karrfalt 2008). To
test for intraspecific variation and add genetic diversity, four seedlots (one parent tree per
seedlot) of each of the six tree species were selected for the experiment, with all seedlot locations
occurring in natural stands within 75 km of the City of Fredericton to minimize variation in

seedlot origin climate.

Seed source and preparation

Tree seeds from Canada’s National Tree Seed Centre were used for the experiment (National
Tree Seed Centre 2020). Seeds at the National Tree Seed Centre are collected at maturity by
experienced seed collectors, dried to five to seven percent moisture and stored at -20°C. Dormant
seeds require a specific combination of temperature and moisture to be released from dormancy;
therefore, due to the sub-zero temperature in which seeds at the National Tree Seed Centre are
stored and their low moisture content, depth of dormancy is not affected (Walck et al. 2011).
Additionally, both Liu and El-Kassaby (2015) and Solarik et al. (2016) found that seed dormancy

did not diminish in cold storage, so for the purpose of this study, seeds from the National Tree

© The Author(s) or their Institution(s)
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Seed Centre were considered suitable. Two hundred seeds (four seedlots x 50 seeds) of each of
the six species were placed in all replicate plots of each treatment. The fifty seeds of each seedlot
were counted and placed in mesh bags, which were then randomly distributed into seedbeds
measuring 60 cm wide by 60 cm long x 9 cm deep and buried in peat moss (representing the leaf
litter layer; Fig. 1a, b). Wire mesh covered the top and bottom of the seedbeds to prevent rodent
predation and allow for drainage. Results of previous, standardized germination tests conducted
by the National Tree Seed Centre for the selected seedlots are displayed in Table 1. These
germination rates ranged from 51.5 to 67.5% (balsam fir), 72.0 to 98.5% (red spruce), 90.0 to
100% (white pine), 74.0 to 96.0% (red maple), 56.0 to 65.0% (sugar maple) and 60.5 to 91.0%

(yellow birch).

Plot design

The eight seedbeds were randomly placed in two rows of four plots next to the Atlantic Forestry
Centre greenhouse (Fig. 1¢). Each plot consisted of a 60 cm by 60 cm seedbed placed on the
ground under a 150 cm tall wooden stand that was used to mount the infrared heaters (heated
plots only) and infrared temperature sensors (Fig. 1d). The infrared temperature sensors
(MLX90614ESF-BCF-000-SP, Melexis, Ypres, Belgium) were mounted on the side of each
stand, and ambient air temperature sensors (SEN0227, DFRobot, Shanghai, P. R. China) were
mounted 180 cm above the ground on each heated plot stand (Fig. 1¢). Seedbed temperature and
moisture were measured throughout the experiment with soil temperature sensors (DS18B20,
DFRobot, Shanghai, P. R. China) and moisture sensors (SEN-13637, Sparkfun Electronics,
Niwot, Colorado, USA) that were located under the peat moss among the seed bags (Fig. 1a).
Seedbed moisture was measured throughout the experiment to ensure adequate levels were

maintained for seed imbibition. Snow was allowed to accumulate during the experiment and the

© The Author(s) or their Institution(s)
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depth at the middle of the seedbed was measured throughout the experiment with a measuring

tape installed on the side of each stand.

Temperature manipulation

The heated treatment either maintained a 6°C difference between control and heated plot surface
temperatures with a 0°C upper limit or maintained a constant 6.0°C difference between treatments
with no limit. In a natural forest setting, depth of leaf litter and snow accumulation may act to
decouple seedbed and ambient air temperatures. To allow for this potential thermal decoupling in
our experiment due to snow accumulation, leaf litter (simulated with peat moss) or both, we
chose to only apply warming to the plot surface in the heated treatment and allow seedbed
temperatures to vary accordingly. The temperature in each of the heated plots was maintained by
an infrared heater that was cycled on and off with a relay. The relay was controlled by an
Adafruit Feather Huzzah ESP 8266 microcontroller (Adafruit, New York, New York, USA),
which measured the temperature difference between the heated plot surface temperature and the
ambient air temperature every four seconds. Ambient air temperature was used as an estimate of
control plot surface temperature as it was observed to be +1°C of the actual surface temperature

and was less sensitive to fluctuations in solar radiation.

The physical properties of snow posed a challenge when attempting to warm plot surfaces to
temperatures above 0°C. For example, if the air temperature was -3°C, the heated plot infrared
lamps would attempt to warm the plot surface to +3°C; however, if the plot was covered with
snow, which has a maximum temperature of 0°C, the target temperature would not be reached
until the snow melted enough to expose the seedbed. To prevent an unnatural rate of snowmelt

during the coldest winter months, the microcontrollers were programmed to warm the heated

© The Author(s) or their Institution(s)
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plots to a maximum of 0°C from December 17" to March 15%, Climate data from Natural
Resources Canada for the years 2071 to 2100 under RCP 8.5 indicates average winter low
temperature during this period will be below 0°C (McKenney et al. 2013), so we assumed that
significant, prolonged snowmelt should not frequently occur during this time. After March 15,
the microcontrollers were programmed to maintain a constant 6°C difference between the control
and heated plots with no restrictions. This was done to mimic an early spring onset, which is

predicted to occur under the RCP 8.5 scenario (McKenney et al. 2013, Bush and Lemmen 2019).

Seed germination

The seed bags were extracted from all plots on April 15" when the plot areas were completely
free of snow cover. The seeds were then removed from the seed bags and thoroughly rinsed with
water. At this point, any seeds that had germinated during the stratification experiment were
counted. Radical protrusion through the seed coat was used as the indicator of successful
germination (Baskin and Baskin 2004). The remaining seeds from each plot were then divided
by species and placed in germination trays (six trays per plot) on Kimpacks moistened with 125
mL of distilled water. Each tray bottom received an additional 125 mL of distilled water to
maintain high humidity. The filled trays were loaded into a germinator that maintained a
temperature schedule of 20°C for 16 hours and 30°C for 8 hours over a period of 28 days as per
the standard protocol outlined in Bonner and Karrfalt (2008). Because we were only interested in
the effect of warming on seed dormancy, we applied a standardized seed germination
temperature schedule (Bonner and Karrfalt 2008). The germinator consisted of a wood frame
equipped with eight open shelves and covered with thin, translucent poly plastic. Temperature
was maintained with a space heater controlled by an ITC-308 temperature controller (Inkbird,

Shenzhen, P. R. China) and the air was constantly circulated with a fan. Each shelf contained all

10
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six trays of one plot, and trays were rotated every two days. Germinants were counted every two

to four days for the first two weeks and once every seven days for last two weeks.
Statistical Analysis

To test our hypotheses regarding the effects of winter warming projected under RCP 8.5 on
germination success, mixed effects analysis of variance (ANOVA) was conducted using the
“Ime4” package (Bates et al. 2017) of R (R Core Team 2020). Although tree species was found
to be a highly significant factor, we instead chose to conduct separate, species-specific ANOVA

models to help simplify interpretation using the following model structure:

Y= :80 + ,BIT + Tplot + Tseediot T€

where Y is the proportion of germinated seeds per seed bag; T is the treatment (control or
heated); 1y, is the random effect of plot; Tseeqior 15 the random effect of seedlot; and ¢ is
random error. All germination proportions were arcsine square-root transformed to stabilize
variance (Sokal and Rohlf 1995). For our chosen sample size (n = 200), alpha level (0.05) and
power (0.8), we determined the detectable effect size to be a 7.6% difference in percent
germination using the “pwr” package (Champely, 2020). The “AlCcmodavg” package
(Mazerolle 2020) was used to calculate the small-sample-corrected Akaike’s Information
Criterion (AICc) of models with the random effect of plot, and models with the additional
random effect of seedlot, using the restricted maximum likelihood estimation procedure.
Marginal and conditional R? values were also calculated for each model using the “MuMIn”
package (Barton 2020) to further evaluate model fit and the contribution of the random effect
factors using the methods of Nakagawa and Schielzeth (2013). The marginal R? estimates the

variation explained by the fixed effects only, while conditional R? includes the additional

11
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variation contributed by the random effects, which approximates the conventional R2.
Heteroscedasticity and normality of model residuals were visually assessed by inspecting the
model residuals versus fitted values and Normal Q-Q plots using the “ggResidPanel” package

(Goode and Rey 2019), and statistically analyzed with the Shapiro-Wilk test for normality.

Results

Site environmental conditions

The heated treatment resulted in plot surface and seedbed temperature differences between the
control and heated plots (Fig. 2a, b). Between December 17" and April 15", mean ambient air
temperature was -3.4+6.4°C. Mean control and heated surface temperatures were -3.7+6.0 and
1.6+5.9°C, respectively, representing a 5.3°C difference between treatments means. In
comparison, the average difference between seedbed temperatures of the control (-0.4+2.5°C)
and heated (1.6+3.3°C) plots was only 2.0°C. Mean number of chilling days (accumulated time
when seedbed temperature was between -1 and 5°C) for the control and heated plots were 76.7
and 63.3 days, respectively. While the heated treatment was programmed to limit warming to a
maximum of 0°C between December 17" and March 15", additional warming from the sun
during clear days caused the surface temperatures of the heated plots to rise above 0°C several
times, while surface temperatures of the control plots remained at or below 0°C due to the high
albedo of snow (Fig. 2a). The daily mean ambient air temperature, which fluctuated between -
17.1 and 9.0°C, closely tracked the daily mean surface temperature of the control plots (Fig. 2a).
Daily mean surface temperatures of control and heated plots ranged from -16.4 to 7.8°C and -

10.3 to 12.9°C, respectively, and daily mean seedbed temperatures ranged from -7.0 to 6.9°C and

12
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-2.3 to 10.3°C, respectively. Therefore, there were clear differences in both the surface and

seedbed temperatures between the two treatments.

In the winter of 2019-2020, mean monthly temperatures for December, January, February,
March and April were -4.1, -6.9, -7.5, -1.6 and 3.5°C, respectively (data acquired from the
Fredericton International Airport weather station located in Lincoln, New Brunswick, Canada at
45.87° N and 66.54° W). Historical mean monthly temperatures (2012 to 2019 data from the
Fredericton International Airport weather station) were -5.0°C (-8.6 to -0.8°C), -8.6°C (-11.3 to -
6.5°C), -8.1°C (-14.7 to -5.2°C), -2.6°C (-6.3 to 0.5°C) and 4.2°C (2.4 to 6.0°C) for December,
January, February, March and April. Although monthly mean temperatures during the
experiment were slightly warmer than the historical monthly means, they fell within the monthly

mean temperature ranges.

Over the course of the experiment, snow depths of the heated and control plots ranged from 0.0
to 18.3 cm (mean = 3.0 cm) and 0.0 to 35.3 cm (mean = 17.5 cm), respectively (Fig. 3). Due to
significantly less snow accumulation and a higher frequency of snowmelt events in the heated
plots, heated plot daily mean seedbed temperature experienced greater fluctuations and more
frequent freeze-thaw cycles than control plots, especially from early February to late March (Fig.
2b). During this period, control plot snow depth was approximately 15 cm or greater (Fig. 3) and
the control daily mean maximum seedbed temperature remained at or below 0°C (Fig. 4a). In
contrast, over the same period, the daily mean maximum seedbed temperature of the heated
treatment was frequently above 0°C (Fig. 4a). However, there were only eight days between
December 171 and March 15™ that recorded maximum daily mean seedbed temperatures greater
than 5°C for the heated plots. Data collected from the seedbed moisture sensors indicated that all
seedbeds in both treatments were above 50% soil moisture for the duration of the experiment.

13
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Winter warming treatment effect and model comparison

Overall, warming had no significant effect on the seed germination success of the tested tree
species (Table 2, Fig. 5). Interestingly, some balsam fir seedlots displayed strong responses to
the warming treatment: one of the balsam fir seedlots exhibited an 88.5% reduction in mean
germination success while another seedlot increased by 37.7% (Table 1, Fig. 6b). Similar
inconsistencies in the response to warming were also observed in seedlots of other species,
however, none were as large. Interestingly, yellow birch seedlots exhibited very little change (no

more than 5%) in germination success under warming.

Under the control treatments, 97.1 and 76.5% of the total germinated sugar maple and red maple
seeds, respectively, had germinated prior to removing the seed bags from the plots on April 15%.
For the heated treatments, these values increased to 99.0 and 88.8% for sugar maple and red
maple, respectively. Many of the sugar maple seedlings that germinated early had completely
emerged from the seed coats with fully developed cotyledons. No other species had germinated
prior to removing the seed bags from the control plots; however, under warming, all other
species exhibited some germination prior to removing the seed bags from the plots, but no more

than 10% of the total germinated seeds.

The model that provided the best fit for germination success differed between coniferous and
deciduous species. For coniferous balsam fir, red spruce and white pine, the models that
contained the single random effect of plot produced the lowest AICc values (Table 3).
Conversely, for deciduous red maple, sugar maple and yellow birch, the models that contained
the additional random effect of seedlot produced the lowest AICc values (Table 3). Furthermore,

models for deciduous species that contained both random effects produced much larger

14
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conditional R? values than models with the single random effect of plot, while the conditional R?
values of models for coniferous species exhibited minimal change with the additional random
effect (Table 3). This suggests that seedlot accounted for much more of the variation in
germination rates for red maple, sugar maple and yellow birch than it did for balsam fir, red
spruce and white pine. This is clearly shown in Fig. 6 with deciduous species exhibiting
considerable variation in seedlot germination rates in both treatments, while coniferous species

produced minimal variation in both the control and heated treatments (except balsam fir).

Discussion

The results of our study do not support our first hypothesis that germination success of seeds that
require long durations of cold stratification (i.e., balsam fir, white pine, red maple and sugar
maple) will decrease with warming, but rather suggest the magnitude of winter warming
projected for the Acadian Forest Region under RCP 8.5 may not affect germination success.
Although we applied a 6°C warming treatment, the heated plots maintained average seedbed
temperatures between -1 and 5°C for a total of 63.3 chilling days, which studies have shown to
be adequate for breaking dormancy in seeds that exhibit intermediate physiological dormancy
(Bonner and Karrfalt 2008, Solarik et al. 2016). Additionally, the seedbed moisture content that
was observed (approximately 50% or greater) in this experiment was sufficient, as past literature
has found that stratification substrate moisture content of 24% or greater to be adequate for
breaking physiological dormancy (Luo et al. 2020). Therefore, because seedbed temperature and
moisture of the heated plots were within suitable ranges for stratification, a significant reduction
in the germination success of the tested species with intermediate dormancy was not likely to
occur. Moreover, when comparing the winter of 2019-2020 to the historical climate data, it was

slightly warmer than the historical trend, which, presumably, should have increased the

15
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likelihood of observing a significant effect due to warming. The tested tree species that produce
seeds that are either non-dormant or lack lengthy cold stratification requirements (red spruce and

yellow birch) were unaffected by the warming treatment, which supports our second hypothesis.

Results of our study differ from several past field studies that examined the effects of future
reductions in snow depth (due to winter warming) on seed germination success. Drescher and
Thomas (2013) performed a snow removal experiment and found germination success of balsam
fir, red maple and sugar maple was significantly reduced when snow accumulation was
restricted. In their experiment, the temperature that the seeds experienced in the snow-free plots
closely tracked ambient air temperature, as no warming treatment was applied. Similarly, Milbau
et al. (2009) tested the effects of reduced snow depth on the germination success of subarctic
tundra species by exposing them to a “thin snow cover” stratification treatment. This treatment
simulated real soil temperature data that was recorded in wind-swept subarctic plots with thin
snow cover, and they found that germination success of some herbaceous and shrub species was
reduced under the “thin snow cover” treatment. Although we did not remove snow from the
plots, the heated plots had significantly less snow accumulation than the controls (Fig. 3),
however, no treatment effect was observed. Unlike past snow manipulation experiments, our
experiment simulated future winter warming by heating plot surfaces with infrared heat. This
prevented the seedbed temperature of the heated plots from closely tracking current ambient air
temperature when snow was absent and resulted in warmer seed stratification temperatures than
those observed by other studies. Previous winter warming studies that attempt to determine the
effect of reduced snow depths do not generally account for concurrent increases in ambient air
temperature with climate change, which may increase the likelihood of observing a treatment

effect due to low stratification temperatures. Drescher and Thomas (2013) and Milbau et al.
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(2009) applied stratification temperatures that were equal to or less than -5°C—well below the
effective temperature range for relieving physiological dormancy in seeds (Seeley 1997, Bonner
and Karrfalt 2008) and much colder than the average seedbed temperatures that we observed in
the heated plots (1.6°C) of our experiment. Thus, the poor germination success of dormant seeds

observed in these studies is not surprising.

While sugar maple germination success appeared to be marginally reduced by the heated
treatment, it was not as affected by winter warming as past studies have suggested. Solarik et al.
(2016) observed a significant reduction in sugar maple germination success when seeds from
Sherbrooke, Québec, Canada were stratified in a +5°C winter warming treatment carried out in a
laboratory setting. Although, the locations of sugar maple seedlots we selected were climatically
similar to those from Sherbrooke, our heated treatment did not significantly decrease sugar
maple germination success. The disagreement between results may be due to differences in
stratification temperatures—the +5°C winter warming treatment that Solarik et al. (2016) applied
had a constant incubation temperature of 8.9°C, while the average seedbed temperature of our
heated treatment was only 1.6+3.3°C. Considering the optimal temperature for sugar maple seed
dormancy release ranges between -1 to 5°C (Solarik et al. 2016), a reduction in sugar maple
germination success would be expected following stratification at 8.9°C, while a 1.6°C
stratification temperature is not likely to have a negative effect. Admittedly, due to the
programmed warming limit of 0°C between December 17t and March 15, the temperature
difference between the heated and control plots was often less than +6.0°C, which may have
reduced the likelihood of a warming effect. Nonetheless, because the average ambient air
temperature was -3.4°C over the course of the experiment, mean seedbed temperature in the

heated treatment was not likely to be frequently outside the optimal stratification temperature
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range (-1 to 5°C) for sugar maple under a +6°C warming scenario. Moreover, with the majority
of sugar maple seeds of both treatments having germinated one to two weeks prior to the end of
the experiment, it is evident that dormancy of sugar maple seeds begins to diminish early in the

winter months when the average ambient temperature is at or below 0°C.

For the deciduous species models, a high conditional R? was produced when the random effect of
seedlot was added, suggesting that germination success among seedlots varied substantially;
however, the effect of the heated treatment did not elicit a substantial variation in the individual
deciduous seedlot response as we observed with balsam fir. In these cases, dissimilarities among
deciduous seedlot vigour may have been the leading contributing factor in the observed
germination rates. The large variation in balsam fir seedlot response in the heated treatment
(relative to the other conifer species) suggests that these seedlots may differ in their sensitivity to
warming. Environmental conditions during seed maturation (maternal climate) can influence
seed dormancy and germination characteristics (Walck et al. 2011, Penfield and MacGregor
2017). Low temperatures during seed development result in higher levels of seed dormancy,
which require longer periods of moist chilling to overcome (Rampart 2019). Some of the balsam
fir seedlots that exhibited substantial declines under the heated treatment may have developed
under cooler conditions and thus required longer periods of moist chilling to break dormancy. In
addition, a high degree of intraspecific variation in seedlot dormancy traits may have increased
the range of acceptable climatic conditions for breaking seed dormancy (Bolnick et al. 2011).
The impact of these factors, together, may have contributed to the differences in seedlot
germination success that we observed in deciduous species in both treatments and the variation
in the response to warming exhibited by balsam fir seedlots. However, having observed no

significant reduction in germination success due to warming at the species level, the different
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characteristics that seeds of these species may possess will not likely preclude them from
persisting under the level of climate warming projected for the Acadian Forest Region over the

215 century.

Admittedly, some of the control germination rates of the tested species (i.e., balsam fir, red
maple and sugar maple) fell below the laboratory germination rates that were observed at the
National Tree Seed Centre (Table 1). However, the stratification environment of a field
experiment is substantially different from that of a laboratory setting in terms of environmental
constancy (Milberg and Andersson 1998), and reduced germination rates of dormant seeds have
been observed in past studies that stratified seeds in outdoor environments (Milberg and
Andersson 1998, Solarik et al. 2018). In our experiment, the largest differences between the
germination rates of laboratory-stratified and field-stratified seeds were observed with species
that produce seeds with intermediate physiological dormancy (i.e., balsam fir, red maple and
sugar maple). This is not surprising as laboratory stratification protocols are specifically
designed to optimize dormancy release by providing consistent and ideal temperature, moisture
and humidity levels (Bonner and Karrfalt 2008). Therefore, we would expect these two
stratification methods to result in different germination rates of seeds with physiological

dormancy.

Conclusions

While snow depth is predicted to decrease with winter warming along with the insulative
properties it provides, reductions in soil temperature and the consequential impact on seed
germination success may not be as severe as past field studies suggest. Additionally,

physiological dormancy of species that require long periods of cold stratification may still be
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overcome under the shorter winter seasons that are projected for the end of the 215 century in the
Acadian Forest Region. Research in the field of seed dormancy and germination has progressed
substantially in recent years; however, the genetic mechanisms that signal seeds to remain
dormant or initiate germination are not yet fully understood (Nonogaki 2017). Our study showed
that under the high-emission, business-as-usual climate change scenario, natural regeneration of
balsam fir, red spruce, white pine, red maple, sugar maple and yellow birch in the Acadian Forest
Region may not be impeded by their individual seed characteristics. However, because we did
not measure the depth of dormancy in the seedlots of the selected species with intermediate
physiological dormancy, it is possible that the seeds we used were not as inhibited by dormancy
as we assumed. Also, with the random nature in which seedlot locations were selected, the
potential magnitude of variation in seed sensitivity to warming resulting from different
environmental conditions during seed development or population genetics could not be
measured. With running the experiment for only one winter season, the typical variability in
weather patterns may have had a substantial influence on the results. Thus, determining the
specific environmental and genetic factors that may influence seed germination success under

warmer winters warrants further research.
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National Tree Seed Centre laboratory germination rates and the observed germination rates
following control and heated treatments. A power analysis determined the detectable effect size
to be a 7.6% difference in germination rates. Laboratory results were collected following the
protocol for stratification (if necessary) and germination outlined in Bonner and Karrfalt (2008).
The first two (before the year 2000) or four numbers (after and including the year 2000) in the
seedlot code specify the collection year. Full seedlot details can be found in the National Tree
Seed Centre Seed Database online.

Laboratory Treatment germination rates (%)
Species Seedlot germination rate Control Heated
(%) Seedlot Species Seedlot Species

20021325 51.5 34.5 47.5
: 20021327 66.5 30.0 14.5

Abies balsamea 20021331 675 30.5 354 35 254
20021332 61.0 46.5 36.0
9610241 88.5 88.5 80.5
: 9810257 72.0 74.5 91.5

Picea rubens 9310269 76.0 25.0 86.6 790 85.3
20001207 98.5 98.5 90.0
20001173 90.0 95.5 96.5
: 20001176 95.5 95.0 82.0

Pinus strobus 20001177 100.0 080 00 990 923
20001178 100.0 95.5 91.5
20021025 91.0 43.5 38.0
20021026 80.0 28.5 26.0

Acer rubrum 20021064 74.0 705 0 955 34
20021067 96.0 72.0 74.0
20021132 62.0 54.0 50.5
20021136 56.0 49.0 38.5

Acer saccharum 20021144 570 415 55.1 330 49.0
20081147 65.0 76.0 74.0
20001104 60.5 71.0 69.0

Betula 20021103 80.5 77.5 725 74.5 778

alleghaniensis 20021124 91.0 80.5 ' 79.5 '

20021125 82.5 85.0 88.0
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577 Table 2.

578  Effect of heated treatment on seed germination rate of balsam fir, red spruce, white pine, red

Canadian Journal of Forest Research

579 maple, sugar maple and yellow birch (a < 0.05).

Species F- P-
value value
Balsam fir 1.329 0.29
Red spruce 0.003 0.96
White pine 0367  0.57
Red maple 0.024  0.88
Sugar maple 0.455 0.53
Yellow birch 0.003 0.95
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Table 3.

Comparisons between species’ models with the random effect of plot (nplot) and models with the
additional random effect of seedlot (7Tseeqior). Small-sample-corrected Akaike’s Information
Criterion (AICc) were used to determine whether model fit significantly improved with the
addition of the random effect of seedlot. The difference in criterion value with the best fit model
is shown with AAICc (0* represents best fit model). Marginal and conditional R? values were
calculated to quantify the variation explained by the fixed effect of treatment (T') and the
additional variation accounted for by the random effects (1,o; and Tgeeqior), respectively.

T + Tplot T+ Tplot + TMseedlot
Species AAICc  R% R? AAICc  R% R%
Balsam fir 0* 0.04 0.06 2.33 0.04 0.16
Red spruce 0* 0.00 0.12 3.30 0.00 0.14
White pine 0* 0.02 0.13 1.17 0.01 0.31
Red maple 9.65 0.00 0.00 0* 0.00 0.60
Sugar maple 16.81 0.02 0.19 0* 0.02 0.78
Yellow birch 3.96 0.00 0.00 0* 0.00 0.38
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[ cale *"'Irrfkared heater

temperature senso

591

592  Figure 1. Seed plot layout and design: (a) arrangement of the 24 seed bags within one seedbed
593 and locations of the soil temperature and moisture sensors; (b) the seedbed after the seed bags
594  were covered with peat moss; (c) the entire site where the eight plots were set up in two rows of
595 four (the closest plot was not used) and the location of one of the ambient air temperature

596 sensors; and (d) location of the seedbed relative to the infrared heater and infrared temperature
597  sensor.
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Plot Surface Temperature vs. Ambient Air Temperature

*-  Ambient Temperature
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Plot Seedbed Temperature vs. Ambient Air Temperature
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- Control Seedbed Temperature
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Figure 2. Winter temperature variation between ambient air temperature and (a) surface
temperature of control and heated plots, and (b) seedbed temperature of control and heated plots.
Technical difficulties with the network resulted in missing data on the following dates:
December 28 to January 6™, January 8, and January 24™ to 26, Red dotted line indicates the
end of the programmed 0°C temperature limit.
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Figure 4. Daily mean treatment maximum (a) and minimum (b) seedbed temperatures of control
and heated plots. Technical difficulties with the network resulted in missing data on the

following dates: December 28 to January 6%, January 8%, and January 24 to 26%. Red dotted
line indicates the end of the programmed 0°C temperature limit.
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618 Figure 5. Mean (+ 1 SE) germination results for six species (BF = balsam fir, RS = red spruce,
619 WP = white pine, RM = red maple, SM = sugar maple, YB = yellow birch) in control and heated
620 plots. Each bar represents four replicate plots containing four seed bags (50 seeds per bag from
621 one of four seedlots) totaling 800 seeds.
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(BF = balsam fir, RS = red spruce, WP = white pine, RM = red maple, SM = sugar maple, YB =
yellow birch) in control and heated plots. Each bar represents four replicate plots, with each plot
containing 50 seeds of one seedlot, totaling 200 seeds.
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