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Abstract
Both freezing and drought cause cellular dehydration and elicit similar physiological responses
in plants, where similar protective compounds are upregulated, including soluble sugars and
proteins that help reduce cellular damage. Drought-freeze cross acclimation occurs when drought
exposure enhances the freezing tolerance of plants. However, few studies had investigated the
reciprocal effects of freezing on drought tolerance, and it was unknown if these interactions
could impact plant productivity. Therefore, I examined the effects of freezing on the drought
tolerance of individual species and assessed the implications of freeze-drought interactions in an
old field community. Poa pratensis was exposed to fall or spring freezing in chambers and a 3week drought in a greenhouse. Spring-frozen plants had lower reductions in biomass after a
summer drought compared to drought-only plants, but this response did not appear to be
correlated with the retention of soluble sugars after freezing. Subsequently, I examined freezedrought responses for a range of herbaceous species: 6 graminoids (Arrhenatherum elatius,
Agrostis stolonifera, Bromus inermis, Lolium perenne, Festuca rubra, Poa compressa) and 2
forbs (Securigera varia and Plantago lanceolata). Exposure to a freezing event enhanced the
drought tolerance of Agrostis stolonifera, Bromus inermis, Lolium perenne, Poa compressa and
Plantago lanceolata, where declines in biomass were lower for freeze-drought plants compared
to drought-only plants. These interactions were not correlated to changes in either leaf soluble
sugar or protein content before or during the drought. I then collected intact plant-soil
mesocosms from an old field and subjected them to spring freezing in chambers and summer
drought in the greenhouse. At the functional group level, cross acclimation was observed for
legumes; however, for total biomass and nitrogen content in aboveground tissue, cross
acclimation was not observed because interactions and additive effects of freezing and drought
varied amongst functional groups. Overall, my results highlight the importance of considering
plant stress history in experiments, because stressors in different seasons may interact with one
another. Nevertheless, cross acclimation responses at the species level may not always scale up
to the community or ecosystem scales.
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Summary for lay audience
Snow provides insulation for many plants during the winter, but rising air temperatures may
reduce snow cover and expose these plants to increased freezing overnight or during cold spells.
Additionally, less rainfall during the summer will increase the severity of drought in many
regions. Exposure to one stress may modify a plant’s ability to tolerate a second, different stress
(this is known as cross acclimation). For instance, drought can increase tolerance to freezing,
because both cause water loss from plant cells and elicit similar stress responses. However, it is
currently unknown whether freezing can result in higher drought tolerance and how the
combination of these stresses affects plant growth. I examined the effects of freezing on summer
drought tolerance for a range of non-woody plant species. I first exposed Kentucky bluegrass, a
common turfgrass, to fall or spring freezing in temperature-controlled chambers, and then to
summer drought in a greenhouse. Spring freezing enhanced the drought tolerance of Kentucky
bluegrass, and freeze-drought plants survived more and were larger than drought-only plants. I
then exposed eight additional non-woody species to spring freezing and assessed the effects on
summer drought tolerance. Spring freezing enhanced the drought tolerance of Canada bluegrass,
creeping bentgrass, perennial ryegrass, smooth brome and narrowleaf plantain. Additionally,
blocks of soil containing plants were removed from an old field and exposed to spring freezing in
chambers, and a 3-week summer drought in a greenhouse. Freezing did not increase drought
tolerance in terms of total aboveground biomass and concentrations of shoot nitrogen, an
important soil nutrient. Cross acclimation was observed for legumes, but not for the other
species. Overall, these results suggest that the exposure of plants to spring freezing may help
reduce damage for some species during summer drought. These interactions do not appear to
affect total plant growth measured across all species but may alter which species are most
abundant. Ultimately, freezing may modify the summer stress tolerance of plants and could
potentially impact plant growth and the relative abundances of different species.
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Chapter 1
1

General introduction
Plant stress and acclimation

Homeostasis refers to a stable state that is maintained despite changes in the environment
(Cannon, 1929; Klein and Zion, 2015), where the rates of physiological processes are similar
under different conditions (Atkin et al., 2006). Disruptions in homeostasis by abiotic and/or
biotic factors (stressors) can result in biological stress, which can be defined as an injury that
disrupts the physical and chemical properties of an organism (Levitt, 1972; Selye, 1973;
McKersie and Leshem, 1994). Stress can result from changes in temperature, nutrient and water
deficiency and herbivory (Levitt, 1972; Kranner et al., 2010).
Exposure to a stressor can cause reductions in plant productivity (Atkin et al., 2006; Ow et al.,
2007), but plants can acclimate to stress (Smith and Dukes, 2013; Way and Yamori, 2014).
Acclimation occurs when exposure to new environmental conditions (Hilker et al., 2016) elicits
physiological, structural or biochemical changes (Smith and Dukes, 2013; Yamori et al., 2014),
which are mechanisms by which an organism attempts to return to pre-stress homeostasis (Klein
and Zion, 2015). Such mechanisms can include changes to the ratio, stability and concentration
of enzymes and changes to the cell membrane structure (Atkin et al., 2006; Yamori et al., 2014).
Acclimation is a plastic phenotypic change that can potentially be reversed and occurs over
variable time scales (Atkin et al., 2006; Yamori et al., 2014).

Stress escape, avoidance and tolerance
Plants have different methods to cope with stress, and these mechanisms include escape,
avoidance and tolerance (Levitt, 1972; Jones and Jones, 1989). Stress escape occurs when a plant
completes its life cycle before the onset of unfavorable conditions (Levitt, 1972). Alternatively,
plants can avoid stress spatially and/or temporally, thereby minimizing contact with stressors
(Levitt, 1972; Charrier et al., 2015). For example, snow cover can provide insulation from
freezing air temperatures for herbaceous plants (Groffman et al., 2001; Welling et al., 2002), and
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for trees, the delay of bud burst in the early spring can help them avoid cold stress (SierraAlmeida et al., 2016). An example of the third mechanism, stress tolerance, occurs when a plant
adjusts its physiology (Levitt, 1972), which includes the upregulation of compounds (e.g.
antioxidants) that help reduce oxidative stress (Gusta and Wisniewski, 2013). Both avoidance
and tolerance are often prerequisites for winter and summer dormancy, where metabolic activity
is reduced (Gilliespie et al., 2016).

Freezing stress
Temperature can influence plant productivity and the regional distribution of species (Stitt and
Hurry, 2002; Kreyling et al., 2015; Nievola et al., 2017; Vyse et al., 2019). Mean global air
temperatures are projected to increase by at least 1.5 ℃ by the end of the 21st century, relative to
the average air temperatures from 1850 to 1900 (Collins et al., 2013). Cold adapted species
subjected to elevated temperatures may have a limited ability to acclimate to heat stress,
resulting in declines in photosynthesis and growth (Benomar et al., 2017). In addition to
increasing heat stress over the summer, climate warming is projected to decrease snow cover in
many northern temperate regions (Collins et al., 2013), which can expose plants to cold air
temperatures at night or during cold spells (Groffman et al., 2001). Specifically, radiation freezes
can occur overnight under clear and calm conditions, and advective freezes can occur when cold
air masses move into a region (Perry, 1998). Therefore, herbaceous plants in these regions may
experience the apparent paradox of being exposed to more intense and frequent freezing stress
with climate warming (Henry, 2008; Inouye, 2008).
Increasing air temperatures have also extended the growing season, and this has resulted in
plants acclimating to cold temperatures later in the fall and de-acclimating earlier in the spring
(Gu et al., 2008; Sperling et al., 2017). However, the timing of freezing in the fall and spring has
changed very little in some regions, increasing the vulnerability of many plants to cold
temperatures has increased (Gu et al., 2008; Inouye, 2008). However, the risk of freezing
damage can still persist with advanced frost events (Bigler and Bugmann, 2018). Early deacclimation in the spring, which can occur quickly (Vitasse et al., 2014), poses a great threat for
many species (Hufkens et al., 2012, Vyse et al., 2019) and spring freezing damage is predicted to
increase in the future (Augspurger, 2013).
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Temperature variability may also increase with climate change, and the frequency of extreme
freezing events (Smith and Sheridan, 2018) and heat waves may increase (Collins et al., 2013).
Warming in the Arctic has weakened the polar vortex and led to negative phases of the Arctic
oscillation, resulting in below average temperatures in the Northern Hemisphere during the fall
and spring (Kim et al., 2014; Smith and Sheridan, 2018). These extreme freezing events have
been economically expensive and have significantly impacted productivity in plant communities
across North America and reduced crop productivity (Brown and Blackburn, 1987; Gu et al.,
2008; Warmund et al., 2008).

Freezing effects on physiology and growth
Freezing in plants occurs when temperatures at or below 0 °C cause liquid water to solidify, and
ice crystals develop within plant cells or in the extracellular space (Guy, 1990; Ouellet, 2007;
Yadav, 2010). Intracellular ice formation, which typically occurs under rapid cooling, is often
lethal for plant cells, because cell membranes can rupture (Guy, 1990). On the other hand,
extracellular ice formation depresses the osmotic potential of unfrozen water through the
accumulation of solutes and facilitates the movement of water out of plant cells, leading to
cellular dehydration (Guy, 1990; Stitt and Hurry, 2002). This dehydration results in the
formation of reactive oxygen species (ROS) that can disrupt protein functioning and
physiological processes (e.g. declines in photosystem II (PSII) efficiency and photosynthesis)
and reduce plant growth (Albert et al., 2013; Østrem et al., 2018).

Plant responses to freezing
Escaping freezing is not possible for some species (e.g. evergreen trees in the boreal forest). As a
result, they must avoid and tolerate the freezing of water. To limit ice formation, there are often
increases in non-toxic compatible solutes that depress the freezing point of water, and this
mechanism can be effective to temperatures ranging from -2 to -4 °C (Pearce, 2001; Yadav,
2009; Gupta and Deswal, 2014). Compatible solutes can include various soluble sugars (e.g.
glucose, fructose and sucrose) and amino acids (e.g. betaine, glutamic acid and glycine) (Draper,
1972; Bhandari and Nayyar, 2014). Proline accumulates in many grass species under low
temperatures (e.g. Hordeum distichum, Triticum aestivum – Chu et al., 1978; Zea mays – Withers
and King, 1979; Lolium perenne – Draper, 1971). These compatible solutes can also help plants
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tolerate freezing; proline, for example, can act as a molecular chaperone (Szabados and Savouré,
2010). These chaperones can prevent the mis-folding of proteins, facilitate the re-folding of
denatured proteins and protect protein function by forming hydration barriers around molecules
(Boston et al., 1996; Bhandari and Nayyar, 2014). Dehydrins are a common group of chaperones
that are also upregulated during cellular dehydration, and which help stabilize cell components
(Kovacs et al., 2008).
Under freezing, there are often increases in the concentrations of various antioxidants, including
ascorbate peroxidase (APX), catalase (CAT) and superoxide dismutase (SOD), that scavenge for
free radicles (Distelbarth et al., 2012). There are also increases in the concentrations of antifreeze
proteins that help control the site of ice formation and reduce the freezing point of water (Pearce,
2001; Ökkeş and Barbaros, 2003; Gupta and Deswal, 2014). Many plant hormones, including
abscisic acid (ABA) and ethylene, are also elevated under freezing, and these hormones function
as stress signals that upregulate the genes responsible for stress tolerance (Dorffling et al., 1990;
Müller and Munné-Bosch, 2015). Structural changes to the cell membrane can also occur at low
temperatures, and there are often increases in the number of unsaturated compounds to prevent
the solidification of cell membranes (Yadav, 2009; Kreyling et al., 2012b; Yamori et al., 2014).

Drought stress
Drought can significantly influence plant productivity and often impacts the distribution of
species (Ewers et al., 2003; Pembleton and Sathish, 2014). It is projected that the frequency,
duration and severity of droughts will increase in many regions of North America over the next
century as a result of increasing air temperatures, higher evapotranspiration rates and declining
precipitation (Wehner et al., 2017). Decreased precipitation can cause drought, where there is a
reduction in soil water content leading to plant stress, which is sometimes referred to as an
agricultural drought (Zargar et al., 2011). Recent drought events have resulted in significant
economic losses in many countries (Wheaton et al., 2008; NCEI, 2017). Some regions, however,
may experience increases in precipitation with climate change, because warm air has a highwater holding capacity (Trenberth, 2011). Nevertheless, many other areas may be subjected to
water stress, which will significantly reduce plant productivity. Changes in precipitation across
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Canada will depend on the geographic location (PaiMazumder et al., 2013; Environment and
Climate Change, 2017; Zhang et al., 2019).

Drought effects on physiology and growth
When plant water loss exceeds the ability to replace that water, drought stress occurs (Bray,
1997), which can gradually become more severe (He and Dijkstra, 2014). Dry atmospheric
conditions facilitate the movement of water out of the leaf (Zhang et al., 2017), such that high
evapotranspiration rates are often observed at the onset of drought (Grant et al., 2014; Hoover et
al., 2014; Brookshire and Weaver, 2015; Copeland et al., 2016). Under drought, osmotic
potential declines in the extracellular space, which results in cellular dehydration, causing
disruptions to cellular components (Beck et al., 2007), and there are often declines in both
photosynthetic rates and growth as a result (Zlatev and Lidon, 2012).

Plant responses to drought
To aid in the tolerance of drought stress, there are often increases in the concentrations of
osmolytes in plant cells (Pembleton and Sathish, 2014), and these compatible solutes (e.g. simple
carbohydrates and amino acids) help maintain cell turgor and metabolic activity (Beck et al.,
2007; Mohammadkhani and Heidari, 2008). For instance, under drought, elevated proline
concentrations were observed in Saccharum spp. and Lolium perenne (Thomas and James, 1993;
Marcos et al., 2018) and soluble sugars were upregulated in Zea mays Mohammadkhani and
Heidari, 2008). There can also be increases in the concentration of various dehydrins (Pembleton
and Sathish, 2014), though this response may be lacking in some species subjected to water
stress (e.g. Levisticum officinale – Akhzari and Pessarakli, 2016).
Increases in the concentrations of antioxidants (e.g. APX, CAT, SOD) may also help reduce
oxidative stress during drought (Li et al., 2010; Hoffman et al., 2012). Elevated concentrations of
ABA are often observed in drought stressed plants (Poa pratensis – Wang et al., 2004), and
ABA can lower stomatal conductance and reduce evapotranspiration (Zhang et al., 1987). To
avoid drought stress, plants can also increase the allocation of resources towards root
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development (Zea mays – Ain et al., 2006) or decrease the density of stomata and increase the
number of trichomes on leaves (Solanum lycopersicum – Galdon-Armero et al., 2018).

Stress interactions and stress memory
Plants are often exposed to multiple factors that elicit stress, and these stressors can occur
simultaneously or at different times (Chapin III et al., 1987; Sperling et al., 2017). Stressors can
interact, with exposure to one stress modifying plant tolerance to a second stress (Jones and
Jones, 1989; Sperling et al., 2017), particularly when there is an overlap in the mechanisms of
stress tolerance. These interactions can be synergistic, where the combined response is greater
than the sum of the individual effects, or they can be antagonistic, where the combined effect is
less than the sum of the individual effects (Hilker et al., 2016).
Stress memory occurs when exposure of a plant to an environmental stressor modifies its
response to subsequent stressful events (Walter et al., 2012; Crisp et al., 2016; Alves de Freitas
Guedes et al., 2018). These stress memory effects may result from the retention of protective
compounds (e.g. antioxidants that prevent oxidative stress and/or transcription factors that help
upregulate the genes associated with stress tolerance; Bruce et al., 2007; Crisp et al., 2016;
Marcos et al., 2018). Furthermore, modifications to chromatin or DNA (e.g. histone modification
through acetylation and methylation) may help rapidly upregulate the production of protective
compounds upon future stress exposure (Bruce et al., 2007; Temel et al., 2017). By considering
the environmental conditions that plants may have experienced in the past, we can improve our
predictions of plant responses to future stress; for example, models predicting productivity and
stomatal conductance in response to environmental conditions have been improved when stress
memory was considered (Ogle et al., 2015).

Drought memory
Substantial research has focused on drought memory, where prior exposure to drought enhances
tolerance to future drought events (Walter et al., 2011; Backhaus et al., 2014; Fleta-Soriano and
Munné-Bosch, 2016; Menezes-Silva et al., 2017; Marcos et al., 2018). Higher biomass
production was observed in the grass, Arrhenatherum elatius, post-drought for plants previously
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exposed to drought relative to plants that were previously well-watered, and this response was
associated with increased photoprotection (Walter et al., 2011). Stress memory was observed in
sugarcane (Saccharum spp.) where the rates of photosynthesis were greater in the plants exposed
to multiple drought events compared to a single drought (Marcos et al., 2018).
Stress memory effects can also scale up to impact plant communities. Heathland and grassland
communities previously exposed to drought had lower tissue dieback during a second drought
compared to well-watered plant communities (Backhaus et al., 2014), and it has been estimated
that these effects can last from 0.5 to 4 years in grassland communities (Backhaus et al., 2014;
Liu et al., 2018). Therefore, ecological stress memory may have important consequences for both
plant productivity and survival, suggesting that plant stress history should be considered in field
studies.

Freezing memory
Few studies have explored how freezing affects tolerance to subsequent freezing events.
Curiously, the results of freezing stress memory studies to date have been contradictory and
limited to a single tree species, Picea abies. Prior freezing stress reduced the cold tolerance of
Picea abies in the fall, and a decrease in antioxidant concentrations (e.g. APX and SOD) was
observed at this time in the fall (Polle, 1996). However, based on electrolyte leakage
measurements, repeated freezing had little effect on the subsequent cold tolerance of this species
(Strimbeck and Kjellsen, 2010).

Drought – freeze interactions
Interactions can also occur when exposure to one stressor enhances tolerance to a second
different stressor. This phenomenon has been referred to in the literature as cross protection,
cross talk, cross hardening or cross acclimation (Mittler, 2006). Both drought and freezing cause
cellular dehydration and elicit similar responses in plants (Beck et al., 2007), where similar
compatible solutes, antioxidants and plant hormones are elevated under both stresses (Levitt,
1951; Mahajan and Tuteja, 2005; Beck et al., 2007). The observation that both stresses have
similar physiological effects on plants provides a strong mechanistic basis for the existence of
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cross acclimation between drought and freezing. Furthermore, evidence of drought memory
would suggest that prior exposure to drought may influence tolerance to stressors, including
freezing, that elicit dehydration stress.
Drought-freeze interactions, where prior drought stress enhances tolerance to subsequent
freezing, have been observed in a wide range of species, and appear to be relatively common in
plants (Cox and Levitt, 1976; Chen and Li, 1977; Willemot and Pelletier, 1979; Yelenosky,
1979; Nelson et al., 1993; Anisko and Lindstrom, 1996; Aroca et al., 2003; Ewers et al., 2003;
Blodner, 2004; Lambrecht et al., 2007; Medeiros and Pockman, 2011; Melgar et al., 2009;
Kreyling et al., 2012a; Kreyling et al., 2012b; Hoffman et al., 2012; Navarrete-Campos et al.,
2013; O’Keefe’ et al., 2016; Sierra-Almeida et al., 2016; Sperling et al., 2017). These
interactions occur in both woody and herbaceous species, and they have been demonstrated at
the level of plant physiological responses (e.g. concentrations of compatible solutes) and in terms
of whole plant growth and survival.

Impacts of drought – freeze interactions on physiology and growth
Early work on graminoid species revealed a strong relationship between exposure to drought
stress and subsequent freeze tolerance (Siminovitch and Cloutier, 1982). Exposure to low
humidity (40%) induced a similar amount of freezing tolerance as exposure to 2 °C in Triticum
aestivum and Secale cereale, and there was a decrease in the temperature that was lethal for 50%
of seedlings (LT50) (Cloutier and Siminovitch, 1982). Similar results were found for Lolium
perenne ‘buccaneer’ exposed to drought and freezing, and this was associated with increased
concentrations of fructans, sucrose and proline in leaves and crown tissue (Hoffman et al., 2012).
For the grasses Arrhenatherum elatius and Festuca pratensis, increased biomass and chlorophyll
content were observed after exposure to late-spring freezing in plants that were previously
exposed to drought relative to control plants (Kreyling et al., 2012a). Likewise, interactive
effects of drought and freezing were observed in Poa pratensis, where drought exposed plants
experienced lower declines in biomass after freezing compared to their freeze-only counterparts
(Kong and Henry, 2018). Final biomass, however, was equivalent for both the drought-freeze
and freeze-only treatments, and the interactive effects of drought and freezing in Poa pratensis
did not correlate with the retention of elevated levels of soluble sugars (glucose, fructose and
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sucrose) in leaves after drought (Kong and Henry, 2018). Drought-freeze interactions have also
been observed in multiple forb species. For example, Medicago sativa previously exposed to
drought stress had decreased LT50 values after freezing relative to the freeze-only plants (Paquin
and Mehuys, 1979), and decreased electrolyte leakage was observed in Euphorbia collina and
the asters Perezia carthamoides and Taraxacum officinale exposed to drought and freezing
compared to the freeze-only controls (Sierra-Almeida et al., 2016). These interactions were also
observed in Brassica oleracea (Cox and Levitt, 1976) and Spinacia oleracea (Fennell et al.,
1990), but drought and freezing were applied simultaneously for the latter experiments.
Drought-freeze interactions have also been observed in woody species. Electrolyte leakage was
lower after freezing for individuals of the shrubs Chuquiraga oppositifolia, Haplopappus
anthylloides, Nassauvia looseri and Senecio polygaloides that were previously exposed to
drought compared to the non-drought controls (Sierra-Almeida et al., 2016). Likewise, moderate
drought stress reduced electrolyte leakage in Pistacia integerrima after subsequent freezing was
applied (Sperling et al., 2017), and drought stress improved the bud survival and seed yield of
Pisidum sp. exposed to freezing stress in a multi-year field study (Nelson et al., 1993).
Furthemore, Pinus nigra subjected to drought and then freezing had elevated concentrations of
soluble carbohydrates and fatty acids in their needles compared to freeze-only plants (Kreyling et
al., 2012b).
However, cross acclimation between drought and freezing is not ubiquitous. This interaction was
not observed in Fuchsia magellanica (Pagter et al., 2008) or Pseudotsuga menziesii (van den
Dreiessche, 1969). Fuchsia magellanica may be lacking the mechanisms for substantial cold
acclimation, but there were increases in the concentrations of ABA and proline under drought
(Pagter et al., 2008). In the post-drought period, fall freezing reduced the photosynthetic rates of
Calluna vulgaris, although this was attributed to freezing damage in prior years, which
accelerated leaf senescence (i.e. freezing memory may have influenced the plant responses;
Albert et al., 2013). For Ceanothus spinosus subjected to both severe drought and freezing, there
was substantial damage to shoots when compared to freeze-only individuals (Ewers et al., 2003).
Freezing was applied immediately after drought stress for Acacia nigrescens, Cassia abbreviata
and Combretum apiculatum and Colophospermum mopane, but cross acclimation was only
present in Colophospermum mopane (O’Keefe’ et al., 2016).
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Freeze – drought interactions
The many examples of drought-freeze interactions described above, where drought modified
tolerance to subsequent freezing, suggest that freeze-drought interactions, where freezing
modifies tolerance to subsequent drought, may also exist. However, there have been few studies
of freeze-drought interactions, and the existing studies have been limited to a small suite of
physiological responses (Horváth et al., 2007; Grudkowska and Zagdanska, 2010; Hossain et al.,
2013).

Impacts of freezing – drought interactions on physiology and growth
For Triticum aestivum exposed to drought, higher protein content was observed in the plants
previously exposed to freezing than in non-frozen controls (Grudkowska and Zagdanska, 2010).
Similarly, in Brassica campestris, there were elevated concentrations of ascorbate, catalase,
glutathione, glutathione S-transferase and glyoxalase in Brassica campestris plants that were
subjected to a previous freezing event before drought exposure, which indicated an enhanced
ability to scavenge for ROS (Hossain et al., 2013).
Fall dormant cultivars of Medicago sativa exhibited increased drought tolerance, with higher
rates of shoot growth, higher shoot water potentials and higher stomatal conductance compared
to less dormant cultivars under drought (Pembleton and Sathish, 2014). Increased drought
tolerance in Medicago sativa was correlated with increased concentrations of dehydrins and
SOD, but these plants were not exposed to freezing stress (i.e. fall dormant cultivars performed
better under drought that non-dormant cultivars; Pembleton and Sathish, 2014).

Stress timing
Drought and freezing can co-occur in semi-arid regions (Sperling et al., 2017) and at high
elevations, where low temperatures are often associated with dry conditions (Sierra-Almeida et
al., 2016). However, for many regions, freezing and drought are temporally separated by
seasons, with drought occurring in the summer (PaiMazumder et al., 2013) and freezing
occurring in the winter, late fall or early spring (Gu et al., 2008). It is therefore important to
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understand how freezing and drought interact with one another when these stressors are applied
in different seasons. As previously mentioned, rising air temperatures may increase the risk of
both freezing and drought stress for herbaceous plants in many northern temperate regions, and
these interactions may influence productivity and survival.
However, many studies examining drought-freeze interactions have not applied these stressors
over ecologically relevant time scales (i.e. with an appropriate time gap between stress
applications); rather, freezing is often applied immediately after the drought stress. For instance,
drought-freeze interactions were observed when freezing was applied immediately after water
stress in Cornus stolonifera (Chen and Li, 1977), Eucalyptus globulus (Navarrete-Campos et al.,
2012) and Lolium perenne (Hoffman et al., 2012; Lanier et al., 2012). However, drought-freeze
cross acclimation has also been observed in studies that have applied stressors over more
ecologically relevant time periods (e.g. for Arrhenatherum elatius and Festuca pratensis –
Kreyling et al., 2012b and Poa pratensis – Kong and Henry, 2018). For studies that have
examined the reciprocal (freeze-drought interactions), stressors have also been applied
immediately after each other (e.g. in Brassica campestris and Triticum aestivum – Horváth et al.,
2007; Grudkowska and Zagdanska, 2010; Hossain et al., 2013). However, unlike studies of
drought-freeze interactions, there are currently no studies that have examined freeze-drought
interactions where a lag time has been applied between stressors. Increasing the lag time between
stressor applications may reduce the likelihood of observing cross acclimation, because
protective compounds can decline with time as plants revert to a pre-stress state (Walter et al.,
2013; Kong and Henry, 2018). For example, the freezing tolerance of Pinus nigra that
experienced a summer drought was higher in the first winter and weaker during the second
winter (Kreyling et al., 2012b).

Cross acclimation at the community and ecosystem scales
Stress response studies at the community level have often been restricted to the study of a single
stress factor. However, more recent experiments have incorporated multiple stress factors,
applied simultaneously or at different times. For example, numerous experiments have addressed
interactions between temperature and precipitation (Dreesen et al., 2012; Hoeppner and Dukes,
2012; Xu et al., 2014; Gargallo-Garriga et al., 2015; Yang et al., 2016; Li et al., 2017; Liu et al.,
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2017; Töpper et al., 2018; Cowles et al., 2018), because they are often considered as two of the
most important components of future climate change. If cross acclimation is strong, these
interactive studies would provide better representations of stress responses under field conditions
(i.e. superior contextual relevance) than single factor studies. Drought-freeze and freeze-drought
studies have been limited to investigations on single plant species. However, a recent study
suggested that reduced snow cover in the winter may have little consequence for drought
tolerance during the growing season (Henry et al., 2018). Sternberg et al. (1999) and Grime et al.
(2008) also both examined how warmer winters and wet/dry summers would influence plant
communities, but their study sites typically do not experience freezing: winter temperatures
ranged from 3.3 to 9.8 °C for the former and from 1 to 4.8 °C for the latter (Sternberg et al.,
1999; Grime et al., 2008).
In plant communities, interspecific variation in freezing and drought tolerance may be amplified
by competitive interactions, with the most tolerant species (and those with high cross acclimation
potential) suppressing the less tolerant species. However, factors other than species-level cross
acclimation may be important in determining plant responses to freezing and drought in the field.
For example, changes in plant water demand caused by freezing damage could modify the
intensity of drought experienced for any given decrease in summer precipitation (e.g. small,
freeze-damaged plants may require less water over summer than undamaged plants). To address
this, some studies have kept soil water potential constant to reduce size related effects (He and
Dijkstra, 2014).
If cross acclimation minimizes declines in plant productivity in response to multiple stressors,
this can help reduce N losses at the ecosystem level. For instance, plants that demonstrate cross
acclimation may exhibit a higher N demand both during and after drought than other plants, both
by remaining more active and as a consequence of having large root systems. For species with
low cross acclimation, accelerated leaf senescence may occur, which can influence leaf litter
quality. Senesced leaves of Phaseolus vulgaris plants, for example, that experienced drought had
higher concentrations of nutrients than the senesced leaves of plants that did not experience
stress (Foster et al., 1995). Nutrient content in senesced leaves could in turn influence
decomposition rates and alter nutrient cycles both currently and in the future (Ogle et al., 2015).
Therefore, by influencing N metabolism in individuals, cross acclimation may influence nutrient
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cycling at the ecosystem level. Understanding cross acclimation effects on N concentrations in
plant tissue and soil is particularly important, given that nitrogen is often limiting in unmanaged
ecosystems, and crucial for plant development and stress tolerance (Hofer et al., 2016).

Thesis overview
In temperate regions, drought and freezing often occur in different seasons, but interactions can
occur between stressors separated in time. There is substantial evidence that drought-freeze cross
acclimation can impact plant physiology, with important consequences for plant productivity.
However, it has not been established whether freeze-drought interactions have similar
consequences for biomass production. Additional experiments are needed to investigate the
potential mechanisms responsible for cross acclimation at the species level, and how specieslevel cross acclimation may scale up to plant community and ecosystem responses. As a result, I
examined plant response to freezing and drought, and their interactive effects, at multiple scales.

Hypotheses
Freezing and drought both cause similar responses in plants, and it has been demonstrated that
drought-freeze interactions (where drought is applied before freezing) can influence plant
physiology and growth. Therefore, I hypothesized that prior exposure to freezing in plants
influences their physiological and growth responses to subsequent drought.

Objectives
For my first objective, I investigated the effects of freezing on the drought tolerance of Poa
pratensis (Kentucky bluegrass) and I explored the consequences of freeze-drought cross
acclimation on plant productivity. I further assessed the concentrations of leaf soluble sugars
after freezing, to assess whether the retention of compatible solutes may contribute to cross
acclimation.
For my second objective, I examined freezing-drought interactions in six graminoids
(Arrhenatherum elatius, Agrostis stolonifera, Bromus inermis, Lolium perenne, Festuca rubra,
Poa compressa) and two forbs (Securigera varia, Plantago lanceolata) by examining plant
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productivity. I also assessed leaf soluble sugars and proteins immediately before the drought and
at the onset of drought symptoms to explore if the retention and upregulation of these protective
compounds may be associated with freeze-drought interactions.
For my last objective, I examined the effects of spring freezing on summer drought tolerance in
the context of an old field plant community. Specifically, I assessed the effects on plant
productivity and the changes in the biomass of different plant functional groups. In addition, I
examined changes in N retention by plant communities in response to freezing and drought
treatments using a 15N tracer.

Predictions
For my first objective, I predicted that prior freezing would increase the subsequent drought
tolerance of Poa pratensis; I anticipated the decline in biomass after drought would be less
severe for the plants previously exposed to freezing, and I expected that these interactions would
be correlated with the retention of leaf soluble sugars after freezing. For my second objective, I
predicted that prior freezing would enhance the subsequent drought tolerance of eight additional
old field species, and I predicted that these interactions would be related to elevated leaf soluble
sugars and proteins during the drought. For my last objective, I predicted greater declines in total
biomass and 15N tracer retention in plant communities exposed to drought alone, relative to
communities exposed to both freezing then drought.
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Chapter 2
2

Prior exposure to freezing stress enhances the survival and
recovery of Poa pratensis exposed to severe drought 1
Introduction

Interactions of multiple stresses can play a very influential role in plant stress physiology (Beck
et al., 2007). Despite the extensive study of plant stress interactions, these typically have been
examined in the context of stresses that occur simultaneously (e.g., Jiang and Huang, 2000;
Alexieva et al., 2003; Liu et al., 2008). However, plant stress tolerance can be modified by prior
exposure to stress; this “stress memory” can be attributed to the accumulation of protective
compounds and transcription factors that upregulate genes that confer stress tolerance (Bruce et
al., 2007; Walter et al., 2013). Although the duration over which these cross stress interactions
can persist remains largely untested, there is evidence that they can persist across multiple
seasons (Kreyling et al., 2012a, b). Therefore, influential plant stressors such as freezing and
drought, both of which are expected to be altered by global climate change (e.g., Groffman et al.,
2001; Mishra and Singh, 2010), may interact and could determine cumulative plant stress
responses over the annual cycle.
Temperatures at or below 0 °C can result in extracellular ice formation, which leads to both
cellular dehydration and oxidative stress, although various physiological changes can help reduce
the severity of damage (Guy, 1990; Ouellet, 2007; Yadav, 2010). During cold acclimation, plant
cells can increase the concentration of compatible solutes, including the amino acids proline,
glutamine, and glumatic acid, and the soluble sugars glucose, fructose, and sucrose (Draper,
1972; Bhandari and Nayyar, 2014). These solutes help minimize cell dehydration, scavenge and
quench reactive oxygen species, and depress the freezing point of water in cells, allowing some
1
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species to tolerate air temperatures below −25 °C (Wisniewski et al., 2003; Yadav, 2010; Rejeb
et al., 2014). During freezing stress, there are also increases in the expression of plant hormones,
including abscisic acid, which act as important signaling molecules that upregulate the genes
associated with compatible solutes and dehydrins, the latter of which are proteins that protect the
functioning of cell components (Dörffling et al., 1990; Wang et al., 2003).
During drought, when water loss through transpiration exceeds the ability of roots to take up
water, cell dehydration occurs, disrupting cell metabolism (Bray, 1997). During drought stress,
there are increases in compatible solutes and plant hormones, many of which are also induced
during freezing stress (Wang et al., 2004; Mahajan and Tuteja, 2005; Mohammadkhani and
Heidari, 2008). The observation that both freezing and drought stress result in cellular
dehydration and stimulate the accumulation of similar compatible solutes and hormones
therefore provides a strong mechanistic basis for the existence of cross protection or cross
acclimation between these two stresses. When examined experimentally, exposure to drought has
increased the freezing tolerance of herbaceous species, as observed for Zea mays, Festuca
pratensis, Lolium perenne, Secale cereale, Arrhenatherum elatius, and Triticum aestivum
(Willemot and Pelletier, 1979; Cloutier and Siminovitch, 1982; Siminovitch and Cloutier, 1982;
Aroca et al., 2003; Kreyling et al., 2012a; Hoffman et al., 2012). Drought exposure also has
enhanced the freezing tolerance of woody species, including Eucalyptus globulus, Pinus nigra,
Larrea tridentata and Cornus stolonifera (Chen and Li, 1977; Medeiros and Pockman, 2011;
Kreyling et al., 2012b; Navarrete-Campos et al., 2013). Higher survival rates, higher biomass,
and less leaf damage have been observed in response to freezing for plants previously exposed to
drought in numerous species (Chen and Li, 1977; Willemot and Pelletier, 1979; Aroca et al.,
2003; Medeiros and Pockman, 2011; Hoffman et al., 2012; Kreyling et al., 2012a).
Examination of the reciprocal effect (i.e., the effect of freezing on drought tolerance) has been
far less common; experiments with Triticum aestivum and Brassica campestris revealed that
previous exposure to freezing can result in higher concentrations of compatible solutes and
antioxidants during drought (Horváth et al., 2007; Grudkowska and Zagdanska, 2010; Hossain et
al., 2013), but these studies only examined the physiological mechanisms of drought tolerance,
and did not address freezing-drought interactions in the context of survival or growth. Likewise,
cross acclimation studies examining freezing and drought have often exposed plants to one stress
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immediately after the other, which does not reflect the timescale over which these respective
stresses typically occur in the field.
I examined how prior freezing stress affected the survival and growth response of the grass Poa
pratensis to drought. Poa pratensis is a cool season grass that is common in old fields and used
commercially as a turfgrass; propagation occurs through rhizome and seed production
(Wennerberg, 2004). Temperatures below 8 °C are required for this species to initiate cold
acclimation, and sublethal freezing damage in this species can begin to occur at temperatures
between −5 and −10 °C (Beard, 1973; Malyshev and Henry, 2012a, b). This species is
considered to be moderately drought tolerant, and leaf growth begins to cease at a soil water
potential of −0.125 MPa (Beard, 1973; Aronson et al., 1987). The detailed knowledge of its
freezing and drought tolerance makes it an ideal species for investigating cross acclimation
effects. For this study, I focused on the importance of stress timing, and I also examined the
decline in soluble sugar concentrations with time after freezing exposure to determine the
duration at which soluble sugars remain at high levels. Based on the observation that similar
physiological changes occur in response to freezing and drought stress, I predicted that prior
freezing stress would increase drought tolerance. I also predicted that freezing stress experienced
in the early and late spring would have a stronger effect on drought tolerance compared to
freezing stress experienced the previous fall.

Methods
Collection of plant material
I collected Poa pratensis tillers from an old field site (43 ° 04 ′ N, 81 ° 20 ′ W) in London,
Ontario, Canada on 13 November 2014 (Fig. 2.1). The average annual air temperature for the site
was 7.9 °C, with a mean monthly low of −5.6 °C in January and mean monthly high of 20.8 °C
in July; historically, there was a 90% probability that the first frost would occur after 23 October,
and that the last frost would occur before 20 April (Environment Canada, National Climate Data
and Information Archive). The field site received an average of 1012 mm precipitation annually,
and the mean volumetric soil water contents for June and July were 0.26 and 0.21, respectively,
from 2007–2013. To maximize the uniformity of the experimental units, I selected tillers with
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five leaves or fewer and trimmed the tillers to a height of 10–15 cm, and I cut roots to a length of
5 cm. I then placed tillers into 10 cm diameter × 10 cm deep pots filled with silt loam soil from
the field site, which I sieved and mixed with coarse horticultural perlite (Thermo-O-Rock East,
New Eagle, Pennsylvania, USA) in a 1:1 ratio by volume to allow sufficient drainage. These
transplants remained outdoors until I applied freezing treatments at the end of November.
Outdoor soil temperatures at 2 cm depth were recorded using LogTag Trix-8 temperature loggers
(LogTag Recorders, Auckland, New Zealand). The minimum soil temperature reached from 23
October 2014 to 12 May 2015 was 0 ° C. I did not control for or confirm the genetic identify of
the tillers, but I randomly assigned the tillers to the experimental treatments to eliminate any
potential bias caused by genotypic variation present in the population.
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Figure 2.1 Timeline of the experiment indicating the dates of freezing and drought along with
their duration. Also depicted are the dates of tiller collection and key growth measurements.
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Freezing treatments
I exposed tillers to freezing in the fall or spring in controlled environment chambers that were
initially set at 0 °C and cooled at a rate of 0.5 °C/h to the target temperature. Tillers were
subjected to minimum temperatures of either 0, −5, or −10 °C (n = 54, n = 54, n = 54,
respectively) in the dark for 3 d from 25 November 2014 to 28 November 2014 (12 d after tiller
collection). Another set of tillers (n = 34) remained outside under a layer of leaf litter to test
whether they responded to drought differently than the tillers subjected to 0 °C, and the mean
soil temperature at the 2 cm depth during this period was 4 °C. The spring-only freezing
treatment tillers were placed into the 0 °C chambers at this time (i.e., in the fall). Following fall
freezing, I randomly positioned the pots outdoors for the remainder of the winter, with the soil
surface in the pots level with the surrounding soil, and the pots were covered with the same
density of grass litter that occurs at the field site. I removed the plants from outside and applied
the spring-only freezing treatments from 6 April 2015 to 9 April 2015 by cooling the tillers to 0,
−5, or −10 °C (n = 54, n = 54, n = 54, respectively) as described above, and the remaining tillers
were kept at 0 °C. The pots were placed back outdoors in a random arrangement for 11 d, and
subsequently brought into a greenhouse on 20 April 2015 and watered daily. There was an
excess number of replicates for the 0 °C fall, 0 °C spring treatment (n = 108). Therefore, I
randomly selected 36 surviving tillers from this treatment and subjected them to a temperature of
either 0 °C (n = 18) or −5 °C (n = 18) from 12 May 2015 to 15 May 2015 (i.e., late-spring
freezing treatments). A −10 °C treatment was not applied at this time because of low survival in
the fall and early spring, and all other tillers remained in the greenhouse (average temperature of
23 °C) during this time. Tiller survival was assessed on 28 May 2015, and the surviving tillers
within each freezing treatment were evenly distributed among the three different drought
treatments. The average soil temperature during the overwintering period (December 2014 –
March 2015) was 1.1 °C. In addition, average soil temperatures 2 weeks before freezing in the
fall were 5 °C and 3.5 °C for the early spring freeze. Two weeks prior to the late spring freeze,
the average air temperature in the greenhouse was 24.4 °C.
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Drought treatments
I created a soil moisture characteristic curve for the soil-perlite mix, and used it to establish the
relationship between soil water loss and soil water potential (i.e., soil water potential changes
were estimated by measuring changes in pot weight). To establish this curve, I added water to
air-dry soil to create a continuum of soils with varying water content, and I determined water
potential using a W4PC Dew Point Potentiometer (Decagon Devices, Pullman, Washington,
USA). I initiated drought treatments on 30 May 2015 in a greenhouse, with all plants initially
watered to field capacity. Tillers were maintained in the no drought, moderate, and severe
drought treatments at average soil water potentials of −0.025, −0.140, and −0.250 MPa,
respectively, and these target values were based on previous drought trials and a study conducted
by Aronson et al. (1987). I maintained the pots at these target soil water potentials until 21 June
2015, and thereafter, all the plants were watered to field capacity for 3 weeks and survival was
assessed on 6 July 2015.

Relative growth and biomass measures
I measured total leaf length weekly for each tiller during the drought and recovery periods. I
converted cumulative leaf measurements into biomass measurements using an allometric
equation that related leaf length to biomass (dry leaf biomass in mg = 1.5487 × leaf length in mm
− 2.2883, R2 = 0.96), and the relative change in aboveground biomass was calculated for both
the drought and recovery periods. For relative change, the difference in estimated plant size
between two time points was compared to the estimated plant size at the first time point. Tillers
were harvested on 13 July 2015 and dried at 60 °C for 3 d, after which shoot and root dry mass
were determined.

Total soluble sugar assay
I collected Poa pratensis tillers on 28 May 2015 and they were cold acclimated under metal
halide and high pressure sodium lighting for 10 h (7:00–17:00) each day from 21 July 2015 to 7
August 2015. To stimulate cold acclimation, the chambers were set at 15 °C, cooled at a rate of
0.5 °C/h to 5 °C, and held there until the freezing treatments occurred. For the latter, the tillers
were either subjected to a temperature of 0 °C (n = 18) or −5 °C (n = 18) for 3 d in the dark. I
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sampled tillers (n = 6) in each temperature treatment of total soluble sugars (sucrose, fructose,
and glucose) 0, 30, and 55 d post-freezing. Total soluble sugars were also determined in tillers (n
= 6) immediately before the freezing treatments occurred. To quantify total sugars, I used a
modified phenol-sulfuric acid method (Buysse and Merckx, 1993; Wang et al., 2003) for Poa
pratensis leaves that had been dried and then ground using a 2000 Geno/Grinder ball mill (SPEX
CertiPrep, Metuchen, New Jersey, USA) for 4 min. I combined 50 mg of ground leaf tissue with
30 mL of 80 % ethanol, and the solution was topped up to 50 mL using deionized water. Half a
milliliter of this mixture was combined with 0.5 mL of 18% (w/v) phenol and 2.5 mL sulfuric
acid in a test tube, and the resulting solution was mixed and allowed to rest for 20 min. I
determined the absorbance at 490 nm with a UV-VIS Recording Spectrophotometer UV-160
(Shimadzu, Kyoto, Japan) and a standard curve for sucrose was used to determine the
concentration of soluble sugars per gram of dry leaf material. Blanks were created using the
methods above, but did not contain any plant material.

Statistical analyses
For the survival, growth, and biomass analyses, the tillers were pooled into three freezing stress
categories: (1) “low freeze stress” or control (tillers that were incubated at 0 °C in both the fall
and early spring or tillers that were left outside in the fall; n = 54), (2) “fall freeze stress” (tillers
that were incubated at −5 °C in the fall; n = 33), and (3) “spring freeze stress” (tillers that were
incubated at −5 °C in the early spring or 0 ° C in the late spring; the latter treatment was stressful
in the late spring because the plants were fully de-acclimated at that time, as indicated by the
mortality and growth data; n = 37). None of the treatments within a given freezing stress
category differed significantly in their biomass or drought stress responses (Appendix A.1–A.4).
No drought treatments were applied to tillers frozen at −10 °C in the fall or early spring, and the
tillers frozen at −5 °C in the late spring, because there were too few surviving replicates from
these treatments.
Fisher’s exact tests were used to assess whether freezing and drought treatments significantly
affected plant survival, and a two-way ANOVA was used to assess the treatment effects on
relative growth and biomass. In addition, multiple one-tailed Welch’s t tests were used to
compare sugar concentrations between freezing treatments. Shapiro-Wilks tests were used to
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assess for normality, and Levene’s test were used to assess for homoscedasticity; relative growth
and biomass data were square root transformed, while sugar concentrations were log transformed
to normalize the raw data. I ran statistical tests on R version 3.2.3 “Wooden Christmas-Tree”,
and the package “fifer” was used for the Fisher’s exact tests (Fife, 2014; R Development Core
Team, 2015).

Results
For survival, there was a significant interaction between freezing and drought (P = 0.04),
whereby the tillers that experienced low freezing stress exhibited lower survival when compared
to the fall frozen tillers and spring frozen tillers in the severe drought treatment (Fig. 2.2).
However, there were no significant differences between the low freeze stress tillers and fall and
spring frozen tillers under moderate drought (P = 0.34), and all tillers survived under no drought
conditions (Fig. 2.2). For relative growth, there was no interaction between freezing and drought
stress during the period of drought (F4, 113 = 1.09, P = 0.37; Fig. 2.3). However, there was a
significant interaction between freezing and drought for relative growth during the recovery
period (F4, 113 = 3.7, P = 0.007), with the most rapid growth exhibited by the spring freezing
stress tillers under severe drought, and no significant effect of freezing stress under no drought
and moderate drought (Fig. 2.4). For the recovery period, there was a significant interaction
between freezing and drought stress between days 0–7 (F4, 113 = 4.13, P = 0.004), but not
between days 7–14 (F4, 113 = 0.87, P = 0.48). Thus, the benefits of prior freezing stress for
drought recovery occurred immediately after the drought. A similar significant interaction was
observed for total biomass at the end of the experiment (F4, 115 = 2.93, P = 0.02), although there
was no interaction present for freezing and moderate drought, even though the moderate drought
on its own was stressful (Fig. 2.5).
One month after freezing, leaf sugar content declined by more than half for both tillers frozen at
0 °C (t = 4.55, df = 5.26, P = 0.003) and −5 °C (t = 3.47, df = 7.60, P = 0.005) (Fig. 2.6). At this
time, total sugar content was significantly higher for the tillers that had been treated at −5 °C
compared to those that had been treated at 0 °C (t = 3.41, df = 7.31, P = 0.005), but there was no
significant difference two months after freezing (t = 0.14, df = 9.24, P = 0.45).
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Figure 2.2 Percentage of Poa pratensis tillers surviving after experiencing no drought, a
moderate drought or a severe drought after the low or no freeze (control plants that remained
outside in the fall or were kept at 0 °C in the fall and early spring), fall freeze (−5 °C) or spring
freeze treatments (−5 °C early spring or 0 °C in the late spring). Survival was assessed after the 3
weeks post-drought period, and replication was as follows: no drought (low freeze stress, n = 17;
fall freeze stress, n = 11; spring freeze stress, n = 12), moderate drought (low freeze stress, n =
19; fall freeze stress, n = 11; spring freeze stress, n = 13), severe drought (low freeze stress, n =
18; fall freeze stress, n = 11; spring freeze stress, n = 12). Freezing significantly increased
survival in the severe drought treatment (Fisher’s exact test – P = 0.04).
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Figure 2.3 Change in growth during the drought period for the tillers subjected to no drought, a
moderate drought or a severe drought that previously experienced a low or no freeze (control
plants that remained outside in the fall or were kept at 0 °C in the fall and early spring), fall
freeze (−5 °C) or spring freeze (−5 °C early spring or 0 °C in the late spring). Replication was
the same as in Fig. 2.1. The lower boundary of the box represents the 25th percentile, while the
upper boundary of the box represents the 75th percentile; the horizontal line within this box
indicates the median. The 90th and 10th percentiles are represented by the upper and lower
whiskers, respectively. There was a significant drought effect (F2, 113 = 71.18, P < 0.0001), but no
significant freezing effect (F2, 113 = 1.83, P = 0.17) or interaction (F4, 113 = 1.09, P = 0.37; twoway ANOVA). Freezing treatments were compared within each drought treatment using Tukey’s
tests, and different letters indicate a significant difference between groups (P < 0.05).
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Figure 2.4 Change in growth during the 3-week post-drought period for the tillers subjected to
no drought, a moderate drought or a severe drought that previously experienced a low or no
freeze (control plants that remained outside in the fall or were kept at 0 °C in the fall and early
spring), fall freeze (−5 °C) or spring freeze (−5 °C early spring or 0 °C in the late spring).
Replication was the same as in Fig. 2.1. The lower boundary of the box represents the 25th
percentile, while the upper boundary of the box represents the 75th percentile; the horizontal line
within this box indicates the median. The 90th and 10th percentiles are represented by the upper
and lower whiskers, respectively. There was a significant interaction between drought and
freezing (F4, 113 = 3.74, P = 0.007; two-way ANOVA). Freezing treatments were compared
within each drought treatment using Tukey’s tests, and different letters indicate a significant
difference between groups (P < 0.05).
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Figure 2.5 Total (shoot + root) biomass for the tillers at the end of the regrowth period that
experienced no drought, a moderate drought or severe drought and a low or no freeze (control
plants that remained outside in the fall or were kept at 0 °C in the fall and early spring), fall
freeze (−5 °C) or spring freeze (−5 °C early spring or 0 °C in the late spring). Replication was
the same as in Fig. 2.1. The lower boundary of the box represents the 25th percentile, while the
upper boundary of the box represents the 75th percentile; the horizontal line within this box
indicates the median. The 90th and 10th percentiles are represented by the upper and lower
whiskers, respectively. There was a significant interaction between drought and freezing (F4, 115 =
2.93, P = 0.02; two-way ANOVA). Freezing treatments were compared within each drought
treatment using Tukey’s tests, and different letters indicate a significant difference between
groups (P < 0.05).
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Figure 2.6 Mean leaf sugar concentration (glucose, fructose, sucrose) for the tillers before and
immediately after freezing occurred at 0 °C or −5 °C. Tillers were acclimated for 2 weeks at 5 °C
before freezing treatments occurred. Leaf sugar concentrations were also measured in the tillers
30 d and 55 d after the tillers were frozen at 0 °C or −5 °C. For each treatment and sampling time
n = 6. The lower boundary of the box represents the 25th percentile, while the upper boundary of
the box represents the 75th percentile; the horizontal line within this box indicates the median.
The 90th and 10th percentiles are represented by the upper and lower whiskers, respectively.
Freezing treatments were compared within sampling times using one-tailed Welch’s tests and
different letters indicate a significant difference (P < 0.05). Total sugar content differed between
tillers frozen at 0 °C and −5 °C one month after freezing (t = 3.41, df = 7.31, P = 0.005), but not
after two months (t = 0.14, df = 9.24, P = 0.45).
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Discussion
Consistent with my predictions, exposure to intense freezing increased both the survival and
growth of Poa pratensis tillers in response to severe drought. Therefore, I demonstrate for the
first time the positive effects of prior freezing exposure on survival and growth after drought.
These results build on the findings of previous experiments that examined the effects of prior
freezing exposure on drought tolerance in the context of physiological acclimation mechanisms
(Horváth et al., 2007; Grudkowska and Zagdanska, 2010; Hossain et al., 2013). Although both
the moderate and severe drought conditions were stressful (based on the biomass data), a
freezing by drought interaction was not observed under moderate drought conditions, which
suggests that the benefits of freezing stress only occur when the drought conditions are severe.
Furthermore, this interaction was not observed during the drought, but rather during the recovery
period, which suggests that the spring frozen tillers experienced less damage during the drought
period, and or were able to resume growth more rapidly than the other tillers following the
drought.
Often, the term cross adaptation is used in studies that examine stress interactions (e.g., Hoffman
et al., 2012, Hossain et al., 2013), but this term applies specifically to variation in the relationship
between freezing tolerance and drought tolerance among individuals (i.e., genotypic variation
among ecotypes or among species). Here, I instead use the terms cross protection or cross
acclimation to refer specifically to the observed increase in drought tolerance after freezing that
occurs within individuals. Cross acclimation can be attributed to the accumulation of protective
compounds and transcription factors; during abiotic stress epigenetic changes can occur,
whereby modifications to chromatin structure increase tolerance to a stress by silencing and
activating certain genes (Bruce et al., 2007; Walter et al., 2013). However, a crucial question
regarding cross acclimation effects emerges regarding how long they can persist. These
interactions can be relatively brief in duration, as with Larrea tridentata, where significant
effects of drought stress on freezing tolerance dissipated within a month (Medeiros and
Pockman, 2011). In contrast, drought stress continued to increase the cold hardiness of Pinus
nigra eight months after drought stress, and this effect only dissipated after twenty months
(Kreyling et al., 2012b). Here we showed that these interactions could remain significant for at
least 2–8 weeks after freezing stress was experienced by the plants. Nevertheless, for herbaceous
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plants, the duration of drought effects on freezing tolerance may differ from that of freezing
effects on drought tolerance, because for the latter, many of the tissues that experience the
drought may have grown after the freezing stress was experienced.
In my study, despite the observation of cross acclimation across seasons, tillers frozen in the fall
showed lower drought tolerance than those frozen in the spring, which demonstrates that stress
memory is lost with time. Differences among the developmental stages of the plants may also
have explained why I observed a freezing by drought interaction for the newly grown leaves that
were frozen in the spring, but not for the fall freeze treatment. This is because the green leaves
that were present in the fall would have senesced prior to the drought treatment the following
summer. The observation that sugars declined one month after freezing suggests that they may
have played a minimal role in the observed increase in drought tolerance. Metabolic turnover for
these sugars may be high, and the accumulation of antioxidants, plant hormones, transcription
factors, and other compatible solutes during freezing may have contributed to the observed
increase in drought tolerance in the plants frozen in the fall and spring (Beck et al., 2007; Pagter
and Petersen, 2008). In comparable studies, exposure to freezing stress increased the
concentrations of ascorbate peroxidase and guaiacol peroxidase in Triticum aestivum, and higher
proteinase activity was observed during drought (Horváth et al., 2007; Grudkowska and
Zagdańska, 2010). Similarly, Brassica campestris subjected to cold stress had higher
concentrations of ascorbate peroxidase, guaiacol peroxidase, glutathione reductase and catalase
during drought (Hossain et al., 2013). However, the biochemical mechanisms of cross tolerance
between cold stress and drought tolerance are still poorly understood (Hossain et al., 2013).
It might be expected that tillers that have experienced prior freezing stress would experience less
severe drought stress because of their smaller size and reduced water demand. Although such an
explanation might be valid in situ, where soil water potential can vary based on plant water use,
in our experiment, soil water potentials were carefully regulated on a per pot basis, and larger
tillers received more water than smaller tillers to maintain the pots in each treatment at a set soil
water potential. Moreover, in this experiment, low freezing stress tillers were not significantly
larger than the tillers frozen in the fall or spring before the onset of drought.
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Overall, my results show that prior freezing stress in the fall or spring can significantly influence
the survival and productivity of tillers in response to summer drought. The existence of stress
interactions over multiple seasons has important implications for understanding climate change
effects on plant productivity and species composition. In many regions, higher
evapotranspiration rates combined with less precipitation are anticipated to decrease water
availability and lead to increased drought stress for plants (Mishra and Singh, 2010; Bonsal et al.,
2011; PaiMazumder et al., 2013). Furthermore, declining snow cover and increases in the
number of soil freezing events are predicted to increase freezing stress for plants in northern
temperate regions (Groffman et al., 2001; Henry, 2008). Positive cross acclimation responses
may increase the ability of plants to persist in regions where both the intensity and frequency of
freezing and drought events are expected to increase.
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Chapter 3
3

Interactions of plant growth responses to spring freezing and
summer drought: A multispecies comparison 2
Introduction

Drought tolerance in plants can be positively correlated with freezing tolerance (Cloutier and
Siminovitch, 1982; Blödner et al., 2005), and drought-freeze interactions (where prior drought
exposure increases subsequent freezing tolerance) can significantly alter plant physiological
responses (Hoffman et al., 2012) and growth (Kreyling et al., 2012a). Likewise, freeze-drought
interactions (where prior freezing increases subsequent drought tolerance) also can impact plant
physiology (Horváth et al., 2007; Grudkowska and Zagdanska, 2010; Hossain et al., 2013) and
plant growth (Kong and Henry, 2016). Collectively, these responses have been described as cross
acclimation or stress memory (Walter et al., 2013).
Drought and freezing stress likely interact because both stresses increase the concentration of
osmolytes, antioxidants, and molecular chaperones within plant cells (Guy et al., 1992; Sasaki et
al., 1998; Xiong et al., 2002). These compounds can help prevent cellular damage by depressing
the freezing point and eliminating reactive oxygen species and repairing damaged proteins
formed during cellular dehydration (Mahajan and Tutega, 2005). When plants are exposed to
freezing immediately after drought, they exhibit elevated concentrations of soluble sugars and
antioxidants (Hoffman et al., 2012); this effect also has been observed when freezing is applied
months after drought exposure (Kreyling et al., 2012b). When the order of the stressors is
switched, and plants are exposed to drought immediately after freezing, there also are higher
concentrations of antioxidants when compared to drought-only plants (Horváth et al., 2007;
Grudkowska and Zagdanska, 2010; Hossain et al., 2013). However, prolonged elevation of
2

A version has been published and is presented here with permissions (See Appendix C).
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soluble sugars concentrations after drought was not responsible for increased freezing tolerance
in Poa pratensis L. (Kong and Henry, 2018), nor did the retention of soluble sugars after
freezing stress influence drought tolerance in this species (Kong and Henry, 2016).
Drought-freeze interactions, where prior exposure to drought increases freezing tolerance, have
been documented for a wide range of species. For instance, this interaction was observed for
over 18 species across 17 different studies, and it occurred in both herbaceous (Kreyling et al.,
2012a) and woody species (Nelson et al., 1993; Anisko and Lindstrom, 1996; Melgar et al.,
2009; O’Keefe et al., 2016). However, freeze-drought interactions only have been investigated in
3 species: Brassica campestris L., Triticum aestivum L., and Poa pratensis L. (Grudkowska and
Zagdanska, 2010; Hossain et al., 2013; Kong and Henry, 2016). For the first two species,
physiological responses were investigated with drought stress applied immediately after freezing.
Although exposure to drought shortly after freezing can occur in select environments (e.g., high
altitude or desert systems; Ewers et al., 2003; Lambrecht et al., 2007), for most species the time
interval between freezing stress and drought stress is on the order of months. Freezing-drought
interactions were examined on such a time scale by Kong and Henry (2016), who investigated
the effects of spring freezing on the summer drought tolerance of Poa pratensis, and in this study
the plants exposed to both freezing and drought stress had higher survival and growth after
drought compared to the drought-only plants. While these results confirmed that cross
acclimation between freezing and drought can be detected when these stressors are separated by
an interval of months, the generality of freeze-drought cross acclimation responses across
herbaceous species remains unexplored.
In this study, I investigated the effects of prior freezing on drought tolerance for a range of
herbaceous old field species (six grasses and two forbs). I used plant biomass as a response
variable to assess freezing-drought interactions, and I also examined the changes in protective
compounds (soluble proteins and sugars) in response to the treatments. I predicted that
reductions in both shoot and root biomass caused by drought would be diminished by prior
exposure to freezing (i.e., there would be increased drought tolerance), and that elevated leaf
soluble sugar and protein concentrations following freezing would correspond with the increased
drought tolerance. Variation among species in the strength of freezing-drought cross acclimation
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would imply that cross acclimation could alter the responses of plant community composition to
multiple stresses.

Methods
Plant selection and establishment
Plantago lanceolata L. is a weedy forb from the family Plantaginaceae that is well-adapted to
drought conditions (Cavers et al., 1980), and Securigera varia L. is a legume in the family
Fabaceae that is often used for erosion control (Symstad, 2004). The remaining species belong in
the family Poaceae and included Poa compressa L., Agrostis stolonifera L., and Festuca rubra
L., which are commonly used as turfgrasses (Carroll, 1943), and Bromus inermis Leyss., which
is considered to be a rapidly spreading invasive species in North America (Otfinowski et al.,
2007). I also selected Arrhenatherum elatius (L.) P. Beauv. ex J. Presl & C. Presl, an invasive
grass in North America (Wilson and Clark, 2001) and Lolium perenne L., because these species
have been used in previous drought-freeze studies (Hoffman et al., 2012; Kreyling et al., 2012a).
I grew Arrhenatherum elatius ‘Ruffner’, Agrostis stolonifera, Bromus inermis, Lolium perenne
‘Amazing GS’, Festuca rubra, Poa compressa, Securigera varia ‘Penngift’ (Ernest Seeds,
Meadville, Pennsylvania, USA), and Plantago lanceolata seeds (Stokes Seeds, Thorold, Ontario,
Canada) in trays filled with Pro-Mix BX Mycorrhizae soil medium (Premier Horticulture Inc.,
Quakertown, Pennsylvania, USA). Individual seedlings were transplanted into 9 cm wide by 13
cm deep square pots in late summer (August-September 2016), depending on the timing of seed
germination.
These pots were filled with soil (Bryanston silt loam, pH = 7.4; Hagerty and Kingston, 1992;
Zhou et al., 2017) that was collected from the Environmental Sciences Western field station near
London, Ontario, Canada. This soil was air-dried, sieved and mixed with perlite in a 1:3 ratio in
Ziploc® bags and shaken thoroughly. The pots were weighed to determine the amount of dry soil
they contained prior to seedling transplantation, and weeds that germinated throughout the
experiment were removed.
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I maintained the plants in a greenhouse (20 °C day / 15 °C night) under a natural photoperiod,
and they were watered daily until 29 November 2016, when they were placed outside in sand
beds. To mimic field conditions, the pots were placed level with the surrounding soil and dried
hay was placed on top of the plants to minimize excessive freezing exposure. To monitor soil
temperatures during the winter, temperature loggers (LogTag Trix-8 Recorders, Auckland, New
Zealand) were placed 1 cm below the surface (Fig. 3.1).
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Figure 3.1 Average air temperatures (grey solid line) in London, Ontario, Canada (Environment
Canada, National Climate Data and Information Archive) and average soil temperatures at the
1 cm depth (solid black line), with reference to 0 °C (dashed black line). Important dates during
the experiment from August 2016 to September 2017 have been indicated with vertical and
horizontal arrows.

51

Freezing treatments
Based on preliminary freezing trials (Appendix B.1), I selected a duration of 3 d and a target
temperature of –5 °C for all species, with the exception of Securigera varia, which was frozen at
–2.5 °C, to impose sufficient freezing stress while minimizing mortality. Freezing treatments
were initiated on 31 March 2017 and the chambers were set at 15 °C and ramped down at a rate
of 1.67 °C / h (12 h). The plants were held at –5 °C (48 h), and then warmed up at a rate of
1.67 °C / h (12 h) to 15 °C. For control plants, the chambers were set initially at 15 °C and
cooled down at 1.67 °C / h (6 h) to 5 °C (54 h) and warmed up at 1.67 °C / h (6 h) back to 15 °C
(6 h). To ensure that sufficient freezing stress occurred, Arrhenatherum elatius, Agrostis
stolonifera, Bromus inermis, Lolium perenne, Festuca rubra, and Plantago lanceolata were
frozen for a second time between 10 and 13 April 2017. These chambers were cooled down from
5 °C at 2 °C / h (5 h) to –5 °C (62 h) and warmed up to 5 °C at 2 °C / h (5 h); control plants were
kept at a constant 5 °C. To assess freezing damage, I determined the number of green leaves for
both frozen (n = 6) and non-frozen (n = 6) plants immediately before the drought.

Drought treatments
Based on preliminary drought trials (Appendix B.2), which showed that sufficient drought stress
can occur within 3 weeks, I withheld water from the drought treatment plants for that amount of
time, during which control plants were supplied daily with 200 mL of water to saturate the soil.
The drought treatments were initiated at the beginning of June 2017. The pots for each species
were weighed every other day to determine soil water content, and I assessed drought stress by
examining turgor loss, discoloration, and leaf wilting. After the drought, the plants were wellwatered every day until the harvest.

Soluble protein and sugar assays
A set of plants was grown for each species to examine both soluble sugar (glucose, sucrose, and
fructose) and soluble protein concentrations in the leaves. These plants were established in the
fall of 2016 (see above for plant selection and establishment) and they experienced the same
treatments as the plants used for the biomass analysis. A set of plants were harvested either
immediately before the drought and another at the onset of drought stress (i.e., when there were
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visual signs of turgor loss and wilting). Drought symptoms appeared on day 3 for Securigera
varia, day 9 for Arrhenatherum elatius, Agrostis stolonifera, Bromus inermis, Festuca rubra,
Poa compressa, and Plantago lanceolata, and on day 14 for Lolium perenne; these dates
corresponded to the days that the plants used for the protein and sugar assays were harvested.
Overwinter survival was low for Poa compressa at 57 %, and the freezing treatments had a
significant impact on Lolium perenne shoot biomass. Therefore, I did not conduct sugar and
protein analyses on these two species, with the concern that mortality would be too high during
the drought (i.e., I needed to ensure that I had a sufficient sample size for the growth analysis).
I measured soluble proteins in leaves using a modified Bradford assay (Hoffman et al., 2012).
Green leaf tissue was selected and frozen using liquid nitrogen, and the plant material was
subsequently wrapped in aluminum foil and stored at –80 °C until further analysis. Leaf tissue
was ground using liquid nitrogen in a 15 mL test tube, and 8 mL of 150 mM ice-cold phosphate
buffer (1 M potassium phosphate; pH modified using 1 M NaOH) was added and the plant
material was homogenized using a vortex. The test tubes were centrifuged at 15,000 x g at 4 °C
for 20 min using a Beckman Avanti J-30I Centrifuge and JA.25.15 rotor (Beckman Coulter,
Brea, California, USA). In a disposable cuvette, 0.1 mL of the sample was mixed with 1.5 mL of
the Bradford reagent, and absorbency was determined after a 20 min color development period at
a wavelength of 595 nm using a Cary 50 Bio UV-Visible Spectrophotometer (Varian, Palo Alto,
California, USA). For each sample run, a standard curve was generated using bovine serum
albumin (Sigma-Aldrich, St. Louis, Missouri, USA).
I determined combined soluble sugars (glucose, fructose, and sucrose) in leaves using a modified
phenol-sulfuric acid method (Buysse and Merckx, 1993; Wang et al., 2003; Kong and Henry,
2016). Briefly, green plant leaves were selected and dried at 60 °C for a minimum of 3 d. The
plant tissue was ground into a fine powder using a 2000 Geno/Grinder ball mill (SPEX
CertiPrep, Metuchen, New Jersey, USA), and 50 mg was weighed out and filtered with 30 mL of
80 % ethanol through WhatmanTM grade 1 filter paper, and then 20 mL of deionized water was
added. Subsequently, 0.5 mL of this solution was mixed with 0.5 mL of 18% (w / v) phenol and
2.5 mL of concentrated sulphuric acid. Absorbance at 490 nm was determined using a UV-VIS
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Recording Spectrophotometer UV-160 (Shimadzu, Kyoto, Japan), and a standard curve for
sucrose was used to determine soluble sugar concentrations.

Non-destructive biomass estimation
To assess the freezing effect on biomass prior to the drought treatment, I grew individual plants
for each species in 10 cm diameter by 9 cm deep round pots with Pro-Mix BX Mycorrhizae soil
medium and watered them daily. The plants were harvested at various times to obtain a range of
plant sizes, the number of green leaves in a single plant was quantified, and the leaves were dried
at 60 °C for a minimum of 3 d. Allometric equations between leaf count and total dry leaf
biomass were created for each species, where the best fit was selected through AIC. These
equations were used to convert leaf counts to dry leaf biomass estimates for aboveground tissue
(refer to equations shown in Appendix B.3).

Final harvest
Aboveground biomass was harvested destructively from 13 to 14 July 2017, and the pots were
stored in the dark at 5 °C and the roots were harvested during the following weeks. Shoot and
root tissue were dried at 60 °C for a minimum for 3 d, and subsequently weighed. The
aboveground tissue was separated into living green tissue and senesced material.

Statistical analyses
To compare estimated aboveground biomass prior to the drought treatment between the frozen
and non-frozen plants I used two-tailed t-tests. For the final harvest data (post-drought recovery),
three-way ANOVAs were run to assess the effects of freezing, drought, species and their
interactions on shoot and root biomass; because of a significant interaction between freezing,
drought and species for this global analysis, I subsequently performed two-way ANOVAs to
assess the interaction between freezing and drought for each species independently. A two-way
ANOVA was used to assess the effect of freezing and species on leaf soluble sugars and protein
prior to the onset of drought; two-tailed t-tests were then run to assess the effect of freezing for
each species. Three-way ANOVAs were used to assess the effects of freezing, drought, species,
and their interactions on soluble sugars and protein at the onset of drought symptoms; for each
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species, a single two-way ANOVA was used to assess freezing and drought effects. Statistics
were conducted using JMP version 14.1 (SAS Institute, Cary, North Carolina, USA), and the
effective sample sizes for each set of measurements are provided in Appendix B.4.

Results
Prior to drought, the freezing treatment suppressed aboveground biomass (estimated nondestructively) for Plantago lanceolata (frozen: 305 ± 20 mg; non-frozen: 648 ± 113 mg; t = 3.0,
df = 11, P = 0.01), Agrostis stolonifera (frozen: 261 ± 63 mg; non-frozen: 531 ± 25 mg; t = 4.0,
df = 11, P < 0.01), and Lolium perenne (frozen: 97 ± 42 mg; non-frozen: 354 ± 22 mg, t = 5.4, df
= 11, P < 0.01). By the final biomass harvest (i.e., post-drought recovery), significant drought
and freezing effects did not co-occur for Securigera varia and Festuca rubra; therefore, further
testing for cross acclimation in these two species would have been inconclusive. However, for
the combined analysis of the remaining six species, there was a significant interaction between
freezing and drought for shoots (Table 3.1) and for roots (Table 3.2), with a reduction in the
severity of the drought effect for plants previously exposed to freezing (Figs. 3.2 and 3.3).
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Table 3.1 Summary table for three-way ANOVA examining the effects of freezing, drought and
species (Arrhenatherum elatius, Agrostis stolonifera, Bromus inermis, Lolium perenne, Poa
compressa, Plantago lanceolata) on green shoot biomass. Individual plants were exposed to
spring freezing and summer drought. The degrees of freedom for the F values are represented by
df1 (numerator) and df2 (denominator).
Source
Freeze
Drought
Species
Freeze x Species
Drought x Species
Freeze x Drought
Freeze x Drought x Species

F
50.1
56.6
103.6
0.7
2.9
19.9
2.8

df1
1
1
5
5
5
1
5

df2
314
314
314
314
314
314
314

P - value
< 0.01
< 0.01
< 0.01
0.60
0.02
< 0.01
0.02
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Table 3.2 Summary table for three-way ANOVA examining the effects of freezing, drought and
species (Arrhenatherum elatius, Agrostis stolonifera, Bromus inermis, Lolium perenne, Poa
compressa, Plantago lanceolata) on root biomass. Individual plants were exposed to spring
freezing and summer drought. The degrees of freedom for the F values are represented by df1
(numerator) and df2 (denominator).
Source
Freeze
Drought
Species
Freeze x Species
Drought x Species
Freeze x Drought
Freeze x Drought x Species

F
209.9
9.4
29.8
8.0
1.7
18.1
1.5

df1
1
1
5
5
5
1
5

df2
314
314
314
314
314
314
314

P - value
< 0.01
< 0.01
< 0.01
< 0.01
0.14
< 0.01
0.21
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Figure 3.2 Dry green shoot biomass for a) Agrostis stolonifera, b) Arrhenatherum elatius, c)
Bromus inermis, d) Festuca rubra, e) Lolium perenne, f) Plantago lanceolata, g) Poa compressa,
and h) Securigera varia. The plants were frozen for a total of 6 d (3 d for Poa compressa) in the
spring at –5 C, and control plants were kept at 5 C. The plants then experienced drought stress,
where water was withheld, and control plants were watered daily. The plants were then harvested
and dried after a 3-week recovery, and box plots were created for the control (C), freeze-only
(F), drought-only (D), and freeze-drought (F+D) treatments. The lower boundary of the box plot
represents the 25th percentile and the upper boundary of the box represents the 75th percentile
with the horizontal line representing the median green shoot biomass; the top and bottom
whiskers indicate the 90th and 10th percentiles, respectively. Note: the vertical scale for h)
Securigera varia is different from all other species.
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Figure 3.3 Dry root biomass for a) Agrostis stolonifera, b) Arrhenatherum elatius, c) Bromus
inermis, d) Festuca rubra, e) Lolium perenne, f) Plantago lanceolata, g) Poa compressa, and h)
Securigera varia. The plants were frozen for a total of 6 d (3 d for Poa compressa) in the spring
at –5 C, and control plants were kept at 5 C. The plants then experienced drought stress, where
water was withheld, and control plants were watered daily. The plants were then harvested and
dried after a 3-week recovery, and box plots were created for the control (C), freeze-only (F),
drought-only (D), and freeze-drought (F+D) treatments. The lower boundary of the box plot
represents the 25th percentile and the upper boundary of the box represents the 75th percentile
with the horizontal line representing the median root biomass; the top and bottom whiskers
indicate the 90th and 10th percentiles, respectively. Note: the vertical scale for h) Securigera
varia is different from all other species.
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For the individual species responses, there was an interaction between freezing and drought for
Agrostis stolonifera shoot biomass (Appendix B.5), where previously frozen plants experienced
a 19 % decline in response to drought, whereas non-frozen plants experienced a 37 % decline
(Fig. 3.2A). There also was an interaction for Bromus inermis shoot biomass (Appendix B.5),
where previously frozen plants experienced a 1 % decline in response to drought, while nonfrozen plants experienced a 38 % decline (Fig. 3.2C), and for Plantago lanceolata shoot biomass
(Appendix B.5), where frozen plants experienced a 10 % decline in shoot biomass and nonfrozen plants experienced a 40 % decline in biomass after the drought (Fig. 3.2F).
For Agrostis stolonifera root biomass there also was an interaction between freezing and drought
(Appendix B.6), where previously frozen plants experienced a 16 % increase in response to
drought, but the non-frozen plants experienced a 26 % decrease (Fig. 3.3A). Similarly, Lolium
perenne root biomass increased by 25 % in response to drought for previously frozen plants,
whereas it decreased by 5 % for non-frozen plants (Appendix B.6; Fig. 3.3E). For Poa
compressa, the root biomass of previously frozen plants increased by 23 % in response to
drought, while it declined by 32 % for non-frozen plants (Appendix B.6; Fig. 3.3G). Only in
Arrhenatherum elatius were there significant freezing and drought effects, but no evidence for
cross acclimation (i.e., the effects of freezing and drought were additive) for both root and shoot
biomass.
For total soluble protein (Table 3.3) and sugars (Table 3.4) there were no interactive effects
between freezing and drought. There was, however, a marginally significant freezing effect for
Festuca rubra before the start of the drought (t = 1.9, df = 22, P = 0.07), and at the onset of
drought symptoms, where soluble protein concentrations increased in the plants that experienced
drought (F1, 19 = 7.5, P = 0.01; Table 3.5). At the onset of drought symptoms, soluble protein
concentrations also increased for the drought plants in Agrostis stolonifera (F1, 19 = 9.8, P < 0.01;
Table 3.5). Sugar concentrations were significantly lower for the frozen plants than for the nonfrozen plants before the drought in Bromus inermis (t = 4.2, df = 20, P < 0.01) and Plantago
lanceolata (t = 2.3, df = 22, P = 0.03; Table 3.6). However, drought stress increased sugar
concentrations in Festuca rubra (F1, 19 = 12.1, P < 0.01) and Agrostis stolonifera (F1, 17 = 24.1; P
< 0.01; Table 3.6).
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Table 3.3 Summary tables for statistical analyses examining the treatment effects on leaf soluble
proteins in Arrhenatherum elatius, Agrostis stolonifera, Bromus inermis, Festuca rubra,
Plantago lanceolata and Securigera varia. A two-way ANOVA was run using freezing and
species for the plants harvested before the drought and a three-way ANOVA was run using
freezing, drought and species as factors for the plants harvested during the drought. The degrees
of freedom for the F values are represented by df1 (numerator) and df2 (denominator).

Before
Drought
During
Drought

Source
Freeze
Species
Freeze x Species

F
1.4
70.0
0.4

df1
1
5
5

df2
114
114
114

P - value
0.24
< 0.01
0.87

Freeze
Drought
Species
Freeze x Species
Drought x Species
Freeze x Drought
Freeze x Drought x Species

0.3
13.3
141.8
0.3
7.8
0.3
0.3

1
1
5
5
5
1
5

114
114
114
114
114
114
114

0.60
< 0.01
< 0.01
0.91
< 0.01
0.59
0.92
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Table 3.4 Summary tables for statistical analyses examining the treatment effects on leaf soluble
sugars in Arrhenatherum elatius, Agrostis stolonifera, Bromus inermis, Festuca rubra, Plantago
lanceolata and Securigera varia. A two-way ANOVA was run using freezing and species for the
plants harvested before the drought and a three-way ANOVA was run using freezing, drought
and species as factors for the plants harvested during the drought. The degrees of freedom for the
F values are represented by df1 (numerator) and df2 (denominator).

Before
Drought

During
Drought

Source
Freeze
Species
Freeze x Species
Freeze
Drought
Species
Freeze x Species
Drought x Species
Freeze x Drought
Freeze x Drought x Species

F
3.7
8.3
4.9
1.3
10.7
23.1
0.1
2.2
< 0.1
0.6

df1 df2
1 114
5 114
5 114
1
1
5
5
5
1
5

114
114
114
114
114
114
114

P - value
0.06
< 0.01
< 0.01
0.26
< 0.01
< 0.01
0.99
0.06
0.95
0.71
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Table 3.5 Average ± SE soluble protein content in plant leaves immediately before the drought and at the onset of drought symptoms,
for previously frozen or non-frozen plants. I withheld water from the plants during the summer for 3 weeks or watered the soil to field
capacity. Protein concentrations are expressed in mg/mL/dry leaf (g).

P. lanceolata S. varia

1

S. varia

2

Treatment

A. elatius

A. stolonifera B. inermis

F. rubra

Freeze
No freeze

4.96 + 0.34
4.46 + 0.31

7.76 ± 0.65
7.14 ± 0.52

0.77 ± 0.06
0.77 ± 0.06

0.58 ± 0.05 1.40 ± 0.21
0.44 ± 0.05 1.40 ± 0.15

29.89 + 4.7 3
25.80 + 2.6 3

N/A
N/A

Freeze/Drought
Freeze/No drought
No freeze/Drought
No freeze/No drought

5.11 ± 0.37
6.09 ± 0.57
5.14 ± 0.29
5.23 ± 0.72

40.53 ± 5.05
28.09 ± 3.58
40.38 ± 6.59
22.61 ± 1.92

1.37 + 0.54
0.91 + 0.06
0.92 + 0.13
1.05 + 0.15

0.69 ± 0.03
0.61 ± 0.07
0.79 ± 0.09
0.52 ± 0.05

1.95 + 0.35
0.57 + 0.17
2.89 + 1.09
1.21 + 0.72

1.56 + 1.00
0.35 + 0.15
2.90 + 2.34
0.19 + 0.07

Before
drought

During
drought

1

Compound leaflets

2 Secondary
3

3.04 + 1.67
0.76 + 0.09
1.28 + 0.26
0.82 + 0.16

leaflets

Different methodology used, where tissue was ground with buffer using a mortar and pestle. All other sample runs were ground using

liquid nitrogen as described in the methods and materials.
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Table 3.6 Average ± SE soluble sugar content (glucose, sucrose, fructose) in plant leaves immediately before the drought and at the
onset of drought symptoms, for previously frozen or non-frozen plants. I withheld water from the plants during the summer for 3
weeks or watered the soil to field capacity. Sugar concentrations are expressed in µmol/mL/dry leaf (g).

Treatment

A. elatius A. stolonifera B. inermis

F. rubra P. lanceolata S. varia

1

Before
drought
Freeze
No freeze

455 ± 41
523 ± 62

102 + 23
70 + 42

137 ± 37
447 ± 66

485 ± 60
368 ± 40

287 ± 58
520 ± 79

468 ± 59
405 ± 34

Freeze/Drought
Freeze/No drought
No freeze/Drought
No freeze/No drought

286 ± 119
287 ± 58
334 ± 90
281 ± 63

273 ± 25
158 ± 11
345 ± 52
126 ± 19

253 ± 53
197 ± 26
211 ± 56
350 ± 106

763 ± 89
525 ± 54
860 ± 36
572 ± 97

469 ± 119
402 ± 129
512 ± 86
409 ± 48

329 ± 50
205 ± 26
303 ± 65
252 ± 72

During
drought

1

Secondary leaflets
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Discussion
My results demonstrate that freezing-drought cross acclimation effects on growth, previously
only investigated and demonstrated in Poa pratensis (Kong and Henry, 2016), are present for a
range of herbaceous species (both grasses and forbs). In all cases, the decline in biomass for the
plants exposed to drought was less in the plants previously exposed to freezing compared to the
plants that were not frozen. Interestingly, although drought-freezing cross acclimation (the
opposite of the interaction explored in the current study) has been demonstrated previously in
Arrhenatherum elatius under field conditions and over an ecologically-relevant time interval
(Kreyling et al., 2012a), this was the one species for which freezing followed by drought did not
interact. In both studies, the plants were exposed to –5 °C and relatively similar drought
durations, but the acclimation state of plants may have differed. In the study conducted by
Kreyling et al. (2012a), the plant tissue subjected to drought may have senesced during the
winter, and the new growth may have differed in stress tolerance, which may have contributed to
the differences between studies. In contrast, for Lolium perenne, both drought-freezing cross
acclimation (Hoffman et al., 2012) and freeze-drought cross acclimation have now been
demonstrated.
Contrary to my prediction, the cross acclimation responses observed were not correlated with
changes in leaf soluble proteins. The lack of interactive effects on soluble proteins during the
onset of drought symptoms would suggest that prior freezing did not elicit a stronger soluble
protein response upon exposure to drought. In addition, there was no significant freezing effect
on leaf soluble proteins immediately before the start of the drought, which indicated that the
retention of soluble proteins after freezing could not explain any of the observed cross
acclimation. However, it is important to note that the enzyme Rubisco accounts for > 20 % of
total soluble protein in plant leaves, and changes in other proteins may be challenging to detect
against the high background concentrations (Chapin et al., 1987; Panković et al., 1999).
Similarly, elevated concentrations of soluble sugars did not appear to correlate with cross
acclimation. Surprisingly, I found that non-frozen Bromus inermis and Plantago lanceolata had
higher soluble sugar concentrations compared to frozen plants immediately prior to the drought,
but this effect was not apparent during the drought period. In this case, frozen plants may have
allocated sugars to cellular maintenance. Based on my results, interactions may be linked to
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genes responsible for protein folding, rather than genes related to osmotic adjustment (Xiong et
al., 2002; Budak et al., 2013), and further investigations on the responses of plant chaperones in
the context of cross acclimation therefore are warranted. Furthermore, epigenetic modifications
(e.g., DNA methylation and histone acetylation; Bossdorf et al., 2008; Crisp et al., 2016) that
occur during freezing should be examined as potential mechanisms for enhanced drought
tolerance in plants.
Legacy effects of freezing on plant size could influence the observation of cross acclimation.
Freeze-damaged plants may be smaller in size at the onset of the drought, and therefore
experience drought stress later during the dry-down cycle than non-frozen plants, because of
their reduced water demand (i.e., smaller plants use less water). In this case, the plants subjected
to freezing would have enhanced drought avoidance, opposed to higher drought tolerance. Based
on my non-destructive leaf measurements, this confounding size effect could potentially explain
the interaction for Plantago lanceolata and Agrostis stolonifera. However, this could not explain
the interaction observed for Bromus inermis and Poa compressa, because the frozen plants had
similar aboveground biomass as the non-frozen plants.
Variation in cross acclimation can potentially alter plant community composition, and the
species that have high drought tolerance and exhibit cross acclimation may outcompete less
competitive species. These stress interactions can therefore have consequences for plant
community biodiversity. In addition, cross acclimation may impact aboveground biomass
differently from belowground biomass (e.g., Plantago lanceolata and Lolium perenne), which
suggests there are different strategies in response to drought stress after freezing. For Holcus
lanatus L. and Alopecurus pratensis L. (Gargallo-Garriga et al., 2015), shoot tissue metabolites
differed from the metabolites found in the root tissue of plants exposed to drought, and it would
not be surprising if this had consequences on the drought tolerances. Thus, exposure to freezing
may increase the competitive ability of certain species during and after drought, and increase
their uptake of below- and / or aboveground nutrients.
In summary, cross acclimation between freezing and drought occurs in a variety of herbaceous
species and appears to be relatively common under my experimental conditions. For the species
that do not show cross acclimation, increased stress intensity may reveal that this interaction can

68

exist. The importance of cross acclimation may become more apparent as freezing and drought
stress become more prevalent for herbaceous plants in northern temperate regions. Higher
average air temperatures may reduce snow cover and expose overwintering plant structures to
cold stress (Groffman et al., 2001) and declining precipitation may increase the occurrence of
drought in many regions (Mishra and Singh, 2010; PaiMazumder et al., 2013). Therefore,
understanding how cross acclimation will impact plant productivity and the mechanisms behind
this phenomenon may refine predictions of plant responses to climate change.
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Chapter 4
4

Cross acclimation effects of spring freezing and summer
drought on plant functional groups and ecosystem
properties3
Introduction

Freezing and drought are two of the most influential plant stressors globally (Pearce, 2001;
Bonsal et al., 2011). There is substantial overlap between plant responses to freezing and
drought, because both stresses result in cellular dehydration (Xiong et al., 2002; Beck et al.,
2007) and induce the production of protective compounds, including compatible solutes, plant
hormones and protein chaperones (Mahajan and Tuteja, 2005). Moreover, environmental stress
exposure in plants can cause epigenetic modifications that results in the acetylation, methylation
and phosphorylation of genetic material and/or accumulation of transcription factors (Bruce et
al., 2007; Walter et al., 2011). These modifications can enhance future plant stress responses, and
this phenomenon of ‘stress memory’ has been observed for plants exposed to multiple drought
events (Walter et al., 2013; Liu et al., 2018; Tombesi et al., 2018) and freezing events (Polle,
1996; Strimbeck and Kjellsen, 2010). However, stress memory is not limited to multiple
exposures to the same stress; it can result in the phenomenon of cross acclimation when exposure
to one stress increases tolerance to a second, different stress (Knight et al., 1996; Knight and
Knight, 2001; Mittler, 2006). Cross acclimation has been observed between freezing and
drought, where increased concentrations of antioxidants (in Brassica campestris - Hossain et al.,
2013) and soluble proteins (in Triticum aestivum - Grudkowska and Zagdańska, 2010) were
observed in plants exposed to freezing prior to drought. Likewise, exposure to spring freezing
increased the survival and growth of Poa pratensis in response to summer drought (Kong and
Henry, 2016).

3

A version has been published and is presented here with permissions (See Appendix C).
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on plant functional groups and ecosystem properties. Environmental and Experimental Botany 164: 52–57.
Link: https://www.sciencedirect.com/science/article/abs/pii/S0098847219303296

73

Hoeppner and Dukes (2012) reviewed fifteen studies where both temperature and precipitation
treatments were combined in multi-factorial field experiments, and the number of field studies
exploring how temperature and water stress interact has increased substantially since that time
(e.g. Dreesen et al., 2012; Xu et al., 2014; Gargallo-Garriga et al., 2015; Yang et al., 2016; Li et
al., 2017; Liu et al., 2017; Cowles et al., 2018; Töpper et al., 2018). These studies have focused
largely on interactions between warming and altered precipitation, but paradoxically, for
herbaceous plants in northern temperate regions, freezing stress may increase with warming
because of declines in snow cover, and the resulting loss in soil insulation from cold air
temperatures at night or during cold spells (Groffman et al., 2001; Gu et al., 2008; Henry, 2008).
The latter emphasizes the importance of understanding the combined effects of freezing and
drought stress in a warmer (or drier) future climate.
The strength of freezing-drought cross acclimation can vary among species (Kong and Henry,
2018, 2019), which could have important implications for the combined effects of freezing and
drought at the community level, and for overall ecosystem productivity. However, studies of
freezing-drought cross acclimation have been restricted thus far to the scale of responses by
individual plants. At the ecosystem level, reductions in plant growth caused by freezing could
reduce plant water demand over summer, thus giving the appearance of a cross acclimation
effect. Moreover, variation in cross acclimation amongst species could alter the outcome of plant
competition, and the reduced growth of species with low freezing and drought tolerance could be
compensated for by the increased growth of more tolerant species. Both freezing (Lloyd et al.,
2011; Malyshev and Henry, 2012) and drought (He and Dijkstra, 2014) also can influence
ecosystem nitrogen (N) dynamics. Specifically, damage to plants can increase N losses in the
short term as a result of cell lysis, but also decrease the ability of plants to take up N later in the
growing season (i.e. an opportunity cost) (Vankoughnett and Henry, 2013; He and Dijkstra,
2014).
I used intact plant-soil mesocosms collected from an old field to examine how prior spring
freezing can influence the subsequent effects of summer drought on the productivity of major
plant functional groups (i.e. graminoids, legumes and non-leguminous forbs). In addition, I
examined how the combined effects of these stresses affected plant-soil N retention using 15N
tracer applied to mesocosms in either spring or summer. Based on prior observations of cross
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acclimation in herbaceous species, I predicted there would be interactions between freezing and
drought, whereby prior exposure to freezing would decrease the severity of drought effects on
productivity and N retention.

Methods
Site description and mesocosms
I collected mesocosms from a temperate old field (40°11.5900′ N, 81°18.9780′ W) that has not
been cropped for over 45 years or mowed for two decades (Joseph and Henry, 2009). Bromus
inermis Leyss., Festuca rubra L., Poa spp. and Carex blanda Dewey were the most abundant
graminoid species, while Conyza canadensis L., Securigera varia L. (legume), Daucus carota L.,
Erigeron annuus L. and Solidago spp. were the most abundant forb species. Hypericum
perforatum L., Plantago lanceolata L., and Symphyotrichum ericoides L. were present at lower
abundances. Historically, average daily air temperatures at the site have been highest from June–
August (18.3 to 20.8 °C), while the lowest average temperatures have occurred from December–
February (–5.6 to 2.6 °C), and the average annual precipitation has been 1012 mm (Environment
Canada, National Climate Data and Information Archive). The soil is described as a brunisolic
gray brown luvisol (Hagerty and Kingston, 1992).
Seventy-two intact plant-soil mesocosms (10 cm wide × 30 cm deep PVC tubes) were installed
in the field in a randomized block design (eighteen blocks containing four mesocosms each) on 7
November 2016. The mesocosms were left in place in the field over the winter and then removed
from the ground on 6 April 2017. I moved the mesocosms to a greenhouse set at 15 °C (day /
night) and attached fiberglass mesh to the bottoms of the mesocosms to prevent soil loss. The
mesocosms were grouped in blocks for the entire duration of the experiment. I had four
treatments (freeze-only, drought-only, freeze-drought, and control), and each mesocosm within
an experimental block was exposed to a different treatment.
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Freezing and drought treatments
On 11 April 2017, the mesocosms were placed into controlled environment chambers
(Environmental Growth Chambers, Chagrin Falls, Ohio, USA) and incubated in the dark at either
5 °C or frozen at –5 °C for 3 d. For the freezing treatment, the chamber was initially set at 5 °C,
then cooled at a rate of 2 °C / h, maintained at –5 °C for 62 h and subsequently increased back to
5 °C at 2 °C / h. After freezing, the mesocosms were placed into the greenhouse, and on 4 May
2017 the abundances of graminoids, legumes and forbs were determined and assessed by
counting the number of individual plants or tillers present aboveground. I applied the drought
treatments from 2 to 23 July 2017 in the greenhouse, where the control and freeze-only
mesocosms received 200 mL of water daily and the drought treatment mesocosms were not
watered. Volumetric water content was monitored using an ML3 ThetaProbe Soil Moisture
Sensor (Delta–T Devices, Cambridge, UK) with the moisture probe inserted in the bottom of
each mesocosm to avoid plant damage. The freeze-only and control mesocosms had average
volumetric water contents of 30.4 % ± 1.6 % SD and 28.1 % ± 1.2 % SD, respectively (Fig. 4.1).
The drought-only and freeze-drought mesocosms fell below 10 % soil water content on days 8
and 14, respectively, and they reached a similar soil water content by the end of the drought
period (Fig. 4.1). For all other dates, the mesocosms were kept well-watered.
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Fig. 4.1 Soil water volumetric water content was measured for the mesocosms during the
drought period from 2 to 23 July 2017, where the mesocosms received daily watering or no
watering. These mesocosms were either frozen at –5 °C or kept at 5 °C the prior spring for 3 d.
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Biomass harvest
I harvested aboveground biomass from 8 to 12 September 2017 and classified the plant tissue as
senesced / dead or non-senesced / alive. The non-senesced material was then further separated
into one of three functional groups (graminoids, legumes, non-leguminous forbs), and species
were identified when possible. The plants were then dried in an oven at 60 °C for 4 d. The
mesocosms (roots + soil) were placed into a dark room kept at 4 °C, and the roots were harvested
from 13 to 26 September 2017 and subsequently dried.
15

N tracer application and analysis

For half of the blocks (n = 9 per treatment combination), I applied a 50 mL solution containing
15

NH415NO3 dissolved in deionized water to each mesocosm on 29 March 2017 (i.e. in the field,

before the freezing and drought treatments). For the remaining blocks (n = 9), I applied 50 mL of
the tracer solution to each mesocosm on 25 July 2017 (i.e. in the greenhouse, after the freezing
and drought treatments). I applied the tracer at a rate of 0.005 mg cm−2 of 15N, with each
mesocosm receiving a total of 1.12 mg 15NH415NO3.
For each mesocosm, I removed a single soil core (20 cm) after the aboveground harvest and
dried it at 60 °C for 4 d. These samples were ground using a mortar and pestle, and a subsample
was ground into a fine powder using a 2000 Geno / Grinder Ball Mill (SPEX CertiPrep,
Metuchen, New Jersey, USA). In addition, after the aboveground biomass measurements, I
ground the aboveground tissue using a Wiley Mill (Thomas Scientific, Swedesboro, New Jersey,
USA) and then further ground it to a fine powder using a 2000 Geno / Grinder Ball Mill. The
prepared samples were shipped to the University of California, Davis, Stable Isotope Facility,
where 15N enrichments in the aboveground tissue (senesced + non-senesced) and bulk soil (roots
+ soil) were determined using a continuous flow isotope ratio mass spectrometer. By comparing
the enrichment of these samples to unlabeled samples and accounting for the sample N content, I
was able to estimate the excess 15N content (i.e. above that of natural abundance) in the
aboveground biomass and bulk soil. In addition, the δ13C values for the aboveground tissue in the
mesocosms were determined to evaluate the levels of drought stress.
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Statistical analyses
I assessed freezing effects on the abundances of graminoids, legumes and non-leguminous forbs
using one-way block ANOVAs. I also used two-way block ANOVAs to assess the freezing and
drought effects on dry shoot and root biomass. I examined treatment effects on 15N content in the
aboveground biomass and bulk soil using separate two-way block ANOVAs for each season of
tracer application. For aboveground biomass, the δ13C values were analyzed using a two-way
block ANOVA with freezing and drought as factors and season of tracer application combined.
The data were transformed to adhere to the statistical assumption of normality when necessary. I
used JMP version 14.1 (SAS Institute, Cary, North Carolina, USA) for our statistical analyses.

Results
There was a lower abundance of graminoids (F1, 51 = 16.8, P = 0.0001), legumes (F1, 51 = 43.4, P
< 0.0001) and non-leguminous forbs (F1, 51 = 12.3, P= 0.0009) in the frozen mesocosms
compared to the non-frozen mesocosms three weeks after freezing. By the final harvest, freezing
(F1, 45 = 11.8, P = 0.001) and drought (F1, 45 = 5.0, P = 0.03) significantly decreased green shoot
biomass, but there was no significant interaction between these stresses (F1, 45 = 0.5, P = 0.47;
Fig. 4.2). Freezing significantly reduced total root biomass (F1, 45 = 5.2, P = 0.03), but there was
no significant drought effect (F1, 45 = 0.8, P = 0.38; Fig. 4.2). There were no significant freezing,
drought or interactive effects on graminoid biomass (Fig. 4.3a), but there was a significant
interactive effect on legume biomass (F1, 45 = 5.0, P = 0.03), where the effect of drought was less
severe for the plants previously exposed to spring freezing (Fig. 4.3b). There also was a
significant interactive effect on non-leguminous forb biomass (F1, 45 = 4.7, P = 0.04), where the
most severe effects were observed for the plants that were exposed to both freezing and drought
(Fig. 4.3c). At the time of harvest, Festuca rubra was the most common graminoid (present in 71
mesocosms), followed by Carex blanda (present in 30 mesocosms). Securigera varia was the
most common legume (present in 67 mesocosms), while Daucus carota was the most common
non-leguminous forb (present in 26 mesocosms).
Freezing significantly reduced excess 15N in the aboveground biomass when the tracer was
applied in the spring (F1, 21=10.5, P = 0.004; Fig. 4.4a), and there was a marginally significant
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interactive effect on excess 15N in the bulk soil (F1, 21 = 3.9, P = 0.06; Fig. 4.5a), with an increase
in excess 15N content after exposure to drought for the frozen plants, but not for the non-frozen
plants. For tracer applied during the summer, freezing (F1, 21 = 12.3, P = 0.002) and drought (F1,
21 =

72.9, P < 0.001) increased the 15N content in the aboveground tissue (Fig. 4.4b), and there

was a decline in excess 15N content for bulk soil and roots after drought exposure (F1, 21 = 5.27, P
= 0.03; Fig. 4.5b). For aboveground biomass, the δ13C values were higher for the drought (–
29.03 ± 0.14) mesocosms compared to the well-watered (–29.72 ± 0.15) mesocosms (F1, 45 =
28.6, P < 0.0001).
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Figure 4.2 Average ± SE dry shoot (living) and root biomass for the mesocosms exposed to
spring freezing and summer drought treatments. Mesocosms were frozen in April at –5 °C for
3 d or kept at 5 °C, and were not watered or saturated for 3 weeks in July. Total shoot (living +
dead) and root biomass were harvested in September and dried. P-values for the freezing (PF),
drought (PD) and interaction (PFxD) from the two-way block ANOVAs are presented.
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Figure 4.3 Average ± SE dry shoot (living) and root biomass for the mesocosms exposed to
spring freezing and summer drought treatments for a) graminoids b) legumes and c) nonleguminous forbs. Mesocosms were frozen in April at –5 °C for 3 d or kept at 5 °C, and were not
watered or saturated for 3 weeks in July. The plants were harvested in the early fall, and living
shoot biomass was further classified into the three different functional groups. P-values for the
freezing (PF), drought (PD) and interaction (PFxD) from the two-way block ANOVAs are
presented.
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Figure 4.4 Excess 15N in dry aboveground tissue (living + dead) for the mesocosms with N
tracer applied in a) the spring prior to any treatments or b) the summer after all treatments have
been applied. Each mesocosm received 1.12 mg 15NH415NO3 dissolved in deionized water, and
dry plant biomass was ground into a fine powder after weighing. The bars indicate the backtransformed log average ± SE amount of tracer in aboveground biomass, after accounting for
background 15N levels. P-values for the freezing (PF), drought (PD) and interaction (PFxD) from
the two-way block ANOVAs are presented.
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Figure 4.5 Excess 15N in dry bulk soil (soil + roots) for the mesocosms with N tracer applied in
a) the spring prior to any treatments or b) the summer after all treatment have been applied. Each
mesocosm received 1.12 mg 15NH415NO3 dissolved in deionized water. The bars indicate the
back-transformed log average ± SE amount of tracer in bulk soil above 15N background levels.
P-values for the freezing (PF), drought (PD) and interaction (PFxD) from the two-way block
ANOVAs are presented.
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Discussion
Freezing-drought cross acclimation, whereby prior freezing increases drought tolerance, has been
demonstrated previously at the level of individual plants (Grudkowska and Zagdańska, 2010;
Hossain et al., 2013; Kong and Henry, 2016, 2019). However, the responses of individual plants
to multiple stressors may be difficult to scale up to the community or ecosystem levels (Felton
and Smith, 2017; Langley and Hungate, 2014). In my study, both freezing and drought affected
total aboveground production significantly, but their effects were additive, which indicated that
cross acclimation was not apparent at the ecosystem level. However, analysis of the individual
functional groups revealed a range of component responses. Legume production (primarily
Securigera varia) was reduced by drought, but not for the plants that were exposed previously to
freezing, which was consistent with cross acclimation. Interactive effects of freezing and drought
also were present for the aboveground production of non-leguminous forbs, but the direction of
the interaction was reversed, with the plants exposed to prior freezing being the most sensitive to
drought. For graminoids, there was no freezing-drought interaction, but also no significant
freezing or drought effects. These results suggest that despite the presence of cross acclimation
effects in some functional groups, variation in cross acclimation among functional groups may
dilute the total cross acclimation effect at the ecosystem level. Specifically, given that
graminoids, the most dominant functional group, did not show a cross acclimation response (and
non-leguminous forbs showed a response opposite to that of cross acclimation), it is clear from a
‘mass balance’ perspective why there was no cross acclimation effect on overall aboveground
production, despite it being present for legumes.
With respect to the mechanism for cross acclimation within individual plants, such responses
have typically been attributed to elevated concentrations of compatible solutes, antioxidants and
plant hormones in plants that have been previously stressed (Xiong et al., 2002). However,
within the context of a plant community, the stress responses of individual species or functional
groups may not be direct. Instead, the success of a given functional group can be contingent upon
the relative success of competing functional groups; a negative growth response could indicate
competitive suppression in response to the success of another functional group, whereas a
positive growth response could indicate the filling of a niche vacated by another functional group
with low stress tolerance. Therefore, in my study, it is possible that the graminoids could have
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suffered from freezing and drought stress, but the legumes suffered more severely, thus
increasing space and other resources available for graminoid recovery. While the latter
explanation remains speculative (e.g. graminoids are typically resilient to drought; Kreyling et
al., 2008; Hoover et al., 2014), it nevertheless illustrates that the functional group responses to
the treatments in my study could have been indirect.
In previous freezing-drought cross acclimation studies conducted at the scale of individual
plants, the intensity of drought stress within a given drought treatment has been held constant
among experimental units by equalizing their soil water potentials (i.e. large plants were
provided with additional water to account for their increased water demand; Kong and Henry,
2016). In contrast, in the current study, there was the potential for freezing damage to reduce
water demand over summer via reductions in plant size, which potentially could explain the
interactions between the freezing and drought treatments, and thus give the appearance of
physiological stress cross acclimation. I observed that volumetric water content declined more
slowly in the previously frozen mesocosms under drought than in those that were not frozen,
which was consistent with this mechanism, although previously frozen and non-frozen plants
eventually reached the same minimum water potential. Carbon isotope discrimination can be
used as an indicator of plant stress for C3 plants, given that decreased stomatal conductance
during drought stress may increase the utilization of 13C during carboxylation (Robinson et al.,
2000; Peuke et al., 2006). By final harvest, while I observed an effect of drought on plant 13C
enrichment, there was no significant effect of freezing on the latter, which suggests that the
carryover effects of the freezing treatment on the subsequent drought intensity may have been
minimal.
For the spring 15N tracer addition, the result of decreased retention caused by freezing was
consistent with reduced 15N uptake and possible losses of 15N from lysed roots (Vankoughnett
and Henry, 2013). For the summer 15N application, both freezing and drought increased 15N
retention, which was contrary to my prediction of reduced uptake by the roots of plants that
experienced stress. However, given that freezing reduced N uptake in the spring and early
summer, and the drought treatments caused tissue to senesce, the relatively high enrichment of
15

N in the frozen and drought treated plants likely reflected high uptake of soil N during the post-

drought recovery period relative to the amount of N stored in the live tissue that remained from
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prior to the drought period. Similarly, following drought in C3 dominated grasslands, new
growth was found to rely heavily on soil N during the post-drought period (Roy et al., 2016). For
the non-stressed plants in my experiment, the proportion of unlabeled N in their tissues that
resulted from uptake earlier in the season (and was present in the live tissue at harvest) would
have been high relative to the 15N taken up later in the summer.
Overall, my results reveal that while cross acclimation effects were not significant at the level of
total plant production, variation in cross acclimation effects among functional groups can result
in non-additive treatment effects on the relative abundances of different functional groups.
Specifically, while the abundance of legumes relative to graminoids declined with both freezing
alone and drought alone, the combined effects of these two stresses did not result in a further
decline in the relative abundance of legumes. Such responses may alter the relative abundances
of species and functional groups in response to future climate change, which is anticipated to
result in decreased rainfall (Bonsal et al., 2012) and snow cover, and thus increase the potential
for increased soil freezing (Groffman et al., 2001; Henry, 2008). However, competition
experiments are needed to clarify whether functional group responses to combined stresses
within the context of the overall community response are direct or indirect.
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Chapter 5
5

General discussion
Integrating winter and summer ecology

Extreme winter events can have substantial impacts on subsequent plant productivity (Kreyling,
2010), and it is projected that plants in many temperate regions will be subjected to increased
freezing stress as a result of declining snow cover (Groffman et al., 2001). However,
experimental studies regarding the potential impacts of winter climate change in temperate
regions have been limited, and existing research has been often restricted to forest ecosystems at
high latitudes (Kreyling, 2010). In addition, winter is often treated independently from the rest of
the year, and there is a need to understand how winter and summer ecology are linked (Williams
et al., 2015). For instance, organisms that endure freezing stress can be in poor condition at the
beginning of summer, which has implications for their competitive ability, productivity and
reproductive success during the subsequent growing season (Williams et al., 2015). Additionally,
reduced snow cover can result in decreased water availability during the growing season and
increase the occurrence of drought stress for plants (Griffth and Loik, 2010).

Investigations of cross acclimation at the species level
I hypothesized that freeze-drought interactions would influence plant productivity based on the
observation that drought-freeze interactions have been observed in multiple species. My results
provide support that freezing can influence the drought tolerance of plants, and these effects can
significantly impact subsequent growth (i.e. freezing can enhance drought tolerance). Freezedrought interactions were observed in the majority of the species examined in Chapters 2 and 3
(this included Agrostis stolonifera, Bromus inermis, Lolium perenne, Poa compressa, Plantago
lanceolata and Poa pratensis), which suggests these interactions may be common in herbaceous
species.
The commonality of drought-freeze and freeze-drought interactions raises the question of
whether both interactions can be exhibited within individual species. Investigations in Triticum
aestivum and Poa pratensis have suggested that interactions between drought and freezing can
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occur in both directions, regardless of stress order. When stressors were applied immediately
after one another for Triticum aestivum, drought-freeze cross acclimation occurred, where higher
survival was observed in drought-freeze plants compared to freeze-only plants (Cloutier and
Siminovitch, 1982). Likewise, freeze-drought cross acclimation was observed in Triticum
aestivum, where higher protein content was observed in freeze-drought plants compared to
drought-only plants when stresses were applied right after another (Grudkowska and Zagdańska,
2010). For Poa pratensis, both drought-freeze (Kong and Henry, 2018) and freeze-drought
(Chapter 2) interactions have been observed when stressors were applied over ecologically
relevant times in this species. For both studies on Poa pratensis, the decline in biomass after
stress exposure was less severe for the plants that previously experienced the other stress,
compared to the plants that did not experience any prior stress; a significant interaction was
observed. However, freeze-drought plants outperformed drought-only plants (Chapter 2),
whereas drought-freeze plants had similar productivity to freeze-only plants (Kong and Henry,
2018).
In contrast, stress order may be important for other species, where interactions are observed in
only one direction. In Chapter 3, freeze-drought interactions were not observed for
Arrhenatherum elatius, despite the observation of drought-freeze interactions in prior studies
also conducted over ecologically relevant time scales (Kreyling et al., 2012a). However, in this
case, the timing of stress application can potentially explain the contrasting results observed in
drought-freeze and freeze-drought studies in Arrhenatherum elatius. Kreyling et al. (2012a)
exposed plants to drought in the summer and freezing the following spring. The senescence of
drought stressed leaves during the winter provides an opportunity for new leaves in the spring to
develop with higher dehydration stress tolerance. Alternatively, the tissue that experienced stress
may have higher concentrations of protective compounds. In Chapter 3, Arrhenatherum elatius
was frozen in the spring and subjected to summer drought, and the leaves that developed prior to
freezing may have had limited acclimation potential (Atkin et al., 2006). Furthermore, the
discrepancy between these studies can be attributed to differences in stress severity: 9 weeks of
drought (Kreyling et al., 2012a) vs 3 weeks of drought (Chapter 3) could have had different
effects on acclimation responses. In addition, differences in soil type and evapotranspiration rates
could impact the observation of cross acclimation.
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For some species, I did not observe cross acclimation because the main treatment effects were
not significant. In Chapter 3, for Securigera varia, there were no significant freezing effects at
the individual scale when the plants were exposed to freezing at -2.5 °C for 3 d. However, in
Chapter 4, a significant freezing effect was observed for the legumes. The latter were mainly
comprised of Securigera varia, exposed to -5 °C for 3 d, and a significant interaction was
observed, suggesting that the severity of freezing stress may influence cross acclimation. As
previously suggested, more severe stress could alter plants more significantly, taking them longer
to revert to a prior state. In addition, Securigera varia may be a strong competitor for space and
nutrients under drought, which may have increased its abundance in the freeze-drought treatment
in the old field mesocosms. Similarly, in Poa pratensis, moderate drought stress did not result in
enhanced freezing tolerance, whereas severe drought stress did (Kong and Henry, 2018).
The potential benefit of freeze-drought cross acclimation may present itself during the drought
and/or recovery period. In Chapter 2, the benefits were apparent in the post-drought period,
where frozen Poa pratensis tillers exposed to drought had higher relative growth than non-frozen
tillers exposed to drought. Higher drought tolerance may enable plants to recover and resume
growth quicker under more favorable conditions. In comparison, fall dormant cultivars of
Medicago sativa had higher growth until the 35th day of the drought, after which there were no
differences amongst treatments, suggesting that the benefits diminished with drought duration
(Pembleton and Sathish, 2014).
The species examined in Chapters 2-4 are perennial herbaceous species and a loss in snow cover
may subject underground roots to freezing (Groffman et al., 2001) and may reduce soil moisture
for plants in the following growing season (Griffth and Loik, 2010). Woody plant species can
often tolerate lower temperatures than herbaceous plants (Welling et al., 2002) and often have a
greater rooting depth than many herbaceous plants, making woody species less susceptible to
drought events (Canadell et al., 1996). The benefits of increased rooting depth during drought,
however, may be reduced by a greater canopy size (Way, 2011). Furthermore, a loss in snow
cover may also increase the risk of frost heaving, which can expose less freeze tolerant roots and
other overwintering structures to cold temperatures (Kreyling, 2010), while declining
precipitation in the future may result in drought stress during the growing season (Trenberth,
2011). Additional studies regarding freeze-drought interactions should be investigated in woody
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species, which have not yet been examined. Root-associated fungi can also have important
consequences for tolerance to freezing (Connolly et al., 2020) and drought (Augé, 2001; Beltrano
and Ronco, 2008; Bahadur et al., 2019; Nadeem et al., 2019) and changes in microbial
communities should also be investigated.

Potential mechanisms of cross acclimation
Contrary to my prediction, freeze-drought interactions at the species level did not appear to be
related to the retention of soluble sugars or bulk proteins for the species I examined. For Poa
pratensis, the retention of soluble sugars after drought could have explained the higher freezing
tolerance observed in the fall, but these compounds quickly declined in concentration after
drought alleviation (Kong and Henry, 2018). Likewise, there was no retention of these
compounds after freezing to explain the elevated summer drought tolerance described in Chapter
2, and compatible solutes decreased shortly after drought alleviation in Beta vulgaris as well
(Schneider et al., 2019). These compounds appear to have relatively high turnover rates, and it is
unlikely that the retention of protective compounds contributes to cross acclimation when
stressors are applied over ecologically relevant time periods, although only soluble sugars and
bulk proteins were examined in my studies.
Alternatively, the elevation of sugars or protein during drought may be responsible for cross
acclimation in some species. Elevated concentrations of proline were observed under freezing in
Pistacia integerrima, but there were no differences between the plants previously exposed to
moderate and severe drought treatments: this result was attributed to a saturated proline response,
although this was not observed for soluble sugars (Sperling et al., 2017). In Chapter 3, the plant
cells could have reached the maximum concentration of compatible solutes (i.e. further increases
would cause damage to cells). In addition, sampling time may have important consequences for
the observation of differences in metabolites (Pembleton and Sathish, 2014), and repeated
measurements of leaf solutes during the onset of drought may be necessary. In future studies,
specific proteins should be isolated, because changes in important compounds may be masked by
the relatively high concentrations of soluble Rubisco in plant leaves (Chapin et al., 1987; Evans
and Seemann, 1989).
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Experimental design can influence whether freezing increases the drought tolerance and/or
avoidance of plants. Most importantly, freezing can result in smaller plants that utilize less water
during the drought period. Therefore, these smaller plants may become more drought avoidant
and thus delay the onset of drought stress. In most cases, frozen plants were similar in size to
non-frozen plants pre-drought (Chapter 3), which could have resulted from compensatory effects
after freezing. Upon stress alleviation, plants that were exposed to freezing (Phleum pretense and
Lolium perenne - Østrem et al., 2010) and drought (Pinus sylvestris - Seidel et al., 2019) grew at
faster rates compared to non-stressed control plants, possibly linked to higher cytokinin
concentrations (Wang et al., 2016). In Chapter 2, soil water potential was maintained to achieve
similar amounts of drought stress for the non-frozen and frozen plants. The results of Chapters 2
and 3 provide strong support that cross acclimation may be a result of enhanced stress tolerance,
rather than enhanced stress avoidance. However, the latter study (Chapter 3) is more
representative of what may occur in a field setting, because it would be unlikely that soil water
potential would be maintained at a constant level. Furthermore, there was evidence of reduced
water use in frozen plants at the community level (Chapter 4) and this could have been caused by
the enhanced drought avoidance of particular species and functional groups, as opposed to
enhanced drought tolerance.
Overall, the physiological mechanisms behind the effects of freezing on drought tolerance
require further investigation (Horváth et al., 2007: Grudkowska and Zagdanska, 2010; Hossain et
al., 2013; Guedes et al., 2018). Specifically, it would be informative to explore the extent to
which epigenetic changes may be occurring during freezing, along with the persistence of these
epigenetic changes (Walter et al., 2013). Substantial differences can exist amongst and within
species: for instance, different concentrations of the same antioxidants were observed in two
cultivars of Lolium perenne under drought (Hoffman et al., 2012) and differential survival in
response to drought and freezing was observed in different Triticum aestivum varieties (Cloutier
and Siminovitch, 1981). The comparison of physiological responses among different studies may
be challenging because different methods of drought application (e.g. maintaining a constant soil
water potential vs withholding water) can elicit different responses in the same species (He and
Dijkstra, 2014).
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Scaling cross acclimation from species to communities and
ecosystems
Freezing or drought alone can have substantial effects at the species level, which can scale up to
impacts at the plant community and ecosystem levels (Figure 5.1a). In addition, my studies have
demonstrated that the sublethal effects of freezing can influence drought tolerance in the
summer, and cross acclimation can occur across different seasons. These results suggest a need
for a holistic approach to studying plant stress responses, whereby stress experienced throughout
the entire year must be considered to improve predictions regarding the potential impacts of
climate change.
Multi-scale approaches are required to understand the potential cascading effects on plant stress
in a broader context (Felton and Smith, 2017), and I summarize the links between the scales I
examined in my thesis in Figure 5.1b. My results suggest that even when there is variation in
freeze-drought responses at the functional group level, cross acclimation effects on overall
productivity can be absent, possibly because of species interactions (Figure 5.1b), a result
contrary to my prediction. Species with high stress tolerance may exhibit an increased
competitive ability for resources under stress, and they may recover faster than neighboring
species, resulting in further competitive suppression of the latter. Therefore, cross acclimation
effects may be difficult to disentangle at the community level, given the complexity of potential
species interactions that can occur.
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Figure 5.1 Freeze-drought and drought-freeze interactions across seasons and the potential
implications for species, communities and ecosystems. a) Stress interactions can occur over
multiple seasons and a holistic approach for plant stress responses over the year is thus required.
b) Cross acclimation can have different effects on individuals which will influence species
interactions, and this can potentially impact nutrient cycles. Cross acclimation at the individual
scale may be enhanced (+) or reduced (-) depending on the effects of cross acclimation at the
community and ecosystem scales.
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Ultimately, we may expect greater declines in plant productivity for plant communities subjected
to increasing freezing and drought stress based on the results in Chapter 4. These results,
however, represent the short-term impacts of plant stress. Over the longer term, ecosystem
productivity may recover as plant communities may become more resilient to abiotic stress
(Hofer et al., 2016). In addition, variation in cross acclimation could improve the success of
certain species relative to others. For instance, Bromus inermis, a highly aggressive grass species
that demonstrates strong cross acclimation (Chapter 3) could increase biodiversity loss in old
field communities. To understand the potential implications of winter climate change on summer
ecology, focal species must be identified (Williams et al., 2015), and dominant competitors such
as Bromus inermis could be of interest.
Plant stress can accelerate N loss in ecosystems, and reductions in N availability can
significantly influence the ability of plants to acclimate to future stress (Figure 5.1b), given that
N is critical for photosynthesis and growth (Evans and Seemann, 1989; Hofer et al., 2016), and
potentially plant acclimation (Benomar et al., 2019). Contrary to my expectation, there were no
significant interactive effects between freezing and subsequent drought on 15N retention; rather,
the freeze and drought effects were additive. Also, contrary to my expectation, abiotic stress
increased 15N retention when tracer was applied post-drought, but in retrospect this response
could be attributed to the effects of the stressors on plant size and N demand.

Recommendations for future cross acclimation studies
Future studies regarding cross acclimation between freezing and drought should further consider
stress timing. Greater temporal separation may decrease the strength of stress imprints, whereas
the application of stressors at a time when the plants are well acclimated may have minimal
effects on plants. Sufficient cold acclimation often occurs in the fall, and the greatest risk for
freezing damage is in the spring, when rapid de-acclimation may occur during warm spells
(Vitasse et al., 2014). Future studies should focus on the increasing risks of spring freezing
damage. In addition, stress magnitude and duration should be well described and documented.
The more severe the stress, the greater the potential for stress memory. To demonstrate whether
cross acclimation is present, it may be appropriate to expose the plants to severe levels of stress.
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Concluding remarks
Studies that investigate the impacts of a single stressor can provide valuable information
regarding plant responses to climate change. However, these responses may be influenced by
prior stress, given that stress memory can be carried across seasons. Therefore, field studies
where plants are often subjected to changing environmental conditions may unknowingly be
influenced by the effects of multiple stressors on productivity. Stress memory is often not
considered despite recent evidence of ecological memory. In addition, models predicting the
response of plants to stress have been improved when antecedent conditions were considered
(Ogle et al., 2015). Here, I emphasize the importance of considering stress history when
assessing plant responses.
Furthermore, the ability to withstand both lower temperatures and drought may increase the
success of a species in a region and can therefore alter the distribution and sorting of plant
species on a regional scale (Charra-Vaskou et al., 2012). However, cross acclimation may
increase the abundance of invasive species, which could have implications for biodiversity and
community resilience to stress. Overall, these studies highlight the idea that seasons are not
independent of each other and demonstrate the importance of examining plant responses in the
context of the annual cycle (Figure 5.1). Effects of factor X in the winter can substantially impact
plant responses to factor Y in the summer and could have important implications for other
organisms that rely on plants for food and reproduction (Williams et al., 2015). An increase in
freezing and drought stress for plants and the existence of cross acclimation can therefore impact
many different aspects of communities and ecosystems.
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Appendix A.1 Survival and mortality counts for tillers at the end of the 3-week post-drought /
recovery period for all combinations of freezing and drought treatments (unpooled data).
Freezing treatment
Left outside in fall
Left outside in fall
Left outside in fall
0 °C Fall/early spring
0 °C Fall/early spring
0 °C Fall/early spring
–5 °C Fall
–5 °C Fall
–5 °C Fall
–5 °C Early spring
–5 °C Early spring
–5 °C Early spring
0 °C Late spring
0 °C Late spring
0 °C Late spring

Drought treatment
No drought
Moderate drought
Severe drought
No drought
Moderate drought
Severe drought
No drought
Moderate drought
Severe drought
No drought
Moderate drought
Severe drought
No drought
Moderate drought
Severe drought

Alive
5
6
3
12
12
4
11
9
8
6
5
4
6
5
6

Dead
0
0
2
0
1
9
0
2
3
0
2
2
0
1
0

Total
5
6
5
12
13
13
11
11
11
6
7
6
6
6
6
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Appendix A.2 Mean relative change in growth ± SE during the drought period for all
combinations of freezing and drought treatments (unpooled data).

Freezing treatment
Left outside in fall
Left outside in fall
Left outside in fall
0 °C Fall/early spring
0 °C Fall/early spring
0 °C Fall/early spring
–5 °C Fall
–5 °C Fall
–5 °C Fall
–5 °C Early spring
–5 °C Early spring
–5 °C Early spring
0 °C Late spring
0 °C Late spring
0 °C Late spring

Drought treatment
No drought
Moderate drought
Severe drought
No drought
Moderate drought
Severe drought
No drought
Moderate drought
Severe drought
No drought
Moderate drought
Severe drought
No drought
Moderate drought
Severe drought

Mean (%)
214 ± 29
51 ± 27
27 ± 29
108 ± 19
45 ± 18
22 ± 18
163 ± 20
62 ± 20
23 ± 20
224 ± 27
50 ± 25
30 ± 29
188 ± 27
49 ± 29
43 ± 27
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Appendix A.3 Mean relative change in growth ± SE during the recovery period for all
combinations of freezing and drought treatments (unpooled data).

Freezing treatment
Left outside in fall
Left outside in fall
Left outside in fall
0 °C Fall/early spring
0 °C Fall/early spring
0 °C Fall/early spring
–5 °C Fall
–5 °C Fall
–5 °C Fall
–5 °C Early spring
–5 °C Early spring
–5 °C Early spring
0 °C Late spring
0 °C Late spring
0 °C Late spring

Drought treatment
No drought
Moderate drought
Severe drought
No drought
Moderate drought
Severe drought
No drought
Moderate drought
Severe drought
No drought
Moderate drought
Severe drought
No drought
Moderate drought
Severe drought

Mean (%)
56 ± 17
65 ± 16
25 ± 17
54 ± 11
75 ± 11
19 ± 11
60 ± 12
46 ± 12
19 ± 12
48 ± 16
53 ± 15
65 ± 17
57 ± 16
64 ± 17
59 ± 16
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Appendix A.4 Mean dry total biomass ± SE for all combinations of freezing and drought
treatments (unpooled data).

Freezing treatment
Left outside in fall
Left outside in fall
Left outside in fall
0 °C Fall/early spring
0 °C Fall/early spring
0 °C Fall/early spring
–5 °C Fall
–5 °C Fall
–5 °C Fall
–5 °C Early spring
–5 °C Early spring
–5 °C Early spring
0 °C Late spring
0 °C Late spring
0 °C Late Spring

Drought treatment
No drought
Moderate drought
Severe drought
No drought
Moderate drought
Severe drought
No drought
Moderate drought
Severe drought
No drought
Moderate drought
Severe drought
No drought
Moderate drought
Severe drought

Mean (mg)
554 ± 88
482 ± 80
172 ± 88
749 ± 57
506 ± 54
202 ± 54
560 ± 59
381 ± 59
223 ± 59
548 ± 80
336 ± 74
352 ± 80
624 ± 80
425 ± 80
374 ± 80
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Appendix B.1 The number of plants surviving relative to the total of number of plants exposed
to a freezing treatment. These plants were established from seed May 2016 and were cold
acclimated between 27 June 2016 and 11 July 2016. To cold acclimate seedlings, I placed them
into controlled environment growth chambers that were cooled down from 20 C to 5 C at 2
C/h, and these plants received 9.5 h of light each day. Individual plants were frozen at either
–10, –7.5, –5, –2.5, or 0 C for 3 d between 8-14 July 2016. During freezing, the chamber
temperature was ramped down in the dark to the target temperature at 2 C /h, and ramped up at
the same rate on the third day of freezing.
Species
Agrostis stolonifera
Arrhenatherum elatius
Bromus inermis
Festuca rubra
Lolium perenne
Plantago lanceolata
Poa compressa
Securigera varia

0℃
10/10
10/10
10/10
10/10
10/10
10/10
10/10
5/5

–2.5 ℃
10/10
10/10
10/10
10/10
10/10
10/10
10/10
6/6

–5 ℃
10/10
7/10
10/10
10/10
10/10
10/10
8/10
0/6

–7.5 ℃
2/10
0/10
6/10
2/10
2/10
1/10
0/10
0/5

–10 ℃
0/10
0/10
5/10
1/10
1/10
0/10
0/10
0/5
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Appendix B.2 Number of plants surviving relative to the total of number of plants exposed to a
severe drought. The plants were established from seed May 2016 and watered daily. From 7-28
July 2016, water was withheld from plants until the onset of drought symptoms. Thereafter,
plants were watered with a constant amount of water (10 mL), and survival was assessed on 18
August 2016.
Species
Agrostis stolonifera
Arrhenatherum elatius
Bromus inermis
Festuca rubra
Lolium perenne
Plantago lanceolata
Poa compressa
Securigera varia

Fraction Surviving
7/10
4/10
4/10
6/10
10/10
2/10
3/10
2/10
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Appendix B.3 Allometric equations associating the number of green leaves with total dry leaf
biomass for various herbaceous species. The plants were grown under various conditions, and
the coefficient of determination (R2) and sample size (n) for each equation is presented. For each
equation, X = number of green leaves and Y = the estimated dry green aboveground biomass in
grams.
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Appendix B.4 Effective sample size (n) for each treatment and species combination for the biomass and physiological measurements. Total soluble
proteins and sugars are separated by sampling date (immediately before the drought occurred and at the onset of drought symptoms). No physiological
measurements were made for Lolium perenne and Poa compressa.

Measurement
Biomass

Protein/Sugar
(Before)

Protein/Sugar
(During)

Treatment

A. elatius

A. stolonifera

B. inermis

F. rubra

L. perenne

P. lanceolata

P. compressa S. varia

Freeze-Drought
Freeze-No drought
No freeze-Drought
No freeze-No drought

n = 12
n = 12
n = 13
n = 13

n=8
n=8
n = 13
n = 13

n = 12
n = 12
n = 13
n = 12

n = 14
n = 14
n = 14
n = 13

n = 18
n = 20
n = 25
n = 25

n = 13
n = 12
n = 13
n = 13

n = 14
n = 14
n = 14
n = 15

n = 13
n = 13
n = 13
n = 13

Freeze
No freeze

n = 12
n = 11

n=3
n=9

n = 11
n = 10

n = 12
n = 11

N/A
N/A

n = 11
n = 12

N/A
N/A

n = 11
n = 12

Freeze-Drought
Freeze-No drought
No freeze-Drought
No freeze-No drought

n=4
n=6
n=4
n=6

n=4
n=5
n=6
n=6

n=6
n=6
n=6
n=6

n=6
n=6
n=6
n=6

N/A
N/A
N/A
N/A

n=6
n=6
n=6
n=6

N/A
N/A
N/A
N/A

n=6
n=6
n=6
n=6
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Appendix B.5 Summary tables for two-way ANOVAs examining the effect of freezing and
drought on green shoot biomass for each species. The degrees of freedom for the F values are
represented by df1 (numerator) and df2 (denominator).
Species
Agrostis stolonifera

Source
Freeze
Drought
Freeze x Drought

F
11.7
15.2
3.8

df1
1
1
1

df2
38
38
38

P - value
< 0.01
< 0.01
0.06

Arrhenatherum elatis

Freeze
Drought
Freeze x Drought

11.8
18.6
0.03

1
1
1

46
46
46

< 0.01
< 0.01
0.86

Bromus inermis

Freeze
Drought
Freeze x Drought

16.2
12.8
13.9

1
1
1

46
46
46

< 0.01
< 0.01
< 0.01

Festuca rubra

Freeze
Drought
Freeze x Drought

2.4
9.8
0.3

1
1
1

51
51
51

0.13
< 0.01
0.60

Lolium perenne

Freeze
Drought
Freeze x Drought

55.3
0.5
< 0.01

1
1
1

84
84
84

< 0.01
0.47
0.95

Plantago lanceolata

Freeze
Drought
Freeze x Drought

3.6
11.0
5.2

1
1
1

47
47
47

0.06
< 0.01
0.03

Poa compressa

Freeze
Drought
Freeze x Drought

2.0
4.7
2.0

1
1
1

53
53
53

0.16
0.03
0.16

Securigera varia

Freeze
Drought
Freeze x Drought

0.2
21.3
< 0.01

1
1
1

48
48
48

0.64
< 0.01
0.98
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Appendix B.6 Summary tables for two-way ANOVAs examining the effect of freezing and
drought on root biomass for each species. The degrees of freedom for the F values are
represented by df1 (numerator) and df2 (denominator).

Species
Agrostis stolonifera

Source
Freeze
Drought
Freeze x Drought

F
46.3
2.4
6.6

df1
1
1
1

df2
38
38
38

P - value
< 0.01
0.13
0.01

Arrhenatherum elatis

Freeze
Drought
Freeze x Drought

24.7
23.1
0.02

1
1
1

46
46
46

< 0.01
< 0.01
0.90

Bromus inermis

Freeze
Drought
Freeze x Drought

30.4
1.1
1.2

1
1
1

46
46
46

< 0.01
0.31
0.28

Festuca rubra

Freeze
Drought
Freeze x Drought

8.8
0.7
1.2

1
1
1

51
51
51

< 0.01
0.40
0.27

Lolium perenne

Freeze
Drought
Freeze x Drought

158.0
0.3
2.9

1
1
1

84
84
84

< 0.01
0.57
0.09

Plantago lanceolata

Freeze
Drought
Freeze x Drought

39.0
0.05
2.1

1
1
1

47
47
47

< 0.01
0.82
0.16

Poa compressa

Freeze
Drought
Freeze x Drought

2.9
1.1
7.1

1
1
1

53
53
53

0.10
0.30
0.01

Securigera varia

Freeze
Drought
Freeze x Drought

0.1
19.4
0.03

1
1
1

48
48
48

0.80
< 0.01
0.86
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