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Abstract: Climate change leads to global drought-induced stress and increased plant mortality.
Tree species living in rapidly changing climate conditions are exposed to danger and must adapt
to new climate conditions to survive. Trees respond to changes in the environment in numerous
ways. Physiological modulation at the seed stage, germination strategy and further development
are influenced by many different factors. We review forest abiotic threats (such as drought and
heat), including biochemical responses of plants to stress, and biotic threats (pathogens and insects)
related to global warming. We then discus the varied adaptations of tree species to changing climate
conditions such as seed resistance to environmental stress, improved by an increase in temperature,
affinity to specific fungal symbionts, a wide range of tolerance to abiotic environmental conditions
in the offspring of populations occurring in continental climate, and germination strategies closely
linked to the ecological niche of the species. The existing studies do not clearly indicate whether tree
adaptations are shaped by epigenetics or phenology and do not define the role of phenotypic plasticity
in tree development. We have created a juxtaposition of literature that is useful in identifying the
factors that play key roles in these processes. We compare scientific evidence that species distribution
and survival are possible due to phenotypic plasticity and thermal memory with studies that testify
that trees’ phenology depends on phylogenesis, but this issue is still open. It is possible that studies
in the near future will bring us closer to understanding the mechanisms through which trees adapt to
stressful conditions, especially in the context of epigenetic memory in long-lived organisms, and allow
us to minimize the harmful effects of climatic events by predicting tree species’ responses or by
developing solutions such as assisted migration to mitigate the consequences of these phenomena.

Keywords: global climate change; forest ecology; trees adaptation; phenotypic plasticity

1. Introduction

Recent changes in the global climate have a considerable impact on many aspects of the natural
environment and various aspects of human economy [1,2]. In addition, there is a fierce social and
scientific debate concerning the origin of the climate changes that are presently being observed [3].
The results of many scientific studies show that human activity has contributed to the increase in
CO2 in the atmosphere; increased CO2 levels cause an increase in the frequency of extreme weather
events [4], and such events were not seen as often before 2010 as they have been since then. For
example, between May and July 2018, almost every day, approximately 22% of the populated and
agricultural areas north of 30◦ latitude experienced high temperature extremes at the same time [5].
Over a wide range of climate changes, the most severe are those related to changes in the temperature
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range. Forecasts for the coming decades predict that approximately a third of the permafrost will
disappear after the global surface temperature rises by 2 ◦C [6]. On the one hand, water levels are
increasing with the shrinking of the area covered by ice [7,8] and there are an increasing number of
cases of rising flood risks in coastal areas due to sea level rise [9]; on the other hand, we are experiencing
increasing levels of drought-endangered areas and drought [10]. These changes in environmental
conditions are also a catalyst of shifts in the geographical ranges of many trees and shrubs [11,12].
Long-lived organisms are most at risk of changes that (i) could modulate their metabolism and cause
species to adapt to new conditions or (ii) could have an impact severe enough to cause the death of the
organism. The changes in the climate are believed to greatly affect the state of worldwide arboreal flora.
We must take into account the fact that tree species differ in their ability to adjust to new conditions
and in the rate at which they are able to do so. Overall, changing climate introduces considerable
shifts in selective pressure in tree populations, and these shifts may result in different distributions of
individual species in the future [13,14].

We review and discuss various aspects of the modulation of tree physiology at the seed stage,
at the germination stage and during further development stage, such as phenology, epigenetics and
phenotypic plasticity, from the perspective of adaptation to rapidly changing climate. This work is
an attempt to understand the pathway of changes that affect ecological connections between different
species of trees and their rapidly changing environment. With this perspective, we attempt to predict
how the current situation may evolve. This understanding may bring us closer to more adequately
planning ways in which we can conquer the danger to biodiversity that arises from a changing climate.

2. Forest Threats Related to Global Warming

Due to increasing temperatures, the scale of the problem of global drought-induced stress and mortality
of forest species is currently increasing at a rate unprecedented in recorded history [15,16]. During a 4-year
extreme drought lasting from 2012 to 2015 in California, tree mortality increased from tens to hundreds
of dead trees e.g., Abies magnifica (A. Murr), Abies concolor (Gord. & Glend.), Lithocarpus densiflorus (Hook.
& Arn.) and Pseudotsuga menziesii (Mirb.) [17] per km2. It is therefore important to determine whether
the mortality of trees in drought-affected areas will be concentrated in specific competitive and climatic
conditions because this determination will enable forest managers to effectively identify areas that are more
vulnerable to drought. Large-scale, consistent monitoring of forest ecosystems plays a key role in preparing
for the impact of extreme events on the stability of forests [18].

To predict the traits of plants that are likely to die or to survive during drought under the influence
of a future warmer climate, Darcy’s law, which describes the relationship between the instantaneous
discharge rate through a porous medium, the viscosity of the fluid and the decrease in pressure
over a given distance, can be used. Through application of this core principle of vascular plant
physiology, it has been established that it is likely that tall plants with isohydric stomatal regulation,
low hydraulic conductance and high leaf area as trees’ species from Fagaceae and Sapindaceae families
will die because of drought stress in the future [19]. The rise in temperature is a cause of increasing
vapor pressure deficits, and the resulting water stress will result in changes in the plants’ structure.
Old-growth forest mortality is likely to increase in a warming climate, while low-statured plants will
probably survive, and forest ecosystems will be gradually replaced by communities of shorter grasses
or shrubs [20].

2.1. Direct Impact of Global Warming on Forests-Abiotic Factors

2.1.1. Responses at the Seed Level

The role of different stages of thermal history, including previous generations and stages of
flowering and seed development, still requires careful investigation [21–25]. The results of some
studies suggest that there is an interaction between provenance and climate that has a significant
impact on successful development and survival and that phylogenetic signals do not play an important
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role in this adaptation [26]. Thermal signals shape the successive steps of seed production, dormancy
and germination; however, due to phenotypic plasticity, those processes also have thermal memory
that contains their thermal experience from the past [25,27]. Microclimate may be the factor that most
affects seed germination and early seedling establishment [13,28–31].

An important factor in the distribution of plant species is their germination behavior, one of the
earliest phenotypes expressed by plants. This process frequently undergoes natural selection before
other traits become observable because it is expressed early [30]. At this phase of life, plants are
most susceptible to environmental stress. Researchers [32,33] have found that it is necessary to
include seed size, lifespan and germination base temperature when analyzing the thermal limits of
species distributions.

Seeds of phylogenetically related Caragana species that have germinated under different
temperature and moisture conditions have shown differences in germination strategies that are
tightly linked to the ecological niche of the species. This outcome indicates that the germination
process is driven not by phylogenetic signals but by environmental causes [30]. Moreover, sycamore
maple (Acer pseudoplatanus L.) seed lots collected along a north-south gradient spanning 21◦ of latitude
in Europe differed in maturity, and the level of maturity was influenced by the heat sum during
seed development. Seeds from colder locations, for example, Scotland, germinated over a narrower
temperature range and were more desiccation-sensitive than seeds from Italy and France, where the
heat sum could be as much as two times higher [31].

Seeds of pendunculate oak (Quercus robur L.) from oceanic climates in West Poland required more
humid and warmer conditions for epicotyl emergence, while in seeds from continental climates in East
Poland, epicotyl emergence occurred both in cold-dry and warm-wet conditions. This observation
shows that populations are adapted to their local environments [28]. Therefore, seed germination
strategy is not a stable evolutionary trait within a family or genus [30]. Fremont cottonwood
(Populus fremonti Wats.) trees from populations occurring in warmer, southern climates exhibited up
to four times greater plasticity than populations adapted to cooler northern conditions. The value of
phenotypic plasticity is correlated with the local climate. Trees experiencing hotter climates generally
exhibited smaller shifts in an adaptive direction compared to trees transferred to cooler climates, which
showed non-adaptive changes [29].

2.1.2. Biochemical and Physiological Plant Responses

Under conditions of poor water availability caused by dryness, plants experience water stress.
In response, multiple signaling pathways and response mechanisms are activated to counteract water
loss and allow the plant to adapt to the resulting dangers.

When the level of water in a plant decreases significantly, its cells begin to lose turgor, resulting in
plasmolysis. On the macroscopic scale, this phenomenon manifests as shoots becoming flaccid and
leaves wrinkling and folding. When only 20% of the original amount of water remains in the plant’s
cells (a state known as desiccation), the cell membrane begins to shatter and lose its selective properties.
Phospholipids assemble in hexagonal structures instead of in a bilayer. Proteins begin to lose their
native structures due to changes in the distribution of electrical charges caused by increased salt
concentration [34–37].

Among the physiological changes that occur in plants during water stress, osmotic adaptation is worth
noting. It depends on the production and accumulation of osmolytes such as proline, mannitol, glucose and
fructose, which help maintain the water potential of the plant’s tissues at a level that effectively counteracts
the water loss. Accumulation of inorganic ions in vacuoles also helps overcome soil salinity, preventing
water intake [34]. There is effective vacuolar sequesteration of Na+ in Pongamia pinnata L. roots. These roots
are thus a kind of filter, preventing the accumulation of excess Na+ in the leaf [38].

Another type of response is increased production of particular phytohormones that affect
metabolism in a way that counteracts water stress. For instance, abscisic acid (ABA) stimulates a number
of physiological changes, including increased emergence of cilia on the epidermis, lower viability of
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generative organs, flower drop, stimulation of root growth and inhibition of shoot growth [39–42].
When these changes occur, water usage by above-ground organs is limited, and roots that are extended
quickly have a greater likelihood of reaching more humid soil levels. Observations of this phenomenon
are pointing to plasticity in root stress response [43]. On the other hand, research at Oak Ridge, USA
has not confirmed that the tree root system clearly reacts to drought [44]. In trees, an additional
strategy is leaf drop stimulated by ethylene [45,46]. The variant of this strategy called cladoptosis,
which depends on dropping whole shoots instead of merely leaves, occurs in the species Quercus. This
variant reduces the amount of metabolically active, water-consuming tissues and cuts off the main
pathway of water loss through transpiration [47].

One of the most important defense strategies used by plants is limitation of transpiration. First,
ion pumps are activated in the cells surrounding stomata. The osmotic effect results in a change in the
cells’ turgor due to water accumulation and in eventual closure of the stomata [48–50]. This change
makes transpiration virtually impossible because the above-ground organs of land plants are covered
by a protective wax cuticle. Another step in limiting water loss is increased production of the
aforementioned wax [51]. It has been shown that leaf area and leaf production decline with increasing
water stress. Leaf area and transpiration rates were lower in water stressed than in non-water stressed
plants [52–54]. However, it turns out that leaf area alone could not determine the rate of transpiration,
because in some cases small leaves transpire more than large leaves, due to differences in the size
and density of stomata on the leaf surface [55]. In the case of baobab (Adansonia digitata L.), it was
confirmed that the higher the temperatures at which trees live, the denser is the distribution of stomata
on the leaf surface [56].

The main negative consequence of stomata closure is lockdown of gas exchange between the
plant and its environment. Carbon dioxide, which is necessary for photosynthesis, cannot make its
way into the leaf. This outcome leads to a significant decrease in the concentration of this compound in
leaf cells within a short time. CO2 deficiency leads to effective competition by O2 for the active center
of the Rubisco enzyme [57–59]. Rubisco is known for its tendency to recognize O2 instead of CO2 as
a substrate for connection with ribulose 1,5-bisphosphate (RuBP), which begins the photorespiration
pathway. The plant does not benefit energetically from this process and loses a significant amount of
carbon, as CO2 is one of the byproducts. This outcome lowers the overall efficiency of photosynthesis.
This tendency manifests mostly when the CO2 to O2 ratio in cells is low. High temperature of the
reaction environment is also a stimulating factor. Metabolic pathways aimed at eliminating the
harmful glyoxylate formed in this process require hydrogen peroxide, resulting in greater production
of this molecule in peroxisomes [60,61]. Forest trees have C3 metabolism, thus, competition between
substrates at the Rubisco level, which is dependent on temperature, with the ratio of oxygenation and
carboxylation increasing with increasing temperature [59]. In the case of Quercus pubescens Willd.,
photosynthesis may be temporarily affected by a heat-dependent reduction of Rubisco activation state.
Therefore, Q. pubescens is an example of species which may be negatively affected by the heat waves,
which occur currently and could occur in the near future [62].

In the context of the light phase of photosynthesis, carbon dioxide deficiency limits the regeneration
of the oxidized form of nicotinamide adenine dinucleotide phosphate (NADP). Accumulation of
the reduced form of this nucleotide results in blockage of the electron transport pathway in the
thylakoid membrane. The persistent reduced state of the chain complexes results in disruption of
the balance of chloroplasts’ redox state. A side effect is oxygen reduction on photosystem I in the
Mehler reaction [61,63,64]. This reaction is often incomplete, resulting in the formation of a superoxide
anion radical and hydrogen peroxide [59,64–66]. To balance the redox potential of the cell, the NADPH
reduction potential is transported through a system of molecular “shuttles” to the cytosol and then to
mitochondria, where it is used to feed the respiratory chain [67–69]. Excessive reduction of protein
chain complexes, in particular complex III, in a manner analogous to that occurring in chloroplasts
results in the formation of superoxide anion radicals [70–72]. In this context, the plant’s defensive
action is to increase the expression of alternative oxidase (AOX) [73–76]. This enzyme acts as a “safety
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valve” to eliminate the accumulating reductive force and thus limit the production of reactive oxygen
species (ROS) [77].

Heat leads to denaturation of the protein components of cell membranes because it accelerates the
movement of lipids. In effect, it makes cell structures more sensitive, which leads to the disruption of
physiological and cellular processes such as ion transport and photosynthesis [78–80]. Concurrently,
heat increases the formation of ROS, as which superoxide radical (O2

−•), hydrogen peroxide (H2O2) and
hydroxyl radical (·OH), are classified (Figure 1). Notably, studies on tree species of Dipterocarpaceae
family have shown that species which occur at uplands and riparian fringes with a higher frequency of
disturbances, are suggested to have higher photosynthetic tolerance to elevated temperatures [81].
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Figure 1. Rapid changes in climate conditions influence each of stage of a plant’s life, from seed
production by juvenile and mature plants. Thermal memory recorded due to phenotypic plasticity in
mature organisms is passed on to the seed, in which the thermal memory is read. As a consequence
of climate changes, reactive oxygen species ROS production may change at each of stage of life;
important differences in the proper functioning of photosynthesis also occur. Acceleration or delay
of developmental programs is observed as a change in the phenology of the species. Changes in the
climate may interfere with the viability of seeds and may cause modifications in germination scenarios
or seedling vitality. Seeds are plant organs that may, as a consequence of these events, migrate to
establish new territory and change the range of populations and even species.

These molecules are characterized by extremely high reactivity. They easily react with cell-building
macromolecules, mainly in the mitochondria, chloroplasts and peroxisomes [59,82,83] disrupting their
structure and function [84]. The loss of seed viability during storage at temperatures above 0 ◦C
is closely linked to ROS production, and the antioxidant system is not always sufficient to protect
them [85]. ROS induce oxidative damage to nucleic acids, lipids and proteins, thereby affecting
organelles and their metabolic integrity [86–91]. These reactions include lipid peroxidation (LPO)
(a process of oxidation of polyunsaturated fatty acids by O2

−•) [92], oxidation of protein disulfide
bonds and peroxidation of lipids and proteins by H2O2 [36,93,94]. Excessive accumulation of reactive
oxygen species causes irreversible damage of the cell and leads to cell death [90,95]. The presence of
ROS stimulates the defense response in the form of increased activity of enzymes that catalyze the
breakdown of harmful substances into less reactive forms. These include peroxidases, which catalyze
the conversion of hydrogen peroxide to molecular oxygen and water, and superoxide dismutase (SOD),
which catalyzes the decomposition of anion radicals to less harmful H2O2 [96,97]. A number of small
molecular substances such as reduced glutathione, tocopherol and ascorbic acid also participate in
these reactions. Tocopherol is anchored in the cell membrane, where it protects lipids from peroxidation.
With the participation of appropriate peroxidases, ascorbic acid and glutathione are oxidized during
the H2O2 decomposition reaction, thereby decreasing the overall quantity of these molecules in
the cell [98,99].
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2.2. Indirect Impact of Global Warming on Forests-Biotic Threats

Climate change is already influencing the geographic distribution of pathogens and insects that
prey on tree species. The changes facilitate the expansion not only of exotic pests but also of native
pests. In addition, climate change can affect tree resistance to pests, and this is an increasingly frequent
phenomenon [14,100]. Temperature is a main factor affecting many of the insect life-history events on
which population success depends [101]. Climate change contributes to shorter generation times of
forest insect species. For example, an increase in temperature can facilitate survival of winter conditions
by the mountain pine beetle (Dendroctonus ponderosae Hopkins) [102], which is the most serious insect
pest of western North American pine forests, and its outbreak a few years ago caused the destruction
of over 15 million hectares of pine forests. This event had a significant impact on forest health and
the economy of the woodworking industry [103]. Moreover, drought is one of the most important
climatic factors affecting host trees’ susceptibility to forest insects because reduced water availability
threatens the resilience and viability of trees [100]. The simultaneous occurrence of invasive insect
outbreaks in forests and the weakening of trees’ resistance to their attacks results in increased tree
mortality. Drought is thought to be the main cause of infestation by several defoliators and bark beetle
species, as well as pathogens [9,104]. For example, susceptibility to occupation of Norway spruce
stands in Poland by pests is relatively high because this tree species possess a shallow root system;
therefore, it experiences drought stress more rapidly than deep-rooted species, and at the same time,
the production of resin, which is used to repair injuries, including insect bites, is reduced [105,106]. As
a consequence, the number of bark beetles (Ips typographus L.) is changing rapidly, resulting in a serious
problem of massive dying-off of Norway spruce stands in northeastern Poland and, at the international
scale, infecting areas such as the Białowieża Forest [107]. Since 2012, spruce stands covering a total
area of approximately 1.4 million m3 have died (www.bialystok.lasy.gov.pl). The development and
reproduction of the bark beetle population are stimulated by factors such as high temperature and low
precipitation. An increase in the number of bark beetles, a species with high reproductive potential
that can produce two main generations and one or two sister generations in a year, usually leads
to catastrophic effects and significant economic losses throughout the area occupied by Norway
spruce [108]. Climate change may also be a reason for an increase in the harmful activity of species
that previously did not have significant economic significance in a given area. The main factor
limiting the occurrence of Nodiprion sertifer (Geoffr.) in northern Finland is the occurrence of days with
a temperature lower than −36 ◦C in winter; below this temperature, high egg mortality is recorded.
In the same research, the scenario that would be expected to occur following an increase of 3.6 ◦C in
the average winter temperature by 2050 was considered. Climate warming may lead to an increase in
the frequency of gradation of tropical blue bees in areas where sporadic or non-occasional occurrence
is presently found [109]. The impacts of climate change on forest insect and pathogen populations is
an important research focus because management of the impact of invasive exotic and native pests
becomes increasingly difficult [110]. Changes in the ranges of insects resulting from the impact of
changed climate parameters may also result in their adaptation to new food plants. When species
closely related to the original food plant are present in the new area of phytophage occurrence, it is
possible that pests will broaden the spectrum of the host plants they feed on [111]. An increase in the
average temperature over several decades has resulted in the expansion of the pine processionary
(Thaumetopoea pityocampa Schiff.); to date, this expansion has been observed in the Sierra Nevada
mountains of southeastern Spain, above the free parts of the mountains and extending into the areas of
the mountains far beyond. The change in distribution was also accompanied by adaptation to a new
host plant, a relict subspecies of the common pine, Pinus sylvestris var. nevadensis [112].

Fungi forest pathogens represent another important group of invasive organisms [113], and the
major pathway for introduction of these pathogens is human-mediated transport [114]. An example of
a common forest disease in Europe is oak powdery mildew [115], which is caused by a few species
of Erysiphe. Epidemics of this pathogen have been observed in several years. According to the latest
research, the increase in temperature related to greenhouse gas emissions has resulted in a marked
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increase in winter precipitation in northern Eurasia and eastern North America since 1920 [116].
The results of one study [117] showed that illness peaks occurred only after mild winters, although it
was believed that climatic factors during the growing season have a greater impact on disease dynamics.
The authors of this study also showed that there are evident interactions between powdery mildew
infection and oak growth dynamics. It is possible that temperature conditions that occur in winter
favor the perennation of powdery mildew fungi [118]. Moreover, cold winters limit overwintering of
powdery mildew mycelia in leaves and buds [119] and cause limited survival of chasmothecia [120,121].

A loss of biodiversity can be indirectly related to climate, as it may be caused by shifts in the
habitats of invasive species. In Western Europe, there are reports of potential invasion by several
tree species from North America. These species include Quercus rubra L. and Robinia pseudoacacia L.
The invasive potential of these species, favored by changing climate, is expected to jeopardize the
biodiversity of the invaded regions. As of the writing of this document, the area of Europe harboring
hospitable conditions for these species is thought to be halfway occupied [122].

3. Novel Environmental Conditions as Changes Generator

Tree species living in rapidly changing climate conditions are exposed to danger and must adapt
to new climate conditions to survive. Trees respond to changes in the environment in numerous
ways. Physiological modulation at the seed stage, germination strategy and further development are
influenced by many different factors [13,14].

Research by [123] on Norway spruce (Picea abies L.) shows that the adaptive abilities of particular
tree species can be surprisingly high. The authors discovered a form of adaptation that is passed to the
offspring and is based on epigenetic memory. The length of day and temperature conditions under
which parent plants were maintained influenced the growth of their progeny during the following year.
This influence indicates that in some cases, trees are able to adapt surprisingly quickly to a changing
environment (Table 1).

A warming climate results in earlier leaf unfolding in spring for many tree species, increasing
the risk of exposure of juvenile leaves to frost damage. [126] examined 13 species of trees and shrubs
in Switzerland and compared the measurement results obtained over a 60-year period. There was
a noticeable trend of leaf unfolding occurring earlier in later years that correlated with the increase in
global temperatures.

Lankau et al. [127] explored how climate change affects trees’ production of mycorrhiza,
with distinction between ectomycorrhiza and arbuscular mycorrhiza. Both types of symbiosis
are observed to mitigate the sensitivity of trees to changing climate. Further research is needed to
verify the deeper connections between changing climatic conditions and the relationships between
trees and their symbiotes.

Another study [128] described the relationship of pinyon pine (Pinus edulis Engelm.) and its
ectomycorrhizal fungal communities (EMFs). Pinyon pines with particular genotypes are observed
to associate only with particular EMFs. Additionally, mycorrhizal fungi of different species provide
different types of enhanced resistance for their tree counterparts. Both drought-resistant and
drought-resilient species of plants showed signs of improved drought survival when associated
with fungi of the genus Geospora. Affinity for specific fungal symbionts is part of a tree’s phenotype
and may serve as a form of adaptation.

Populations of trees of the same species may differ in phenotype. Fagus sylvatica (L.) in populations
located in the core of the species’ aerial range appeared to be the most susceptible to intense drought
and suppressed growth. On the other hand, the highest durability was observed in populations located
in the edges of their habitat close to the equator. This observation leads to the conclusion that future
changes in temperature and overall climate might effectively compromise the range of this species,
which is currently dominant in Europe [129].
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Table 1. Diversifying the forms of adaptation of selected tree species to changing climatic conditions.

Stage of Development Species Type of Adaptation References

Seed stage
Quercus petraea (Matt.)

Liebl.
Quercus robur L.

Increasing temperature improve
seed resistance to environmental
stress and increase germination
efficiency

[124]

Germination stage Caragana ssp.
Germination strategies tightly
linked to the ecological niche of
the species

[30]

Quercus robur L.

Offspring of the population
occurring in the continental
climate has a wide range of
tolerance to abiotic environmental
conditions

[28]

Further developmental
stages

Picea abies L.

Epigenetic “memory”: impact of
simulated length of day and
temperature, in which parent
plants were kept, on the growth of
their progenies

[123]

Populus fremonti Wats.

Offspring of the populations
occurring in warmer conditions
shows four times greater plasticity,
unlike the populations that
adaptedto cooler conditions

[29]

Picea mariana Mill.

The wide range of abiotic
conditions in which the species
occurs causes the formation of
populations that vary in terms of
specific adaptations to local
conditions

[125]

Pseudotsuga menziesii
Mirb.

Growth initiation on Douglas-fir
will track progressive changes in
favorable climatic conditions at
high elevations and latitudes

[12]

Trees are used as a popular countermeasure to reduce excessive heat in urban areas. This
effect includes providing shade for trolley surfaces and cooling through transpiration. According
to [130], specimens of Quercus ilex (L.) examined in four different urban sites were exposed to
excessive water stress, which resulted in xylem cavitation, increased embolism and stomatal aperture.
Under a continuous trend of summer heat waves, urban trees are at risk of dieback. On the other
hand, there is some evidence that trees grow faster in urban areas. The rate of growth of urban trees
appears to have increased since the 1960s, especially in cities located in the boreal climate zone [131]. It
seems to be related to the urban heat island effect, which probably stimulates photosynthetic activity
and extends the growing season [132]. However, in temperate climate, urban tree growth is not as
significant. Trees probably suffer from substantial water stress, due to, e.g., impervious surfaces and
compacted soils in urban areas, which may reduce root growth and in turn hamper a tree’s water
uptake [131].

Climate Is an Important Selective Factor in Populations

The plasticity of traits such as those discussed above is under the influence of evolutionary
change and affects the long-term persistence of populations and their roles in ecosystems [133].
Many species are not able to migrate rapidly enough to keep up with the rapidly changing climate;
therefore, adaptation must play a key role in their response [134]. In fragmented habitats, rapid climate
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change probably surpasses the capacity for adaptation in many plant populations, and their genetic
composition may be dramatically altered as a result [135]. It is possible that the consequences will
include unpredictable changes in the number of species within communities and a reduction in their
ability to survive further environmental perturbations such as pest outbreaks, disease outbreaks and
extreme climatic events [136].

In the near future, an increase in the frequency of extreme climatic events is predicted; thus,
individuals would need to possess practically perfect plasticity to allow them to tolerate all fluctuations
in climate conditions with no fitness losses [137]. The distributional changes and climate-related forest
dieback that are currently taking place show that such universal plastic tolerance of the changing
climate is not standard [138–141]. A plastic phenotype will enable plants to respond to climate
changes during the lifetime of the individual (Figure 1); however, the capacity for a plastic response
to an event is decreasing as more extreme events of greater extremes experienced and are lasting
longer [136]. Therefore, the capacity of plants to respond to environmental changes by phenotypic
plasticity has limits [134,142].

Tree species that are locally adapted at their limits of range could be beneficial for range expansion
because, given that environmental conditions in new areas are similar to the current ones, colonizing
genotypes are the fittest. If climate changes occur faster than trees’ acquisition of the capacity to
migrate, local adaptation can make their range expansion slower [13]. European beech (Fagus sylvatica
L.) is an example of an expansive tree species, and ongoing changes in climate conditions could expand
its potential range. Beech stand vitality is high, and its regeneration is well adapted to different
site conditions at the limit of the species’ distribution; thus, European beech will probably reach its
northeastern limit in the future [143].

4. The Impact of Phylogeny on Plant Phenology

Despite the evidence that plant responses depend on abiotic conditions, it still has not been fully
confirmed that seed germination, and consequently the distribution of species that evolved from
the same ancestor, was formed under the influence of environmental conditions [13,28–30,144,145].
Some studies have found that tree phenology is determined by phylogenesis. When tree species
from seven different biomes in the world were compared, species in the Arctic region were found to
have a thermal upper limit lower than that of species in the rainforests. The maximum temperature
difference for photosynthesis and respiration between species from Alaska and Peru was 9 degrees
Celsius [146]. Among other findings, it was confirmed that species in North American forests have
germination strategies similar to those of related species present in East Asia [147]. There is evidence
that phylogenetic relationships are the factors that shape seed mass evolution. An increase in seed
production, observed over the last decade in oaks in the temperate zone, increases seed dispersal [148].
Moreover, increasing temperature favors acorn mass increases (in case of Quercus petraea (Matt.)
Liebl. and Quercus robur L., by about 0.15g per degree [124], which can improve seed resistance to
environmental stress and increase germination efficiency [149].

As a result of phylogenetic limitations, related species do not spread far from their optimal
ecological niches, and they also exhibit similar seed germination strategies [32]. Numerous studies
investigating the importance of phylogeny in determining responses to climate change have been
published [150]; however, most of these studies address herbals [151,152] and plant life-history
events such as flowering [153,154] rather than trees or seed germination. A comparative analysis of
phenological traits showed that the timing of life-history events covaries with phylogeny such that
more closely related species tend to flower and leaf at similar times. Flowering time is a particularly
conserved feature within tropical and temperate phylads [155]. It is possible that the phenology of
flowering and seed development exhibits thermal memory. Flowering shows response to temperatures
experienced comparably early in the maturation stage [156]. It has also been shown that seed weight
depends on the duration of the flowering process [157]. Within natural populations, relatively
rapid evolutionary changes can occur; however, the rate of temperature increase, which determines
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development, can be too rapid for populations to evolve in the absence of gene flow from populations
of Betula with earlier dates of budburst [158]. Observations of the effects of temperature during ripening
on the future features of the germination process suggest that plants’ phenological thermal memory
allows seeds to adapt their germination phenology to climate change. This phenomenon can help
predict climate change [25].

Most published results indicate a positive effect of temperature increase on the seed germination
process [159], but an experiment on 17 tree species in elevated temperature and CO2 concentration [160]
showed that long-term exposure of the seeds to high temperature is probably the main cause of
the decrease in seed germination. Moreover, high temperatures are the cause of thermo-dormant
changes, which are variable depending on the genotype; thus, temperature-dependent hormones and
enzymes may be inactivated [161]. After all, in many cases, unlike in the above-mentioned study,
high temperature breaks seed dormancy and stimulates initiation of germination [162]. It cannot
be excluded that global warming reduces the amount of chilling trees experience, and then more
forcing may be required to start growth [163], wherein it causes changes in the timing of growth
initiation to lag behind climate change [164]. Many tree species require chilling to start budburst [161]
but some studies suggest that the observed trend toward earlier budburst will be reversed if winter
temperatures increase substantially [165]. To determine if changes in phenology are likely to reflect
climate change, ref [12] modeled related shifts in tree phenology. For this purpose, they analyzed the
time of initiation of growth and diameter growth in coast Douglas fir (Pseudotsuga menziesii Mirb.),
which is a species of ecological and economic importance in western North America. The created
models showed that growth initiation in Douglas-fir will track progressive changes in favorable
climatic conditions at high elevations and latitudes, but on the other hand, it will lag behind these
shifts at lower latitudes and elevations [166]. Diameter-growth initiation does not appear to require
some chilling, but it may cause shifts in the diameter-growth initiation behind climate change over
a larger geographical area, compared to the height-growth initiation. It is therefore really important
to analyze many growth-initiating events when studying the relationship between climate and tree
growth phenology [167].

5. Phenotypic Plasticity Allows Species to Survive under Novel Conditions

Phenotypic plasticity is defined as the ability of an organism to change in response to stimuli or
resources from the environment. The response may or may not be adaptive; if adaptive, it is called
adaptive plasticity. It may involve a change in morphology or physiological state or both at any level
of organization, wherein the phenotype consists of all of the characteristics of an organism other than
its genes [168].

Natural populations with high levels of genetic variation are characterized by increased potential
to adapt to abiotic and biotic environmental changes [168]. The populations adapt through natural
selection or migrate to follow conditions to which they were initially adapted and, notably, these options
are not mutually exclusive [169,170]. Plant species can adjust to changing environmental conditions
through phenotypic plasticity. It is likely that by using discoveries in the field of molecular biology,
which is constantly developing, we can understand the mechanisms that underlie phenotypic plasticity.
There is evidence that such plasticity is hereditary and genetically controlled and that it contributes to
evolution [171,172].

The role of epigenetics in the process of phenotypic plasticity remains unclear despite recent
discoveries suggesting that it is of great importance [173,174]. Studies investigating the role of
epigenetics in tree phenotypic plasticity concluded that epigenetic mechanisms in forest trees play
a crucial role in plants’ ability to withstand and adapt to stressful conditions. These mechanisms
probably mediate phenotypic modifications that result in beneficial effects in response to the
environment. Changes in DNA methylation may play a key role in phenotypic plasticity [175].
In 2010, a possible link between epigenetics and plasticity in response to drought stress in poplar
was investigated [176], and it was possible to establish correlations between morphological and
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epigenetic variables. Correlations between DNA methylation levels and biomass productivity have
been demonstrated in a collection of poplar genotypes grown outdoors under various moisture
conditions [177]. Moreover, differences in transcript abundance levels under the influence of stress
have been reported. The observed differences varied depending on the geographic provenance,
leading to the assumption that DNA methylation may lead to phenotypic variation induced by stress
factors through modulation of gene expression [178]. Variations in soil water availability preferentially
drive changes in the DNA methylation levels of genes involved in phytohormone metabolism and
signaling; these changes potentially promote phenotypic plasticity [179]. The high level of phenotypic
plasticity found in stone pine trees is probably linked to epigenetic variation between individuals or
populations [180]. This species is characterized by very low levels of genetic variation and high levels
of plasticity for many traits. Using epigenetic markers, it was possible to discriminate between two
populations that were indistinguishable using classical molecular markers [181].

Long life span is a trait of many species of forest trees, and processes such as growth, bud bursting
time and resistance to frost may be subject to climatic conditions [182,183]. Norway spruce (Picea abies
L.) is the tree species in which epigenetic memory has been most researched. It was shown that
temperature-dependent epigenetic memory affecting the timing of bud burst and bud set in trees is
generated by temperature changes during somatic embryogenesis [123]. Stem cuttings from poplar
derived from populations located in areas with different amounts of phosphorus developed differently
in the same habitat, despite their clonal origin. These differences in seedling growth strategy were
associated with different levels of methylation of miRNAs as a function of primary environmental
conditions, and it was a cause of habitat-dependent root modification under conditions of phosphate
starvation [177].

6. Future Perspective for Research and Practice Solution in Terms of Adaptation of Trees to
a Rapidly Changing Climate

6.1. Preventing Harmful Climatic Events by Forecasting the Responses of Tree Species

Range reduction could have serious consequences for nature protection and forest management [11].
Assisted migration cannot be used without determining the future climatic conditions. By employing
databases on the current distributions of tree species and the latest climate scenarios, it is possible to
predict the changes in the ranges of species that are likely to occur in the next decades [184].

Many models that address the current and predicted distribution of tree species have been
developed. These models are based on different data sets and take into account different variants of
future events [11]. Moreover, further properties were found that may be affected by species boundaries,
and these may prove valuable in forecasting tree species’ mortality. For example, a study conducted in
the United States showed that hydraulic traits can influence species distributions and that knowledge
of these traits may be valuable in forecasting drought-induced tree mortality [14]. A model developed
as part of this study captured the high prevalence of aspen mortality in the western and southern limits
of aspen distribution in this region. Modeling of climate space suitability for the Dipterocarp trees Sal
(Shorea robusta Gaertn.) and Garjan (Dipterocarpus turbinatus Gaertn. F), which play an important role
in the economies of many Asian countries, showed that annual precipitation is the main variable that
explains the current and future distribution of these species [185]. The results of this study can be used
to identify sensitive species habitats and in designing appropriate conservation activities.

Reference [11] identified areas in which potential climatic conditions will be optimal for the tree
species most important in forest management in Europe and areas in which these species may be
threatened in the future. This study showed that species that will increase their suitable habitat areas
as a result of climate change are likely to be mostly late-successional species such as European silver fir
(Abies alba Mill.) and European beech (Fagus sylvatica L.), while the distribution ranges of most pioneer
species such as Scots pine (Pinus sylvestris L.) and silver birch (Betula pendula Roth) would decrease
(Figure 2) [186].
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These findings show that the distribution of the studied species is mainly limited by water
deficit during the growing season caused by more intense transpiration at higher temperatures [11].
In addition, Reference [27] indicated that models of future dispersal should consider how future
climate conditions will impact seed number and mass, because these traits determine the dispersibility
of individuals and populations and the health of their seedlings.

6.2. When Adaptation Is not Fast Enough—Assisted Migration

One solution that has been developed to mitigate the consequences of climate change is assisted
migration [6]. Assisted migration relies on the purposeful movement of species to imitate or facilitate
natural range expansion [187]. Assisted migration might be useful for locally adapted and long-lived
populations or species, especially when their migration capacity is limited or when their habitats are
threatened by fragmentation [188,189]. Using genotypes of Fremont cottonwood (Populus fremontii
Wats.) from 16 populations from throughout the species’ thermal range, it was shown that the beneficial
plasticity of northern populations moved to hotter regions made it possible for these populations to
experience relatively large amounts of warming before they reached a mortality threshold. In contrast,
southern populations moved up in elevation and latitude showed non-adaptive, unfavorable plasticity
responses [29]. Consequently, active management of the areas by methods such as assisted migration
is truly needed. Climate change pushes the frost-line north; thus, the best solution, especially in areas
in which winters are relatively warm, might be planting genotypes from lower elevations or latitudes
adapted to long growing seasons. Long-lived trees can therefore benefit from plasticity to adapt to
a rapidly changing environment [29,190].

It will be necessary to match seed sources to the climates of the next decades to ensure the survival
of forest tree species. Short-distance transfers could be used to buffer uncertainty about the scale of
climate change in an area by improving the gene flow among populations by planting more diverse
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seed sources among and within forest stands [191,192]. Shifting climates may even render current
species or populations non-adapted.

Understanding the process that can lead to production of refugia from contemporary climate
change would be advantageous in preserving genetic diversity [193]. Because assisted migration
certainly is not a solution consistent with our previous understanding of natural resource management
or with previous views in conservation biology, it must be realized in such a way as to include valuation
of species and population vulnerability to climate change, selections of options and management
targets and long-term monitoring [186]. Such proceedings can become effective, inexpensive and
practical options for addressing climate change. Currently, local assisted migration initiatives are
underway in Canada and British Columbia [193].

7. Conclusions

Changes in climate conditions lead to global drought-induced stress and increase plant mortality.
The impact of climate change is becoming much more noticeable from year to year. Nowadays, it is
very important to monitor forest ecosystems, and each change should be described as a function of
time and in relation to other factors, e.g., temperature, rainfall, etc. Collecting data on the changes in
the phenology of species, changes in the related pathogens, insects and animals (number of species
and time of settlement) is of real value in predicting the rates of change and their consequences.
These changes may be manifested on a small scale as fragmentation and redistribution of populations,
changes in range, and the development of adaptation; when the changes are too rapid or their impact
is too great, they may be reflected in the death of organisms/populations, leaving ecological niches
empty (Figure 3).

For proper interpretation of these changes, we should use a systems biology approach. Creation of
a database that would compile observations from different levels of organism systematic versus changes
in their ecological behavior and physiology may bring us closer to a comprehensive interpretation of
the changes that occur due to rapidly changing climatic conditions.

Rapid climate change causes modifications in the physiology of trees at various levels ranging
from molecular and biochemical changes to plant structural changes. Drought alone or drought
followed by flood results changes in osmotic adaptation and in the accumulation of proline, mannitol,
glucose and fructose, substances that play a key role in maintaining the water potential of plant tissues.
Furthermore, drought leads to changes in the functioning of the photosynthetic apparatus that are
reflected as stomata closure, carbon dioxide deficiency and limiting of transpiration. On the other
hand, heat stress causes the denaturation of proteins in cell membranes and increases ROS production
(Figure 3).

In spite of research results, which are not conclusive, it is possible that phenotypic plasticity has
an important role in plants’ adaptation to environmental changes. This finding places the issue of
proper seed reserve conservation in gene banks in a new light. Reserves with the highest genetic
diversity and from populations developed in different locations (with differences in adaptation to
microclimate conditions) have the best opportunity to survive under new climate conditions and
during changes in ecosystems that we cannot predict today. Epigenetic studies conducted in the next
few years may bring us closer to understanding the mechanisms through which trees adapt to stressful
conditions, especially in the context of epigenetic memory in long-lived organisms. The question “how
does epigenetic memory develop according to the thermal history of the plant?” is still open.
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Figure 3. The relationship of climate change, plants’ reactions and ecological behavior to world
biodiversity. Rapid changes in climate (e.g., temperature and water status) influence species, and plant
physiology changes in response to stress conditions. If stress conditions are mild, the organism may
develop adaptation and protect the range of the population (increase in biodiversity), or migrate (no
changes in biodiversity but changes in the distribution of species); severe stress may lead to death
of the organisms and, in perspective, to an ecological decrease in world biodiversity. In ecosystems,
plant species interact with other organisms such as fungi, animals, insects and invasive nonnative alien
species. This interaction may aggravate stress, and when the pressure becomes too high, plant species
may leave their niches, changing the range of species, and a decrease in world biodiversity would
be observed.

Many scenarios and models based on different data sets and aspects have been constructed. We are
still far from understanding how rapidly climate changes switch over plants from different biomes
due to different strategies of plant population for microevolution, epigenetic memory and thermal
history. Drought tolerance and adaptation during each stage of plant development are still considered
to be main trait for developing future scenarios for forestry in the northern hemisphere. According
to findings based on the drought tolerance of various species, mature late-successional species such
as European silver fir (Abies alba Mill.) and European beech (Fagus sylvatica L.), will increase their
range, in contrast to mostly pioneer species such as Scots pine (Pinus sylvestris L.) and silver birch
(Betula pendula Roth), whose distribution may decrease (Figure 2).
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