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Extreme weather events can influence plant survival, population 
persistence, and ecosystem function (Haddad et  al., 2002; Royer 
et al., 2011). Climate change is expected to increase the frequency 
and intensity of many extreme events (Jentsch et al., 2007; Smith, 
2011), highlighting the importance of understanding plant re-
sponses to extreme events. However, understanding plant responses 
to extreme events can be difficult, because negative effects may not 
manifest until long after extreme events occur (Walter et al., 2013; 

Kong and Henry, 2016). For example, repeated freeze–thaw cycles 
can decrease biomass production, but in some communities this re-
sponse may not become apparent until more than a year after the 
extreme event (Kreyling et al., 2010). Extreme events may also affect 
species interactions, such as herbivory. While most seedlings can 
withstand some herbivory (Canham et al., 1994), seedlings experi-
encing climate-mediated stress followed by herbivory may exhibit 
sharp decreases in survival (Niinemets, 2010).
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PREMISE OF THE STUDY: Extreme weather events can injure plants, causing decreased 
survival. However, we may underestimate the ecological importance of extreme events 
if they have strong sublethal effects that manifest after several months. We tested the 
hypothesis that late-winter extreme-cold events decrease the ability of woody plants to 
grow and tolerate stem removal in summer.

METHODS: Seedlings from four temperate tree species (Abies balsamea, Pinus resinosa,  
P. strobus, Quercus rubra) were acclimated to winter conditions in growth chambers, and 
experienced 1 week of warm temperatures before being exposed to one of three 24-h 
extreme-cold events (minimum temperature: 8°C control, −8°C, or −16°C). Seedlings were 
then transferred to a greenhouse where we monitored survival and growth. Three months 
after the extreme-cold event, we mimicked an herbivore attack by removing either 25% or 
75% of new stem growth from seedlings of two species (P. resinosa, Q. rubra).

KEY RESULTS: While extreme cold had no immediate effect on seedling survival, the coldest 
temperature treatment reduced stem growth 51% relative to controls. Stem removal 
decreased P. resinosa survival in the −16°C treatment, but stem removal treatment had 
no effect on P. resinosa survival in the intermediate −8°C treatment or 8°C control. Stem 
removal did not alter Q. rubra survival.

CONCLUSIONS: Ephemeral late-winter cold temperatures can have unappreciated effects on 
growing-season seedling dynamics, including growth and herbivory. For predicting how 
extreme-cold events might alter large-scale patterns of tree distribution, seedlings should 
be monitored throughout the growing season following extreme late-winter frosts.
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Pinus strobus; Quercus rubra; winter climate change.
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In temperate ecosystems, the transition from winter to spring 
is becoming increasingly variable due to warming winter tempera-
tures. Periods of elevated winter temperatures (“false springs”) can 
decrease cold hardiness in woody plants (Augspurger, 2013), and 
extreme-cold events after false springs may damage sensitive tissue 
(Gu et  al., 2008; Augspurger, 2009; Vitasse et  al., 2014a), causing 
decreased woody plant survival (Drescher and Thomas, 2013) and 
photosynthesis (Hufkens et  al., 2012; Tessier, 2014) immediately 
following the frost event. However, whether temperate woody seed-
lings that survive extreme-cold events in late winter suffer reduced 
performance in the growing season is unknown. Experiments that 
test for delayed, sublethal responses of woody seedlings to extreme 
cold could therefore allow us to recognize cryptic abiotic limits 
on recruitment dynamics in scenarios of future climate change 
(Williams et al., 2014).

Here, we examined how extreme-cold events shape tree recruit-
ment, growth, and tolerance of stem removal in northern temperate 
forest communities by monitoring seedlings in a controlled envi-
ronment for several months. Northern temperate forests, which 
are experiencing increasingly frequent and damaging extreme-cold 
events (Kreyling, 2010), represent an ecotone between boreal and 
temperate forest (Fisichelli et  al., 2014). As temperatures warm, 
temperate species are expected to replace boreal species (Fisichelli 
et al., 2014), but herbivores may limit the rate of expansion in some 
temperate species (Fisichelli et al., 2012). However, the potential for 
extreme-cold events to limit range expansions of temperate species 
or increase the negative effects of herbivory in the growing season 
remains unexplored. We hypothesized that extreme cold would im-
mediately reduce seedling survival and that the damage incurred 
by extreme cold would reduce the ability of seedlings to grow and 
tolerate stem removal in the following growing season.

MATERIALS AND METHODS

We investigated the effects of an experimental extreme-cold event on 
seedlings of four tree species (Abies balsamea, Pinus resinosa, Pinus 
strobus, and Quercus rubra), which are native to North American 
northern temperate forests but are expected to decline in impor-
tance in the next century (Iverson et al., 2008). We obtained seeds 
from the Wisconsin Department of Natural Resources Griffith State 
Nursery (Wisconsin Rapids, WI, USA). On 20 November 2015, 
seeds were placed in a growth chamber (model E-41L2, Percival 
Scientific, Perry, IA, USA) with a 12-h 25°/15°C, light/dark cycle 
to maximize germination (Burns and Honkala, 1990). When seed-
lings emerged, they were transferred to a greenhouse, where they 
received supplemental light and daily watering.

On 20 May 2016, 6 months after germinating, i.e., the approxi-
mate age of most seedlings in the field at the beginning of autumn, 
we measured stem height of all seedlings (A. balsamea: n = 27, 
P. resinosa: n = 37, P. strobus: n = 31, Q. rubra: n = 28) and trans-
ferred seedlings into one of three climate-controlled rooms with 
precise control of temperature and photoperiod. Each room was 
programmed to gradually decrease temperature and photoperiod, 
mimicking autumn and winter temperatures and photoperiod usu-
ally observed in northern temperate forests and inducing normal 
cold-hardening (dix S1, see the Supplemental Data with this article). 
To prevent seedling in pots from experiencing unrealistically deep 
soil-frost depths, we placed seedling pots in large bins of medium-
grade vermiculite (Henry, 2007).

After 3 weeks of winter conditions, seedlings experienced a 
false spring for 1 week (daily max/min temperature: 10°C/8°C, 14-
hr photoperiod, Appendix S1) that closely approximated recently 
observed late-winter temperature increases in northern temperate 
forests (Hufkens et  al., 2012). We did not observe any new stem 
or leaf growth during the false spring. After the false spring, each 
room was assigned one of three 24-h extreme-cold event treat-
ments, which only differed in minimum temperature: 8°C (control), 
−8°C, and −16°C. These temperatures represent late-winter air tem-
peratures that seedlings could be exposed to in Great Lakes region 
northern temperate forests after an early snow retreat (Appendix 
S2). To understand how this temperature manipulation affected 
soil temperatures, we placed two iButton thermochrons (Maxim 
Integrated, San Jose CA) in each room approximately 2 cm below 
the soil surface. For each iButton, we determined the minimum soil 
temperature and the number of hours with temperatures <0°C. We 
subset these data to only include observations during our extreme-
cold event, and constructed linear models describing minimum soil 
temperature and duration of freezing as a function of temperature 
treatment.

In response to a brief (8-h) equipment malfunction that led to 
a short rise in temperature in one room several weeks before the 
extreme-temperature treatment, we re-randomized the tempera-
ture treatment assigned to each seedling. This approach allowed us 
to appropriately control for the perturbation, as well as test for any 
subsequent effects of the perturbation. Our results demonstrate that 
this brief malfunction did not influence experimental outcomes 
(Appendix S3). Subsequent temperature profiles were precisely as 
desired: temperatures in each room were identical when rooms 
were meant to be identical and differed as planned when treatments 
were imposed (Appendix S1).

Following the extreme cold event, three seedlings per temper-
ature treatment per species (n = 36) were destructively harvested 
to measure root, stem, and (for conifers) leaf percentage electro-
lyte leakage (PEL). Electrolyte leakage is a measure of cold dam-
age at the cellular level, as cell membranes can rupture when the 
cell reaches freezing point (Burr et al., 1990; Kreyling et al., 2012). 
Because roots are less cold-tolerant than other tissue, and cold dam-
age to tree seedling roots can directly influence tree seedling sur-
vival and growth (Schaberg et  al., 2008), we focused our analysis 
on root PEL (see Appendix S4 for stem and leaf PEL responses to 
extreme cold). Before measuring root PEL, roots were washed in 
Millipore-filtered water for 30 s to remove electrolytes present on 
the root surface. No soil was visible on the root tissue before initial 
PEL estimation. We modeled the response of root PEL to tempera-
ture, species, and a temperature × species interaction using a linear 
model with a Gaussian response. Seedling stem height, a proxy for 
root length (r2 = 0.71, P < 0.001; P. W. Guiden, unpublished data), 
was added as a covariate, since seedlings with longer roots would 
be more likely to have root tissue unaffected by frost near the soil 
surface (Henry, 2007).

After exposing seedlings to cold temperatures, each room re-
turned to warm temperatures (analogous to spring) for 10 d before 
seedlings were transferred to a greenhouse (Appendix S1). We mon-
itored seedlings for approximately 8 wk (29 June 2016 to 24 August 
2016), recording survival and growth. Seedlings were considered 
alive if green leaf tissue was present after 8 wk in the greenhouse. 
Seedling survival was modeled as a binomial response to tempera-
ture (treated as a categorical variable), species, and a temperature × 
species interaction. Because quasi-complete separation was present 
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in our data set (i.e., temperature treatment perfectly predicted sur-
vival in some species), we used Firth bias correction with penal-
ized likelihood estimation in all models of seedling survival (Firth, 
1993), using the brglm2 package in R (Kosmidis, 2017).

We also examined the effect of the extreme-cold event on 
seedling stem growth. To account for differences in initial stem 
height between and within species, we calculated seedling relative 
stem growth rate. Relative stem growth rate was defined as the 
difference of natural-log transformed stem height at the conclu-
sion of the study and natural-log transformed stem height when 
seedlings were placed in climate-controlled rooms, divided by the 
time elapsed between measurements (t = 0.4 years, Gibson, 2002). 
Relative stem growth rate was modeled as a function of temper-
ature, species, and a temperature × species interaction using a 
Gaussian error model.

Additionally, we tested the hypothesis that an extreme-cold 
event could also increase the negative effects of stem removal, mim-
icking seedling herbivory by mammalian herbivores. Three months 
following the extreme-cold event, we selected a random subset of 
seedlings from two species (n = 31, P. resinosa; n = 22, Q. rubra), 
measured stem height, and applied one of two experimental stem 
removal treatments (removing either 25% or 75% of new stem 
growth; Canham et  al., 1994) with pruning shears. Experimental 
stem removal provides a good approximation of ungulate herbivory 
(Juenger and Bergelson, 2000) that could occur several months after 
the extreme-cold event. We tracked seedling survival for 8 wk fol-
lowing the application of our stem removal treatment (17 October 
2016 to 12 December 2016). We modeled the response of seedling 
survival as a function of temperature, stem removal, and a tempera-
ture × stem removal interaction using a binomial distribution. Due 
to large differences in the variance of survival among species, each 
species was modelled separately, but pooling species for this analy-
sis did not qualitatively change our conclusions. Because P. resinosa 
survival was affected by a significant temperature × stem removal 
interaction (see Results), we report pairwise comparisons of seed-
ling survival least-square means between stem removal treatment 

levels within each temperature treatment, computed from the con-
trasts calculated in the lsmeans package in R (Lenth, 2016). All test 
statistics and P values represent ANOVA results calculated in  
R (R Core Team, 2017).

RESULTS

Our late-winter extreme-cold treatment resulted in lower 
minimum soil temperatures that were frozen for a longer duration 
of time. Minimum soil temperatures during the simulated 
extreme-cold event were below freezing in the −16°C treatment 
(−0.12 ± 0.09°C, least-squares mean ± SE), not significantly differ-
ent from freezing in the −8°C treatment (0.06 ± 0.09°C), and well 
above freezing in the 8°C control (7.01 ± 0.09°C; F2, 3 = 1922.4, P < 
0.001). In the −16°C treatment, soils were frozen four times longer  
(20.0 ± 2.9 h) compared to the −8°C treatment (5.0 ± 2.9 h;  
F2, 3 = 12.5, P = 0.03), while soil in the 8°C treatment never froze.

Extreme cold increased root damage in all four species. Averaged 
across all species, root PEL was 17% greater in seedlings exposed to 
the −16°C treatment (0.41 ± 0.02), compared to the intermediate -8°C 
treatment (0.34 ± 0.02) and 8°C control (0.35 ± 0.03), representing a 
weak but marginally significant difference (F2, 23 = 2.51, P = 0.09). Root 
PEL also differed among species (F3, 23 = 6.96, P < 0.001, Appendix 
S4) and decreased with stem height (F1, 23 = 5.54, P = 0.03), but the 
response of root PEL to temperature was consistent across all species 
(temperature × species interaction: F6, 23 = 1.08, P = 0.40). Stem and 
leaf tissue were not injured by extreme cold (Appendix S4). Seedling 
survival differed across species (F3, 111 = 5.59, P = 0.001, Appendix S4), 
with survival ranging from 0.70 ± 0.09 (A. balsamea) to 0.96 ± 0.03 (P. 
strobus), but there was no effect of extreme cold on seedling survival 
(F2, 111 = 1.88, P = 0.16, Fig. 1A), regardless of species (temperature × 
species interaction: F3, 111 = 1.07, P = 0.38).

While extreme-cold temperatures had little direct effect on 
seedling survival, extreme-cold temperatures decreased relative 
stem growth rate (F2, 98 = 8.25, P < 0.001, Fig. 1B). Averaged across 

FIGURE 1.  (A) Seedling survival averaged across four species (Abies balsamea, Pinus resinosa, Pinus strobus, Quercus rubra) showed no consistent 
response to temperature treatment (F2, 111 = 1.88, P = 0.16). (B) Stem relative growth rate averaged across the same species decreased in the coldest 
temperature treatment in surviving seedlings (F2, 98 = 8.25, P < 0.001). Points represent least-squares means and error bars represent one standard 
error. Treatment groups with different letters are significantly different (P < 0.05).
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all species, relative stem growth rate in the coldest treatment 
(−16°C, 0.94 ± 0.18 cm cm−1 yr−1) was approximately half of the 
relative growth rate observed in the intermediate cold treatment 
(−8° C, 1.80 ± 0.17 cm cm−1 yr−1) and the 8°C control (2.01 ± 
0.18 cm cm−1 yr−1). Species also differed in their mean relative 
stem growth rate (F3, 98 = 12.22, P < 0.001, Appendix S4), but there 
was no significant species × temperature interaction (F6, 98 = 1.11,  
P = 0.36).

Extreme cold also influenced the effect of growing-season tis-
sue loss on P. resinosa, but not Q. rubra seedlings. Pinus resinosa 
survival was lowest in seedlings that experienced both extreme-
cold temperatures and heavy stem removal (temperature × stem 
loss: F2, 25 = 3.26, P = 0.05, Fig. 2A). Pinus resinosa survival was 
more than 10 times greater in the 25% stem removal treatment 
(0.92 ± 0.12) relative to the 75% stem removal treatment (0.08 ± 
0.12) in seedlings that experienced the −16°C extreme-cold event 
(least-square means pairwise comparison: z = 2.10, P = 0.03). 
Pinus resinosa survival did not differ between herbivory treat-
ments in either the −8°C treatment (z = 0.80, P = 0.43) or 8°C 
control (z = 1.46, P = 0.15). There was also a strong main effect of 
stem removal on P. resinosa survival (F1, 25 = 28.39, P < 0.0001), as 
mean seedling survival in the 25% stem removal treatment (0.91 
± 0.08) was more than twice as great compared to survival in the 
75% stem removal treatment (0.34 ± 0.16). Temperature also influ-
enced P. resinosa survival (temperature: F2, 25 = 3.72, P = 0.04) because 
mean P. resinosa survival was slightly lower in the −16°C treat-
ment (0.72 ± 0.17) than the −8°C treatment (0.87 ± 0.09, pairwise 
comparison: z = 2.51, P = 0.05), but not significantly different 
from the 8°C control (0.76 ± 0.12, pairwise comparison: z = 1.32, 
P = 0.40). There was no significant difference between P.  resi-
nosa survival in the −8°C treatment and 8°C control (pairwise 
comparison: z = 1.27, P = 0.42). Quercus rubra seedlings showed 
no response to temperature F2, 16 = 0.96, P = 0.41), stem removal  
(F1, 16 = 1.79, P = 0.20), or a temperature × stem removal interac-
tion (F2, 16 = 1.61, P = 0.23).

DISCUSSION

Winter climate change has the potential to strongly affect northern 
temperate plant communities (Kreyling, 2010) and may increase 
the frequency of extreme cold damage (Gu et al., 2008; Augspurger, 
2013). Although the effects of late-winter extreme-cold events re-
main relatively unexplored (Jentsch et  al., 2007), our experiment 
suggests that transient periods of extreme cold can have important 
delayed effects on seedling growth and responses to herbivory long 
after the initial injury occurs. We found evidence that extreme-cold 
events can decrease seedling growth (Fig. 1B), even in the absence of 
direct lethal effects. Our study also showed that extreme-cold events 
can amplify the negative effect of stem removal on seedling survival, 
but this response was only observed with one species in the coldest 
temperature treatment (Fig. 2A). These results suggest that extreme-
cold temperatures might directly alter patterns of tree growth and 
increase the negative effects of herbivory in some species, but further 
research will be needed to understand the generality of these effects.

Extreme-cold temperatures reduce seedling growth, but not 
survival

Extreme events may limit plant recruitment by decreasing survival 
(Royer et al., 2011), but extreme cold did not decrease short-term 
seedling survival in this study (Fig.  1A). Although our data sug-
gest that seedlings of these temperate woody species may have the 
capacity to withstand at least a single extreme-cold event, our re-
sults also reveal that a single extreme-cold event was sufficient to 
decrease seedling growth. A possible interpretation of these find-
ings is that failing to consider the delayed, yet significant, effects of 
previous extreme events could result in overly optimistic estimates 
of seedling recruitment in habitats where late-winter temperature 
variation is common.

Decreased growth could be caused by injuries to root, stem, 
or bud tissue (Burr et  al., 1990; Kreyling et  al., 2012; Basler and 

FIGURE 2.  Seedling survival as a function of an extreme-cold event (minimum temperature: 8°C control, −8°C, and −16°C) and herbivory (blue circles: 
25% of new growth removed, orange triangles: 75% of new growth removed). The response of two species, (A) Pinus resinosa and (B) Quercus rubra, 
were modeled separately. Points represent least-squares means and error bars represent one standard error. Stem removal treatment groups with 
different letters within a temperature treatment are significantly different (P < 0.05).
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Körner, 2014; Vitasse et  al., 2014b). While our data suggest that 
root damage was also greatest in the −16°C treatment, soil freez-
ing was relatively mild in this treatment (mean temperature: −0.12 
± 0.09°C), which is likely not cold enough to explain this pattern 
in root damage (Schaberg et al., 2008). It is similarly unlikely that 
stem damage caused patterns of stem growth rate, given the lack 
of stem PEL response to extreme-cold temperatures (Appendix 
S4) and the typically high cold-hardiness of seedling stems (Burr 
et al., 1990). Therefore, it seems plausible that the effect of extreme-
cold on growth may have resulted from bud damage. While we did 
not measure the response of buds in this experiment, seedling bud 
tissue experiences much colder air temperatures than roots, and 
bud damage can delay or inhibit seedling growth during summer 
(Basler and Körner, 2014; Vitasse et al., 2014b). However, because 
seedlings only exhibited decreased growth in the most extreme cold 
treatment, bud damage may exhibit nonlinear responses to extreme 
cold (Fig. 1C; Smith, 2011). Our ability to identify species-specific 
threshold temperatures that may inhibit growth is limited by our 
experimental design, but future experiments could determine these 
critical temperatures by using more than three treatment levels as 
well as replicate climate-controlled rooms.

Extreme-cold events amplify negative effects seedling 
herbivory

Winter climate can have a strong influence on the ability of plants to 
withstand tissue loss in summer, including tissue lost to herbivores 
(Roy et  al., 2004; Connolly et  al., 2017). While stem removal had a 
strong negative effect on P. resinosa seedlings, this was driven by de-
creased survival in the −16°C treatment. As a result, seedlings expe-
riencing both extreme cold and heavy stem loss had lower survival 
than expected from extreme cold alone (Fig.  2A; Niinemets, 2010). 
However, Q. rubra survival was not affected by extreme cold, stem 
removal, or their interaction (Fig.  2B). While both P. resinosa and 
Q. rubra are known to resprout following stem damage (Del Tredici, 
2001), it is unclear from our results how many species may be affected 
by interactions between extreme cold and aboveground stem loss. 
Conducting similar experiments on a wider range of functional traits 
(e.g., resprouting ability; Del Tredici, 2001) and in the field across mul-
tiple forest habitats (e.g., closed verse open canopies; Canham et al., 
1994) will help us identify scenarios in which extreme cold increases 
seedling tolerance of herbivory.

Extreme-cold events may also indirectly increase the negative ef-
fects of seedling herbivory by mediating seedling growth (Fig. 1B). 
Reduced growth rate can lead to reduced synthesis of defensive com-
pounds such as tannins in temperate woody seedlings (Albrectsen 
et al., 2004). Additionally, slower-growing seedlings may take longer 
to reach a size refuge from mammalian herbivores, lengthening the 
time in which herbivory may result in seedling mortality (Boege 
and Marquis, 2005). While we demonstrate that extreme-cold tem-
peratures and herbivory can interact to shape seedling survival in a 
controlled environment, it will be critical to understand how inter-
actions between extreme winter climatic events and herbivory vary 
in the field (Agrawal, 2011).

CONCLUSIONS

We showed that the effects of late-winter extreme events may not 
manifest until several months into the growing season. Specifically, 

an experimental extreme-cold event reduced seedling growth in 
four northern-temperate tree species, despite not directly reducing 
survival. These results raise several interesting lines of future inquiry 
for plant–animal interactions. For example, while our work suggests 
that extreme events could play an important role the response of 
some species to seedling herbivory (Fig. 2A), future studies could 
also explore the response of herbivores to extreme-cold events. 
Arthropod herbivores often prefer to consume plants that recently 
experienced extreme drought (Gutbrodt et al., 2011), but it remains 
unknown whether extreme-cold events have similar effects on herbi-
vore preference. Additionally, little is known about how mutualisms 
(e.g., plant–fungal interactions) might influence seedling responses 
to extreme cold. Laboratory studies demonstrate that arbuscular 
mycorrhizal fungi can increase plant tolerance of cold temperatures 
(Zhu et al., 2010), but this idea has not been tested extensively in the 
field. Developing a better appreciation for how extreme-cold tem-
peratures alter seedling performance and interactions with other 
stressors during the growing season will likely improve our ability 
to anticipate future changes in the composition of northern forests.
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