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This article attempts to cover the important issues of today. In this article, an 

attempt is made to cover the important issues of today's science. The article examines 
the issue of the meaning and importance of forest ecosystems. It is emphasized how 
climate change affects forest ecosystems. This article is devoted to the analysis of the 
current state and the historical aspect of the study of the hydrological cycle in forest 
ecosystems under conditions of climate change. Different methods of research of these 
processes are considered. Important importance is given to the issue of plant adaptation 
mechanisms in response to climate changes. 

Forest ecosystems, their significance and the importance of research. A 
forest ecosystem is a complex biotic system consisting of trees and other plants, 
animals, microorganisms, and abiotic environment that interact with each other in a 
specific spatial and temporal context [16, 6, 53].  

The importance of studying forest ecosystems is unquestionable, as noted by 
many authors and researchers [38, 57, 54, etc.]. Scientists highlight several key aspects 
closely related to the significance and importance of forest ecosystems: biodiversity, 
climate regulation, air and water purification, socioeconomic value, protection against 
natural disasters, recreational opportunities, and others.  

Forests are habitats for a large number of diverse plant, animal, and microbial 
species. Forest ecosystems provide a unique environment for many living organisms 
and preserve the genetic diversity of our planet. Forests are a source of various products 
such as timber, food, medicine, water, and other resources that are crucial for human 
life and the economy. Forests serve as places for relaxation and the replenishment of 
human resources. Forests absorb carbon dioxide, release oxygen, and influence the 
hydrological cycle of forest ecosystems and the planet as a whole. Forests filter the air 
by absorbing pollutants and dust, and they modify the quality and slow down the runoff 
of water, filtering contaminants through the soil. Forests are important for preserving 
climate balance and mitigating the impact of climate change. Forests can reduce the 
risk of floods, earthquakes, and other natural disasters. 

The concept of climate change and its implications on forest ecosystems. 
Climate change denotes substantial alterations in Earth's overall living conditions, 
occurring gradually over an extended period. This phenomenon encompasses 
fluctuations in temperature, precipitation, wind patterns, and various elements 
comprising the climate. It is worth noting that these changes can stem from both natural 
factors and human activities [26].  

Presently, considerable attention is being directed toward discerning the 
significance and mechanisms underlying the impact of climate change on forests. 
Forest ecosystems are already experiencing substantial repercussions as a result of 
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climate change. The magnitude of this influence is diverse, encompassing shifts in 
precipitation patterns, an upsurge in the occurrence of natural wildfires, modifications 
in the geographical distribution of various species, heightened susceptibility to diseases 
and pest infestations, among others. 

Climate variability results in an imbalanced distribution of precipitation, 
consequently giving rise to instances of both droughts and floods on varying scales [11, 
10, 7, etc.]. In light of the evolving climate, forest fires are increasingly prevalent, 
posing a significant risk to the destruction and disruption of entire forest ecosystems. 
As temperature patterns shift and precipitation redistributes, certain tree species may 
lose their natural habitats, leading to detrimental effects on their overall distribution 
and biodiversity [32, 27, 1, etc.]. Climate fluctuations can contribute to the proliferation 
of diseases and pests, thereby jeopardizing forest ecosystems and causing widespread 
tree mortality [47, 44, 17]. The changes in climate can provoke alterations in the 
growth, development, and phenology of plants [4, 35, 58]. These impacts can give rise 
to severe repercussions for the essential ecosystem services that forests offer, 
encompassing the conservation of biodiversity, purification of air and water, regulation 
of climate, and other critical functions. Consequently, climate change emerges as a 
formidable threat to forest ecosystems, necessitating prompt attention and decisive 
action to ensure the preservation of their stability and sustainability.  

Numerous researchers worldwide have conducted extensive investigations 
concerning the influence of climate change on forest ecosystems. These scholars 
diligently analyze the repercussions of climate change by considering various factors 
such as alterations in temperature, precipitation patterns, occurrences of fires, and shifts 
in species distribution. Additionally, they present compelling evidence regarding the 
correlation between climate change and the escalation of fires, prevalence of pests, and 
outbreak of diseases within forests. It is crucial to acknowledge that these 
circumstances can profoundly jeopardize the long-term viability and persistence of 
these ecosystems [59, 43]. 

Water cycle in forest ecosystems: concept, significance. The investigation into 
the effects of climate change on the water cycle within forest ecosystems holds 
significant significance. Exploring the impact of climate change on the water cycle in 
forest ecosystems is crucial in order to uphold sustainable management of forest 
resources, safeguard biodiversity and ecosystem resilience, and ensure accessibility to 
water resources for both humans and other life forms. The importance of studying this 
matter stems from its direct relation to the preservation of biodiversity, the influence it 
has on water resources and climate change, and the characteristic aspects of land use. 
The water cycle, also known as the hydrological cycle, can be comprehended from 
various perspectives, such as on an individual tree level or within the broader 
ecosystem. 

What is water exchange at the level of a forest ecosystem? Water exchange in 
forest ecosystems is the transfer of water between various components of the forest and 
its surrounding environment. This intricate process operates across multiple levels. 
Plant transpiration, for instance, denotes the mechanism through which water absorbed 
by roots from the soil evaporates via leaves or other plant organs into the atmosphere. 
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This represents the primary means by which forest plants lose water. The soil's capacity 
to absorb water and maintain moisture availability is a critically important 
characteristic. Within forest ecosystems, the soil possesses the capability to store and 
furnish water for plants. Simultaneously, evaporation from the soil surface assumes a 
significant role in the water cycle within forest ecosystems. Following rainfall, other 
forms of precipitation or irrigation, water may directly evaporate from the soil surface. 
Consequently, the phenomenon of surface water runoff should not be disregarded. The 
presence of rivers, streams, and other water sources profoundly impacts the water 
balance of the forest, providing a vital water supply for both plants and animals.  

Water exchange in forest ecosystems constitutes a pivotal process for the 
sustenance of plant vitality and the preservation of water equilibrium within the 
environment. Its influence extends to biodiversity, water balance, climate, and various 
other aspects defining forest ecosystems. 

What is tree-level water exchange? Tree-level water exchange refers to the 
process by which water is transported within trees and other plants, moving from the 
root system to the above-ground portions such as leaves, stems, and shoots. This water 
is then released into the atmosphere through the stomata, which are small openings on 
the surface of leaves, in the form of water vapor. The plant's transport system plays a 
crucial role in facilitating this process.  

The primary stages of water exchange in woody plants involve the absorption of 
water from the soil, transportation of water to the upper parts of the plants, evaporation 
of water, and stomatal regulation.  

During the absorption stage, plants utilize their root system to absorb water from 
the soil. Groundwater contains essential minerals that are vital for the plant's survival. 
The upward transport of water occurs through the stem and branches, aided by the 
xylem tissue. The xylem is responsible for the transport of water and mineral salts, and 
the upward movement is facilitated by capillary rise and transpiration flow. As water 
reaches the leaves, it undergoes evaporation, whereby it transforms into water vapor. 
This evaporation process takes place through the stomata or stoma on the leaf surface. 
Stomatal regulation plays a crucial role in controlling water and gas exchange. When 
the stomata are open, water evaporates more easily, but there is also an increased risk 
of water loss. Conversely, when the stomata are closed, evaporation is reduced, 
conserving water but potentially limiting oxygen access to the leaves. This water 
exchange process in trees is vital for sustaining plant life, as water plays a fundamental 
role in nutrient transport and plant structure maintenance.  

The study of water exchange in forest ecosystems holds great significance from 
multiple perspectives. It enhances our understanding of the hydrological cycle, which 
encompasses processes such as evaporation, transpiration, condensation, and 
precipitation. This knowledge aids in predicting water movement within ecosystems 
and its impact on biodiversity. Water exchange within forests also influences climate 
regulation through its effects on humidity and heat exchange in the atmosphere. By 
comprehending these processes, scientists can better anticipate climate change and its 
consequences. Understanding water exchange in forest ecosystems is crucial for 
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effective management of water resources such as rivers, streams, and groundwater, 
which significantly impact both human life and ecosystem health.  

Moreover, water exchange affects the distribution and diversity of plants and 
animals. Forests play a pivotal role in conserving rivers, lakes, and water supplies, 
which are invaluable natural resources. Studying water exchange helps preserve these 
resources and utilize them efficiently.  

Therefore, the study of water exchange in forest ecosystems is essential for the 
preservation of natural resources, maintenance of biodiversity, sustainable 
management of water resources, and climate regulation. Numerous scientists have 
made noteworthy contributions to the research of water exchange in forest ecosystems 
and other types of ecosystems. Hans-Jörg Vogel [18, 55] conducted studies on forests' 
influence on the hydrological cycle and soil water exchange. Keith Loague [31, 5] 
focused on hydrological processes within forest ecosystems, particularly the impact of 
trees and plants on the water balance. Frederick Swanson's research [50, 51] revolved 
around water dynamics and the influence of forest ecosystems on the hydrological 
cycle. Jan F. Adamowski has authored several articles exploring water exchange and 
hydrological processes in forests and forest ecosystems [60]. These works delve into 
the interconnections between climate changes, vegetation, and hydrological processes. 
They aim to understand these relationships and assess water exchange processes and 
utilization within forest ecosystems. 

Historical aspect of the study of the water cycle in forest ecosystems. The 
initial investigations on the water cycle within forest ecosystems took place during the 
mid-20th century, focusing on comprehending and analyzing various facets of this 
intricate process. Among the earliest noteworthy inquiries was the recognition of 
forests' pivotal role in shaping the water cycle and water patterns in regions with 
extensive forest coverage. An example of such investigation is the Amazon 
Hydrological Cycle Experiment (ABLE), which delved into the study of hydrological 
processes in the Amazon forests. Initiated in the 1960s and 1970s, this project aimed 
to examine the impact of Amazon forests on the water cycle. The findings indicated 
that the Amazon forests exert a substantial influence on precipitation, evaporation, and 
water flow within the region [48, 46]. 

Experimental studies examining water balance in the horizontal soil profile, also 
known as Soil Water Balance Studies, have garnered considerable attention [45, 14, 
56]. These studies have been conducted across various ecosystems, including forests, 
with a focus on investigating soil water balance components such as precipitation, 
infiltration, evaporation, and transpiration.  

These early investigations serve as crucial milestones in developing our 
comprehension of how forest ecosystems influence the water cycle and water dynamics 
in different regions around the world. They have laid the foundation for subsequent 
research endeavors in this field, revealing the substantial impact of forests on water 
resources and climatic conditions.  

Presently, there is a multitude of scientists actively engaged in studying the 
repercussions of climate change on forest ecosystems. Their efforts bear significant 
importance in advancing scientific knowledge and enhancing our understanding of 
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these intricate processes. Among these accomplished researchers, notable individuals 
include Richard J. Norby, Nate McDowell, Jonathan A. Foley, Camille Parmesan, and 
many others.  

Richard J. Norby has garnered recognition for his extensive research on carbon 
cycling within forest ecosystems and their intricate interplay with climate change. His 
body of work serves as a valuable source of information regarding the influence of 
climate change on forests [37, 36]. Nate McDowell has conducted significant research 
on the effects of stressors such as drought and fire on forest ecosystems. His active 
endeavors aim to unravel the mechanisms behind tree adaptation to climate change [33, 
34]. Jonathan A. Foley's expertise lies in exploring the connections between climate 
change, biodiversity loss, and the adaptive capacity of forest ecosystems to evolving 
conditions [15]. Camille Parmesan is renowned for her investigations into the impact 
of climate change on species distribution and biodiversity, with a particular emphasis 
on forest ecosystems [39, 40]. These esteemed scientists have made noteworthy 
contributions to the scientific investigation of climate change's influence on forest 
ecosystems. Their research plays a pivotal role in expanding our understanding of these 
intricate processes and identifying strategies for the adaptation and conservation of 
forests in the face of a changing climate. 

The investigation of water absorption by deep tree roots holds significant 
importance in comprehending the water balance within ecosystems. This becomes 
particularly crucial within the context of climate change. The study conducted by            
M. Yang, X. Gao, S. Wang, X. Zhao (2022) titled "Quantifying the importance of deep 
root water uptake for apple trees' hydrological and physiological performance in 
drylands" [61] delves into the impact of deep water absorption roots on the 
hydrological and physiological efficiency of apple trees in arid conditions. It sheds 
light on how deep roots aid in the adaptation of trees to limited water resources. In their 
publication titled "Determining deep root water uptake patterns with tree age in the 
Chinese loess area" [52], Z. Tao, E. Neil, B. Si (2021) examine how deep root water 
uptake patterns change with tree age. These researchers represent merely a fraction of 
the numerous scientists actively engaged in studying water uptake by deep tree roots 
and its ramifications on forest ecosystems. Their research is integral to comprehending 
the role of tree roots in the water cycle and ecological functioning of forests. It 
underscores the significance of deep root systems in facilitating water provision to trees 
across diverse environmental conditions.  

Various countries worldwide are conducting research on the impact of climate 
change on the water cycle within forest ecosystems, recognizing its pivotal role in 
biodiversity preservation and ecosystem stability. The journal "Forests" elucidates the 
effect of climate change on the water cycle in forest ecosystems through reviews and 
publications. Specifically, it explores how alterations in temperature and precipitation 
can influence plant evaporation, transpiration, as well as the hydrological regime of 
rivers and streams flowing through forests. Additionally, it unravels the impact of 
climate change on water resources in different forest regions. Within the scientific 
community, concerns regarding the heightened risk of forest desiccation and altered 
precipitation patterns, which can influence tree nutrition and ecological functions, are 
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raised. These studies underscore the importance of comprehending the influence of 
climate change on the water cycle within forest ecosystems and the necessity of 
devising adaptation strategies to preserve these intricate ecosystems. 

Tools and methods used by scientists to understand the hydrological cycle 
in forest ecosystems. The significance and indispensable nature of investigating 
hydrological processes in forest ecosystems are beyond dispute. However, a pertinent 
query arises as to the tools, means, and methods employed in the examination of the 
water cycle within such ecosystems. Given that these processes occur on various levels, 
diverse approaches are consequently warranted. The study of the water cycle within 
forest ecosystems can encompass a range of methods and approaches, which may be 
employed singly or in conjunction with one another, facilitating a comprehensive 
comprehension of this intricate phenomenon. 

Hydrological measurements encompass a range of crucial variables, including 
precipitation, evaporation, surface water runoff, and groundwater collection and 
analysis. These measurements have a pivotal role in establishing the water balance 
within forest ecosystems and assessing the status of water resources.  

To assess plant transpiration, one method involves quantifying the water vapor 
emitted from leaves and other plant components. Diverse techniques, such as line 
photometry or monitoring changes in plant weight during evaporation, can be 
employed for this measurement.  

Modern geographic information systems (GIS) facilitate the analysis of spatial 
transformations in water resources within forest ecosystems by utilizing 
measurements, satellite imagery, and other relevant data sources.  

Computer models play a crucial role in predicting the water cycle within forest 
ecosystems under varying climatic conditions and different climate change scenarios.  

Extensive studies conducted within designated forest plots, where specific 
parameters are controlled, provide valuable insights into the impact of these factors on 
the water cycle within forest ecosystems. It is through this kind of comprehensive 
research, in conjunction with other methodologies, that a thorough understanding of 
hydrological processes prevailing in forest communities can be achieved.  

The examination of water absorption by deep tree roots involves the utilization 
of diverse methodologies. For instance, isotopic labeling of water allows for tracking 
its movement in the ecosystem using either radioactive or stable isotopes. These 
isotopes can be directly introduced into the soil or water, enabling subsequent 
measurement of their concentrations in different parts of the forest, including outflows. 
This method helps elucidate the routes and rates of water movement.  

Another approach in studying water uptake by deep roots involves the use of 
radioisotopes. By leveraging radioactive probes or similar techniques, researchers can 
gain valuable insights into this process. 

Use of radioisotopes: Radioactive isotopes can be utilized in the investigation of 
water uptake by deep roots, similar to isotopic labeling of water. Employing radioactive 
probes or other techniques enables the tracking of water movement through the roots, 
facilitating the determination of the specific segment of the root system that actively 
absorbs water from deep sources. Non-destructive methods: In certain cases, 
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researchers employ alternative approaches to study the root system without causing 
damage. For instance, geophysical methods such as ground-penetrating radar or 
seismic tomography can be employed to visualize the root system of a tree, enabling 
the determination of its size and the extent to which it penetrates the soil. These 
methods can be utilized individually or combined to acquire a more comprehensive 
comprehension of the process of water absorption by deep tree roots and its impact on 
the functioning of the forest ecosystem. Numerous publications in contemporary 
scientific literature cover various methodologies employed to investigate the water 
cycle in forest ecosystems. Researchers persist in their efforts to explore and elucidate 
hydrologic processes in bioecosystems. 

The examination of the water cycle in forest ecosystems necessitates the 
utilization of diverse tools for both data collection and analysis. For instance, 
hydrological stations function as data collection points for precipitation, evaporation, 
groundwater level, surface water runoff, and other relevant parameters. Typically, 
these stations are equipped with an array of devices that facilitate automatic long-term 
measurement of said parameters. Transects are employed to gauge soil and water 
characteristics, including soil moisture, by conducting selective measurements along 
forest transects or lines traversing various forest types and hydrological conditions. 
Weather stations are instrumental in capturing atmospheric parameters such as 
temperature, humidity, wind speed, and other variables that can significantly impact 
the water cycle within the forest.  

Geoinformation technologies are employed extensively for collecting, 
analyzing, and visually representing geographic data pertaining to the hydrological 
traits of forest ecosystems. Contemporary measurement techniques may encompass the 
utilization of stable isotopes for quantifying plant transpiration, radio systems for 
measuring water flow, infrared thermal cameras for assessing evaporation, and similar 
approaches. These advancements in technology empower scientists to acquire 
comprehensive insights into the water cycle within forest ecosystems and its intricate 
interplay with diverse environmental factors. 

The study of the water cycle in trees necessitates the utilization of specialized 
tools. For instance, dendrometric instruments are employed to gauge tree dimensions 
such as trunk diameter, height, and volume. These measurements serve to complement 
data for water balance and water exchange calculations. A tool known as a gradient 
dendrometer permits the monitoring of variations in tree trunk diameter over time, 
thereby aiding in the estimation of water intake across different sections of the tree and 
transpiration. Thermal sensors, used to assess the temperature on the surface of the tree 
trunk, can be correlated with evaporation and transpiration intensity. Isotope sensors 
gauge water content using stable isotopes, contributing to the evaluation of water 
sources for trees and their efficacy of utilization. Spectroscopic sensors are utilized to 
measure light characteristics that may be associated with photosynthesis and 
transpiration.  

These aforementioned tools enable researchers to acquire comprehensive 
insights into the water cycle in trees and their respective activities. Such knowledge 
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plays a vital role in comprehending the significance of trees in hydrological processes 
and the water equilibrium of forest ecosystems. 

Climate change stress factor for plants and mechanisms of adaptation to it. 
Plants experience stress when subjected to unfavorable external conditions that have a 
detrimental impact on their growth, development, reproduction, or survival. These 
adverse circumstances can encompass abiotic factors like extreme temperatures, 
drought, soil salinity, mechanical damage, heavy metals, and pollutants, as well as 
biotic stresses such as infections, pests, and competition from other species. In response 
to stress, plants employ various physiological mechanisms that enable them to adapt to 
challenging environments. Dedicated scientists diligently investigate the stress-
inducing factors in plants and the corresponding adaptive mechanisms, employing a 
range of methodologies suited to different levels of analysis. These methodologies 
encompass genetics, molecular biology, ecological studies, and field investigations [3, 
62]. Such a comprehensive approach facilitates a more profound comprehension of 
how plants navigate and adjust to demanding living conditions. Given that climate 
change is a reality and its impact is already being felt, it becomes imperative to 
extensively study the adaptation of forest ecosystem components to these 
transformations. 

Forest plants are employing various strategies to adapt to the impacts of climate 
change, enabling their survival, growth, and reproduction amidst changing conditions. 
Notably, there have been noticeable alterations in the phenological rhythms and 
characteristics associated with these processes. Such changes may manifest as earlier 
emergence from winter dormancy or a delay in the onset of autumn in November.  

One adaptive mechanism observed is the potential for plant species to undergo 
"migration," wherein they alter their distribution and inhabit habitats that continue to 
provide favorable conditions for their existence. Numerous publications have 
documented the outcomes of research on the ways in which forest plants modify their 
ranges in response to the challenges posed by stressful conditions and climate change. 
HilleRisLambers, J., Harsch, M.A., and their colleagues explored this topic in their 
2013 work [23], examining how biotic interactions can impact the shifting of species 
ranges in response to climate change. Another research by Hirata, A., Kominami, Y., 
Ohashi, H., Tsuyama, I., et al. (2022) [24] emphasized the assessment of stress indices 
and crucial climatic factors influencing the range shifts of forest plants. Additionally, 
there are publications that investigate the influence of wildfires on the displacement of 
tree ranges as a response to climate change in the western United States [22]. These 
publications emphasize the crucial significance of comprehending the effects of 
climate change on the habitats of forest plants, as well as the essential role played by 
biotic interactions in these processes. 

Certain plants have the ability to undergo alterations in their morphological 
parameters as a direct response to fluctuations in the climate. Notably, trees exhibit 
morphological changes that facilitate their survival in dynamic environmental 
conditions [2, 19, 25]. In order to adapt to variations in humidity and temperature, trees 
have the capacity to modify the dimensions of their leaves. In arid settings, certain 
species may develop smaller leaves as a means to minimize evaporation, whereas in 
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more humid environments, leaves may increase in size. Additionally, trees possess the 
capability to adjust the shape of their canopies in order to optimize their access to 
available light. As a defensive measure against the heightened occurrence of wildfires, 
certain trees may exhibit the growth of thicker and more resilient bark.  

Another notable adaptation is the development of deeper root systems, which 
allow trees to access water located in deeper soil layers during periods of drought. 
These morphological changes serve as vital adaptation mechanisms that enable trees 
and forests to persist and fulfill their ecological functions amidst varying conditions. 
Plants can also harbor mechanisms to tolerate extreme environmental conditions, 
including heat, aridity, soil salinity, and so forth. These mechanisms may involve 
physiological changes, such as an augmented production of antioxidants. In terms of 
adaptation, plants are capable of modifying their interactions with other species.  

For instance, they can strengthen symbiotic relationships with mycorrhizal 
fungi, thereby enhancing their capacity to absorb essential nutrients or water. Through 
such adaptations, forest ecosystems as a whole are able to maintain their functionality 
in the face of climate change. 

The examination of mechanisms pertaining to the tolerance of trees to extreme 
conditions holds a prominent position within the realms of plant ecology and biology. 
These studies are instrumental in elucidating the adaptive strategies employed by trees 
to contend with stressful circumstances, including but not limited to extreme 
temperatures, droughts, high soil salt levels, and pollution. Here, we present several 
notable examples of such studies. 

Researchers investigating the mechanisms of plant tolerance to adverse 
conditions frequently concentrate their efforts on adaptations pertaining to drought, 
fluctuations in temperature, and various other stress factors. A case in point is the 
research conducted by Dai A. and Trenberth K.E. in their scholarly article titled 
"Projected changes in drought occurrence under future global warming from multi-
model, multi-scenario IPCC AR4 simulations," which was published in the esteemed 
Journal of Hydrometeorology back in 2004. Their study delved into investigating the 
extent to which climate change would influence the frequency of drought occurrences. 

In their study titled "Understanding the Global Hydrological Cycle under Global 
Warming," Cook B.I. and his colleagues delve into the examination of the influence 
exerted by global warming on the hydrological cycle. This research holds significant 
value in terms of comprehending the adaptability of plants to alterations in water 
supply conditions [12, 7].  

In the research article titled "The global spectrum of plant form and function" 
[13], a comprehensive investigation was undertaken to examine the breadth of plant 
characteristics found throughout the world. This study highlights the six most 
significant attributes that impact the growth, survival, and reproductive capabilities of 
plants. By analyzing diverse physiological and morphological traits, the researchers 
aimed to discern the association between these features and a plant's ability to thrive in 
conditions where certain factors are limited. Employing an extensive global database, 
the authors successfully uncovered a wide array of survival strategies employed by 
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plants. Several noteworthy studies and scientists have dedicated their efforts to 
exploring how trees adapt to the ever-changing environmental conditions. 

"Adaptation of forest trees to rapidly changing climate" authored by J. Kijowska-
Oberc, A.M. Staszak, and J. Kamiński (2020) [28] provides a comprehensive analysis 
of the imperative need for tree species to acclimate to new climate conditions in order 
to ensure their survival. The paper places a strong emphasis on elucidating the various 
adaptation mechanisms employed by tree species to mitigate the effects of shifting 
climate conditions. In "Response of forest trees to global environmental changes," 
penned by J.L. Hamrick (2004) [21], valuable insights are presented regarding the 
responses exhibited by tree populations in the face of evolving environmental 
circumstances. The author achieves this by examining and contrasting recruitment 
patterns observed in central locations versus those found in ecologically marginal sites. 

“Forests and trees for social adaptation to climate variability and change” by E. 
Pramova, B. Locatelli, H. Djoudi, and others (2012) [42] discusses the importance of 
tree species in ecosystem-based adaptation projects, focusing on site characteristics and 
ecosystem service prioritization under specific climatic conditions. “Modern strategies 
to assess and breed forest tree adaptation to changing climate” by A.J. Cortés and others 
(2020) [9] highlights the importance of understanding tree adaptation for conservation 
and improvement efforts, emphasizing the need for strategies to assess trees' successful 
adaptation to global climate change. “Forest tree species adaptation to climate across 
biomes: Building on the legacy of ecological genetics to anticipate responses to climate 
change” by L. Leites and M. Benito Garzón (2023) [30] builds on the foundation of 
ecological genetics to anticipate how forest tree species will respond to climate change 
across different biomes. “Putting the landscape into the genomics of trees: approaches 
for understanding local adaptation and population responses to changing climate” by 
V.L. Sork, S.N. Aitken, R.J. Dyer, A.J. Eckert, and others (2013) [49] explores how 
genomic approaches can help understand tree populations' adaptation to new climatic 
conditions and guide conservation efforts.  

These research cover a range of methods and strategies for understanding and 
enhancing tree adaptation to changing environmental conditions, from genetic analysis 
to conservation and breeding strategies [21, 41, 30]. 

Conclusions. Based on the aforementioned observations, it can be inferred that 
extensive research is currently underway to investigate the mutual influence of climate 
change and forest ecosystems. However, it is important to note that this process is still 
ongoing, and in the foreseeable future, both scientists and humanity as a whole will be 
confronted with the immensely crucial task of devising solutions to address all 
contemporary challenges. This intricate issue possesses an interdisciplinary nature, 
thereby rendering the harmonization and implementation of various research findings 
a daunting undertaking. Consequently, there is a pressing need to formulate a 
standardized approach towards data and establish universally accepted methods of 
analysis. Furthermore, the development of prognostic models capable of predicting the 
impact of climate change on forest ecosystems across different spatial and temporal 
scales assumes paramount significance. Such models can prove instrumental in the 
formulation of adaptive strategies and the preservation of forest biodiversity. 
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Moreover, certain aspects remain relatively understudied and demand further 
exploration, such as the consequences of climate change on the microbiological 
composition of soil, animal migration patterns, and the response of different forest 
types to climate variations. Consequently, a comprehensive investigation into these 
areas can significantly contribute to a more comprehensive understanding of the 
ramifications of climate change on forest ecosystems. 

 
REFERENCES  

 
1. Aitken, S. N., Yeaman, S., Holliday, J. A., Wang, T., & Curtis-McLane, S. (2008). Adaptation, 
migration or extirpation: climate change outcomes for tree populations. Evolutionary Applications, 
1(1), 95-111. 
2. Apple, M. E., Olszyk, D. M., Ormrod, D. P., Lewis, J., Southworth, D., & Tingey, D. T. (2000). 
Morphology and stomatal function of Douglas fir needles exposed to climate change: Elevated CO2 
and temperature. International Journal of Plant Sciences, 161(1), 127-132. 
3. Atkinson, N.J., & Urwin, P.E. (2012). The interaction of plant biotic and abiotic stresses: from 
genes to the field. Journal of Experimental Botany, 63(10), 3523-3543.  
4. Bock, A., Sparks, T. H., Estrella, N., Jee, N., & Casebow, A. (2014). Changes in first flowering 
dates and flowering duration of 232 plant species on the Іsland of Guernsey. Global Change Biology, 
10(8), 1478-1494. 
5. Carr, A., & Loague, K. (2012). Physics-based simulations of the impacts forest management 
practices have on hydrologic response. In Standiford, R.B., Weller, T.J., Piirto, D.D., & Stuart, J.D. 
(Tech. coords.), Proceedings of the Coast Redwood Forests in a Changing California: A Symposium 
for Scientists and Managers. Gen. Tech. Rep. PSW-GTR-238. Albany, CA: U.S. Department of 
Agriculture, Forest Service, Pacific Southwest Research Station. pp. 251-263. 
6. Chazdon, R.L., Brancalion, P.H.S., Laestadius, L., et al. (2016). When is a forest a forest? Forest 
concepts and definitions in the era of forest and landscape restoration. Ambio, 45, 538–550. 
7. Cook, B. I., Seager, R., Cane, M. A., et al. (2015). Understanding the Global Hydrological Cycle 
under Global Warming. Journal of Climate, 27(18), 7225-7240. 
8. Cook, B.I., Seager, R., Cane, M.A., et al. (2015). Understanding the Global Hydrological Cycle 
under Global Warming. Journal of Climate, 27(18), 7225-7240. 
9. Cortés, A.J., Restrepo-Montoya, M., & Bedoya-Canas, L.E. (2020). Modern Strategies to Assess 
and Breed Forest Tree Adaptation to Changing Climate. Frontiers in Plant Science, 11, 583323. 
10. Dai, A. (2013). Increasing drought under global warming in observations and models. Nature 
Climate Change, 3(1), 52-58. 
11. Dai, A., & Trenberth, K. E. (2004). Projected changes in drought occurrence under future global 
warming from multi-model, multi-scenario, IPCC AR4 simulations. Journal of Hydrometeorology, 
5(3), 1084-1105. 
12. Dai, A., & Trenberth, K.E. (2004). Projected changes in drought occurrence under future global 
warming from multi-model, multi-scenario IPCC AR4 simulations. Journal of Hydrometeorology, 
5(3), 1084-1105. 
13. Díaz, S., Kattge, J., Cornelissen, J.H.C., Wright, I.J., etc. (2016). The global spectrum of plant 
form and function. Nature, 529(7585), 167–171. 
14. D'Odorico, P., Laio, F., & Ridolfi, L. (2010). Does globalization of water reduce societal 
resilience to drought? Geophysical Research Letters, 37(13), L13403. 
15. Foley, J. A., Costa, M. H., Delire, C., Ramankutty, N., & Snyder, P. (2003). Green surprise? How 
terrestrial ecosystems could affect earth’s climate. Frontiers in Ecology and the Environment, 1(1), 38-44. 
16. Führer, E. (2000). Forest functions, ecosystem stability and management. Forest Ecology and 
Management, 132(1), 29-38.  



FORESTRY HORTICULTURAL AND AGRICULTURE MANAGEMENT: INTERNATIONAL 
AND NATIONAL STRATEGIC GUIDELINES OF SUSTAINABLE SPATIAL DEVELOPMENT 

 

198 
 
 

17. González-Moreno, P., Gilbert, M., Titeux, N., et al. (2018). The EU’s and North America’s 
invasive alien species: characterizing species and their habitats. Biological Invasions, 20(6), 1625-1639. 
18. Groh, J., Vanderborght, J., Pütz, T., Vogel, H.-J., Gründling, R., Rupp, H., Rahmati, M., Sommer, 
M., Vereecken, H., & Gerke, H. H. (2020). Responses of soil water storage and crop water use 
efficiency to changing climatic conditions: a lysimeter-based space-for-time approach. Hydrology 
and Earth System Sciences, 24, 2493–2513. 
19. Guerin, G. R., Wen, H., & Lowe, A. J. (2012). Leaf morphology shift linked to climate change. 
Biology Letters, 8(5), 882-886.  
20. Hamrick, J.L. (2004). Response of forest trees to global environmental changes. Forest Ecology 
and Management, 197(1-3), 323-335.  
21. Hamrick, J.L. (2004). Response of forest trees to global environmental changes. Forest Ecology 
and Management, 197(1-3), 323-335. 
22. Hill, A.P., & Field, C.B. (2021). Forest fires and climate-induced tree range shifts in the western 
US. Nature Communications, 12(1), 1-9.  
23. HilleRisLambers, J., Harsch, M.A., Ettinger, A.K., Ford, K.R., & Theobald, E.J. (2013). How 
will biotic interactions influence climate change–induced range shifts? Annals of the New York 
Academy of Sciences, 1297(1), 112-125. 
24. Hirata, A., Kominami, Y., Ohashi, H., Tsuyama, I., Tanaka, N., Nakao, K., Hijioka, Y., Matsui, 
T., & Saito, S. (2022). Global estimates of stress-reflecting indices reveal key climatic drivers of 
climate-induced forest range shifts. Science of The Total Environment, 824, 153697. 
25. Inoue, S., Yokoishi, T., & Fujimori, T. (2020). Photoperiod and CO2 elevation influence 
morphological and physiological responses to drought in trembling aspen: Implications for climate 
change-induced shifts. Tree Physiology, 40(7), 917-929.  
26. IPCC. (2014). Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II 
and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. IPCC. 
27. Jump, A. S., & Peñuelas, J. (2005). Running to stand still: adaptation and the response of plants 
to rapid climate change. Ecology Letters, 8(9), 1010-1020. 
28. Kijowska-Oberc, J., Staszak, A. M., Kamiński, J., & Ratajczak, E. (2020). Adaptation of Forest 
Trees to Rapidly Changing Climate. Forests, 11(2), 123. 
29. Leites, L., & Benito Garzón, M. (2023). Forest tree species adaptation to climate across biomes: 
Building on the legacy of ecological genetics to anticipate responses to climate change. Global 
Change Biology, 29(17), 4711-4730. 
30. Leites, L., & Benito Garzón, M. (2023). Forest tree species adaptation to climate across biomes: 
Building on the legacy of ecological genetics to anticipate responses to climate change. Global 
Change Biology, 29(17), 4711-4730. 
31. Loague, K., Heppner, C. S., Mirus, B. B., Ebel, B. A., & VanderKwaak, J. E. (2006). Physics‐
based hydrologic‐response simulation: Foundation for hydroecology and hydrogeomorphology. 
Hydrological Processes, 20(5), 1231-1237.  
32. Loarie, S. R., Duffy, P. B., Hamilton, H., Asner, G. P., Field, C. B., & Ackerly, D. D. (2009). 
The velocity of climate change. Nature, 462(7276), 1052-1055. 
33. McDowell, N.G., Allen, C.D. (2015). Darcy's law predicts widespread forest mortality under 
climate warming. Nature Climate Change, 5(7), 669-672. 
34. McDowell, N.G., Beerling, D.J., Breshears, D.D., Fisher, R.A., Raffa, K.F., Stitt, M. (2011). The 
interdependence of mechanisms underlying climate-driven vegetation mortality. Trends in Ecology 
& Evolution, 26(10), 523-532. 
35. Menzel, A., Sparks, T. H., Estrella, N., Koch, E., Aasa, A., Ahas, R., ... & Wielgolaski, F. E. 
(2006). European phenological response to climate change matches the warming pattern. Global 
Change Biology, 12(10), 1969-1976. 
36. Norby, R.J., & Zak, D.R. (2011). Ecological lessons from Free-Air CO2 Enrichment (FACE) 
experiments. Annual Review of Ecology, Evolution, and Systematics, 42, 181-203.  



FORESTRY HORTICULTURAL AND AGRICULTURE MANAGEMENT: INTERNATIONAL 
AND NATIONAL STRATEGIC GUIDELINES OF SUSTAINABLE SPATIAL DEVELOPMENT 

 

199 
 
 

37. Norby, R.J., DeLucia, E.H., Gielen, B., Calfapietra, C., Giardina, C.P., King, J.S., Ledford, J., 
McCarthy, H.R., Moore, D.J.P., Ceulemans, R., De Angelis, P., Finzi, A.C., Karnosky, D.F., Kubiske, 
M.E., Lukac, M., Pregitzer, K.S., Scarascia-Mugnozza, G.E., Schlesinger, W.H., & Oren, R. (2005). 
Forest response to elevated CO2 is conserved across a broad range of productivity. Proceedings of 
the National Academy of Sciences, 102(50), 18052-18056.  
38. Odum, E.P. (1969). The Strategy of Ecosystem Development. Science, 164(3877), 262-270. 
39. Parmesan, C. (2006). Ecological and evolutionary responses to recent climate change. Annual 
Review of Ecology, Evolution, and Systematics, 37, 637-669. 
40. Parmesan, C., & Yohe, G. (2003). A globally coherent fingerprint of climate change impacts 
across natural systems. Nature, 421(6918), 37-42. 
41. Pramova, E., Locatelli, B., Djoudi, H., & Öborn, I. (2012). Forests and trees for social adaptation 
to climate variability and change. WIREs Climate Change, 3(6), 581-596.  
42. Pramova, E., Locatelli, B., Djoudi, H., & Somorin, O. A. (2012). Forests and trees for social adaptation 
to climate variability and change. Wiley Interdisciplinary Reviews: Climate Change, 3(6), 581-596.  
43. Ravindranath, N.H., Joshi, N.V., Sukumar, R., & Saxena, A. (2006). Impact of climate change 
on forests in India. Current Science, 90(3), 354-361.  
44. Reyer, C. P. O., Bathgate, S., Blennow, K., et al. (2017). Are forest disturbances amplifying or 
canceling out climate change-induced productivity changes in European forests? Environmental 
Research Letters, 12(3), 034027. 
45. Rodriguez-Iturbe, I., & Porporato, A. (2004). Ecohydrology of Water-Controlled Ecosystems: 
Soil Moisture and Plant Dynamics. Cambridge: Cambridge University Press. 
46. Salati, E., & Vose, P. B., 1986. The Water Cycle in Tropical Forests, with Special Reference to 
the Amazon. In: G.B. Marini-Bettòlo, ed. Studies in Environmental Science. Vol. 26. Amsterdam: 
Elsevier, pp. 623-648. 
47. Seidl, R., Schelhaas, M. J., Rammer, W., & Verkerk, P. J. (2014). Increasing forest disturbances 
in Europe and their impact on carbon storage. Nature Climate Change, 4(9), 806-810. 
48. Shuttleworth, W. J. (1988). Evaporation from Amazonian rainforest. Proceedings of the Royal 
Society of London. Series B, Biological Sciences, 233(1272), 321-346.  
49. Sork, V. L., Aitken, S. N., Dyer, R. J., Eckert, A. J., Legendre, P., et al. (2013). Putting the 
landscape into the genomics of trees: Approaches for understanding local adaptation and population 
responses to changing climate. Tree Genetics & Genomes, 9(4), 901-911.  
50. Swanson, F. J., & Franklin, J. F. (1992). New forestry principles from ecosystem analysis of 
Pacific Northwest forests. Ecological Applications, 2(3), 262–274.  
51. Swanson, F. J., Gregory, S. V., Sedell, J. R., & Campbell, A. G., 1982. Land-water interactions: 
The riparian zone. In: Edmonds, R. L., ed. Analysis of coniferous forest ecosystems in the western 
United States. Stroudsburg, PA: Hutchinson Ross Publishing Co., pp. 267-291.  
52. Tao, Z., Neil, E., & Si, B. (2021). Determining deep root water uptake patterns with tree age in 
the Chinese loess area. Agricultural Water Management, 248. 
53. Ulrich, B. (1992). Forest ecosystem theory based on material balance. Ecological Modelling, 
63(1-4), 163-183.  
54. Vitousek, P.M., & Reiners, W.A. (1975). Ecosystem Succession and Nutrient Retention: A 
Hypothesis. Bioscience, 25(6), 376-381. 
55. Vogel, H.-J., & Roth, K. (2003). Moving through scales of flow and transport in soil. Journal of 
Hydrology, 272(1-4), 95-106. 
56. Western, A.W., Zhou, S.L., Grayson, R.B., McMahon, T.A., Blöschl, G., & Wilson, D.J. (2004). 
Spatial correlation of soil moisture in small catchments and its relationship to dominant spatial 
hydrological processes. Journal of Hydrology, 286(1-4), 113-134.  
57. Whittaker, R.H. (1975). Communities and Ecosystems. MacMillan Publishing Co., Inc. 352 pp. 
58. Wolkovich, E. M., Cook, B. I., Davies, T. J., Ault, T. R., etc. (2012). Warming experiments 
underpredict plant phenological responses to climate change. Nature, 485(7399), 494-497. 



FORESTRY HORTICULTURAL AND AGRICULTURE MANAGEMENT: INTERNATIONAL 
AND NATIONAL STRATEGIC GUIDELINES OF SUSTAINABLE SPATIAL DEVELOPMENT 

 

200 
 
 

59. Xiao-Ying, W., Chun-Yu, Z., & Qing-Yu, J. (2013). Impacts of climate change on forest 
ecosystems in Northeast China. Advances in Climate Change Research, 4(4), 230-241.  
60. Yang, L., Feng, Q., Adamowski, J. F., Alizadeh, M. R., & Deo, R. C. (2021). The role of climate 
change and vegetation greening on the variation of terrestrial evapotranspiration in northwest China's 
Qilian Mountains. Science of the Total Environment, 758, 143587.  
61. Yang, M., Gao, X., Wang, S., & Zhao, X. (2022). Quantifying the importance of deep root water 
uptake for apple trees' hydrological and physiological performance in drylands. Journal of Hydrology, 
607, 127500.  
62. Zhu, J.-K. (2016). Abiotic Stress Signaling and Responses in Plants. Cell, 167(2), 313-324.   

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


	RESEARCH OF THE HYDROLOGICAL CYCLEIN FOREST ECOSYSTEMS UNDER CLIMATE CHANGE:CONCEPTS, SIGNIFICANCE, METHODS



