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affect post-winter seed germination: a case study of
three cold-temperate tree species
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ABSTRACT: Climate change is leading to increased temperatures globally, which may be especially pronounced in cold-temperate regions. During winter, this may cause changes to thermal
insulation provided by snow cover to the ground and lead to altered soil and litter layer temperature regimes, affecting plant regeneration and species’ ranges through frost damage. I investigated the effects of changing snow cover and litter temperature regimes on post-winter seed germination of 3 cold-temperate tree species, using snow manipulation and passive warming
approaches. Snow manipulation and passive warming led to modest but complex changes in litter
layer temperature regimes and caused responses in post-winter seed germination, increasing or
remaining constant depending on species and treatment. Despite the modest differences in snow
cover and litter temperature among treatments, post-winter seed germination varied up to 3-fold.
The results suggest that tree seeds may be susceptible to modest changes in winter conditions as
expected in the intermediate term under climate change and may be affecting future forest regeneration and species composition. The mechanisms underlying the observed seed germination
response are currently unknown, but possible hypotheses are presented. If confirmed, these
mechanisms may be involved in the re-assembly of future species−habitat relationships and control of species’ biogeographic ranges.
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In most cold-temperate regions of the world, the
ground is largely snow covered for the majority of the
winter period. This snow cover provides important
thermal insulation, protecting ground vegetation and
litter from very low ambient air temperatures and
potentially from freeze−thaw events (Decker et al.
2003). Climate change effects are expected to cause
a global rise in air temperatures, which might be
especially pronounced during winter and in colder,
higher-latitudinal regions, leading to a reduction in
extent and duration of the snow cover period (Meehl
et al. 2007). Unfortunately, climate change effects in

cold-temperate regions have been less intensely
researched (Kreyling 2010) than effects in sub-alpine
(Bjork & Molau 2007) and sub-arctic regions (Wahren
et al. 2005). The scarcity of studies investigating climate change effects on the winter ecology of coldtemperate regions contributes to our uncertainty
about future environmental conditions in these
regions (Campbell et al. 2005).
The duration and depth of snow cover in a region
depend on temperature and precipitation regimes
(i.e. average values as well as temporal variability)
during the cold season. However, temperature and
precipitation differ in their temporal and spatial variation across scales. Global and regional climate models
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largely agree in their predictions for increased winter
temperatures in northern latitudes (Christensen et al.
2007, Colombo et al. 2007). However, predictions of
precipitation patterns vary between regions and are
less certain, with some models predicting increased
winter precipitation while other models predict decreases (Christensen et al. 2007, Colombo et al. 2007).
It is likely that many high-latitude regions will experience an increase in winter snow accumulation, while
other regions might experience no change or a decrease (Brown & Mote 2009). Despite predicted increases in global temperatures, high-latitude winter
air temperatures will continue to reach very low values during regional cold spells (Shabbar & Bonsal
2003). If decreased duration and depth of snow cover
coincide with such low winter temperatures, the
counter-intuitive effect of global warming can be decreasing winter soil temperatures (Brown & DeGaetano 2011). It is also expected that changes to winter
snow and temperature regimes will lead to altered
frequencies of freeze−thaw cycles (Henry 2008).
Early life stages of trees, including seeds, are often
protected from very low winter air temperatures and
freeze−thaw cycles by a thick snow pack, but when
snow cover is shallow, these early life stages may
experience very low temperatures or freeze−thaw
cycles. Adaptations that allow survival at low temperatures include the production of freezing-tolerant
membrane constituents (Thomashow 1999). These
adaptations, however, require resource investments
that may lead to a fitness cost of the acquired cold tolerance (Agrawal et al. 2004). Because of this tradeoff, it is likely that investments in cold tolerance are
limited and fine-tuned to normal winter temperature
regimes. Further, because the current rate of climatic
change is fast compared to the typical generation
length of trees, selection processes may be too slow
for many tree species to be able to adapt to changing temperatures. Therefore, if temperature regimes
move outside their normal range, injury or mortality
may occur, as demonstrated by Hawkins et al. (2003)
in a study on the frost tolerance of conifer seeds.
In a recent snow manipulation study, Drescher &
Thomas (2013) found that post-winter germination of
seeds of cold-temperate tree species was strongly
affected by manipulated snow regimes. However,
snow regimes and temperature regimes in that study
differed strongly between treatments (average and
minimum temperatures differed by 5 and 21°C, respectively). These temperature differences might be
more severe than the variation expected due to climate change. Therefore, the question arises whether
more modest differences in snow and temperature

regimes, as they are expected under climate change,
might also affect post-winter seed germination. Climate model projections for the study region suggest
average winter temperature increases of 2 to 4°C by
the end of the century (Christensen et al. 2007,
Colombo et al. 2007). If it were found that even these
smaller temperature differences affect post-winter
seed germination, then this would be further evidence suggesting consequences of climate warming
for forest regeneration dynamics. Moreover, if seed
germination responses are species-specific, then the
abundance of certain tree species and thus species
composition of future forests may also be affected.
Here I employed a snow manipulation approach in
combination with passive warming through open-top
chambers (OTCs), to investigate the effects of snow
and temperature regimes on post-winter seed germination of 3 tree species native to the study region.
Predictions for this region point toward winter temperature increase, but are inconsistent for future
snowfall (Christensen et al. 2007, Colombo et al.
2007). Therefore, all snow manipulation treatments
(reduced, natural and added snow) included passive
warming. The objectives of this study were to determine (1) whether passive warming leads to changed
freeze−thaw cycles of the litter layer relative to control conditions, (2) whether manipulated snow leads
to changed temperature and frequency of freeze−
thaw cycles of the litter layer relative to natural snow,
(3) whether modest snow and temperature regime
changes affect the post-winter germination of tree
seeds and (4) whether this post-winter seed germination response is species-specific. I expected that
reduced snow cover would lead to increased exposure of the litter layer to low winter temperatures
and to increased frequency of freeze−thaw cycles,
which would decrease post-winter seed germination,
whereas added snow cover would have opposite effects. Further I expected that passive warming would
lead to a rise in average litter layer temperatures,
leading to increased freeze−thaw cycles and decreased post-winter seed germination.

2. MATERIALS AND METHODS
2.1. Snow and temperature regime experiment
I studied the effects of overwintering conditions
(i.e. snow cover and temperature) on post-winter
seed germination of 3 tree species common to the
Great-Lakes-St.-Lawrence forest region of northeastern North America. I chose 2 deciduous angio-
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sperms and 1 conifer. The deciduous species were
green ash Fraxinus pennsylvanica Marsh. and sugar
maple Acer saccharum Marsh., and the conifer was
eastern white cedar Thuja occidentalis L. Seeds for
all species were collected from apparently naturally
occurring trees within a maximum distance of 50 km
surrounding the experimental site. The altitude of
the collection sites ranged from 336 to 353 m, and
they were located more than 500 km (sugar maple),
900 km (eastern white cedar) and 1000 km (green
ash) south of the northern species limit. Climate normals for a regional weather station (Environment
Canada 2014) indicate that the tree populations
should be adapted to cold winters (Table 1).
The site of the experiment was a maple-beech forest in the Environmental Reserve of the University of
Waterloo, Ontario, Canada (43° 28’ N, 80° 34’ W, altitude: 341 m). The region surrounding the site is characterized by a humid continental climate with very
warm summers and cold winters (Table 1). The experiment was carried out in the winter of 2011−2012
using 4 treatments that differed in the type of snow
cover manipulation and the presence of OTCs: (1)
natural snow without OTC (control), (2) natural snow
with OTC (OTC-n), (3) reduced snow with OTC
(OTC-r) and (4) added snow with OTC (OTC-a).
The guiding principle of the experimental design
was to simulate expected conditions under climatic
change. Passive warming was added to all snow
treatments except the control. The control treatment
(natural snow without OTC) was placed midway between extreme snow treatments (removal and addition) to ‘anchor’ the snow manipulations with OTCs
to natural conditions. This approach was likely to
deliver maximum information given that a full factorial design was hindered by logistical limitations.
OTCs are often used in climate change experiments as a simple and reliable method to raise air
temperatures. Typical increases of daily mean temperature are about 2°C (Marion et al. 1997). This is
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not a strong temperature difference, but lies within
the temperature change range expected under climate change for the study region (Christensen et al.
2007, Colombo et al. 2007) and was therefore suitable for this experiment. Open-top hexagon chambers were constructed following the International
Tundra Experiment protocol (Marion 1996) and were
0.5 m tall with a distance of 1.5 m between the top
edges of opposing sides. Instead of using fibreglass
panels (Marion 1996), I used sturdy, transparent
polyethylene film with 92% optical transmission
(Dura Film® Super 4™, AT Plastics) to cover the
chamber sides. ‘Natural snow’ was snow cover that
naturally accumulated and ablated. ‘Reduced snow’
was snow cover whose natural accumulation was
reduced by covering the tops of OTCs with a rigid
plastic mesh with approximately 1 cm hole size. The
holes were large enough for some snow to fall
through the mesh and settle onto the ground below.
However, most snow settled on top of the mesh from
where it was removed with shovel and broom within
24 h after each significant snowfall event. All residual snow that could not be removed from the top of
the mesh was brushed through the mesh and settled
on the ground below. ‘Added snow’ was snow cover
whose natural accumulation was increased by transferring to it the snow that was removed from the
OTC-r treatment. All snow transferred to the OTC-a
treatment was deposited directly surrounding and on
top of seed cages located inside the OTCs. Snow in
the OTC-r and OTC-a treatments ablated naturally.
Each of the 4 treatments was replicated in 5 different locations, randomly chosen in an approximately
0.25 ha area at the experimental site. The distance
between replicate plots of each treatment ranged
from approximately 5 to 20 m. Each replicate consisted of 3 seed bags, 1 bag for each species. Seed
bags were filled with approximately 30, 21 and 8
seeds for eastern white cedar, green ash and sugar
maple, respectively (the number of seeds for sugar

Table 1. Selected climate normals (1981−2010) for the regional weather station (Waterloo Wellington A) closest to the
experimental site (Environment Canada 2014)

No. days
with
snowfall
Dec
Jan
Feb
Mar
Apr

14.4
16.1
11.9
9.0
3.3

Snow regime
Monthly
Extreme
Mean
snowfall daily snowfall depth
(cm)
(cm)
(cm)
37.2
43.7
30.3
26.5
7.3

22.4
16.8
17.8
21.2
22.9

5
11
11
6
0

Extreme
depth
(cm)

Number of
days with
max. ≤0°C

50
58
74
77
18

14.0
20.7
15.7
9.2
0.6

Temperature regime
Daily Daily Daily Extreme Extreme
mean min. max.
min.
max.
(°C)
(°C)
(°C)
(°C)
(°C)
−3.3
−6.5
−5.5
−1.0
6.2

−6.8
−10.3
−9.7
−5.6
0.8

0.2
−2.6
−1.2
3.6
11.5

−27.2
−31.9
−29.2
−25.4
−16.1

18.7
14.2
13.7
24.4
29.2
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maple was lower because of a very small seed crop in
the region). This resulted in 4 treatments × 5 replicates × 3 species × approximately 30 (21 or 8) seeds =
approximately 1180 seeds in total.
Seed bags were made from light fabric nylon stockings (mesh size ~0.1 mm), which provide little thermal insulation and allow free exchange of gas and
moisture between the interior and exterior of the
bags. To protect the seed bags from predation, they
were deposited in small chicken-wire cages (mesh
size ~1 cm). Seed bags inside the cages were covered
with a litter layer that was a few leaves thick, to simulate close to natural seed deposition in the litter
layer. Next to the seed bags, and also covered with
litter, each cage contained a temperature sensor
(LogTag® TRIX-8, LogTag® Recorders) that recorded air temperature at 30 min intervals. Additionally, I measured ambient air temperature at 30 min
intervals using the same type of temperature sensor.
The air temperature sensor was installed 1.5 m above
ground under cover of a large, turned-over white
plastic container that provided constant shade to the
temperature sensor. Airflow through the container
was possible from below and through a series of slots
cut into all 4 sides.
Snow depth was measured in all replicates after
each significant snowfall event (after snow manipulation), after each significant melting event, and at
intermittent times (28 times over a period of approximately 18 wk). Surrounding each seed cage, snow
depth was measured in 3 to 4 locations to the nearest
millimetre and averaged to represent snow cover of
the replicate at that time.

over a period of approximately 4 wk and germinants
counted per species. Seeds that showed evidence of
an emerging radical were classified as ‘germinated’
and removed from the plastic bags. Seeds that did
not show an emerging radical remained in the plastic bags until the end of the observation period
when they were classified as ‘non-germinated’.
Although some cold-temperate tree species can
show prolonged seed dormancy and seeds may germinate up to 3 yr after dispersal, the vast majority of
seeds of cold-temperate tree species in the GreatLakes-St.-Lawrence forest region germinate within
1 yr after dispersal (Burns & Honkala 1990). Even if
one were to suspect prolonged dormancy, it is reasonable to assume that germination in Year 1 would
also be indicative of germination levels in subsequent years.

2.3. Statistical analysis
Germination data were analysed with logistic
regression models as described by Agresti (2002).
Probability of germination was used as response
variable, while treatment and species were used as
explanatory variables, both classified as nominal factors. Additionally to these main factors, the interaction term treatment × species was included in the
model. Also, plot was initially included as random
factor in the analyses. Accordingly, the function used
for logistic regression analysis was glmer (package
‘lme4’), allowing the fitting of generalized linear
mixed models (GLMMs; Zuur et al. 2009):
Yij ~Bin(1,pij)

2.2. Germination test
Prior to the experiment, all seeds were kept in a
refrigerator at 4°C, except when handled (e.g.
cleaning of seeds and removal of aborted seeds) or
when in transport. Seed bags were deposited on 13
December 2011 and were retrieved from the field
on 16 April 2012, after which they were moved to a
refrigerator. Germination was tested in the lab to
control environmental factors as much as possible
and to eliminate the risk of seed predation. In the
period of 16 to 18 April, all seed bags were emptied
and seeds transferred to moist paper tissues. Desiccation of the paper tissues was limited by depositing
them in partially open, clear plastic bags. The plastic bags were deposited on the bottom portion of a
greenhouse workbench and shielded from direct
sunlight with shade cloth. The seeds were observed

(1)

logit(pij) = α + β1 × Speciesij + β2 × Treatmentij
+ β3 × Speciesij × Treatmentij + ai
(2)
ai ~N(0,σa2)

(3)

Here, Yij is 1 if a seed j is in plot i and 0 otherwise.
Logit indicates the logistic link for the binary germination response in the GLMM, BIN is binominal response, pij is the probability that seed j in plot i germinates, α and β are fitted parameters, Speciesij
indicates the species of seed j, Treatmentij indicates
the treatment experienced by seed j, ai is the random
intercept embodying the random plot effect, which is
assumed to be normally distributed with mean 0 and
variance σa2.
Quantifying the random factor variance showed
that it was close to 0 and therefore of negligible effect
on probability of germination (Zuur et al. 2009). Con-

2
2
9
10
26.3
26.7
30.8
28.8
33.2
−3.0
−2.9
−5.8
−4.5
−13.5

Warm period
Temperature regime
Mean Absolute Absolute
No. of
(°C)
min.
max. freeze−thaw
(°C)
(°C)
cycles

7.7
7.3
8.0
6.8
8.0
2
2
1
2
1.1
4.9
10.9
4.3
0.2
1.2
3.8
1.1
24
16
10
17
8.9
5.0
8.2
8.2
14.9
−7.5
−7.1
−7.7
−9.8
−19.2
−0.4
−0.4
−0.6
−0.8
−2.0
3
2
1
3
4.2
10.0
21.5
10.0
1.4
4.0
12.8
3.9

The temperature measurements showed that leaf
litter temperature in all 4 treatments as well as air
temperature fluctuated strongly during the period of
observation (Fig. 2). However, the temperature
measurements also showed that (1) leaf litter temperature in all 4 treatments fluctuated less strongly than
air temperature, and (2) around 8 March a change in
the temperature regime occurred. While the winter
period before 8 March was already warmer and
snow-poorer than normal (compared to the 1961−
1990 average, Environment Canada 2012a), midMarch was characterized by a strong warming event
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Treatment
OTC-r
OTC-n
OTC-a
Control
Air

3.2. Temperature regimes

Snow regime
Mean Max.
No. of
depth depth complete
(cm)
(cm) snow losses

Snow depth measurements showed that snow
cover fluctuated strongly in all 4 treatments and that
the treatments led to pronounced differences in snow
regimes (Table 2, Fig. 1). As expected, the OTC-r
treatment caused reduced snow cover compared to
the other 3 treatments, never exceeding a snow
depth of more than approximately 4 cm. This treatment also led to the highest number of days without
snow cover (Fig. 1). Also as expected, the OTC-a
treatment led to the most extensive snow cover,
reaching a maximum snow depth of approximately
22 cm. In this treatment, the number of times when
snow cover was completely lost was smallest
(Table 2). Both natural snow treatments (i.e. with and
without passive warming) led to intermediate snow
regimes with maximum snow depth of approximately
10 cm and 4 to 5 periods when snow cover was completely lost. Visual investigation of these 2 treatments
shows that the snow regimes in both treatments were
virtually identical (Fig. 1).

Temperature regime
Mean Absolute Absolute
No. of
(°C)
min.
max. freeze−thaw
(°C)
(°C)
cycles

3.1. Snow regimes

Cold period

3. RESULTS

Snow regime
Mean Max.
No. of
depth depth complete
(cm)
(cm) snow losses

sequently, the random factor was removed from the
models and subsequent analyses continued with
generalized linear models (GLMs) using the function
glm (Package ‘stats’). Effects of individual factors
were investigated by comparing nested models with
a χ2 test. Additionally, post hoc multiple comparisons
of treatment levels were performed when GLMs
indicated significant treatment effects and were performed with appropriate contrast settings in the glm
function. All analyses were performed with R version
3.0.2 (R Foundation for Statistical Computing).

Table 2. Some characteristics of the snow regimes and temperature regimes of ambient air and leaf litter layer in 4 snow and passive warming treatments in the seed
germination experiment — OTC-r: open-top chamber with passive warming and reduced snow; OTC-n: passive warming and natural snow; OTC-a: passive warming
and added snow; control: natural temperature and natural snow. All values are averages of 5 replicates, except for air, which was not replicated. Values are presented
by cold period (82 d, 17 December–7 March) and warm period (39 d, 8 March–15 April)
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30

OTC-r
OTC-n
OTC-a
Control

Snow depth (cm)

25

20

15

10

5

0
17 December

26 January

7 March

15 April

Fig. 1. Seasonal snow depth variations for 4 combinations of
snow manipulation and passive warming (OTC-r, OTC-n,
OTC-a and control — see Table 2 for explanation of treatment
codes) in the seed germination experiment. Presented values
are averages of 5 replicates

(Environment Canada 2012b). For this reason, the
snow and temperature regimes are divided into a
cold period (17 December–7 March) and a warm
period (8 March–15 April).
During the cold period, air temperature was on
average −2.0°C, ranging from −19.2 to +14.9°C
40

30

(Table 2). Leaf litter temperatures for all treatments
were less extreme, showing higher minimum and
lower maximum temperatures. Among passive
warming treatments (i.e. with OTCs), no pronounced
difference was found in average or minimum temperatures. The maximum temperature, however, was
about 3 to 4°C lower in the OTC-n treatment than in
the OTC-r and OTC-a treatments. Interestingly, the
number of freeze−thaw cycles shows a negative relationship with the amount of snow (decreasing frequency from reduced, to natural, to added snow).
Compared to the treatment with natural temperature
and natural snow (control), the passive warming
treatment with natural snow (OTC-n) led to a higher
average temperature and less extreme minimum and
maximum temperatures, but a comparable number
of freeze−thaw cycles (Table 2).
During the warm period, air temperature was on
average + 8.0°C, ranging from −13.5 to + 33.2°C
(Table 2). Leaf litter temperatures for all treatments
were again less extreme than air temperatures, as
shown by lower minimum and higher maximum temperatures. Compared to the cold period, deviation of
litter temperatures from air were less pronounced.
Among passive warming treatments (with OTC), the
OTC-r and OTC-n treatments were very similar in
temperature and number of freeze−thaw cycles. The
OTC-a treatment, however, showed the highest average and maximum temperature and the lowest mini-

OTC-r
OTC-n
OTC-a
Control
Ambient air

Temperature (C)

20

10

0

–10

–20

–30
17 December

26 January

7 March

15 April

Fig. 2. Diurnal winter temperature variations for ambient air and for the leaf litter layer for 4 combinations of snow manipulation
and passive warming (OTC-r, OTC-n, OTC-a and control — see Table 2 for explanation of treatment codes) in the seed germination experiment. Presented values are averages of 5 replicates, except for ambient air, which is only 1 replicate. Vertical
broken line: beginning of the warm period
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mum temperature; additionally, its number of freeze−
thaw cycles was more than 4 times higher compared
to the other passive warming treatments (Table 2).
The control treatment (natural temperature and snow)
led to a lower average temperature, more extreme
minimum and maximum temperatures and an increased number of freeze−thaw cycles when compared to the passive warming treatment with natural
snow (OTC-n) (Table 2).
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Table 3. Log likelihood ratio test of predictors in the multispecies seed germination model. Treatment is a combination of snow manipulation with passive warming (control,
OTC-r, OTC-n, and OTC-a — see Table 2 for explanation of
treatment codes)
Predictor

df

χ2

p

Species
Treatment
Treatment × Species

2
3
6

91.41
8.67
14.53

< 0.001
0.034
0.024

3.3. Post-winter seed germination
Post-winter seed germination was initially analysed using treatment and species as fixed factors
and plot as random factor. The analysis with the full
GLMM showed that the estimated random factor
variance was 0.0028. This small value indicates that
plot had a negligible effect on seed germination and
was therefore excluded from further analyses.
Subsequent analyses with GLMs focused on the
fixed factors treatment and species. A model with
species as sole predictor provided a significantly
improved fit over an intercept-only model (χ2 = 90.37,
df = 2, p < 0.001, AICintercept = 1563.5, AICspecies =
1477.1, where AIC is Akaike’s information criterion).
A model that used both species and treatment as
main factors provided a significantly improved fit
over the species-only model (χ2 = 8.67, df = 3, p =
0.034, AICspecies = 1477.1, AICspecies+treatment = 1474.5).
Finally the full model that included the species ×
treatment interaction term provided a significantly
improved fit over the main effect-only model (χ2 =
14.53, df = 6, p = 0.024, AICspecies+treatment = 1474.5,
AICspecies×treatment = 1471.9).
The significantly improved fit of the model with the
species × treatment interaction term indicates that
the 3 species differed in their response to the treatments (Table 3). Logistic regression analyses of treatment effects on germination at the level of individual
species support this finding (Table 4). The results of
these analyses indicate that germination of sugar
maple and green ash differed between treatment
levels, but that germination of eastern white cedar
was unaffected. Multiple comparison of treatment
levels at the individual species level (Fig. 3) show
that for sugar maple, probability of germination was
significantly higher for reduced snow treatment (z =
2.94, p < 0.001) as well as for added snow treatment
(z = 2.13, p = 0.033) than for the control treatment. For
green ash, probability of germination was significantly higher for reduced snow treatment (z = 2.58, p
< 0.010) than for the control treatment. Probability of

Table 4. Log likelihood ratio test of treatment effect in the
seed germination model at the individual species level.
Treatment is a combination of snow manipulation with passive warming (control, OTC-r, OTC-n, and OTC-a — see
Table 2 for explanation of treatment codes)
Species

df

χ2

p

Sugar maple
Green ash
Eastern white cedar

3
3
3

9.97
7.81
5.42

0.019
0.050
0.144

germination was also higher for the added snow
treatment than for the control treatment, but this was
not statistical significant (z = 1.94, p = 0.053).

4. DISCUSSION
The results suggest that leaf litter temperatures are
on average increased and moderated by the passive
warming treatment (natural snow with vs. without
OTC). Frequencies of freeze−thaw cycles of both
treatments were equivalent during the cold period,
but lower for the passive warming treatment during
the warm period. The snow manipulation results suggest that the litter temperature response depends on
the seasonal weather conditions. During the cold
period, freeze−thaw cycles in the snow manipulations plots were negatively related to snow cover,
while during the warm period, freeze−thaw cycles
were positively related to snow cover.
The results of the germination tests suggest that
post-winter seed germination was affected by snow
manipulations and passive warming and that these
effects were species-specific. Overall, seed germination for sugar maple and green ash was higher in the
passive warming treatments with either reduced or
increased snow cover, while it was generally lower in
the treatments with natural snow cover (with and
without passive warming). Although a fully factorial
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Probability of germination

1.0

ACSA

FRPE

THOC

0.8
a

a
a

a

0.6
ab

a
a

a
ab

0.4

ab
b

b
0.2

0.0
OTC-r OTC-n OTC-a Control

OTC-r OTC-n OTC-a Control

OTC-r OTC-n OTC-a Control

Treatment
Fig. 3. Probability of post-winter germination for seeds of 3 cold-temperate tree species under 4 combinations of snow manipulation and passive warming (control, OTC-r, OTC-n and OTC-a, see Table 2 for explanation of treatment codes). Shown is the probability of germination plus standard errors. Treatments that do not share the same letter are significantly different (p < 0.05).
ACSA: sugar maple, FRPE: green ash, THOC: eastern white cedar

design would provide for stronger inference, this
observation points toward the possibility that snow
cover had a stronger effect on seed germination than
passive warming. Despite the relatively small differences in snow cover and litter temperature among
treatments, seed germination for sugar maple almost
tripled and for green ash doubled under favourable
conditions, suggesting possible effects on forest regeneration dynamics and the potential for alterations
in future tree species abundance given current climate change projections.

4.1. Snow and temperature regimes
The snow manipulations achieved the desired aim
of respectively increasing and reducing snow cover
(Table 2). Average snow depth in the snow addition
plots continued to build until mid-February, when it
reached its peak of 21.5 cm. A similar build-up was
not observed in the other treatments, because of
more regularly occurring complete snow loss.
Throughout the observational period, snow depth in
the snow addition plots was approximately 3 and 9
times larger than in the natural snow and snowreduction plots, respectively. Parallel to this, the frequency of complete loss of snow cover increased
from snow addition to natural snow and snow reduction plots. Interestingly, snow cover in the natural
snow treatments with and without passive warming
(i.e. OTC-n and control) was virtually identical
(Fig. 1). Danby & Hik (2007) found that OTCs can
have variable effects on snow cover: either increas-

ing, decreasing or not affecting snow depth. The results of the current study do not suggest the existence
of any substantial effects of OTCs (i.e. physical structure or passive warming) on snow accumulation
given the experimental conditions (i.e. cold-temperate forest interior during a relatively warm and snowpoor winter, Environment Canada 2012a).
The effects of the snow manipulations on leaf litter temperatures were complex and at times different from expectations. However, complex responses
have to be embraced when considering realistic
climate change experiments (Kreyling & Beier
2013). Even during the cold period, snow in the
snow-reduction plots melted and became very
shallow when on warm days air temperatures increased above 0°C. On those days, the litter layer
in the snow-reduction treatment warmed up, which
largely negated any temperature differences between the snow-reduction and snow-addition treatments. Because of the lack of insulation from a
thick snow cover, the temperature in the snowreduction plots often followed the daily fluctuations
of the ambient air temperature (Fig. 2), which led
to twice as many freeze−thaw cycles as in the
snow-addition plots. This freeze−thaw cycle response
is in line with other studies. For example, Decker
et al. (2003) found that during a warm, snow-poor
winter, shallow soil layers in snow-free plots had
increased numbers of freeze−thaw cycles relative
to control plots with snow.
The warm period was the time when melt-out
occurred for all treatments, with melt-out dates ranging from approximately 9 March (snow-reduction
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treatment) to 19 March (snow-addition treatment).
During this time, the snow-addition plots showed a
higher average litter temperature, higher temperature range and larger number of freeze−thaw cycles
than the snow-reduction plots. Interestingly, the
effects of snow cover on freeze−thaw cycles depend
on surrounding conditions; during the cold period,
snow addition reduced the number of freeze−thaw
cycles, but during the warm period, it increased
them, reflecting both the insulating effect of thick
snow cover and the temperature-lowering effect of
shallow snow cover (Zhang 2005).
The effects of the snow manipulations on litter
layer temperatures stand in contrast to the results of
other studies. For example, in a snow manipulation
study by Simons et al. (2010), soil surface temperatures in plots without insulation reached very low
sub-0 temperatures while they remained close to
0°C under natural snow cover. However, the study
of Simons et al. (2010) differed from the current
study in their snow and temperature regimes. While
in their study heavy snowfall occurred frequently
and air temperature often fell to very low temperatures, in the current study heavy snowfall occurred
seldom and air temperatures were much milder.
The unexpected litter layer temperature effects of
the snow manipulations in the current study may
therefore be the result of the mild and snow-poor
winter.
The OTCs were moderately effective in causing
the desired passive warming effect (Table 2). During
both the cold and the warm period, the average and
absolute minimum temperatures were higher with
passive warming than without. However, against
expectation, the frequency of freeze−thaw cycles
without passive warming was higher than with
passive warming. Additionally, absolute maximum
temperatures were lower with passive warming than
without. Complex temperature responses caused by
snow manipulations and passive warming have also
been found in other studies (Bokhorst et al. 2013).
The results of Marion et al. (1997) for a variety of passive warming experiments show that desired increases in air temperature can be limited for certain
locations, times of day or seasons. Moreover, the
results of Dabros et al. (2010) show that OTCs can
sometimes lead to cooling, possibly caused by cold
air that is trapped in a chamber and cannot mix with
surrounding warmer air. Marion et al. (1997) discussed multiple factors that may affect the temperature response in passive warming devices, including
convective heat loss by wind, vegetation shading
and efficiency of the chamber heat trap. Given the
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forested location of the experimental site and the
open design of the chambers, it is possible that in the
current study, decreased maximum litter temperatures in passive warming plots were the result of any
of these factors.

4.2. Seed germination
The 3 species differed in their seed germination
response to the treatments, although the experimental design does not allow for strong inference regarding the individual effects of the 2 factors (snow
manipulation vs. passive warming) or their interaction. For sugar maple and green ash, the analyses
suggest that a combination of snow reduction and
passive warming increased post-winter seed germination relative to the control treatment, while added
snow and passive warming led to increased seed germination only for sugar maple. Passive warming
alone did not affect seed germination for either of
these species. For eastern white cedar, none of the
snow manipulation and passive warming treatments
had a significant effect on post-winter seed germination. Despite the modest treatment effects, the results
show that germination differed — and for sugar
maple strongly so — among treatments. Of course,
forest regeneration dynamics are affected by processes that occur throughout various life stages of
trees including, for example, seedlings and saplings.
However, the current results suggest that changes to
winter and snow conditions in cold-temperate regions may affect seed germination and may contribute to changes in future forest regeneration
dynamics. Additionally, the results indicate an interaction between treatment and species, which suggests species-specific effects of snow cover and litter
temperature and consequently the potential for
future changes in forest species composition (Henne
et al. 2007). Finally, because snow regime changes
are expected to occur at regional scales (Venäläinen
et al. 2001), changing snow conditions may have the
potential to change species’ ranges.
The current study focused on investigating whether
modest snow and temperature regime changes can
affect tree seed germination and did not attempt to
reveal any potential mechanisms underlying this
response. Therefore, I can only speculate about
the potential mechanisms. The increased germination following both reduced and added snow for
sugar maple (and to some extent green ash) may
suggest that natural snow provided ‘Goldilocks’ conditions for a process that acted to limit post-winter
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germination. Deviations from these conditions (either
positive or negative) led to a reduction in the limiting
process and therefore increased post-winter germination. This process may be related to biochemical
dynamics of germination inhibitors (Webb et al.
1973). However, I speculate that another possible
process could be the effect of soil pathogens on overwintering seeds. For example, O’Hanlon-Manners &
Kotanen (2004) reported increased seed germination
in white birch after fungicide application in the field.
Kenerley & Bruck (1983) found a negative relationship between winter soil temperature and propagule
density of a pathogenic soil fungus. Cho et al. (2007)
found that seed infection with pathogenic fungi
showed variable relationships with snow cover (positive, negative or no effect). These results show that
the effects of winter conditions on soil pathogens
and, by extension, on overwintering seeds, cannot
easily be generalized. Instead, they are speciesspecific and vary with winter conditions. A possible
hypothesis based on the current results is that
changed snow cover and litter layer temperature regimes in snow-manipulation treatments depresses
soil pathogen activity and therefore leads to increased post-winter seed germination.

4.3. Efficacy of experimental treatments
Earlier studies manipulated snow with shovels
(Templer et al. 2012) or with snow fences (Natali et
al. 2011). However, in my study, falling snow was
intercepted with a rigid plastic mesh, leading to a
reduction in snow depth in the affected plots, and
then transferred to snow addition plots. To my
knowledge, this method has never been used before,
but it has advantages compared to shovelling and
snow fences. First, the danger of disturbing low vegetation or the litter layer, as is the case when removing snow by shovelling, is eliminated when falling
snow is intercepted with a mesh. Second, the wind
field in forests tends to be weaker and more spatially
variable compared to treeless areas (Blanken et al.
2009), leading to higher variability in snow deposition (Trujillo et al. 2009). This makes snow fences less
effective in forest interiors, whereas the snow interception method can be used without problem. A
potentially complicating factor of using a mesh to
intercept snow may be that the mesh effect varied
somewhat with snow characteristics. For example,
small sized graupel tended to fall through the mesh
while ordinary snowflakes settled on the mesh. A
more process-oriented analysis of snow manipulation

experiments would have to be sensitive to these differences.
A drawback of any snow treatment that manually
adds snow is the unavoidable compaction of redistributed snow. Compacted snow has different insulation and ablation properties than undisturbed snow
(Zhang 2005), which might lead to differences in
litter layer temperatures. To investigate the effect
of snow compaction, it may be possible to intercept snow with a mesh but then add it to the same
plot, i.e. not changing the amount of snow. Such a
treatment would be an interesting addition to future
experiments.
OTCs are simple and effective in inducing passive
warming and they are often used in studies investigating the effects of global warming (Arft et al. 1999).
However, they are not often used in forests or during
winter (exceptions: Dabros et al. 2010, De Frenne et
al. 2011). This may be because the passive warming
effect of OTCs depends on the trapping of radiant
heat that is emitted when sunlight is intercepted and
converted into infrared radiation. Shading in forests,
the low amount of energy in winter sunlight and the
large albedo of snow all may limit the warming effect
achieved with passive warming approaches. This
may have led to the low amount of passive warming
with OTCs in this study (average increase approximately 0.5°C). Using infrared lamps may be more
effective at increasing litter layer temperatures in
future experiments (Aronson & McNulty 2009).

5. CONCLUSIONS
The findings of this study indicate that snow interception and passive warming approaches are useful
for modifying snow cover and litter temperature regimes in cold-temperate forests. The resulting modest changes to snow cover and temperature dynamics
may be comparable to intermediate-term expectations under climate change, and could affect postwinter germination of tree seeds in species-specific
ways. This study adds to the small, but growing, body
of research documenting the potential effects of
winter climate change on forests in cold-temperate
regions. Unfortunately, seeds as a life stage have so
far received relatively little attention by studies of the
winter effects of climate change on forest regeneration. However, because of the large mortality rates of
seeds, this life stage may be especially important for
forest regeneration dynamics, species adaptations
to climate change and the establishment of future
ranges of tree species.

Drescher: Snow and warming affect seed germination

Acknowledgements. I am grateful to Plant Operations at the
University of Waterloo for their help and support. I also
much appreciated the help of William van Hemessen and
John Debrone in constructing the open-top chambers and of
Lynn Hoyle in enabling the greenhouse work. The useful
comments of 3 reviewers are gratefully acknowledged.

➤
➤

LITERATURE CITED

➤ Agrawal AA, Conner JK, Stinchcombe JR (2004) Evolution ➤

➤

➤

➤

➤

➤
➤

➤

➤

➤

of plant resistance and tolerance to frost damage. Ecol
Lett 7:1199−1208
Agresti A (2002) Categorical data analysis, 2nd edn. John
Wiley & Sons, Hoboken, NJ
Arft AM, Walker MD, Gurevitch J, Alatalo M and others
(1999) Responses of tundra plants to experimental warming: meta-analysis of the international tundra experiment. Ecol Monogr 69:491−511
Aronson EL, McNulty SG (2009) Appropriate experimental
ecosystem warming methods by ecosystem, objective,
and practicality. Agric For Meteorol 149:1791−1799
Björk RG, Molau U (2007) Ecology of alpine snowbeds and
the impact of global change. Arct Antarct Alp Res 39:
34−43
Blanken PD, Williams MW, Burns SP, Monson RK, Knowles
J, Chowanski K, Ackerman T (2009) A comparison of
water and carbon dioxide exchange at a windy alpine
tundra and subalpine forest site near Niwot Ridge, Colorado. Biogeochemistry 95:61−76
Bokhorst S, Huiskes AD, Aerts R, Convey P and others
(2013) Variable temperature effects of open top chambers at polar and alpine sites explained by irradiance and
snow depth. Global Change Biol 19:64−74
Brown PJ, DeGaetano AT (2011) A paradox of cooling winter soil surface temperatures in a warming northeastern
United States. Agric For Meteorol 151:947−956
Brown RD, Mote PW (2009) The response of northern hemisphere snow cover to changing climate. J Clim 22:
2124−2145
Burns RM, Honkala BH (1990) Silvics of North America: 1.
Conifers; 2. Hardwoods. Agriculture Handbook 654. US
Department of Agriculture, Forest Service, Washington,
DC
Campbell JL, Mitchell MJ, Groffman PM, Christenson LM,
Hardy JP (2005) Winter in northeastern North America: a
critical period for ecological processes. Front Ecol Environ 3:314−322
Cho H, Miyamoto T, Takahashi K, Hong S, Kim J (2007)
Damage to Abies koreana seeds by soil-borne fungi on
Mount Halla, Korea. Can J Res 37:371−382
Christensen JH, Hewitson B, Busuioc A, Chen A and others
(2007) Regional climate projections. In: Solomon S, Qin
D, Manning M, Chen Z and others (eds) Climate change
2007: the physical science basis. Contribution of Working
Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University Press. Cambridge, p 847–940
Colombo SJ, McKenney DW, Lawrence KM, Gray PA (2007)
Climate change projections for Ontario: practical information for policymakers and planners. Climate Change
Research Report CCRR-05. Ontario Ministry of Natural
Resources, Applied Research and Development Branch,
Sault Ste. Marie
Dabros A, Fyles JW, Strachan IB (2010) Effects of open-top

➤

➤
➤
➤

➤
➤

➤

➤

185

chambers on physical properties of air and soil at postdisturbance sites in northwestern Quebec. Plant Soil 333:
203−218
Danby RK, Hik DS (2007) Responses of white spruce (Picea
glauca) to experimental warming at a subarctic alpine
treeline. Global Change Biol 13:437−451
De Frenne, P, Brunet, J, Shevtsova A, Kolb A and others
(2011) Temperature effects on forest herbs assessed by
warming and transplant experiments along a latitudinal
gradient. Global Change Biol 17:3240−3253
Decker KLM, Wang D, Waite C, Scherbatskoy T (2003)
Snow removal and ambient air temperature effects on
forest soil temperatures in northern Vermont. Soil Sci Soc
Am J 67:1234−1243
Drescher M, Thomas SC (2013) Snow cover manipulations
alter survival of early life stages of cold-temperate tree
species. Oikos 122:541−554
Environment Canada (2012a) Climate trends and variations
bulletin — winter summary 2011/2012. www.ec.gc.ca/
adsc-cmda/default.asp?lang=En&n=8C03D32A-1
Environment Canada (2012b) News release — Ontario
weather review — www.ec.gc.ca/default.asp?lang=En&n
=714D9AAE-1&news=1B566320-3346-46D9-A1E9-B422
CB614ED6
Environment Canada (2014) Canadian climate normals 1981–
2010 station data. Waterloo Wellington A. http://climate.
weather.gc.ca/climate_normals/results_1981_2010_e.html
? stnID=4832&prov=&lang=e& d Co = 4&dispBack =1&
StationName=waterloo&SearchType=Contains&province
=ALL&provBut=&month1=0&month2=12
Hawkins BJ, Guest HJ, Kolotelo D (2003) Freezing tolerance
of conifer seeds and germinants. Tree Physiol 23:
1237−1246
Henne PD, Hu FS, Cleland DT (2007) Lake-effect snow as
the dominant control of mesic-forest distribution in
Michigan, USA. J Ecol 95:517−529
Henry HAL (2008) Climate change and soil freezing dynamics: historical trends and projected changes. Clim
Change 87:421−434
Kenerley CM, Bruck RI (1983) Overwintering and survival
of Phytophthora cinnamomi in Fraser fir and cover
cropped nursery beds in North Carolina. Phytopathology
73:1643−1647
Kreyling J (2010) Winter climate change: a critical factor
for temperate vegetation performance. Ecology 91:
1939−1948
Kreyling J, Beier C (2013) Complexity in climate change
manipulation experiments. Bioscience 63:763−767
Marion GM (1996) Temperature enhancement experiments.
In: Molau U, Mølgaard P (eds) ITEX manual, 2nd edn.
Danish Polar Centre, Copenhagen, p 17–22
Marion GM, Henry GHR, Freckman DW, Johnstone J and
others (1997) Open-top designs for manipulating field
temperature in high-latitude ecosystems. Global Change
Biol 3(Suppl 1):20−32
Meehl GA, Stocker TF, Collins WD, Friedlingstein P and
others (2007) Global climate projections. In: Solomon S,
Qin D, Manning M, Chen Z and others (eds) Climate
change 2007: the physical science basis. Contribution of
Working Group I to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge, p 747–845
Natali SM, Schuur EAG, Trucco C, Hicks Pries CE, Crummer KG, Baron Lopez AF (2011) Effects of experimental
warming of air, soil and permafrost on carbon balance in

186

Clim Res 60: 175–186, 2014

Alaskan tundra. Global Change Biol 17:1394−1407

➤ O’Hanlon-Manners DL, Kotanen PM (2004) Evidence that

➤
➤
➤

➤
➤

fungal pathogens inhibit recruitment of a shade-intolerant tree, white birch (Betula papyrifera), in understory
habitats. Oecologia 140:650−653
Shabbar A, Bonsal B (2003) An assessment of changes in
winter cold and warm spells over Canada. Nat Hazards
29:173−188
Simons AM, Goulet JM, Bellehumeur KF (2010) The effect
of snow depth on overwinter survival in Lobelia inflata.
Oikos 119:1685−1689
Templer PH, Schiller AF, Fuller NW, Socci AM, Campbell
JL, Drake JE, Kunz TH (2012) Impact of a reduced winter
snowpack on litter arthropod abundance and diversity in
a northern hardwood forest ecosystem. Biol Fertil Soils
48:413−424
Thomashow MF (1999) Plant cold acclimation: freezing tolerance genes and regulatory mechanisms. Annu Rev
Plant Physiol Plant Mol Biol 50:571−599
Trujillo E, Ramirez JA, Elder KJ (2009) Scaling properties
and spatial organization of snow depth fields in subEditorial responsibility: Tim Sparks,
Cambridge, UK

➤

➤

➤

alpine forest and alpine tundra. Hydrol Process 23:
1575−1590
Venäläinen A, Tuomenvirta H, Heikinheimo M, Kellomäki
S, Peltola H, Strandman H, Väisänen H (2001) Impact of
climate change on soil frost under snow cover in a
forested landscape. Clim Res 17:63−72
Wahren CHA, Walker MD, Breat-Harte MS (2005) Vegetation responses in Alaskan arctic tundra after 8 years of a
summer warming and winter snow manipulation experiment. Global Change Biol 11:537−552
Webb DP, Van Staden J, Wareing PF (1973) Seed dormancy in Acer — changes in endogenous cytokinins,
gibberellins and germination inhibitors during the
breaking of dormancy in Acer saccharum Marsh. J Exp
Bot 24:105−116
Zhang TJ (2005) Influence of the seasonal snow cover on the
ground thermal regime: an overview. Rev Geophys 43:
RG4002
Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GH
(2009) Mixed effects models and extensions in ecology
with R. Springer, New York, NY
Submitted: October 29, 2013; Accepted: April 24, 2014
Proofs received from author(s): June 22, 2014

