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Abstract

Oak species (Quercus spp.) represent one of the most widespread and ecologically im-
portant groups of woody plants in the Northern Hemisphere, forming dominant forest
ecosystems across temperate, Mediterranean, subtropical, and montane regions. Due to
their longevity, high wood density, extensive root systems, and large biomass, oaks play
a significant role in terrestrial carbon cycling and long-term carbon storage. However, a
comprehensive synthesis of the contribution of oak forests to carbon sequestration re-
mains limited. This review integrates a systematic bibliometric assessment with a qualita-
tive synthesis of the peer-reviewed literature to evaluate the role of oak species and oak-
dominated forests in carbon sequestration and climate change mitigation. A total of 656
publications indexed in Scopus and Web of Science were analyzed, revealing increasing
research activity after 2008 and a broad geographic distribution of studies, with the high-
est contributions from the United States, Spain, China, and Germany. The reviewed stud-
ies demonstrate that oak ecosystems function as substantial and durable carbon sinks,
storing carbon in aboveground biomass, belowground biomass, deadwood, litter, and soil
organic carbon pools. Carbon sequestration is influenced by stand age, site conditions,
species composition, and management practices. This review highlights oak forests as re-
silient, multifunctional ecosystems, with a critical role in nature-based climate solutions
and sustainable forest management.

Keywords: Quercus spp.; carbon sequestration; forest biomass; climate mitigation; ecosystem
services; forest restoration; sustainable forest management; nature-based solutions

Forests 2026, 17, 776

https://doi.org/10.3390/f17070776



Forests 2026, 17, 776

2 of 43

1. Introduction

The genus Quercus (oaks) is among the most diverse, economically, and ecologically
important groups of woody plants, encompassing approximately 430 recognized species
of trees and shrubs, primarily distributed across the Northern Hemisphere [1]. Differences
in reported species numbers among taxonomic treatments (e.g., over 400 [2], 430 [1], 435
[3], or nearly 500 [4]) mainly reflect variations in species delimitation criteria, phylogenetic
interpretations, and taxonomic concepts. In this review, we follow the estimate of approx-
imately 430 Quercus species [2], as it represents a widely accepted contemporary taxo-
nomic framework for the genus. Although many oak species have historically been de-
scribed under the authority of Linnaeus (Quercus L.), subsequent taxonomic revisions
have resulted in different botanical authorities being associated with individual species;
therefore, the genus name is used here without attributing a single authority to all in-
cluded species. Oaks occupy a wide range of ecological niches, extending from cool tem-
perate regions to subtropical and tropical environments in North America, Europe, and
Asia. North America hosts the greatest diversity of Quercus species, reflecting the genuse
long evolutionary history and ecological adaptability. Taxonomically, oaks are treated ei-
ther as a single genus with two subgenera (Quercus and Cyclobalanopsis) or as two separate
genera, a distinction that remains debated in the literature. In the Western Hemisphere,
species are commonly classified into three major groups: white oaks, red (or black) oaks,
and intermediate (golden) oaks [5,6].

Most Quercus species are monoecious and wind-pollinated, producing separate male
and female flowers on the same individual, with hermaphroditic flowers occurring only
rarely. Numerous studies have documented that oak-dominated ecosystems contribute to
forest structure, nutrient cycling, habitat provision, and the maintenance of biological di-
versity. Owing to their longevity, large biomass, and frequent dominance in temperate
and Mediterranean forest communities, oak species are widely recognized as ecologically
important components of forest ecosystems and long-term ecosystem functioning [6].
However, the magnitude and nature of these ecological contributions vary among species,
forest types, environmental conditions, and management regimes.

Beyond their ecological importance, oaks provide significant economic and cultural
value. Various Quercus species have been used for centuries in traditional medicine, food
systems, and wood-based industries, including cooperage for wine maturation. Oak tis-
sues are rich in bioactive compounds, particularly phenolics, volatile organic compounds,
sterols, fatty acids, and aliphatic alcohols. These phytochemicals underpin the docu-
mented antioxidant, antimicrobial, anti-inflammatory, and anticancer properties of oak-
derived extracts, driving growing interest in their pharmaceutical, nutraceutical, and
medical applications [7].

Genetic complexity is another defining feature of the genus. Extensive hybridization
and introgression occur among closely related oak species, ranging from isolated hybrid
individuals to large-scale hybrid zones and hybrid swarms [8-11]. Well-documented ex-
amples include Q. robur and Q. petraea in Europe and Q. douglasii and Q. turbinella subsp.
californica in North America. This widespread hybridization challenges traditional species
concepts within Quercus and has prompted calls for revised taxonomic and evolutionary
frameworks [12]. Advances in molecular biology, genetic transformation, and conserva-
tion of elite germplasm offer promising tools for improving oak management and breed-
ing programs, particularly given the long rotation periods characteristic of hardwood spe-
cies [13].

Within Mediterranean oak ecosystems, Quercus suber L. (cork oak) represents one of
the most ecologically and socioeconomically important species. Cork oak forests contrib-
ute to long-term carbon sequestration through aboveground woody biomass, extensive
root systems, litter inputs, and soil organic carbon accumulation. In addition to their car-
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bon storage function, cork oak landscapes provide important ecosystem services, includ-
ing soil protection, biodiversity conservation, and resilience to drought and land degra-
dation. Due to its distinctive cork-producing bark and long rotation dynamics, Q. suber
requires specific consideration in assessments of oak forest carbon management.

Carbon sequestration has emerged as a central theme in climate change mitigation,
yet it remains a complex process influenced by forest age, species composition, manage-
ment practices, soil properties, and climatic conditions. In biological systems, carbon se-
questration refers to the removal of atmospheric CO: through photosynthesis and its sub-
sequent storage in plant biomass and soils. Forest ecosystems, often described as natural
carbon sinks, store carbon in aboveground components, such as stems, branches, and leaves,
as well as in belowground biomass and forest soils. Carbon remains sequestered until it is
released back into the atmosphere through respiration, decomposition, or disturbance
events, such as fire [14-16]. In many countries, forestry legislation and sustainable forest
management frameworks regulate harvesting practices through restrictions on harvesting
methods, protection of regeneration, and measures aimed at reducing damage to residual
trees and forest soils. However, the implementation and effectiveness of such measures
vary considerably among regions and forest governance systems, and unsustainable har-
vesting and forest degradation continue to occur in some parts of the world [17,18].

Forests play a dual role in the global carbon cycle, acting as carbon sinks during pe-
riods of growth and as carbon sources when subjected to deforestation or degradation.
While elevated atmospheric CO2 concentrations can enhance photosynthetic rates, this re-
sponse is often constrained by nutrient availability, air pollution, water stress, and tem-
perature limitations. Consequently, existing forests may not substantially increase their
carbon sequestration capacity under future CO: scenarios without targeted management
interventions [19].

Although young plantations typically exhibit rapid carbon accumulation, mature for-
ests continue to sequester and store considerable quantities of carbon over long time
scales, particularly in woody biomass and soils. Forest management strategies that pro-
mote sustained growth, long-lived biomass, and soil carbon conservation therefore repre-
sent a cost-effective and energy-efficient approach to mitigating greenhouse gas emissions
[20,21]. In this context, afforestation of previously non-forested lands represents a practi-
cal intervention, as demonstrated by experimental plantations established on former pas-
turelands, aimed at increasing forest cover and enhancing carbon sequestration capacity
[22,23]. Moreover, oaks play a crucial role in establishing new forest cultures in degraded
lands [24] and forest shelterbelts, as well as in the composition of agroforestry systems
[25].

Despite the extensive body of literature addressing oak ecology and biology [26—28]
and carbon sequestration processes in forest ecosystems [29-31], research on carbon dy-
namics in oak-dominated ecosystems remains fragmented across regions, species, carbon
pools, and methodological approaches. Numerous studies have examined carbon storage
and sequestration in individual oak species, stands, or geographic regions; however, a
comprehensive synthesis integrating ecological, silvicultural, and carbon-management
perspectives across the global distribution of oak forests is currently lacking. Conse-
quently, although a substantial body of research exists, there remains a need to consoli-
date existing knowledge, identify major research trends, evaluate methodological ap-
proaches, and highlight remaining knowledge gaps relevant to climate change mitigation
and forest management.

To address this need, the present review synthesizes the peer-reviewed, ISI-indexed
literature using both qualitative assessment and bibliometric analysis to evaluate the contri-
bution of oak species and oak forests to carbon sequestration and climate change mitigation.

Specifically, this review addresses the following research questions:
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1.  What are the temporal trends and geographic patterns in scientific research on oak
forests and carbon sequestration?

2. Which oak species, forest types, and regions have received the greatest scientific at-
tention?

3. Which carbon pools (aboveground biomass, belowground biomass, dead organic mat-
ter, and soil carbon) and methodological approaches are most frequently investigated?

4. How do environmental factors and forest management practices influence carbon se-
questration and carbon storage in oak-dominated ecosystems?

5. What are the principal knowledge gaps and future research priorities regarding the
role of oak forests in climate change mitigation and forest-based carbon management?

The main objective of our research was to synthesize and critically evaluate the global
scientific literature on oak species and oak-dominated forests in relation to carbon seques-
tration, with the aim of identifying dominant research trends, methodological approaches,
geographic patterns, and knowledge gaps, as well as to assess the role of oak ecosystems
in climate change mitigation and forest-based carbon management.

2. Materials and Methods

This review employed a mixed-methods approach, combining systematic biblio-
metric analysis with qualitative thematic synthesis to examine the scientific literature on
oaks (Quercus spp.) and their role in carbon sequestration. The methodological framework
was designed to capture both quantitative publication trends and qualitative research
themes at the global scale.

2.1. Bibliometric Assessment

2.1.2.Literature search strategy

A systematic literature search was conducted using two major bibliographic data-
bases, Scopus and the Science Citation Index Expanded (SCI-Expanded), accessed
through the Web of Science (WoS) platform. These databases were selected because of
their broad coverage of the peer-reviewed literature in forestry, ecology, environmental
sciences, and natural resource management.

For the purposes of this review, the taxonomic scope was restricted to species belong-
ing to the genus Quercus L., as recognized in contemporary taxonomic treatments [1-6].
The geographic distribution of Quercus extends across temperate, Mediterranean, sub-
tropical, and montane regions of North America, Europe, Asia, and parts of North Africa.
Although some studies addressed broader forest ecosystem processes involving oak-as-
sociated vegetation, only publications explicitly focused on Quercus species or oak-domi-
nated ecosystems were retained for the final synthesis.

For taxonomic consistency, only species belonging to the genus Quercus L. were in-
cluded in the final dataset. Species with vernacular names containing the term “oak” but
belonging to other genera were excluded from the analysis. This criterion was applied to
avoid taxonomic ambiguity and ensure that conclusions refer exclusively to true oak forests.

The search strategy was developed to identify publications addressing carbon se-
questration, carbon storage, and carbon dynamics in oak ecosystems. The literature search
was performed from 1990 to 2025. Records were retrieved from the Scopus and Web of
Science databases on 20-22 February 2026, and the dataset was limited to publications
indexed up to December 2025. The extracted bibliometric records were analyzed using
VOSviewer to evaluate publication trends, collaboration networks, and keyword relation-
ships. Total Link Strength (TLS) represents the cumulative strength of bibliographic rela-
tionships among journals calculated in VOSviewer.
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Core search concepts included oak species (Quercus spp.) combined with carbon-re-
lated processes. Additional terms related to forest carbon storage, biomass accumulation,
soil organic carbon, deadwood carbon, climate change mitigation, forest management, con-
servation forestry, and ecosystem services were incorporated to increase retrieval efficiency.

Boolean operators (AND, OR) and wildcard symbols (*) were applied to capture lex-
ical variations and related terminology. All retrieved records were screened and refined
according to the PRISMA framework to ensure methodological transparency and repro-
ducibility [32].

2.1.3.Search syntax

The systematic search strategy and study selection procedure were designed to identify
peer-reviewed publications addressing carbon sequestration and carbon storage processes
in oak ecosystems. The methodology followed database-specific search procedures, prede-
fined eligibility criteria, duplicate removal, and bibliographic data analysis (Table 1).

Table 1. The search syntax used in the bibliometric search of articles on oak forests and carbon se-

questration.

Subsection Criteria/Description

Searches were performed using database-specific syntax while main-
taining equivalent conceptual coverage between platforms. In Scopus
(advanced search; TITLE-ABS-KEY), the following search string was
applied: TITLE-ABS-KEY ((oak OR Quercus) AND (“carbon seques-
tration” OR “carbon storage” OR “forest carbon” OR carbon OR bio-
mass* OR “soil organic carbon” OR “carbon pool*”)). In Web of Sci-
ence—SCI-Expanded (topic search; TS), the equivalent query was:
TS=((oak OR Quercus) AND (“carbon sequestration” OR “carbon
storage” OR “forest carbon” OR carbon OR biomass* OR “soil organic
carbon” OR “carbon pool*”)). Searches included publications indexed
up to January 2025. Wildcards were used to capture plural forms and
lexical variants, while Boolean operators ensured consistent retrieval
of studies addressing both oak ecosystems and carbon-related pro-
cesses. Additional concepts including forest management, conserva-
tion forestry, ecosystem services, deadwood carbon, and climate

Search syntax

change mitigation were not used as database search terms; instead,
they were applied during the screening, classification, and synthesis
stages to organize retrieved studies according to their relevance to
carbon dynamics, conservation objectives, and nature-based climate
solutions.

No lower publication-year limit was imposed. Searches included all
records indexed in Scopus and Web of Science up to the date of the
search. Eligible publications included peer-reviewed research articles,
review papers, conference proceedings, and book chapters written in
English. Conference proceedings and book chapters were included
because they represent documented scientific contributions and con-
tain relevant information on carbon sequestration, carbon storage, bi-
omass, soil organic carbon, and ecosystem-level carbon dynamics in
oak ecosystems. Only studies with sufficient bibliographic infor-
mation and direct relevance to carbon sequestration or carbon storage
in oak ecosystems were retained. Editorial materials, meeting ab-
stracts, notes, theses, dissertations, and other non-scientific or non-
peer-reviewed materials were excluded during screening.

Search limits and
eligibility

Data cleaning and All records retrieved from Scopus and Web of Science were exported
de-duplication  in bibliographic format, including title, authors, affiliations, abstract,
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keywords, publication year, source title, DOI, and citation infor-
mation. The exported records were merged into a single database us-
ing Microsoft Excel. Duplicate records were identified and removed
through a two-stage procedure. First, automated matching based on
Digital Object Identifiers (DOIs) and exact title correspondence was
conducted. Second, manual verification was performed to resolve dis-
crepancies caused by missing DOIs, author-name variations, or minor
title differences. This process resulted in the removal of 392 duplicate
records. After duplicate removal, the remaining records underwent ti-
tle and abstract screening followed by full-text assessment. The
PRISMA flow diagram (Figure 1) was revised to explicitly report the
number of records identified, duplicates removed, records screened,
full-texts assessed, reasons for exclusion, and final studies included.

Study selection followed a two-step screening procedure consisting of
title/abstract screening and full-text assessment. Inclusion criteria:
publications addressing oak species (Quercus spp.) or oak-dominated
ecosystems (defined as forests where Quercus spp. represented 250%
of stand basal area, canopy cover, or stem density, or were explicitly
described by authors as the dominant tree component); studies explic-
itly considering carbon sequestration, carbon storage, aboveground
biomass, belowground biomass, soil organic carbon, deadwood car-
bon, or ecosystem-level carbon dynamics; peer-reviewed research ar-
ticles, review papers, conference proceedings, or book chapters; publi-
cations written in English; and availability of complete bibliographic
. metadata. Exclusion criteria included editorial materials, meeting ab-
Study selection . . L . .
stracts, theses, dissertations, non-scientific documents, studies not pri-
marily focused on oak-dominated systems, publications where carbon
sequestration was not a central research objective, inaccessible full
texts or incomplete abstracts, and studies lacking sufficient methodo-
logical information. Two independent reviewers screened titles and
abstracts. Publications considered potentially relevant by either re-
viewer were advanced to full-text assessment. Disagreements were
resolved through discussion and, when necessary, consultation with a
third reviewer. Reasons for exclusion at the full-text stage were rec-
orded and classified as: (A) out of scope; (B) unsuitable publication
type; (C) insufficient data; (D) inaccessible text; or (E) inadequate
methodology.

Following screening, a total of 656 publications were retained for
analysis (Figure 1). The final dataset included peer-reviewed research
articles, review papers, conference proceedings, and book chapters re-
trieved from Scopus and Web of Science that met all eligibility criteria
after removal of duplicates and exclusion of irrelevant records. The fi-
nal dataset included 26 conference proceedings and 12 book chapters,
which were retained because they provided relevant scientific infor-
mation on oak-related carbon dynamics. Bibliometric indicators were
analyzed across nine dimensions: publication type, disciplinary focus,
temporal trends, geographic distribution, authorship structure, insti-
tutional affiliations, journal sources, publishing outlets, and keyword
frequency.

Final dataset and
bibliometric varia-
bles

Data processing and analysis were conducted using Web of Science Core Collection
(v.5.35) [33], Scopus [34], Microsoft Excel (2024) [35], and Geochart [36]. Co-authorship
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networks, co-citation relationships, and keyword co-occurrence maps were generated us-
ing VOSviewer (v.1.6.20) [37].

Identification of

Identification ]

[

]

Records identified from:
Web of Science (n = 590)
Scopus (n =594)

l

Records removed before
screening:
Duplicate records removed
(n =392)

Records screened

(n=792)

Records manually excluded
(n=5)

Reports sought for retrieval
(n=787)

Reports not retrieved
(n=6)

!

Reports assessed for eligibility
(n=781) »| Reports excluded:

No abstract (n = 8)
Irrelevant to the topic (n =
117)

Screening

[

v

Studies included in review
(n =656)

Included

Figure 1. Selection process of eligible reports based on the PRISMA 2020 flow diagram.

2.2. Qualitative Content Analysis

In parallel with the bibliometric assessment, a qualitative content analysis was con-
ducted on all publications included in the final dataset. The objective was to identify dom-
inant research themes, methodological approaches, and major findings concerning carbon
sequestration in oak ecosystems.

A standardized data-extraction framework was developed to record information
from each publication, including the study objectives, oak species investigated, geo-
graphic location, carbon pool examined, methodological approach, management context,
and principal findings. Coding was performed independently by two reviewers using an
inductive-deductive approach. Initial thematic categories were derived from the review
objectives and refined iteratively as additional themes emerged during full-text analysis.

Following independent coding, thematic classifications were compared and discrep-
ancies were resolved through discussion. Cases where consensus could not be reached
were evaluated by a third reviewer. To enhance consistency, coding decisions and cate-
gory definitions were documented throughout the review process.

The publications were ultimately organized into seven thematic clusters:

Research themes and key findings on carbon sequestration in oak ecosystems;
Global evidence of carbon sequestration in oak species;

Carbon sequestration in oak roots;

Carbon sequestration in oak stumps and coarse woody debris;

Patterns of aboveground carbon sequestration in oak forests;

Carbon sequestration across different oak forest types;

NSOl »Lh =

Oak carbon pools under different forest and land-use management systems.

Because oak carbon studies frequently investigate multiple interacting components
of ecosystem carbon dynamics, publications were allowed to be assigned to more than
one thematic category when appropriate. Consequently, thematic frequencies represent

https://doi.org/10.3390/f17070776



Forests 2026, 17, 776

8 of 43

the number of studies addressing each topic and do not represent exclusive groups. The
complete coding database, including publication-level classification decisions, is provided
in Supplementary Table S1.

To complement the bibliometric analysis, descriptive statistics were calculated from
the coded literature dataset. The frequency of studies was summarized according to the-
matic category, carbon pool, geographic region, Quercus species, and methodological ap-
proach. These summaries were used to identify the dominant research directions and
knowledge gaps within oak carbon research. Because the reviewed studies differed sub-
stantially in experimental design, spatial scale, ecosystem type, and carbon measurement
methods, a formal meta-analysis of effect sizes was not conducted.

Based on VOSviewer network analysis, countries were grouped according to patterns
of scientific collaboration rather than ecological similarity. The identified clusters there-
fore represent co-authorship relationships among researchers investigating oak forests
and carbon sequestration. Full counting was applied, and only countries with a minimum
of five publications were included in the network analysis. The association-strength nor-
malization method implemented in VOSviewer was used to construct the collaboration
network. Prior to analysis, country names were standardized to ensure consistency and
to avoid duplication arising from naming variations.

For the keyword co-occurrence analysis, full counting was applied and only key-
words occurring at least five times were included in the network. Prior to analysis, key-
words were reviewed and standardized by merging synonymous terms and correcting
variations in spelling and terminology. Network visualization was generated using the
association-strength normalization method implemented in VOSviewer. In figures, node
size is proportional to keyword occurrence frequency, while link thickness represents the
strength of co-occurrence between keywords. Colors identify clusters of closely related
terms detected by the VOSviewer clustering algorithm, indicating major thematic areas
within the literature.

3. Results
3.1. A Bibliometric Review

Among the 656 publications identified on this topic, the vast majority were research
articles (604, or 92%), followed by conference proceedings (26, or 4%), reviews (14, or 2%),
and book chapters (12, or 2%) (Figure 2).

The bibliometric figures presented below are not intended to represent direct meas-
urements of carbon sequestration capacity but rather to illustrate the structure, evolution,
and thematic development of scientific research on oak forests and carbon dynamics.
These analyses provide insights into research priorities, methodological approaches, geo-
graphic patterns, and emerging knowledge gaps within the field.

The number of published articles has increased markedly over time, reaching a max-
imum of 55 publications in 2024 (Figure 3). A noticeable inflection point occurred around
2008, after which annual publication output increased steadily. This trend reflects the
growing scientific interest in the role of oak forests in climate change mitigation and car-
bon cycling. Importantly, publication frequency should not be interpreted as evidence of
increasing carbon sequestration itself but rather as an indicator of research activity and
scientific attention devoted to the topic.
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Figure 2. Sankey diagram illustrating the relationships between publication types, scientific areas,
and country author clusters in the literature on oak forests and carbon sequestration. Flow widths

are proportional to the number of publications.

Figure 3 reveals a clear concentration of research activity within a limited number of scientific dis-
ciplines and countries. Forestry and Environmental Sciences-Ecology together account for most
publications, emphasizing that studies on oak forests as carbon sinks are primarily framed within
ecosystem management and environmental sustainability contexts. The strong contribution from
Agriculture reflects increasing attention to agroforestry systems, land-use practices, and climate-
smart management approaches involving oak-dominated landscapes. The dominance of the United
States and several European countries, particularly Spain and Germany, likely reflects the ecological
importance of oak forests in these regions, as well as the availability of long-term forest monitoring
programs. At the same time, the growing contribution from China indicates increasing global en-
gagement in forest carbon research. The connections among multiple research areas and countries
highlight the emergence of a highly interdisciplinary and internationally collaborative research field
addressing carbon sequestration, climate change mitigation, biodiversity conservation, and sustain-

able forest management simultaneously.
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Figure 3. Temporal evolution of scientific publications on oak forests and carbon sequestration. The
increasing number of studies reflects the growing scientific interest in forest carbon dynamics and

climate change mitigation rather than a direct increase in carbon sequestration rates.
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A total of 43 research areas were identified among the analyzed publications. For-
estry (237 articles), Environmental Sciences and Ecology (220 articles), and Agriculture
(121 articles) were the most represented disciplines (Figure 4). The broad disciplinary dis-
tribution highlights the multidisciplinary nature of research on oak forests and carbon
sequestration. These categories characterize the scientific domains in which studies are
published and should not be interpreted as indicators of carbon sequestration magnitude
or ecosystem performance.

Engineering
Meteorolgy atmospheric sciences

Water resources

% Biodiversity conservation
:; Science technologies-other topics
:;'J' Plant sciences
3 Geology

Agriculture

Environmental science-Ecology

Forestry

o
w1
o

100 150 200 250

Number of articles

Figure 4. Main scientific fields contributing to research on oak forests and carbon sequestration. The

distribution highlights the multidisciplinary nature of the topic, integrating forestry, ecology, envi-
ronmental sciences, and land management perspectives.

Researchers from 72 countries have published studies on oak forests and carbon se-
questration. As shown in Figure 5, the geographic distribution of authorseinstitutional
affiliations spans all continents. In total, authors were affiliated with institutions from 72
countries, with the highest representation from the United States (175 articles), Spain (75
articles), China (68 articles), and Germany (53 articles) (Figure 5).

4

1 I 175

https://doi.org/10.3390/f17070776



Forests 2026, 17, 776

11 of 43

Figure 5. Geographic distribution of author affiliations in publications on oak forests and carbon
sequestration. The pattern reflects research activity and collaboration intensity among countries ra-

ther than differences in ecosystem carbon storage potential.

Figure 5 reveals that research on oak forests and carbon sequestration is geograph-
ically concentrated, with the United States, Spain, China, and Germany representing the
most productive countries in terms of scientific output. However, this pattern should be
interpreted cautiously because author affiliation does not necessarily correspond to the
geographic location of the studied ecosystems. Researchers frequently conduct field stud-
ies, experimental analyses, and monitoring activities in countries other than their own
institutional base. Therefore, the observed distribution primarily reflects research invest-
ment, scientific capacity, availability of monitoring networks, and international collabora-
tion structures rather than the global distribution or ecological importance of oak forests.

Figure 2 further illustrates that research activity is mainly clustered within Forestry,
Environmental Sciences and Ecology, and Agriculture, reflecting the strong focus on eco-
system management, climate change mitigation, and sustainable forest practices. The
dominance of these countries likely reflects the presence of established research infra-
structures, long-term forest monitoring programs, and sustained investment in ecosystem
carbon studies. It may also be associated with the availability of well-documented forest
inventories and long-term ecological datasets.

The geographic distribution of publications does not directly represent differences in
oak forest extent, species richness, ecosystem productivity, or carbon sequestration capac-
ity. Oak forests occur under highly contrasting environmental conditions, including tem-
perate, Mediterranean, subtropical, and montane climates. Consequently, carbon seques-
tration dynamics depend strongly on species composition, climate, soil characteristics,
disturbance regimes, and management history. Although some countries with extensive
oak resources are highly represented in the literature, other regions with important oak
ecosystems may have lower publication output because of differences in research infra-
structure, funding availability, or international scientific networks.

It should also be considered that this bibliometric analysis is based on records avail-
able within the Web of Science database and therefore mainly reflects indexed scientific
outputs from the modern bibliometric era. A substantial amount of ecological research on
oak forests was conducted before the widespread adoption of digital indexing systems
and may not be fully represented in the current dataset. In addition, earlier studies may
have used different terminology related to biomass accumulation, carbon allocation, car-
bon storage, carbon balance, or ecosystem productivity rather than explicitly referring to
“carbon sequestration.” Consequently, some relevant historical contributions may be un-
derrepresented because of database coverage limitations and changes in scientific termi-
nology over time.

Although China, South Korea, and other Asian countries contribute substantially to
the literature, this pattern should not be interpreted as indicative of higher carbon storage
potential compared with Mediterranean, European, or American oak ecosystems. Simi-
larly, lower representation of regions such as Mediterranean North Africa, Western Asia,
Latin America, and parts of Eastern Europe may reflect research imbalance rather than
lower ecological significance. These regions contain oak ecosystems exposed to distinct
climatic constraints, including stronger water limitation, land-use pressures, restoration
challenges, and different disturbance regimes, which may influence carbon dynamics in
ways that are not fully represented in the current literature.

The observed geographic imbalance suggests that future research should integrate
bibliometric information with spatial data describing oak distribution, forest area, species
composition, and ecosystem carbon stocks. Expanding monitoring efforts and interna-
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tional collaborations in underrepresented regions would improve the global assessment
of oak forests as long-term carbon sinks, strengthen the transferability of carbon models,
and support region-specific management strategies for climate change mitigation.

The resulting network revealed several clusters of collaborating countries. The most
important were: Cluster 1, comprising countries from Central and Eastern Europe (Aus-
tria, Czech Republic, Hungary, Poland, Romania, Russia, Serbia, and Slovakia); Cluster 2,
including countries from Northern Europe and Asia (Denmark, England, Japan, China,
and Thailand); and Cluster 3, consisting of countries from the Americas and Europe (Bra-
zil, Mexico, Finland, Scotland, and the Netherlands) (Figure 6). These collaboration pat-
terns illustrate the structure of the research network and should not be interpreted as re-
flections of geographic patterns of carbon sequestration capacity.
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Figure 6. International co-authorship network of studies on oak forests and carbon sequestration.

Clusters represent collaboration patterns among countries involved in oak carbon research.

The high level of interest in this topic is also reflected in the large number of journals
in which related scientific articles have been published (235 journals). Among these jour-
nals, the most strongly represented were Forest Ecology and Management, Forests, Ca-
tena, and Global Change Biology (Table 2 and Figure 7).

Table 2. The most representative journals publishing articles on oak forests and carbon sequestration.

Crt. No. Journal Documents Citations Total Link
Strength
1 Forest Ecology and Management 53 3833 66
2 Forests 39 273 30
3 Agriculture Ecosystems & Environment 11 540 24
4 European Journal of Forest Research 9 229 22
5 Global Change Biology 12 721 21
6 Biogeochemistry 7 2018 16
7 Catena 13 601 15
8 Agroforestry Systems 7 153 13
9 iForests 9 131 12
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10 Ecological Indicators 7 128 11
11 Tree Physiology 10 973 11
12 Plant and Soil 7 105 10
13 Agricultural and Forest Meteorology 7 1149 8
14 Soil Biology & Biochemistry 10 445 8
15 Geoderma 7 1094 7

Note: Total Link Strength (TLS) represents the cumulative strength of bibliographic relationships
among journals calculated in VOSviewer. Bibliometric data were extracted from Scopus and WOS
databases on 20-22 February 2026.

Beyond the search keywords themselves (i.e., carbon sequestration and oak), which
were expectedly among the most frequently occurring terms, the keyword co-occurrence
analysis revealed several dominant research themes within the literature (Table 2). Terms
such as biomass, growth, and storage indicate a strong emphasis on quantifying carbon
accumulation and stock dynamics in oak-dominated ecosystems. The high occurrence of
management highlights the substantial attention given to silvicultural practices and forest
management strategies aimed at enhancing carbon sequestration potential. Likewise, the
prominence of nitrogen and organic matter reflects growing interest in biogeochemical
processes regulating carbon storage and cycling in forest soils. Keywords such as dynam-
ics, climate change, and biodiversity further demonstrate that oak forest carbon seques-
tration is increasingly investigated within the broader context of ecosystem functioning,
resilience, and global environmental change. The keyword network suggests that contem-
porary research on oak forests and carbon sequestration extends beyond carbon account-
ing alone, encompassing forest management, ecosystem processes, and climate change
mitigation perspectives (Table 3).
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Figure 7. Scientific journals contributing to research on oak forests and carbon sequestration. The
distribution illustrates the broad disciplinary coverage of the topic across forest ecology, manage-

ment, and environmental sciences.

Among the most frequently occurring keywords, biomass (88 occurrences), manage-
ment (76), nitrogen (74), growth (63), dynamics (61), storage (56), forest (55), climate
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change (52), stocks (44), organic matter (38), and biodiversity (35) were particularly prom-
inent.

Table 3. Most frequently used keywords in articles on oak and carbon sequestration.

Crt. No. Keyword Occurrences Total Link Strength
1 biomass 88 339
2 management 76 307
3 nitrogen 74 307
4 growth 63 234
5 dynamics 61 263
6 storage 56 244
7 forest 55 201
8 climate change 52 210
9 stocks 44 199
10 organic matter 38 138
11 biodiversity 35 141
12 wood properties 21 96

Based on their connections, keywords can be grouped into several clusters, three of
which contained more than ten keywords (Figure 8). Cluster 1 (green) was centered on
biomass- and carbon-related research, including terms such as aboveground biomass, bi-
omass, carbon sequestration, carbon stock, and carbon storage, and was strongly associ-
ated with studies quantifying ecosystem carbon pools and physiological drivers of carbon
accumulation. Cluster 2 (blue) comprised climate-related terms, including climate change,
drought, elevated CO, and temperature, reflecting growing interest in the responses of
oak forests to changing environmental conditions. Cluster 3 (red) included dynamics, de-
composition, stock, storage, biodiversity, and management-related terms, representing re-
search focused on ecosystem functioning, conservation, forest dynamics, and sustainable
management. The large central node represented by carbon sequestration reflects its role
as the primary integrative concept linking these research themes.

Importantly, the keyword network represents the geography of scientific research
interests rather than the geographical distribution of carbon sequestration processes them-
selves. The prominence of carbon sequestration, biomass, and climate-related terms indi-
cates that the literature is strongly focused on the role of oak forests as long-term carbon
sinks, particularly within temperate forest ecosystems where most studies have been con-
ducted. These studies consistently highlight the capacity of mature oak forests to function
as substantial carbon and water sinks under changing climatic conditions. However, the
bibliometric structure should not be interpreted as evidence that carbon sequestration
processes are restricted to particular regions but rather as an indication of where scientific
attention has been concentrated.
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Figure 8. Keyword co-occurrence network showing major research themes related to oak forests
and carbon sequestration. Node size indicates keyword frequency, while connections represent the-

matic relationships among research topics.

The institutions to which the authors of these articles belong, ranked by importance,
were as follows: United States Department of Agriculture—USDA (39 articles); United
States Forest Service (30 articles); Consejo Superior de Investigaciones Cientificas (26 arti-
cles); and Oak Ridge National Laboratory (19 articles). The top publishers where the arti-
cles were published were dominated by the four major publishers: Elsevier (213 articles),
Springer Nature (94 articles), Wiley (58 articles), and MDPI (57 articles).

Quantitative characteristics of the reviewed literature

The final dataset consisted of 656 publications retrieved from Scopus and Web of
Science after duplicate removal and screening according to the predefined eligibility cri-
teria. The quantitative analysis of the database showed that research on oak forests and
carbon sequestration is dominated by original research articles. Among all included rec-
ords, research articles represented the majority of publications (600 studies; 91.5%), fol-
lowed by review papers (15 studies; 2.3%), proceedings-related publications (20 studies
when combining proceedings categories), and book chapters (9 studies; 1.4%). These re-
sults indicate that the current knowledge base is primarily generated from empirical in-
vestigations rather than conceptual syntheses.

The temporal distribution of publications indicates a strong increase in scientific in-
terest in oak carbon dynamics during the last two decades. Although studies were already
present before 2000, publication output increased substantially after 2010, with the highest
number of studies occurring in recent years. The database contained 43 publications from
2022, 41 from 2023, 55 from 2024, and 70 publications from 2025. This increasing trend
reflects the growing importance of forest carbon assessment, climate change mitigation
strategies, and ecosystem-based approaches in forest research.

The analyzed publications covered multiple scientific disciplines, confirming the in-
terdisciplinary nature of oak carbon research. Forestry was the most represented research
area (215 publications), followed by Environmental Sciences and Ecology (180 publica-
tions), Agriculture (87 publications), Geology (31 publications), Plant Sciences (30 publi-
cations), and Biodiversity and Conservation (24 publications). The distribution of research
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areas indicates that oak carbon studies are mainly positioned within forest management,
ecosystem processes, and environmental change frameworks.

Keyword analysis further revealed the dominant research themes investigated
within the literature. The most frequent terms included carbon sequestration, Quercus,
carbon, oak, climate change, forestry, and biomass. The high occurrence of biomass-re-
lated terms demonstrates that a large proportion of studies focused on carbon stock esti-
mation, biomass accumulation, and carbon allocation processes. The frequent association
with climate change and forest management indicates that oak carbon research is increas-
ingly linked with mitigation strategies, ecosystem resilience, and sustainable forest man-
agement.

The reviewed studies investigated multiple aspects of ecosystem carbon dynamics
rather than a single carbon pool. Based on the literature coding framework, publications
were grouped according to the main carbon component investigated, including above-
ground biomass, belowground biomass, soil organic carbon, dead organic matter, and
ecosystem-level carbon dynamics. Because many studies simultaneously addressed sev-
eral carbon pools or ecological processes, individual publications were allowed to contrib-
ute to more than one category. Therefore, category frequencies represent the occurrence
of research themes within the literature and should not be interpreted as independent
study groups.

Taken together, the quantitative synthesis demonstrates that research on oak forests
and carbon sequestration has expanded considerably and is characterized by strong em-
phasis on biomass assessment, carbon storage mechanisms, soil processes, and manage-
ment implications. However, the distribution of studies also highlights differences in re-
search intensity among regions and ecosystems, suggesting the need for broader geo-
graphic coverage and more standardized approaches for comparing carbon dynamics
among oak forest systems.

3.2. Literature Review

In contrast to the bibliometric analyses presented above, the following sections focus
on ecological evidence concerning carbon sequestration in oak-dominated ecosystems.
The reviewed studies indicate that carbon is stored across multiple ecosystem pools,
including aboveground biomass, belowground biomass, deadwood, litter, and soil
organic carbon. Although reported values vary substantially among species, stand ages,
climates, management regimes, and methodological approaches, several consistent
patterns emerge.

To improve conceptual clarity, the reviewed evidence was interpreted according to
two complementary dimensions of ecosystem carbon dynamics: (i) carbon storage pools
and (ii) carbon cycling processes. Carbon storage occurs in aboveground biomass (stems,
branches, bark, and foliage), belowground biomass (coarse and fine roots), dead organic
matter (coarse woody debris and litter), and soil organic carbon. Carbon cycling includes
carbon uptake through photosynthesis, allocation among plant organs, transfer to litter
and soil pools, decomposition processes, and ecosystem respiration. Although individual
studies differ in methodology and reporting units, this framework facilitates comparison
among oak species, forest types, and management systems and provides a more
comprehensive understanding of the role of oak ecosystems in long-term carbon
sequestration and climate change mitigation.

To improve clarity and reduce repetition, the qualitative synthesis was reorganized
into thematic tables summarizing species, regions, carbon pools, methodological
approaches, and management implications. These tables provide a more concise overview
of the evidence base while allowing the discussion to focus on general patterns and
knowledge gaps.
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Aboveground woody biomass generally represents the largest and most dynamic
carbon pool, particularly in mature stands. Soil organic carbon constitutes the most
persistent long-term reservoir and frequently accounts for a substantial proportion of total
ecosystem carbon stocks. Root systems contribute significantly to belowground carbon
storage and play an important role in ecosystem resilience under environmental stress.
Across the reviewed studies, carbon sequestration rates and carbon stocks exhibited
considerable variability, reflecting differences in site productivity, species composition,
stand structure, and climatic conditions. This variability highlights the importance of
considering both mean values and their associated uncertainty when evaluating the
contribution of oak forests to climate change mitigation.

3.2.1. Research Themes and Key Findings on Carbon Sequestration in Oak Ecosystems

Table 3 provides a synthesis of the main research themes, approaches, and findings
identified from the 656 analyzed publications, highlighting the most relevant issues re-
lated to oak forests and carbon sequestration.

Tables S1 and S2 present representative examples extracted from the final dataset and
are intended to illustrate the diversity of research themes, methodological approaches,
geographic regions, and Quercus species identified during the qualitative synthesis. The
studies included in these tables were selected to represent the principal thematic categories
emerging from the review, including biomass estimation, carbon stock assessment, soil car-
bon dynamics, carbon allocation, forest management, restoration, and ecosystem-level car-
bon accounting. The tables are therefore illustrative rather than exhaustive and should not
be interpreted as comprehensive inventories of all studies included in the review.

Table S1 summarizes representative examples from the reviewed literature; how-
ever, the interpretation of the evidence was based on the complete coded dataset rather
than individual studies. The 656 publications included in this review were classified ac-
cording to their main research focus, carbon pool investigated, methodological approach,
and geographic context. Because studies often examined more than one carbon compo-
nent, categories were not mutually exclusive.

The quantitative synthesis showed that the dominant research themes were bio-
mass/carbon stock estimation, soil carbon dynamics, temporal changes in carbon storage,
environmental controls, and forest management effects. Biomass-related assessments rep-
resented the most frequently reported research direction, reflecting the importance of
aboveground measurements and allometric approaches in oak carbon studies. Soil or-
ganic carbon was another major theme, particularly in studies evaluating long-term eco-
system carbon storage and climate-related changes.

The reviewed studies addressed several major themes related to carbon sequestration
in oak ecosystems (Supplementary Table S1). The most frequently investigated topics in-
cluded biomass estimation and carbon stock quantification, temporal dynamics of carbon
accumulation, soil carbon processes, environmental controls on carbon sequestration,
physiological mechanisms of carbon allocation, and methodological advances for carbon
assessment. Collectively, these studies demonstrate that oak forests contribute substan-
tially to carbon storage through biomass production, soil organic carbon accumulation,
and long-term ecosystem carbon retention across a wide range of environmental condi-
tions and management systems.

Biomass and carbon stock assessment represented one of the dominant research di-
rections. Studies developed allometric equations, biomass models, and carbon accounting
approaches for estimating aboveground and belowground carbon pools in oak ecosys-
tems [38-40]. At broader spatial scales, Mediterranean oak forests were shown to make
significant contributions to regional carbon budgets [41].
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Another major research area focused on temporal changes in carbon stocks and long-
term sequestration dynamics. Investigations conducted along chronosequences and un-
der close-to-nature management demonstrated progressive increases in biomass and soil
carbon over time [42-44]. Additional studies examined interactions between carbon se-
questration and soil erosion, land degradation, climate gradients, topographic factors, and
forest structural diversity, highlighting the importance of environmental conditions and
management practices for carbon accumulation [45-48]. Studies addressing soil erosion
and carbon loss should be interpreted within their specific environmental context. While
studies from India provide valuable information on interactions between erosion and car-
bon dynamics, Mediterranean oak forests are influenced by distinct climatic and land-use
conditions, including summer drought, water limitation, and long-term grazing pres-
sures. Therefore, Mediterranean-specific studies are more appropriate for evaluating car-
bon losses and soil processes in Mediterranean oak systems.

Research also explored physiological and ecological mechanisms underlying carbon
storage, including growth-phenology relationships, carbon reserve dynamics, drought
responses, and carbon exchange processes [49-51]. Furthermore, methodological innova-
tions, such as remote sensing, aerial laser scanning, simulation modeling, and integrated
carbon accounting frameworks, have improved the accuracy and scalability of carbon as-
sessments in oak-dominated landscapes [52-55].

3.2.2. Global Evidence of Carbon Sequestration in Oak Species

Table S2 summarizes published studies reporting oak (Quercus spp.) and oak-related
species investigated for carbon sequestration, highlighting the species studied, the main
carbon-related focus, geographic location, and corresponding literature sources.

Table 52 presents representative examples of studies investigating carbon sequestra-
tion in Quercus species. The studies were selected to illustrate the taxonomic diversity,
geographic distribution, methodological approaches, and carbon-related themes identi-
fied during the qualitative synthesis. The table is therefore intended to be illustrative ra-
ther than exhaustive. In total, 28 Quercus species were identified in the reviewed litera-
ture, encompassing a wide range of ecological regions, forest types, and research ap-
proaches.

The geographic distribution of studies was dominated by Asia (particularly China,
India, and South Korea) and Europe, reflecting the substantial research activity on oak
forests in these regions. However, the distribution of publications was uneven among
countries and oak taxa, with some regions and species receiving considerably more atten-
tion than others. The higher number of publications from specific countries should be in-
terpreted cautiously, as publication output may be influenced by multiple factors, includ-
ing the extent of oak forest coverage, national research capacity, availability of long-term
forest monitoring programs, funding priorities, and scientific collaboration networks.
Therefore, the number of studies does not necessarily directly represent the ecological im-
portance or scientific impact of a given region.

Several studies focused on biomass and allometric modeling, particularly for esti-
mating aboveground and belowground carbon stocks. Examples included Afzelia africana
in Burkina Faso, where allometric equations were developed for aboveground biomass
and carbon stock distribution [40], Quercus brantii in Iran assessing root—-shoot biomass
ratios [56,57], and Quercus ithaburensis in Greece using Bayesian and classical biomass al-
lometries [58,59]. Similarly, Quercus robur in Spain was modeled using a dynamic ap-
proach to predict volume, biomass, and carbon stocks [60].

A second group of studies emphasizes carbon density, storage, and spatial distribu-
tion at stand or ecosystem scales. Plantation management effects on carbon density were
evaluated for Quercus acutissima in China [61], while soil organic matter pools and spatial
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variability were examined in Quercus suber forests in Italy [62]. Ecosystem-level carbon
balance and net ecosystem production were reported for Quercus glauca forests in South
Korea [63].

Several investigations addressed carbon allocation and physiological processes, in-
cluding photosynthesis and non-structural carbon compounds. Studies on Quercus ilex
and Quercus pubescens examined photosynthetic activity and soluble and structural carbon
compounds [64], while root carbohydrate storage and growth responses to altered precip-
itation were reported for Quercus aliena in China [65]. Elevated atmospheric COz effects on
growth efficiency were documented for Quercus alba in the USA [66].

Disturbance and recovery dynamics were additional recurring themes. Defoliation-
driven shifts in carbon allocation, favoring storage and reproduction over radial growth,
were observed in Quercus coccinea, Q. prinus, and Q. velutina in Canada [67]. Successional
changes in carbon stocks and plant diversity were reported for Quercus cerris in Italy [68].

Anthropogenic impacts on forest carbon stocks were specifically highlighted in In-
dian oak species, including Quercus floribunda, Q. lanuginosa, Q. leucotrichophora, and Q.
semecarpifolia [69]. Comparable assessments of biomass, soil carbon pools, and sequestra-
tion potential were conducted for Quercus baloot and Q. dilatata in Pakistan [70], as well as
for Q. infectoria in Azerbaijan [71].

Economic and management perspectives were addressed in studies on Quercus pa-
goda and Quercus rubra in the USA, which evaluated the economic feasibility of carbon
sequestration in oak forests [72,73], alongside analyses of root carbon allocation to rhizo-
sphere soils for Q. rubra [74].

Overall, the reviewed literature demonstrates that oak species contribute to carbon
sequestration through multiple pathways, including biomass accumulation, soil carbon
storage, physiological carbon regulation, and ecosystem-scale carbon dynamics.

3.2.3. Carbon Sequestration in Oak Roots

Within the reviewed literature, root systems were frequently identified as an im-
portant component of oak ecosystem carbon dynamics. However, the magnitude and di-
rection of belowground carbon allocation varied among species, climates, soil conditions,
and experimental approaches. The studies analyzed indicate that roots contribute to car-
bon storage and cycling, but the available evidence does not support a single generalized
response applicable to all oak forests.

In a comparative study of hardwood and conifer stands in Central Massachusetts,
oak-dominated forests (Quercus rubra) exhibited significantly higher belowground carbon
allocation than conifer-dominated stands [74]. Among the evaluated forest types, red oak
allocated the largest proportion of TBCF —approximately 50% —to root growth. Decidu-
ous oak stands also initiated belowground carbon allocation earlier in the growing season
compared to conifer stands, reflecting a distinct phenological pattern. This early-season
allocation suggests a strong coupling between aboveground phenology and belowground
carbon investment in oak ecosystems. In contrast, the conifer-dominated stand showed
lower root growth rates and reduced carbon partitioning to roots, partially attributed to
biotic stress from pest infestation.

Long-term experimental evidence further demonstrates that oak root carbon seques-
tration responds strongly to water availability. In a warm temperate forest dominated by
Quercus aliena var. acuteserrata, a seven-year throughfall reduction experiment revealed a
pronounced shift in carbon allocation from aboveground to belowground organs under
prolonged drought conditions [65]. Trees exposed to sustained water limitation exhibited
reduced stem growth and leaf area index but significantly increased fine root biomass,
production, and non-structural carbohydrate (NSC) storage. Fine root biomass increased
by more than 50%, while fine root production increased by over 150% relative to control
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plots. This enhanced belowground allocation indicates that oak trees under drought pri-
oritize root development and carbon storage as adaptive mechanisms.

Across the studies included in this review, root systems were commonly reported as
relevant belowground carbon reservoirs. Several investigations observed increased allo-
cation to fine roots or carbohydrate storage under environmental stress conditions; how-
ever, these responses were dependent on species identity, drought intensity, and site char-
acteristics. Therefore, belowground carbon allocation should be interpreted as a context-
dependent process rather than a uniform characteristic of all oak ecosystems.

Collectively, these results demonstrate that oak trees allocate a substantial fraction of
assimilated carbon to root growth and storage, with allocation patterns strongly influ-
enced by phenology, environmental stress, and ecosystem context.

Root systems represent not only a major storage compartment but also a key compo-
nent of carbon cycling. Fine roots contribute disproportionately to annual carbon turnover
through production, mortality, and rhizosphere interactions, whereas coarse roots consti-
tute a longer-term carbon reservoir. The reviewed studies consistently indicate that envi-
ronmental stress, particularly drought, increases carbon allocation belowground, thereby
enhancing ecosystem resilience and contributing to long-term carbon retention.

3.2.4. Carbon Sequestration in Oak Stumps and Coarse Woody Debris
Carbon Sequestration and Emissions from Oak Stumps

Carbon sequestration capacity varies among oak forest types depending on species
composition, stand structure, age, environmental conditions, productivity, and manage-
ment history. Although individual oak ecosystems differ in their carbon dynamics, the
reviewed studies consistently demonstrate that oak-dominated forests contribute sub-
stantially to long-term carbon storage through biomass accumulation, root development,
dead organic matter inputs, and soil organic carbon stabilization.

Temperate oak forests generally exhibit high aboveground carbon stocks due to their
productivity, large biomass accumulation, and long growing periods. In mixed-oak sys-
tems, interactions among species influence carbon allocation patterns and ecosystem func-
tioning. Studies conducted in oak-pine, oak—pine—fir, and other mixed forest combina-
tions indicate that carbon storage is strongly affected by stand development stage, species
interactions, and management practices. Mature mixed stands often accumulate greater
carbon stocks because of increased biomass and longer carbon residence times [75,76].

Differences among forest types are also reflected in soil carbon dynamics. Oak-
spruce and other mixed systems may show different patterns of forest-floor carbon accu-
mulation and soil organic matter development depending on litter quality, decomposition
processes, and associated species composition [77]. In agroforestry and mixed manage-
ment systems, oak species contribute to soil carbon cycling through litter inputs and nu-
trient interactions, although these processes may be modified by fertilization, companion
species, and site conditions [78].

Mediterranean oak forests demonstrate the importance of belowground carbon stor-
age and drought adaptation. Although aboveground biomass may be lower than in tem-
perate systems, these forests maintain important carbon pools through extensive root sys-
tems, soil carbon retention, and resilience under water-limited conditions. Physiological
differences among species, including variation in photosynthetic capacity and water-use
strategies, influence carbon sequestration responses under environmental stress [79]. Con-
versely, in favorable temperate environments, oak dominance supports sustained bio-
mass accumulation and long-term carbon storage [80].

Overall, oak forests should be considered valuable long-term carbon sinks across dif-
ferent ecological contexts. Their contribution is determined not only by rapid carbon up-
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take but also by the ability to maintain durable biomass and soil carbon pools over ex-
tended periods.

3.2.5. Patterns of Aboveground Carbon Sequestration in Oak Forests

The reviewed studies demonstrate that oak forests play a substantial role in carbon
sequestration across multiple spatial scales, from individual trees to regional landscapes,
with marked variability driven by growth form, age, site conditions, and management
practices.

At the individual tree level, destructive sampling of Quercus brantii in Western Iran
revealed significant differences in biomass allocation and carbon sequestration between
coppice and high-forest growth forms [56]. Although the overall biomass distribution pat-
tern among tree components was similar, high-forest trees allocated a greater proportion
of aboveground biomass to the trunk (24.79%) compared to coppice trees (16.4%), while
coppice trees showed higher allocation to stumps and twigs. Branches constituted the
dominant aboveground biomass pool in both growth forms, exceeding 60% of total above-
ground biomass. Root-shoot ratios were higher in coppice stands (0.88) than in high for-
ests (0.72), with a general decline in belowground allocation as tree size increased. Based
on these findings, a root-shoot ratio of 0.80 was recommended for Persian oak carbon
assessments.

Advances in biomass estimation methods have improved the accuracy of above-
ground and total carbon stock quantification in oak forests. In Mediterranean cork oak
(Quercus suber) forests of Morocco, the integration of UAV-based airborne laser scanning
(ALS) with terrestrial laser scanning yielded strong correlations with field-measured den-
drometric parameters and carbon stock estimates [81]. Biomass and carbon stock estimates
derived from remote sensing showed high accuracy (R? up to 0.83), supporting the relia-
bility of non-destructive approaches for aboveground carbon assessment at both plot and
landscape scales.

At the physiological scale, seasonal carbon dynamics in sessile oak (Quercus petraea)
varied significantly with tree age [82]. Across all age classes, carbon reserves were remo-
bilized at budburst, accumulated during the growing season, and consumed during win-
ter maintenance. However, older trees exhibited a reduced carbon storage function in fine
and medium roots, while mature trees allocated carbon to storage earlier in the growing
season than juvenile trees. These results indicate that carbon sequestration capacity and
allocation patterns are age dependent, with implications for long-term biomass accumu-
lation.

At the ecosystem scale, oak forests functioned as net carbon sinks, although seques-
tration efficiency varied. In Quercus glauca forests on Jeju Island, South Korea, the average
carbon stock in above- and belowground biomass reached 223.7 Mg C ha™, with stems
and branches accounting for most of the standing biomass and net primary productivity
[83]. Despite high carbon stocks and photosynthetic carbon uptake, net ecosystem produc-
tivity (NEP) remained relatively low (1.1 Mg C ha™ yr') due to substantial heterotrophic
soil respiration.

Regional-scale assessments further highlighted the importance of oak forests in car-
bon budgets. In Shanxi Province, China, oak forests stored an estimated 16.19 x 106 t of
carbon, with middle-aged and premature stands contributing more than 70% of the total
sequestration [84]. This underscores the dominant role of actively growing stands in re-
gional carbon accumulation.

Environmental gradients also influenced carbon distribution among ecosystem
pools. In Mediterranean Quercus pyrenaica coppice forests along a rainfall gradient in
Spain, aboveground carbon stocks ranged from 32 to 49 Mg C ha!, while soil carbon
stocks varied more widely (57-126 Mg C ha™) [85]. Wetter sites stored more carbon in
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soils, whereas drier but more productive sites accumulated more carbon in aboveground
biomass.

Finally, management-oriented systems showed substantial carbon sequestration po-
tential. In Portugal, modeled cork oak alley cropping systems could sequester between 5
x 106 and 123 x 106 Mg CO, depending on soil water holding capacity and implementation
scenarios [86]. High-productivity sites achieved comparable sequestration with smaller
implementation areas, highlighting the importance of site selection for maximizing carbon
gains.

3.2.6. Carbon Sequestration Across Different Oak Forest Types

Carbon sequestration in oak—pine forests:

Multiple studies demonstrate that oak—pine forests represent important carbon (C)
sinks, with sequestration capacity strongly influenced by stand structure, age, and man-
agement practices. Modeling and empirical approaches converge in showing that mixed
pine—oak systems can store substantial amounts of carbon in biomass and soils.

Allometric approaches further refine carbon estimation in oak—pine systems. Balde-
ras Torres [87] demonstrated that forests with similar basal areas but larger average tree
diameters stored more carbon, emphasizing the role of tree size distribution. The study
showed that individual-tree allometric equations could be scaled to stand-level estimates,
reducing the need for intensive forest inventories.

Scenario-based modeling in Mexico revealed that forest-use strategies significantly
alter carbon mitigation outcomes. De Jong et al. [88] found that oak conservation scenarios
accumulated between 8.2 and 19.3 t C ha™ over 20 years, while oak conservation combined
with bioenergy achieved higher mitigation potentials (21.6-42.9 t C ha'), with sustained
annual benefits through fossil fuel substitution.

Carbon sequestration in oak—pine—fir forests:

In subtropical China, plantation forests containing oak, pine, and fir exhibited dis-
tinct age-dependent carbon dynamics. Diao et al. [76] showed that oak plantations accu-
mulated less carbon at early ages (<50 years) but surpassed pine and Chinese fir at ad-
vanced ages (>50 years). While pine and fir plantations reached peak carbon density at
approximately 65-70 years, oak plantations continued increasing beyond 100 years. Ac-
tive forest management enhanced carbon recovery in pine and fir plantations but did not
significantly increase growth in oak stands.

Carbon sequestration in oak—spruce forests:

Soil carbon dynamics in oak—spruce forests following afforestation were examined
using a chronosequence and resampling approach. Barcena et al. [77] found consistently
higher forest floor carbon sequestration rates under spruce than oak. Soil organic carbon
(SOC) dynamics differed with depth, showing initial losses in topsoil during early dec-
ades after afforestation, followed by stabilization and recovery after approximately 40
years. Subsoil SOC showed a gradual, though not statistically significant, increase with
stand age.

Carbon sequestration in oak-larch forests

Long-term modeling of temperate forests in Northeast China revealed contrasting
carbon accumulation patterns between planted and naturally regenerated forests. Du et
al. [83] reported that Mongolian oak forests accumulated carbon at lower annual rates
(135.1 g C m2 yr') compared to larch plantations but benefited from longer ecosystem
carbon residence times. By the year 2100, oak forests ranked second in total carbon stor-
age, driven largely by soil carbon persistence rather than high net primary production.

Carbon sequestration in oak—juniper forests:

Physiological differences between oak and juniper influence carbon-water trade-offs
in semi-arid ecosystems. Bendevis et al. [89] showed that live oak exhibited higher photo-
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synthesis and transpiration rates than Ashe juniper, particularly during drought. How-
ever, juniper demonstrated higher water-use efficiency, suggesting greater carbon seques-
tration per unit water consumed.

Carbon sequestration in oak—beech forests:

Model simulations comparing oak-beech forests with short rotation coppice systems
revealed contrasting carbon storage pathways. Deckmyn et al. [90] found that oak-beech
forests had lower net primary production but accumulated larger long-term carbon pools
(324 t C ha™ after 150 years) due to carbon storage in long-lived biomass and wood prod-
ucts. In contrast, coppice systems achieved greater short-term emission reductions
through energy substitution.

Carbon sequestration in oak—Acer forests:

Long-term plot data from the Northeastern United States indicate sustained carbon
accumulation in mature oak-dominated stands. Eisen [80] reported a linear increase in
aboveground biomass from 150 to 268 Mg ha™ over 42 years in a Quercus—Acer forest. Red
oak (Quercus rubra) accounted for more than 80% of biomass gains, driven by dominance
of large trees and low mortality.

Carbon sequestration in oak—pecan agroforestry systems:

In temperate agroforestry systems, oak—pecan combinations contributed to both bio-
mass and soil carbon sequestration. Amorim et al. [78] found that soil organic carbon and
nutrient retention varied by tree species and fertilization source, with poultry litter en-
hancing SOC, Ca, and N under pecan stands. Complementary results from Dold et al. [91]
showed that oak trees accumulated greater woody biomass carbon (12.7 Mg C ha™!) than
pecan but with lower annual sequestration rates, which peaked approximately 11 years
after planting.

3.2.7. Oak Carbon Pools Under Different Forests and Land-Use Management Systems

Oak forests store carbon in several interconnected ecosystem pools, including above-
ground biomass, belowground biomass, deadwood, litter, and soil organic carbon. The
relative contribution of each pool depends on forest age, species composition, productiv-
ity, disturbance history, and management regime. Among these pools, aboveground bio-
mass commonly represents a major carbon reservoir, while soil organic carbon provides
an important long-term storage component.

The reviewed literature demonstrates that oak-dominated ecosystems store substan-
tial amounts of carbon across multiple ecosystem pools. Reported values refer primarily
to ecosystem carbon stocks (standing carbon pools, Mg C ha™) rather than annual seques-
tration rates. Across forest types, management regimes, and bioclimatic contexts, total
ecosystem carbon stocks generally ranged from approximately 90 to 236 Mg C ha, with
soil and woody biomass constituting the dominant pools. Studies reporting annual carbon
accumulation or sequestration rates are identified explicitly as carbon fluxes (Mg C ha-!
yr ).

Soil organic carbon consistently represented a large and stable proportion of total
ecosystem carbon in temperate oak forests. In sessile oak (Quercus petraea) stands in Aus-
tria, total carbon stocks averaged 143 Mg C ha! in high-forest systems and 213 Mg C ha!
in coppice-with-standards systems, with SOC accounting for approximately 42%—43% of
total organic carbon regardless of management type [92]. Similar stability of SOC pools
was observed in Mediterranean holm oak coppices, where belowground biomass and soil
carbon stocks showed no significant variation following coppicing over the rotation pe-
riod [93]. Across successional gradients from pasture to oak woodland, carbon stocks in
biomass and soil increased with stand development, although soil carbon did not signifi-
cantly differ among successional stages, highlighting its relative inertia compared with
biomass pools [68].
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Management practices strongly influence carbon allocation patterns and sequestra-
tion dynamics. Coppice systems, high-forest management, thinning, and harvesting mod-
ify stand structure and affect the balance between carbon accumulation and carbon re-
moval. Shortly after coppicing, living biomass carbon decreases markedly, but rapid re-
sprouting enables recovery of aboveground biomass by the end of the rotation [94]. In
long-term perspectives, however, abandoning coppice management leads to higher eco-
system carbon stocks and greater long-term sequestration potential. Modeling and field-
based assessments in Turkish oak forests showed ecosystem carbon stocks ranging from
128 to 236 Mg C ha! in unmanaged stands, compared with 116-140 Mg C ha under con-
tinued coppicing [95].

Conversion from coppice to high forest further enhances carbon accumulation across
ecosystem pools. In a 77-year-old oak ecosystem undergoing conversion, the mean annual
carbon accumulation rate reached 1.97 Mg C ha! yr! in living biomass, with additional
carbon stored in deadwood and litter [96]. These findings indicate that while coppicing
maintains carbon storage over rotation cycles, conversion to high forest promotes greater
long-term carbon accumulation.

Thinning and harvesting create important trade-offs between immediate carbon
losses and future forest productivity. Thinning generally increased tree-level and stand-
level carbon storage in oak plantations, although responses varied depending on thinning
intensity and time since intervention. In Quercus acutissima plantations, moderate thin-
ning (30%) produced the highest increase in total carbon density, although differences
among treatments were not always statistically significant [61]. Similarly, in pine-oak
mixed forests, thinning initially reduced total carbon storage, but recovery to pre-thinning
levels occurred within 12 years, driven largely by increases in structural complexity [97].

Optimization studies further showed that low thinning intensity combined with high
residual removal rates maximized net ecosystem productivity, achieving values up to
53.93 t ha yr' in mixed pine—oak stands [98]. These results emphasize the importance of
carefully designed management practices to balance carbon gains, productivity, and eco-
system stability.

The use of harvested wood products may further influence carbon balances by ex-
tending carbon storage beyond the forest ecosystem and reducing dependence on carbon-
intensive materials. In managed sessile oak forests, forest carbon pools greatly exceeded
harvested wood product (HWP) carbon pools, which were approximately ten times
smaller [99]. However, substitution of wood products for fossil fuels represented the larg-
est positive carbon flux, outweighing emissions from processing and disposal. Burning
wood products for energy was preferable to landfill disposal, particularly in the absence
of methane recovery systems.

In cork oak systems, harvested cork represented less than 1.5% of annual net primary
production and had minimal nutrient demand, indicating a negligible direct effect on eco-
system carbon stocks [93]. Nevertheless, under severe drought conditions, cork stripping
significantly reduced summer net ecosystem carbon exchange.

Disturbance, land-use change, and restoration processes also affect oak forest carbon
dynamics. Fire disturbance reduced soil CO: efflux temporarily, with microbial biomass
and soil activity recovering rapidly where vegetation regrowth was protected [100]. In
post-mining restoration sites, English oak plantations accumulated 92.6 Mg C ha™ within
34 years, with net CO2 absorption exceeding emissions after only four years, demonstrat-
ing high sequestration efficiency under restoration scenarios [101].

Conversely, conversion of oak-dominated forests to residential turfgrass altered soil
carbon depth distribution but resulted in little net change in total SOC in the upper 30 cm
[102], highlighting the relative resilience of soil carbon pools but also the loss of above-
ground forest carbon. Managed (old and young) sessile oak stands showed higher growth
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synchrony and were more responsive to summer drought compared with unmanaged-
old stands [103].

In total, the reviewed studies indicate that oak forests maintain their role as long-
term carbon reservoirs because of their longevity, high wood density, extensive root sys-
tems, and capacity for persistent soil carbon storage. Effective oak carbon management
therefore requires integrated strategies that consider multiple carbon pools, ecosystem re-
silience, biodiversity conservation, and sustainable forest use.

To facilitate comparison among studies and distinguish carbon stocks from carbon
accumulation rates, Table 4 summarizes the principal carbon metrics reported for oak for-
ests under different management regimes and land-use conditions.

Table 4. Summary statistics of ecosystem carbon stocks and carbon accumulation rates reported for

oak forests under different management systems and land-use conditions.

Cur. Variable Unit Mean Minimum Maximum Range

1 Coppiced oak forest carbon Mg Chat 128 116 140 o4

stock
Annual biomass carbon accu-

2 mulation (conversion to high Mg C ha yr?! 1.97 1.97 1.97 -

forest)
R -mini lan-
3 estored post-mining oak plan Mg Cha' 926 26 96 a

tations

3.2.8. Quantitative Synthesis of Carbon Stocks and Sequestration Rates in Oak Forests

Although the reviewed literature is highly heterogeneous in terms of species compo-
sition, stand development stage, climatic conditions, and methodological approaches, the
available studies provide consistent quantitative evidence that oak forests represent im-
portant long-term carbon reservoirs. Reported carbon values vary substantially among
ecosystems, reflecting differences in productivity, stand density, age structure, disturb-
ance history, and management regime. Therefore, the following synthesis presents repre-
sentative ranges rather than pooled estimates from a formal meta-analysis.

Aboveground biomass carbon is generally the dominant vegetation carbon pool in
oak ecosystems. Across the reviewed studies, mature oak forests commonly stored ap-
proximately 50-250 Mg C ha™ in aboveground biomass, with higher values generally re-
ported for productive temperate oak forests and lower values for Mediterranean stands
exposed to drought stress or lower productivity conditions. Old-growth and unmanaged
oak stands frequently reached the upper part of this range due to accumulated woody
biomass and longer carbon residence times. Studies focusing on individual species re-
ported substantial variability, with differences associated with species-specific growth
patterns, stand structure, and site conditions.

Soil organic carbon represents another major and more persistent carbon pool. Re-
ported soil carbon stocks in oak ecosystems commonly ranged between approximately 40
and 200 Mg C ha, depending on soil depth, texture, climate, and land-use history. Med-
iterranean oak woodlands, despite having lower aboveground biomass than temperate
forests, may maintain considerable soil carbon stocks because of extensive root systems,
litter inputs, and slow organic matter turnover under certain conditions. Soil carbon accu-
mulation was particularly important in studies evaluating oak afforestation, restoration,
and long-term forest development.

Annual carbon sequestration rates also showed considerable variation. Young and
actively growing oak stands generally exhibited higher annual accumulation rates, com-
monly ranging from approximately 1-6 Mg C ha! yr-!, while mature stands often showed
lower but more stable sequestration rates due to reduced biomass increment and greater
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carbon residence times. These values highlight the importance of distinguishing between
short-term carbon uptake and long-term carbon storage capacity. Mature oak forests may
function as persistent carbon sinks even when annual sequestration rates decline because
accumulated biomass and soil carbon remain stored over long periods.

Comparison among major oak forest types indicates clear ecological differences (Ta-
ble 5). Temperate oak forests, including many European and North American Quercus-
dominated ecosystems, generally exhibit the highest aboveground carbon stocks due to
greater productivity, higher biomass accumulation, and longer growing seasons. Medi-
terranean oak forests typically show lower aboveground biomass but contribute substan-
tially through soil carbon retention and drought-adapted root systems. Subtropical oak
forests often combine relatively high productivity with strong belowground carbon allo-
cation, although carbon storage varies considerably according to precipitation regimes
and disturbance intensity.

Table 5. Summary of reported carbon storage and sequestration ranges in major oak forest types.

Aboveground Soil Organic Annual Seques-

Cur. OakF t R tati
N‘:)r aT 0:es eplizseiznas "Y€ Carbon Stock (Mg Carbon (Mg tration Rate (Mg Main Controlling Factors
‘ P 5 C ha) C ha) C hal yr)
1 Temperate oak Europe, North ~100-250 80200 g Stand age, pl‘OfiUCth.lty,
forests America management intensity
. Southern Europe, 1
Medit Wat labilit
oA Mediterranean  ~50-150 ~40-150 ~1-4 2 eravarary,
oak forests , drought, soil conditions
Basin
3 Subtropical oak East anq South ~80-200 ~60-180 5 (.that'e, biomass allt?ca—
forests Asia tion, disturbance regime

Taken together, the quantitative evidence supports the conclusion that oak forests
function as long-term carbon sinks through the combined contribution of aboveground
biomass accumulation, root carbon allocation, dead organic matter inputs, and soil carbon
stabilization. However, the wide variability among reported values demonstrates that oak
carbon sequestration is strongly context dependent and should be evaluated considering
species identity, forest type, climate, and management history.

4. Discussion

An important outcome of this review is the convergence between bibliometric pat-
terns and ecological evidence. The keyword analysis identified biomass, carbon storage,
management, nitrogen, climate change, and ecosystem dynamics as the dominant re-
search themes. These themes correspond closely with the principal carbon pools and pro-
cesses documented in oak ecosystems, including aboveground biomass accumulation, be-
lowground carbon allocation, soil organic carbon storage, and management-driven
changes in carbon sequestration. The bibliometric results therefore not only reflect re-
search interest but also mirror the ecological mechanisms considered most important for
understanding the contribution of oak forests to climate change mitigation. This relation-
ship highlights the increasing integration of forest ecology, carbon accounting, conserva-
tion biology, and sustainable forest management within the contemporary literature on
oak ecosystems.

4.1. Bibliometric Review

The distribution of publications in this case is similar to that reported in other studies
[104-106], with research articles accounting for approximately 85%—-94%, followed by con-
ference proceedings (4%-12%), reviews (2%-10%), and book chapters (2%-3%). Likewise,

https://doi.org/10.3390/f17070776



Forests 2026, 17, 776

27 of 43

the temporal evolution of the number of published articles is comparable to that observed
in other bibliometric studies [107,108], showing a continuous increase with a pronounced
growth starting in the period 2008-2012. This increase is driven by the rising number of
authors, scientific publications, and the growing interest of researchers and stakeholders
in the analyzed topic.

In recent decades, significant emphasis has been placed on studying soil and vegeta-
tion organic carbon stocks due to their influence on climate change. This trend is also ev-
ident in the case of oak forests and is reflected in the large number of published articles
(604), the high number of journals (235), countries (72), and research areas (43) in which
these articles are classified. As in other studies [109,110], the countries with the highest
number of publications are the United States, Spain, China, and Germany —countries with
a strong tradition in environmental, ecological, and forestry research. The observed geo-
graphic concentration of studies highlights both the strengths and limitations of current
knowledge on oak forest carbon dynamics. Countries with large territories, extensive oak
distributions, higher population densities, or stronger forestry research infrastructures
may naturally generate a greater number of publications. However, absolute publication
counts should be interpreted in relation to country area, oak forest extent, population size,
research investment, and the availability of monitoring networks. A relative comparison
of research intensity may provide a more balanced assessment of scientific contributions
and help identify regions where oak ecosystems remain understudied.

Furthermore, the dominance of studies from particular countries requires considera-
tion of potential differences in research practices, data availability, and publication path-
ways. While the number of publications indicates active scientific interest, it should not
be considered a direct proxy for research quality or impact. Careful evaluation of study
methodology, data transparency, replication potential, and independent validation is es-
sential when synthesizing evidence from different regions. Addressing these geographic
and methodological biases will improve future assessments of oak forests as long-term
carbon sinks and support more globally representative carbon management strategies.

The most frequently used keywords are related to major research topics of recent
decades, such as carbon sequestration, biomass, management, growth, and dynamics.
With regard to publishers, the same four major publishers identified in other studies are
again dominant [111]. Although MDPI entered the market more recently compared to the
other three major publishers, it shows strong growth dynamics and is expected to surpass
some of these in the near future.

Management interventions most commonly associated with enhanced carbon se-
questration included: (i) afforestation and reforestation of previously degraded or aban-
doned lands (81 studies); (ii) conversion from coppice to high-forest systems (24 studies);
(iii) extended rotation periods and retention of mature trees (36 studies); (iv) mixed-spe-
cies management involving oak and other broadleaved species (51 studies); and (v) prac-
tices aimed at increasing soil organic matter and reducing disturbance (59 studies).

The positive effects of management were generally consistent across the principal
oak species investigated, including Quercus robur, Q. petraea, Q. ilex, Q. cerris, Q. alba, Q.
rubra, and Q. mongolica. Nevertheless, the magnitude of carbon accumulation varied sub-
stantially among species and regions due to differences in climate, site productivity, stand
age, management history, and disturbance regimes. Studies conducted in temperate Eu-
ropean and North American forests frequently reported greater biomass carbon accumu-
lation in mature stands, whereas Mediterranean oak ecosystems often highlighted the im-
portance of soil carbon conservation and resilience to drought.

Several studies emphasized that carbon sequestration benefits were reduced under
drought stress, severe disturbances, intensive harvesting, pest outbreaks, and climate-
change-induced declines in productivity. However, even under these conditions, oak for-
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ests generally remained important long-term carbon reservoirs because of their longevity,
substantial biomass accumulation, and capacity to maintain significant soil carbon stocks.

Overall, the reviewed literature indicates that oak forests function as effective long-
term carbon sinks, with the greatest sequestration potential being achieved through sus-
tainable forest management practices that promote stand stability, maintain soil carbon,
and encourage long-lived forest structures.

4.2. Implications of Oak-Based Systems for Carbon Sequestration and Land Restoration

The reviewed literature highlights the central role of oaks as multifunctional compo-
nents of carbon sequestration strategies, particularly in the context of afforestation and
restoration of degraded lands. Across diverse climatic regions and management systems,
oak species consistently demonstrate substantial capacity to store carbon in both biomass
and soils.

The reviewed literature encompassed 28 Quercus species distributed across Europe,
Asia, and North America, with Q. robur, Q. petraea, Q. ilex, Q. suber, Q. alba, Q. rubra, Q.
mongolica, and Q. acutissima among the most frequently investigated taxa. Despite this di-
versity, large portions of the genus remain poorly studied from a carbon-sequestration
perspective, particularly species occurring in biodiversity-rich regions of Asia and Mex-
ico, highlighting an important direction for future research.

Within the Northern Hemisphere, centers of diversity are located in North America,
Mexico, East Asia, and the Mediterranean region. While temperate oak forests dominate
the literature on carbon sequestration, oaks are also important components of neotropical
montane forests, particularly in Mexico and Central America. According to Nixon [112],
the highest diversity of Quercus occurs in Mexico, which represents a major evolutionary
and biogeographical center for the genus. Despite this diversity, neotropical oak forests
remain comparatively underrepresented in carbon sequestration studies related to tem-
perate systems. Nevertheless, available evidence suggests that neotropical oak forests
share several functional characteristics with temperate oak ecosystems, including sub-
stantial biomass accumulation, long-term carbon storage capacity, and important contri-
butions to watershed regulation and biodiversity conservation. Differences are mainly as-
sociated with climatic conditions, species composition, and disturbance regimes rather
than with the fundamental role of oak-dominated forests as carbon sinks. The discrepancy
observed in the bibliometric literature therefore appears to reflect research effort and ge-
ographic distribution of studies rather than major differences in the ecological importance
of oak forests across regions [113].

A key insight emerging from these studies is the importance of accurate biomass es-
timation. The development of species- and age-specific allometric equations [38,39] is fun-
damental for reducing uncertainty in carbon accounting. Without such tools, comparisons
across regions and management systems remain limited. This methodological focus aligns
with broader efforts to standardize carbon reporting in forest ecosystems [52].

The results also underscore the long-term nature of carbon sequestration in oak eco-
systems. Chronosequence and long-term soil studies [42,44] indicate that while above-
ground biomass carbon may accumulate relatively rapidly, soil carbon pools respond over
much longer timescales. This finding is particularly relevant for degraded lands, where
soil erosion and historical land use have depleted soil organic carbon [45]. Oak afforesta-
tion can therefore be seen as a long-term investment in carbon recovery rather than a
short-term mitigation measure.

Environmental gradients and site conditions strongly mediate carbon sequestration
outcomes. Variations in altitude, aspect, and climate [46,47] lead to significant spatial het-
erogeneity in carbon stocks, suggesting that site selection is critical when planning oak-
based restoration projects. Furthermore, physiological studies reveal that carbon seques-
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tration is not solely a function of growth rates but is closely linked to phenology, water
availability, and carbon reserve dynamics [50,51]. The vulnerability of oaks to carbon de-
pletion under stress [50] further emphasizes the need to consider ecosystem resilience
alongside sequestration potential.

Another important theme is the benefit of mixed and structurally diverse systems.
Studies comparing mixed oak stands with monospecific forests [48,53] consistently show
enhanced carbon storage in more diverse systems. This suggests that oak afforestation
efforts on degraded lands may achieve greater carbon gains when integrated with other
species or agroforestry systems, as also demonstrated by Ijzerman et al. [54].

Finally, advances in remote sensing and modeling [52,55] provide powerful tools for
scaling up carbon assessments and integrating oak ecosystems into regional and sectoral
carbon strategies. These approaches are particularly valuable for monitoring large-scale
afforestation projects and for supporting policy-relevant carbon accounting.

In summary, the reviewed studies collectively demonstrate that oaks play a crucial
role in carbon sequestration across a wide range of ecological contexts. However, carbon
outcomes are strongly influenced by site conditions, management practices, ecosystem
diversity, and long-term soil processes. Future research should aim to integrate these di-
mensions into unified assessment frameworks to better support oak-based afforestation
and restoration initiatives on degraded lands.

4.3. Implications of Species Traits and Management on Oak-Mediated Carbon Sequestration

The compiled literature underscores the ecological versatility and carbon sequestra-
tion potential of oak species across diverse biogeographical regions. The dominance of
Quercus species in studies spanning temperate, Mediterranean, subtropical, and montane
ecosystems highlights their adaptability and structural importance in forest carbon dy-
namics.

A prominent finding from the reviewed studies is the methodological diversity used
to quantify carbon sequestration. Biomass-based approaches, particularly allometric mod-
eling, remain foundational, as shown in studies on Quercus brantii, Q. ithaburensis, and
Q. robur [56,58,60]. These studies demonstrate the continuing importance of species-spe-
cific allometric equations for reducing uncertainty in biomass estimation and carbon ac-
counting across contrasting oak ecosystems.

The literature also indicates that management practices and anthropogenic pressures
significantly influence carbon storage in oak forests. Thinning intensity in Quercus acutis-
sima plantations altered carbon density and spatial distribution [61], while human dis-
turbances were repeatedly linked to reduced forest carbon stocks in Indian oak ecosys-
tems [69]. These findings suggest that carbon sequestration potential in oak forests is not
solely species dependent but strongly mediated by land-use practices.

Physiological studies contribute an important mechanistic understanding of carbon
dynamics. Enhanced growth efficiency under elevated CO:z in Quercus alba [66] and altered
carbon allocation under water stress in Q. aliena [65] illustrate how environmental change
can modify carbon uptake and storage. Similarly, studies on defoliation responses across
multiple North American oak species reveal a consistent shift toward carbon storage and
reproduction at the expense of radial growth [67], emphasizing the resilience strategies of
oaks under disturbance.

Soil carbon emerges as a critical, though variably assessed, component of oak-medi-
ated sequestration. Research on Quercus suber, Q. infectoria, and Pakistani oak species
demonstrates that soil and litter pools can represent substantial proportions of total eco-
system carbon [62,70,71]. However, relatively few studies integrate aboveground, below-
ground, and soil carbon pools simultaneously, indicating a gap in holistic ecosystem as-
sessments.
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Finally, the inclusion of economic analyses for Quercus pagoda and Q. rubra [72] points
to the growing relevance of oaks in climate mitigation strategies. These studies bridge
ecological data with policy and management considerations, reinforcing the role of oak
forests not only as carbon sinks but also as assets within carbon markets.

In summary, the reviewed data demonstrate that oak species play a multifaceted role
in carbon sequestration, influenced by species traits, environmental conditions, and man-
agement regimes. While substantial progress has been made in quantifying oak-related
carbon stocks, the literature also reveals the need for integrated, multi-pool assessments
and broader geographic coverage to fully capture the contribution of oaks to global carbon
cycling.

4.4. Adaptive Belowground Carbon Allocation and Root-Mediated Sequestration in Oak Forests

The reviewed studies consistently indicate that oak species play a significant role in
belowground carbon sequestration through substantial allocation of carbon to root sys-
tems. Compared to other forest types, oak-dominated stands exhibit higher proportions
of total belowground carbon flux directed toward root growth, emphasizing the im-
portance of roots as a long-term carbon sink [74].

Seasonal timing emerges as a key factor controlling root carbon dynamics in oaks.
The earlier onset of belowground carbon allocation in deciduous oak forests suggests an
adaptive strategy that supports rapid root growth during periods of favorable soil condi-
tions. This phenological advantage may enhance nutrient uptake and soil carbon inputs
early in the growing season, strengthening ecosystem carbon retention relative to forest
types with delayed belowground investment.

Environmental stress, particularly drought, further amplifies the importance of root-
based carbon sequestration in oak forests. Long-term throughfall reduction experiments
demonstrate that oaks respond to sustained water limitation by reallocating carbon from
aboveground growth to fine root production and NSC storage [65]. This shift reflects a
conservative carbon-use strategy, prioritizing survival, and future recovery over immedi-
ate aboveground productivity. Enhanced root biomass and carbohydrate storage under
drought conditions likely increase the residence time of carbon in belowground pools and
may promote post-drought resilience.

The accumulation of non-structural carbohydrates in roots under drought also high-
lights the dual role of roots as both structural carbon sinks and dynamic storage organs.
Such storage enhances the capacity of oak trees to rapidly resume growth following stress
release, reinforcing the role of roots in stabilizing carbon allocation under fluctuating cli-
matic conditions.

On the whole, the analyzed data suggest that oak forests possess a strong inherent
capacity for belowground carbon sequestration, mediated by phenological timing, adap-
tive carbon allocation strategies, and robust root systems. Under future climate scenarios
characterized by increased drought frequency, the tendency of oaks to enhance root
growth and carbon storage may partially buffer ecosystem carbon losses, reinforcing their
ecological importance in carbon management and climate mitigation strategies.

4.5. From Emissions to Storage: The Dual Role of Oak Deadwood in Forest Carbon Cycling
4.5.1. Contrasting Roles of Oak Deadwood as Carbon Sources and Sinks

The reviewed studies reveal a dual role of oak deadwood in forest carbon dynamics,
functioning as a short-term carbon source at the stump scale while acting as a medium-
to-long-term carbon reservoir at the ecosystem scale. Immediately following harvest, oak
stumps emit substantial amounts of CO2 and CHs4, contributing to near-term atmospheric
carbon fluxes [77]. These emissions are likely driven by microbial decomposition and con-
tinued metabolic activity in connected root systems.
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In contrast, coarse woody debris—particularly downed logs and standing dead
trees—accumulates carbon over decades and decomposes slowly, thereby serving as a
persistent carbon pool in oak forests [78,79]. This temporal contrast underscores the im-
portance of scale when assessing the climate mitigation potential of oak forest manage-
ment.

4.5.2. Influence of Forest Management and Forest Type

Forest management practices strongly influence deadwood quantity, structure, and
carbon storage capacity. Managed forests, especially in Mediterranean regions, often ex-
hibit lower and less structurally complex deadwood stocks compared to less intensively
managed or mature deciduous oak forests [79]. The higher deadwood volumes and car-
bon stocks observed in deciduous oak forests are associated with both forest type and
historical management intensity.

Similarly, national forest inventories may underestimate deadwood carbon stocks
due to insufficient accounting of CWD, as demonstrated in Ukrainian oak forests [78].
Such underestimations can lead to systematic biases in national and regional carbon bal-
ance assessments and may obscure the true mitigation potential of oak-dominated eco-
systems.

4.5.3. Implications for Carbon Accounting and Climate Mitigation

The findings suggest that sustainable oak forest management must explicitly incor-
porate deadwood dynamics into carbon accounting frameworks. While stump-related
carbon emissions represent a measurable post-harvest loss, these emissions are relatively
small when compared to the substantial carbon stocks stored in coarse woody debris over
longer timescales [77,78].

Retention of deadwood, particularly large-diameter logs and snags, can enhance
mid-term carbon sequestration while simultaneously supporting biodiversity and ecosys-
tem resilience. Failure to account for these pools may lead to underestimation of forest
carbon storage and misinformed management decisions, especially under climate change
mitigation strategies [79].

4.5.4. Synthesis

Generally, oak deadwood represents a dynamic and temporally complex component
of forest carbon cycling. Short-term emissions from stumps following harvest coexist with
long-term carbon storage in coarse woody debris. Integrating stump emissions, dead-
wood persistence, and management effects is essential for a comprehensive understand-
ing of carbon sequestration in oak forests and for developing forest management strate-
gies that balance productivity, biodiversity, and climate mitigation goals.

4.6. Ecological and Management Controls on Carbon Sequestration in Oak Forest Ecosystems

The reviewed literature confirms that oak forests are effective carbon sinks, but their
sequestration potential is highly dependent on structural, physiological, environmental,
and management factors. Across studies, aboveground biomass—particularly stems and
branches —consistently represented the largest carbon pool, emphasizing their central role
in long-term carbon storage [63,68].

Growth form strongly influences carbon allocation. Coppice systems exhibited
higher root-shoot ratios and greater investment in belowground biomass, while high-for-
est systems favored stem biomass accumulation [56]. These differences have implications
for carbon accounting, as coppice systems may enhance belowground carbon stability,
whereas high forests maximize aboveground carbon stocks that are more vulnerable to
disturbance.
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Tree age emerged as a critical driver of carbon sequestration dynamics. Physiological
evidence indicates a shift from growth-oriented carbon allocation in juvenile trees to in-
creased storage in mature trees [81]. This transition helps explain why middle-aged and
premature stands contribute disproportionately to regional carbon sequestration, as ob-
served in Shanxi Province [82]. Consequently, forest age structure should be explicitly
considered in carbon budget models.

Methodological advances, particularly the use of combined ALS and TLS ap-
proaches, offer promising alternatives to destructive sampling and traditional inventories
[80]. These technologies enhance the feasibility of large-scale monitoring of aboveground
biomass and carbon stocks, especially in heterogeneous oak landscapes.

At the ecosystem level, high biomass and carbon stocks do not necessarily translate
into high net carbon sequestration rates. The Q. glauca forests studied by Jeong et al. [63]
illustrate how substantial soil respiration can offset photosynthetic gains, resulting in rel-
atively low NEP. This highlights the importance of integrating carbon flux measurements
alongside stock assessments.

Environmental conditions further modulate carbon distribution. Along Mediterra-
nean rainfall gradients, carbon was preferentially stored in soils at wetter sites, while drier
sites accumulated more carbon in aboveground biomass [85]. These findings suggest that
climate-change-induced shifts in precipitation may alter the relative importance of bio-
mass versus soil carbon pools in oak ecosystems.

Finally, management strategies such as agroforestry can significantly enhance carbon
sequestration if implemented on suitable sites. The modeling results from Portugal
demonstrate that targeted deployment of cork oak alley cropping on high-productivity
land can yield substantial carbon benefits with limited land conversion [84]. This rein-
forces the need for spatially explicit planning in climate mitigation strategies involving
oak systems.

In general, the reviewed studies indicate that oak carbon sequestration is a multifac-
eted process governed by biological traits, stand structure, site conditions, and manage-
ment practices. Integrating these factors is essential for improving carbon accounting and
optimizing the role of oak forests in climate change mitigation.

4.7. Drivers, Trade-Offs, and Long-Term Dynamics of Carbon Sequestration in
Oak-Dominated Forests

Across diverse forest types and management regimes, the reviewed studies consist-
ently demonstrate that oaks play a critical role in long-term carbon sequestration, partic-
ularly through sustained biomass accumulation and soil carbon stabilization. However,
oak-dominated systems often exhibit slower early growth and lower short-term seques-
tration rates compared to coniferous or fast-growing plantation species.

In mixed oak—pine forests, results highlight a clear distinction between maximizing
standing carbon stocks and maximizing sequestration rates. While unmanaged stands ac-
cumulate the greatest live-tree carbon over time [87], active management such as thinning
can enhance gross carbon uptake and wood production without substantially compromis-
ing carbon objectives [86,88]. These findings suggest that oak-inclusive forest manage-
ment can balance climate mitigation with economic objectives when stand density is care-
fully regulated.

Age-related dynamics emerge as a recurring theme. Oaks tend to underperform in
carbon storage at early stand ages but surpass associated species at later stages, as shown
in oak-pine-fir plantations [89] and oak-larch systems [83]. This long-term accumulation
capacity is closely linked to oak wood density, longevity, and extended carbon residence
times, particularly in soils.
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Soil carbon responses vary markedly among forest types and species combinations.
Oak-spruce forests demonstrate slower forest floor carbon accumulation and more com-
plex soil carbon trajectories than conifer-dominated systems [90]. Similarly, in agrofor-
estry systems, oak influences SOC through litter quality and nutrient cycling, though fer-
tilization and companion species strongly mediate these effects [94].

Physiological trade-offs further shape oak carbon dynamics. In semi-arid oak—juniper
systems, oaks exhibit a higher photosynthetic capacity but lower water-use efficiency
compared to junipers [91], suggesting that oak-driven carbon sequestration may be con-
strained under increasing drought stress. Conversely, in mesic temperate forests, oak
dominance supports sustained biomass accumulation over centuries [92,93].

All in all, this review indicates that oaks are particularly valuable for long-term car-
bon storage rather than rapid carbon uptake. Their contribution is maximized in conser-
vation-oriented or low-intensity management systems, mixed-species stands, and scenar-
ios emphasizing durable biomass and soil carbon pools. These characteristics position oak
forests as essential components of long-term climate mitigation strategies, especially un-
der future conditions where carbon permanence becomes increasingly important.

4.8. Management, Disturbance, and Climate Controls on Carbon Sequestration in
Oak-Dominated Ecosystems

The reviewed studies collectively demonstrate that oak ecosystems function as stable
and long-term carbon sinks, with sequestration patterns controlled by management prac-
tices, stand structure, environmental conditions, and disturbance regimes. Across differ-
ent regions and oak species, soil organic carbon represents one of the most persistent car-
bon pools and contributes strongly to long-term climate mitigation potential [68,96,97].

Soil carbon dynamics are influenced primarily by climate, soil properties, vegetation
characteristics, and disturbance history. In mature oak stands, soil organic carbon can rep-
resent a substantial proportion of total ecosystem carbon, and it often shows greater sta-
bility than aboveground biomass following disturbances, such as harvesting or fire
[104,106]. This persistence highlights the importance of belowground carbon storage
when evaluating the climate benefits of oak forests.

Forest management practices determine how carbon is distributed among ecosystem
pools. Coppicing, thinning, harvesting, and conversion between management systems al-
ter biomass allocation, stand structure, and carbon residence times. While intensive inter-
ventions may temporarily reduce aboveground carbon stocks, sustainable management
approaches that maintain forest structure, protect mature trees, and promote regeneration
can support long-term carbon accumulation. Coppice systems can maintain carbon bal-
ance through rapid post-harvest regrowth, whereas long-term carbon storage is generally
higher in high-forest or abandoned coppice systems [98,99]. Extending rotation length and
increasing standing biomass may therefore maximize ecosystem carbon stocks, particu-
larly where disturbance risks remain limited [102].

Climate-related stressors, including drought, warming, and disturbance events, may
reduce carbon sequestration by limiting growth and increasing carbon losses. Moderate
thinning may enhance carbon sequestration when it promotes structural heterogeneity
and facilitates biomass recovery [61,100]. Structural complexity appears to be an im-
portant driver of post-disturbance carbon recovery, suggesting that management strate-
gies maintaining uneven stand structures may improve resilience and long-term seques-
tration.

Many oak ecosystems are affected by drought and biotic stressors, including invasive
pests, defoliators, and pathogens, which contribute to diseases such as sudden oak die-
back, acute oak decline, and chronic oak decline, with consequences for forest growth and
stability [114-116]. Climate stress can override management effects on carbon fluxes; for
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example, drought can reduce net ecosystem carbon exchange in cork oak woodlands,
while practices such as cork stripping may intensify stress responses in vulnerable trees
[103]. Climate change and water availability may also influence future oak forest manage-
ment strategies [112,117-119]. Similarly, post-fire soil carbon dynamics are strongly linked
to moisture conditions and vegetation recovery rather than harvesting intensity [104].

Oak genetic characteristics also influence growth performance, resilience, and re-
sistance to abiotic and biotic stressors under changing climate conditions [120-124]. Ge-
netic resistance to drought involves multiple traits associated with improved water up-
take, reduced water loss, and enhanced cellular protection, which may contribute to long-
term adaptation.

Broadly, maintaining mature oak forests, conserving soil carbon, promoting mixed-
species stands, and applying climate-adaptive management practices represent effective
approaches for maximizing the contribution of oak ecosystems to nature-based climate
solutions. Carbon stocks can increase along successional gradients without necessarily re-
ducing plant species richness, although changes in species composition may occur [68].
However, efforts to enhance oak regeneration may require more intensive canopy manip-
ulation, potentially creating future trade-offs between biomass accumulation and regen-
eration success [125,126]. Broadly, strategies that favor longer rotations, moderate thin-
ning, structural complexity, and reduced disturbance under increasing climate stress are
likely to optimize both carbon storage and ecosystem resilience.

4.9. Research Gaps and Future Directions

Despite the substantial body of literature addressing oak ecology and forest carbon
dynamics, this review reveals several important research gaps that limit a comprehensive
understanding of the role of oak-dominated ecosystems in climate change mitigation. Ad-
dressing these gaps is essential for improving carbon accounting, refining management
strategies, and enhancing the contribution of oak forests to long-term climate stabilization.

A first major gap concerns the limited integration of carbon pools across ecosystem
compartments. While many studies focus on aboveground biomass or soil organic carbon
separately, relatively few investigations quantify carbon stocks simultaneously in living
biomass, deadwood, litter, roots, and mineral soils. As a result, whole-ecosystem carbon
budgets for oak forests remain poorly constrained, particularly across different develop-
mental stages and management systems. Future research should prioritize integrated,
multi-pool assessments that capture the full carbon balance of oak ecosystems over com-
plete rotation cycles and successional trajectories.

A second important limitation relates to the geographic and species bias of existing
studies. Although more than 600 Quercus species are recognized globally, carbon seques-
tration research has focused disproportionately on a relatively small number of temperate
and Mediterranean species, primarily in Europe, North America, and East Asia. Large
regions of Central Asia, the Caucasus, the Middle East, North Africa, and parts of Latin
America remain underrepresented despite hosting extensive oak woodlands and mon-
tane oak forests. Expanding research efforts to these regions and to lesser-studied oak
species would significantly improve the global representativeness of oak carbon assess-
ments.

Third, uncertainty remains high in biomass estimation due to the limited availability
of species-specific and site-specific allometric equations. Many studies rely on generalized
models that may not adequately capture variation in wood density, crown architecture,
growth form, or stand structure among oak species and forest types. Future work should
prioritize the development of regionally calibrated allometric models and explore the in-
tegration of terrestrial laser scanning, UAV-based photogrammetry, and airborne LiDAR
to improve the accuracy and scalability of biomass and carbon stock estimation.
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Another major gap concerns the long-term dynamics of soil carbon under oak forests.
While soil organic carbon is consistently identified as a dominant and stable pool, its re-
sponse to afforestation, coppice abandonment, conversion to high forest, thinning, and
climate stress remains insufficiently quantified over multi-decadal timescales. Long-term
monitoring networks and repeated soil inventories are needed to resolve soil carbon tra-
jectories and residence times under different oak management regimes.

Finally, socio-economic and policy-oriented research on oak-based carbon sequestra-
tion remains limited. While a few studies have evaluated the economic feasibility of car-
bon storage in oak systems, broader assessments integrating ecosystem services, biodiver-
sity, timber production, restoration value, and carbon markets are still lacking. Interdisci-
plinary research linking ecology, economics, and policy is needed to support the inclusion
of oak forests in national carbon accounting frameworks and nature-based climate solu-
tions.

In summary, future research on oak and carbon sequestration should move toward
integrated ecosystem assessments, broader geographic and taxonomic coverage, im-
proved biomass modeling, long-term soil monitoring, mechanistic understanding of car-
bon allocation, and climate-adaptive management strategies. Such advances will be es-
sential for fully realizing the potential of oak ecosystems as durable and resilient carbon
sinks in a changing climate.

4.10. Limitations of the Review

Several limitations should be considered when interpreting the results of this review.
First, the bibliometric analysis was restricted to Scopus and Web of Science, which may
introduce database bias by underrepresenting studies indexed elsewhere. Second, only
English-language publications were included, potentially excluding relevant research
published in other languages, particularly from regions where oak forests are widespread.

Third, the search strategy relied on predefined keywords related to Quercus and car-
bon sequestration. Although designed to maximize coverage, this approach may have
omitted relevant studies using alternative terminology for carbon storage, ecosystem
productivity, biomass accumulation, or forest climate mitigation. Fourth, bibliometric
analyses based on author affiliations may not accurately reflect the geographic location of
study sites, creating potential discrepancies between research production and research
location.

An additional limitation is the exclusion of non-indexed literature, technical reports,
governmental documents, and other forms of gray literature, which may contain valuable
information on forest carbon stocks and management outcomes. Furthermore, substantial
methodological heterogeneity exists among studies. Carbon pools were not consistently
defined, measured, or reported, and biomass estimates frequently relied on different al-
lometric equations, sampling designs, and conversion factors. Such variability compli-
cates direct comparisons among studies and regions.

Uncertainty is particularly pronounced for soil organic carbon assessments. Differ-
ences in sampling depth, analytical methods, spatial variability, and reporting units can
generate substantial variation in estimated soil carbon stocks. Because soil carbon often
represents one of the largest ecosystem carbon pools in oak forests, these uncertainties
may influence estimates of total ecosystem carbon storage.

Despite these limitations, the consistency of findings across regions, species, and
methodological approaches supports the conclusion that oak-dominated ecosystems con-
stitute important long-term carbon sinks and represent valuable components of climate
change mitigation strategies.

This review synthesizes trends reported in the existing literature but does not esti-
mate pooled effect sizes through meta-analysis. Consequently, conclusions should be in-
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terpreted as evidence of recurring patterns across published oak carbon studies rather
than universal relationships applicable to all Quercus ecosystems. Differences among spe-
cies, climates, stand ages, management regimes, and methodological approaches remain
important sources of variation.

5. Conclusions

The increasing number of publications since 2008 reflects the growing scientific in-
terest in the contribution of forests, including oak ecosystems, to climate change mitiga-
tion, carbon sequestration, and nature-based solutions. This trend likely corresponds with
increased global attention toward forest-based climate strategies and improved recogni-
tion of forests as important components of carbon management frameworks.

Across diverse biogeographical regions and forest types, oak ecosystems function as
important carbon reservoirs by storing carbon in aboveground biomass, belowground bi-
omass, dead organic matter, and soil organic carbon pools. Aboveground woody biomass,
particularly stems and branches, represents a major and dynamic carbon pool, while soil
organic carbon provides a more stable and persistent component supporting long-term
carbon storage. Root systems and coarse woody debris also contribute substantially to
ecosystem carbon stocks and influence carbon residence times.

Carbon sequestration in oak forests is controlled by the interaction between intrinsic
species characteristics and ecosystem-level factors, including stand structure, stand age,
site productivity, climate conditions, disturbance regimes, and management practices. In-
trinsic traits such as wood density, longevity, growth strategy, phenology, rooting pat-
terns, and physiological responses to environmental stress influence carbon allocation and
residence times, whereas environmental and management factors regulate the develop-
ment and persistence of carbon pools. Although oaks generally have slower early growth
compared with many fast-growing tree species, their high wood density, long lifespan,
and prolonged carbon residence times support substantial carbon accumulation over long
periods. However, these characteristics vary among Quercus species. Deciduous oaks
generally exhibit strong seasonal adjustments in carbon allocation and growth, while ev-
ergreen oaks often maintain longer periods of leaf activity and may show different strat-
egies for carbon retention and drought adaptation. Therefore, the carbon sequestration
capacity of oak forests should not be considered uniform across the genus and should be
evaluated according to species-specific traits and the ecological context in which forests
develop. Mature stands frequently contain high carbon stocks, while unmanaged or low-
intensity management approaches often maintain larger standing carbon pools. At the
same time, moderate thinning and mixed-species management may improve structural
diversity, ecosystem stability, and resilience while maintaining carbon storage potential.

Soil organic carbon represents one of the most persistent components of oak forest
carbon pools and generally responds more slowly to short-term management interven-
tions than aboveground biomass. In contrast, aboveground carbon stocks are more sensi-
tive to harvesting, disturbance, and stand development processes. Deadwood pools con-
tribute to ecosystem carbon dynamics in a complex manner, acting as temporary carbon
sources through decomposition while also representing important medium- and long-
term carbon reservoirs.

Physiological and ecological studies suggest that oaks possess adaptive carbon allo-
cation strategies that may enhance their capacity to maintain ecosystem functioning under
environmental stress. Root allocation patterns, non-structural carbohydrate storage, and
increased belowground investment under drought conditions contribute to the potential
resilience of oak ecosystems. Nevertheless, future climate change may modify these pro-
cesses through altered temperature regimes, drought frequency, disturbance intensity,
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and species interactions, creating uncertainties regarding the future carbon sequestration
capacity of oak forests.

Important limitations remain in the current evidence base. Existing studies are une-
venly distributed geographically and taxonomically, with some regions and oak species
receiving considerably more attention than others. Carbon estimates are also influenced
by differences in sampling designs, biomass equations, remote sensing approaches, and
ecosystem boundaries used among studies. In addition, long-term observations integrat-
ing aboveground biomass, belowground processes, dead organic matter, and soil carbon
dynamics remain insufficient in many oak ecosystems. Future studies should also better
address differences among major ecological groups of oaks, particularly deciduous and
evergreen species, because their contrasting functional traits, phenological patterns, and
responses to drought and climate variability may influence carbon dynamics differently.
These limitations constrain the development of fully comparable global assessments.

Oak forests represent valuable multifunctional ecosystems with considerable poten-
tial to contribute to long-term carbon storage, biodiversity conservation, and ecosystem
restoration. Their contribution to climate mitigation is primarily associated with sustained
carbon retention over decades to centuries rather than rapid short-term carbon uptake.
Therefore, oak conservation, restoration, afforestation, and sustainable management prac-
tices can support nature-based climate solutions, while their effectiveness should be eval-
uated considering regional ecological conditions, future climate uncertainties, and the
limitations of current knowledge.
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