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Environmental conditions are the basis of plant reproduction and are the critical factors controlling seed dormancy

and germination. Global climate change is currently affecting environmental conditions and changing the

reproduction of plants from seeds. Disturbances in germination will cause disturbances in the diversity of plant

communities. Models developed for climate change scenarios show that some species will face a significant

decrease in suitable habitat area. Dormancy is an adaptive mechanism that affects the probability of survival of a

species. The ability of seeds of many plant species to survive until dormancy recedes and meet the requirements

for germination is an adaptive strategy that can act as a buffer against the negative effects of environmental

heterogeneity. The influence of temperature and humidity on seed dormancy status underlines the need to

understand how changing environmental conditions will affect seed germination patterns. 
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1. Adaptations of Seed Germination to the Changing
Environment

Climate and geographical changes in the history of a population are important indicators of the adaptive evolution

of seed germination . A meta-analysis of 3164 plant species showed that plants in environments associated

with frost and/or drought are more likely to have some form of dormancy . The environmental variability

(seasonality) is crucial to explaining the existence or absence of dormancy and evolutionary transitions between

these states . In addition to the genetic background of this adaptation, environmental factors can shape the depth

of dormancy and seed germination . Models developed for climate change scenarios show that many species

would face a significant decrease in suitable habitat area , also because of disturbances in the reproduction

process (Figure 1). For example, in species with physiological dormancies, germination will be delayed with global

warming, if the current length of the stratification period approximates its minimum requirement, as shortened

winters will not adequately overcome dormancy. On the other hand, germination will be earlier if the current length

of stratification greatly exceeds the minimum required, as premature spring warm-up accelerates germination.

Simulation of the germination response to diurnally alternating temperatures under climate change scenarios

showed that increasing temperatures decreased the base temperature for seed germination and the thermal time

required for germination . The effect of higher temperatures increased germination under future climate

scenarios, but this seems to be only to a limited extent—temperature will also have inhibitory effects . The

germination variability, however, complicates generalizing the impact of climate change.
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The number of studies conducted on the ecophysiology of seed dormancy and germination with regard to climate

change is now increasing   Changes in temperature and water availability affect the seed germination and

survival of plants . Germination responses to temperature differ among species but also within species across

their latitudinal and altitudinal ranges . In response to environmental factors, seed dormancy and germination

characteristics may vary within one species. Many authors have demonstrated variability of dormancy among seed

collections from different places and years . Variability of dormancy shows latitudinal differences on a

wide geographical scale , and there is also a positive correlation between dormancy and population

altitude . Variability of dormancy has also been detected among seed collections from different

environments—e.g., the negative influence of winter temperatures on seed dormancy in a wide gradient along

western North America has been described for Artemisia tridentata . Differences in the germination ability of

Thymelaea hirsuta (L.) Endl. seeds collected from six different desert habitats has been established, with lower

germination in seeds from more extreme sites . Seed dormancy responses to temperature in Patagonian

Nothofagus species are related to distribution and determines temporal patterns of germination across altitudes

. This phenomenon may influence the maintenance of vegetation patterns in these ecosystems by placing

germinated seeds in a favorable environment for growth. It is presumed that the mere presence of intraspecies

variability shows the enormous potential of physiological dormancy in adaptation to rapid environmental changes

.
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Figure 1. Environmental regulation of plant seed dormancy and germination. Seed germination is dependent on

environmental conditions acting during maturation (maternal effect) as well as during storage (soil seed bank).

Climate change can cause disturbances in the seed germination if the history of species (genetics) as well as the

present (ecology) will not match. Physiological and molecular factors were involved in this regulation. ABA-

hypersensitive Germination 3 (AHG3), abscisic Acid (ABA), Apetala1 (AP1), Cbl-Interacting Protein Kinase 23

(CIPK23), Curly Leaf (CLF), Cytochrome P450 Monooxygenase (CYP707A2), Delay OF Germination 1 (DOG1),

Flowering Locus T (FLT), Flowering Locus C (FLC), Giberellic Acid (GA), Gibberellin 20-Oxidase 1 (GA20ox1),

Histone Deacetylase 6 (HDA6), Kryptonite (KYP/SUVH4), Mother OF Flowering Time (MFT), Nitrite Reductase 1

(NRT1.1), Pickle (PKL), Phytochrome A (PHYA), Repressor OF Silencing1 (ROS1), Suppressor of Overexpression

of Constans 1 (SOC1).

Understanding the sensitivity of a given species to changes in climate requires determining its germination

temperature thresholds, including the variations among populations along the climate gradient they populate .

The responses are usually idiosyncratic and related to the local climate of the population. For instance, in studies
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along latitudinal gradients, in some cases, an inverse relationship between latitude and germination temperature

has been documented, whereby populations at higher latitudes have increased germination rates at warmer

temperatures, while populations at lower latitudes have high germination rates at colder temperatures. However,

other works show the opposite pattern or the lack of a clear relationship between latitude and germination

temperature . Germination of western Iberia Erica australis and E. umbellata seeds showed that rising

temperatures will affect these species, particularly at their northern ranges, where many seeds will remain dormant

during warmer winters . This study proved that models aiming at assessing climate change impacts in the

species need to include the variability across latitudes. The examination of the species from arid Australia showed

that some of the studied species had significantly greater levels of germination after exposure to predicted

increased soil temperatures, in addition to another species displaying a dramatic decrease in seed viability .

Additionally, Dwyer and Erickson  indicate that most of the Australian (the Mediterranean climate) winter annual

species studied will germinate higher fractions of seeds under future climate conditions due to the cumulative

effects of warmer maternal, after-ripening, and germination environments. The analysis of 55 cactus species from

the Americas, reflecting the broad environmental envelope of the family, indicated that 25% of species will have

reduced germination performances, whilst the remainder will have efficiency gains by the end of the 21st century

. In the example of species from a Brazilian tropical dry forest which is tolerant to extreme temperature and

water deficits, in future climate scenarios, rainfall rather than temperature will be extremely limiting for seed

germination . The same was showed for savanna species Acacia nigrescens and Colophospermum mopane,

where higher future temperatures will not limit germination directly, but they will reduce the number of germination

events by reducing the time window of suitable available soil water .

Studies on Atlantic–European Hypericum elodes L., characterized by physiological dormancy, showed that the

populations did not respond equally to stratification, as the benefit of cold stratification for the southern population

was lower . The seed dormancy was clearly correlated with the maturation environment: higher temperatures in

the summer and winter precipitation predicted poor and rapid loss of dormancy, respectively. Research on the

impact of autumn and spring heat waves on the seed germination of alpine plants showed that, in the absence of

heat waves, germination took place mainly in spring, but in autumn, it was the opposite—germination increased

significantly after heat waves in half of the tested species . The study showed that heat waves can affect

germination time, and warming can lead to germination transition mostly from spring to autumn , especially

among nondormant or conditionally dormant seeds . Vitis vinifera subsp. sylvestris was investigated in four

Sardinian populations over the full altitudinal range of the species . Under the simulated climate warming

scenarios, an altitude-related risk from climate warming was identified, with lowland populations being more

threatened due to a compromised seed dormancy release and a narrowed seed germination window. Daws et al.

 observed differences in the dormancy breakage and germination of seeds collected from sycamore trees

growing in Europe. Batches of seeds from the south germinated under the influence of higher temperatures than

those from the north, and batches of seeds from northern Europe required low temperature stratification. The effect

on the germination had the sum of heat to which the trees were exposed during seed maturation.

Turkish pine (Pinus brutia Ten.) seeds growing in a cold climate germinated only under the influence of low

temperatures, whereas seeds of trees growing in a dry, warm climate germinated at a wide temperature range .
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Their adaptation strategy (survival of young seedlings) assumes the germination of seeds in the spring (cold

climate) or in autumn (hot and dry climate), or both seasons (in intermediate conditions). Gosling et al. , who

studied black alder [Alnus glutinosa (L.) Gaertn.] seeds, showed that cold stratification improves seed germination

in a wider temperature range. This feature promotes germination in the autumn and stimulates earlier and more

synchronous seed emergence in a wider range of temperatures in the next spring. This also shows how the

population can survive climate changes. If climate change brings a longer and warmer autumn, more seeds will

germinate before winter. If the winter will be warm and/or short, those seedlings will develop well until the spring.

Even if frost kills these seedlings, some seeds will remain dormant until the spring. These experiments showed the

adaptive potential of black alder to the changing climate.

Research conducted on the Mediterranean genus Romulea shows that phylogenetically closely related species

show differences in ecophysiological traits, such as dormancy and germination characteristics, thus reflecting the

different habitats and bioclimatic areas in which they occur . The authors stated that the seed maturation

environment may play an even greater role than genetic variation in explaining the processes of dormancy .

Vidigal et al.  linked the seed dormancy of A. thaliana (from different stands in Spain) with altitude and climate.

They indicated that deep dormancy is associated with high temperature, low rainfall, and high sunlight. Escudero et

al.  studied different pine species and found intraspecific and intrapopulation variability in seed germination. The

authors concluded that the differences between populations are not a consequence of different ecotypes, but are

the result of the environment of the mother plant and the maternal genotype. Variability in seed germination may

increase the chances of survival of the species under changing climatic conditions . Another study on A. thaliana

showed that both the origin of the population and the temperature during seed maturation affect the level of

dormancy and the expression of the genes controlling dormancy variability . A study of the dormancy of

Centaurium somedanum Lainz. seeds showed that populations growing at lower altitudes in a generally milder

climate benefited from a longer growing season and produced seeds that would sprout earlier . Plants from

higher heights, where the winters are sharper, produced seeds that would not germinate until the end of the

unfavorable season. The authors also proved that dormancy has a genetic basis, but may show significant

adaptive changes in response to short-term climate changes .

Climate change may be beneficial for some plant species, enabling them to find new ecological niches, which have

had so far unfavorable conditions for the production and germination of seeds. Global warming may increase

germination capacity and seed survival of species characterized by high plasticity. It seems, however, that along

with the deepening of the climate changes, as a result of exceeding the tolerance barriers for a given species, the

developed adaptive mechanisms related to reproduction of plants may fail, consequently leading to the

disappearance of species in a given area. From a practical point of view, it seems necessary to conduct new

experiments in natural conditions on the influence of climate on the germination of seeds, which will enable the

determination of the relationship between the reproduction of plants from seeds and climate warming and facilitate

the selection of appropriate, more plastic populations and species.
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2. Mechanisms of Adaptation of Seed Germination to the
Changing Environment

A variety of dormancy mechanisms have been observed, in line with the diversity of climates and habitats that

various plant species have been able to colonize . Physiological dormancy is the most commonly occurring

form across all major angiosperm clades and is the class present in most seed model species . It may

facilitate the colonization of new environments by allowing species to adjust germination time in variable or new

habitat schemes . Thanks to laboratory research, much of which includes the analysis of mutants and changes

in their dormancy and germination, the basic mechanisms responsible for the regulation of dormancy and

germination are well known . The mechanisms that regulate these processes are mainly based on

maintaining a dynamic balance between abscisic acid (ABA) and gibberellins (GAs) and a set of many genes that

regulate their metabolism, perception, and sensitivity through signaling networks . Important for

these processes are genes of the DOG (Delay Of Germinatio) family . Seed dormancy-specific loci,

including the DOG genes, were identified by analyzing the quantitative trait locus (QTL) using the natural variability

of Arabidopsis . One of the DOG family genes (DOG1) has been characterized in detail, and its genetic

role in seed dormancy and the importance of gene expression in the sensing and adaptation of the environment

have been well documented . However, we do not know everything about this gene yet . Transcription of

DOG1 is initially low in developing seeds; however, it increases with dormancy acquisition and disappears

completely in the initial germination phase . Consequently, the expression of DOG1 shows a high correlation

with the depth of seed dormancy . For DOG1 protein, its chemical property, rather than quantity, is critical for

maintaining seed dormancy, and its change into the nonfunctional form during maturation allows seed germination

. DOG1 protein, however, loses its function in completely nondormant seeds, which may be affected by the post-

translational modification (PTM) of the protein . The expression of DOG1 is regulated by ABA  and both are

necessary for determining primary seed dormancy . However, DOG1 may act independently of ABA to delay

the germination of dormant seeds .
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