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Fine root decomposition is a physio-biochemical activity that is critical to the
global carbon cycle (C) in forest ecosystems. It is crucial to investigate the
mechanisms and factors that control fine root decomposition in forest
ecosystems to understand their system-level carbon balance. This process can
be influenced by several abiotic (e.g., mean annual temperature, mean annual
precipitation, site elevation, stand age, salinity, soil pH) and biotic (e.g.,
microorganism, substrate quality) variables. Comparing decomposition rates
within sites reveals positive impacts of nitrogen and phosphorus
concentrations and negative effects of lignin concentration. Nevertheless,
estimating the actual fine root breakdown is difficult due to inadequate
methods, anthropogenic activities, and the impact of climate change. Herein,
we propose that how fine root substrate and soil physiochemical characteristics
interact with soil microorganisms to influence fine root decomposition. This
review summarized the elements that influence this process, as well as the
research methods used to investigate it. There is also need to study the influence
of annual and seasonal changes affecting fine root decomposition. This
cumulative evidence will provide information on temporal and spatial
dynamics of forest ecosystems, and will determine how logging and
reforestation affect fine root decomposition.
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1 Introduction

While plant litter decomposition in terrestrial systems is one of
the largest annual fluxes in global carbon (C) and nutrient cycling,
the role of fine root traits relative to above-ground litter is
inadequately understood (See et al., 2019). Every year, a massive
amount of organic matter enters the decomposition cycle, mostly in
the form of dead plant matter. When a plant loses its leaves,
branches, or small roots, organic debris builds up on the forest
floor, where these materials becomes a vital resource for soil
organisms (Findlay, 2021). Because of foliar litters abundance and
its relatively high nutrient content, it has received disproportionate
attention in forest litter decomposition studies (Zhou et al., 2020).

In contrast, while researchers initially paid little attention to fine
roots (which make most underground litter), research is now
clarifying the important of these roots to terrestrial ecosystems
(Cheng et al., 2022). Fine roots are essential to the below-ground
forest biomass and contribute substantially to the soils organic
matter (Hayashi et al., 2023). Understanding fine root
characteristics is necessary to describe forest ecosystem C and
nitrogen (N) cycles (Zhu et al., 2021). Responses by a terrestrial
ecosystem to changes in its surrounding environment can be seen in
the decay dynamics of fine roots, which also carry water and
nutrients and perform tasks below the ground level (Cheng et al.,
2022). However, in fine root decomposition research, their chemical
makeup, turnover rates, and interactions with decomposer species
have not been fully examined.

Fine root turnover contributes from 14-27% of net primary
production (NPP) globally (Mccormack et al., 2015) and is thought
to account for 33% of annual forest litter inputs and 48% of the
inputs in grasslands (Freschet et al., 2017). Historically, root
diameter has been used to categorize it as ‘fine’ or ‘coarse,’, with
the former having a diameter of <2mm and the latter having a
diameter >2mm (Berg and Mcclaugherty, 2020). Root litter input is
highly variable across ecosystems, but in at least some it contributes
the same amount of organic matter and nutrients to the soil as does
foliar litter (Prescott and Grayston, 2023). Rine root death and
decomposition represent a major C cost to plants, and is a potential
soil C sink (Chou et al., 2022).

Fine root biomass, and its nutrient contents and rate of
decomposition, can be influenced by a number of abiotic and
biotic variables (Zhang et al., 2021). When organic matter is
decomposed by biotic microorganisms like bacteria and fungi,
more complex molecules are converted into simpler forms (Islam
et al,, 2022). Due to their recalcitrant character, roots with high
levels of lignin (L) and secondary chemicals degrade more slowly
(Phillips et al., 2023). By decomposing root tissues and promoting
microbial activity in the microenvironment they create, mycorrhizal
fungi and soil-dwelling biota also have an impact on decomposition
(Wu et al, 2023). Microbial activity, enzyme function, and
decomposition rates are affected by abiotic factors such as
temperature, moisture, oxygen, N, phosphorus (P), and soil
texture (Lull et al., 2023). While nutrient-rich soils promote faster
decomposition due to higher biomass, well-aerated soils promote
effective decomposition (Abdul Rahman et al., 2021).
Understanding these factors is essential for forecasting how land
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use and environmental changes will affect C and nutrients cycles in
terrestrial ecosystems.

In forests, tree species and functional groups differ greatly in
their root characteristics (Herzog et al., 2019). The fine root biomass
of boreal forests has an inverse relation with soil fertility, but has a
positive association with mean annual temperature (MAT) and
mean annual precipitation (MAP), and stand age (Peng and Chen,
2021). The fine root biomass of temperate forests increases with site
elevation, and with higher MAT (Gao et al., 2021). Climate and soil
nutrients are also linked to nutrient concentrations and fine roots
contents in forest ecosystems (Pandey et al., 2023). Sometimes, the
nutrient amounts released by fine roots decays exceeds that released
by the decomposition of leaf residue, and a significant portion of the
net primary productivity is allocated to fine roots (Yuan and
Chen, 2010).

Mycorrhizal associations, which improve tree nutrition, stress
tolerance, and disease protection, also occur on the network formed
by fine roots (Tedersoo et al., 2020). Recent research on the function
and nutrition of saprophytic fungi has led to several breakthroughs.
However, how and why saprophytic fungi help break down fine
roots has been infrequently addressed (Gray and Kernaghan, 2020).
Recent research has revealed that, in addition to substrate quality,
soil microorganisms have a significant impact on fine root
decomposition (Fu et al., 2021). Additionally, the nutrient quality
of litter substrate affects the growth status of saprophytic fungi,
which in turn affects their abundance and diversity (Dai
et al,, 2021).

Moreover, the most important factor in determining how fine
roots decompose depends on the root’s initial chemical
characteristics (Jing et al., 2019). Thinner fine roots (0.5-1.0 mm
diameter) decompose more quickly than thicker fine roots (1.0 mm
diameter), possibly because the former have higher N concentration
and lower C to N (C/N) ratio, which are favorable for
microorganism decomposition and utilization (Lin et al, 2011).
The rate of fine root breakdown may also depend on the
concentrations of structural carbohydrates and non-structural
carbohydrates (Zhai et al., 2023). Small molecules like glucose
and starch are easy for microorganisms to break down, while
macromolecules like L and cellulose can only be broken down by
certain types of bacteria (Hemati et al., 2022).

For instance, microorganisms like white rot fungi (WRF) and
brown rot fungi (BRF) produce ligninolytic enzymes that break
down L (Theradimani and Ramamoorthy, 2022). Additionally, by
altering plant histochemistry, the effect of soil nutrient availability
on decomposition is more likely to indirectly (rather than directly)
affect root decomposition rate (Jiang and Liang, 2022). Fertilizers
applied only for a short periods can boost root detritus
decomposition (thereby encouraging N release in soils for plant
uptake) and contribute to long-term soil C accumulation through
either additional C inputs from manures or N-induced effects on
microbial activity (Fornara et al., 2020).

Furthermore, fine roots turnovers is a significant route for the
transport of C and nutrients from plants to soils (Wang et al,
2020a). However, current difficulties with measuring fine root
decomposition rate prevents us from precisely quantifying the
scale of this activity (Sun et al,, 2021). The most common
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approaches to assessing fine root decomposition rates use litterbags
or intact cores, through their methodological efficacies have not
been critically assessed (Li et al., 2022a). Litterbags and soil cores
may affect the rate of decomposition and microbial activity because
they separate litter from its ecosystem and may thus give misleading
results about decomposition dynamics (Dornbush et al., 2002; Wu
et al., 2022). Accurate total fine root decomposition measurements
provide insight into subsurface C cycling processes and reduces
uncertainty in soil C flux estimates. Specifically in global budgets
and climate change mitigation efforts, fine root decomposition
processes offer a comprehensive perspective of below-ground C
dynamics, boosting soil C flow projections and enhancing C cycle
management in terrestrial ecosystems (Huang et al., 2022).

Fine roots, which make up the vast majority of underground
litter, are essential to terrestrial ecosystems due to their roles in
redistributing water and nutrients, performing important below-
ground functions, and making considerable contributions to forest
ecosystem C and N cycles. Understanding fine root properties is
crucial to describing forest environment C and N cycles. The
biomass, nutritional content, and decomposition rate of fine roots
are influenced by a variety of abiotic and biotic variables.
Forecasting how changes in land use and the environment will
affect cycling of C and nutrients in terrestrial ecosystems requires
understanding these factors. The availability of soil nutrients can
indirectly influence decomposition rates, and sparingly supplied
fertilizers may hasten root debris decomposition and increase soil C
levels. Accurate measurements of total fine root decomposition
reduce uncertainty in soil C flux estimations and shed light on
subsurface C cycling processes. Herein, we highlight the fine root
decomposition process and the elements influencing that process
reference for below-ground C cycle research.

2 Fine roots

Fine roots (<2 mm diameter) are the plants major water and
nutrient uptake channels (Finer et al., 2019). They actively interface
with the environment play key roles in terrestrial ecosystem
processes, and make up 33% of the world’s annual NPP (Li et al.,
2019). Fine roots components can be divided into long-lived
transport fine roots (TFRs) and short-lived absorptive fine roots
(AFRs) (Figure 1) (Huang et al,, 2023). TFRs (root orders 4 and 5)
help with long-distance transport and hydraulic conductivity by
moving water and nutrients from the soil to above-ground plant
components. The surface area for nutrient absorption and nutrient
uptake efficiency are increased by AFRs (root orders 1-3), which are
finely branched and coated in root hairs (Mccormack et al., 2015;
Kou et al,, 2018). Plant growth and survival are guaranteed by this
division of labor, which enables plants to efficiently acquire
nutrients and water while preserving structural integrity (Kou
et al., 2018).

Fine root activity has the potential to alter soil physical,
chemical, and biological characteristics, which can impact both
individual plants and entire ecosystems (Mccormack et al., 2015).
For example, as fine roots grow and proliferate, they create
macropores and pathways that improve the soil’s structure and
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ability to hold air. These changes facilitate soil microbial mobility,
enhance water infiltration, and reduce soil compaction (Wendel
et al., 2022). Exudation of organic substances by fine roots (e.g.,
sugars, organic acids) also affects soil pH, availability of nutrients,
and microbial activity. These modifications can improve N cycle
processes and provide a more favorable environment for helpful soil
bacteria (Keiluweit et al., 2015).

In addition, fine roots are essential to the soil C sequestration
process and play crucial roles in nutrient cycling (Pandey et al,
2023). Because of the high turnover rate, the quantity of C and
nutrients that are returned to the soil through fine roots is
comparable to or even greater than, that which is returned
through litter (Hu et al, 2020). Fine roots create a matrix that
captures and stabilizes organic matter, lowering its susceptibility to
quick decomposition, and thus offering physical protection for soil
organic C (Waring et al., 2020).

Forest succession is likely to influence fine root decomposition,
which is an important process for nutrient intake and C exchange in
terrestrial ecosystems (Fu et al., 2021). Lower L contents and
nutrient concentrations in early forest successional phases leads
to increased decomposition rates (Morffi-Mestre et al., 2023).
Slower decomposition rates are caused by changes in the fine root
characteristics of old forests. Rapid decomposition releases
nutrients for ecosystem productivity, but also alters nutrient cycle
dynamics. Slower decomposition in mature forests helps retain
nutrients, fostering conservation and long-term stability (Bhattarai
et al, 2022). The world’s fine root P pool is 4.4x10” Mg and its fine
root N pool is one-seventh of the total terrestrial vegetation
(Jackson et al., 1997). Thus, as a significant source of root
bioenergy, small, quickly decomposing plant fine roots (<2 mm
diameter) are crucial to forest nutrients cycling (Rodtassana and
Tanner, 2018). Understanding these processes is crucial for
sustaining and restoring forest health, while controlling nutrient
cycling in shifting landscapes, through ecosystem management
(Rai, 2022).

3 Fine root decomposition

Fine-root decomposition is a material exchange process with
the environment that involves soil biological metabolism and the
absorption and release of chemical elements as a result of soil
leaching and breakdown (e et al., 2019). Fine root decomposition
regulates nutrient release, carbon dioxide (CO,) emission, and soil
organic matter (SOM) synthesis in forest ecosystems (Jacobs et al.,
2018; Babur and Dindarolu, 2020). In the initial phase of
decomposition, environmental factors, such as soil temperature,
soil moisture content, and substrate breakdown cause rapid
eluviation of carbohydrates and other soluble compounds (He
et al,, 2019).

Later, biological action dominates the decomposition process,
breaking down the soluble components and leaving insoluble
molecules (such as L and cellulose) for sluggish microbiological
degradation (He et al., 2019). Both bacteria and fungi, which carry
out distinct tasks within their respective groups, are
microorganisms engaged in the breakdown process (Zhao et al,
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2021a). As early decomposers, bacteria use enzymatic activities to
reduce complex organic matter to simpler molecules. In the initial
decomposition stages, they serve a crucial role in making organic
matter accessible to other organisms. Later decomposition phases
are aided by fungi, which are effective at dissolving complex
substances like L and cellulose (Bonfante and Genre, 2010).
Decomposition dynamics are further influenced by mycorrhizal
fungi, which create symbiotic connections with plants and aid
nutrient intake (Schidler et al., 2010).

Fine root decomposition may differ at the species level
depending on traits related to aspects of the plant economics
spectrum like growth form (e.g., woody vs. herbaceous, broadleaf
vs. conifer), nutrient acquisition strategy (i.e. mycorrhizal
association), leaf lifespan of woody plants (i.e. deciduous vs.
evergreen), and herbaceous life cycle (i.e. annual vs. perennial)
(See et al., 2019). The main factors affecting fine root decomposition
include substrate quality and soil environmental parameters,
including soil temperature, humidity, pH, bulk density, and soil
microorganisms (Zhang et al., 2019a; Zhang et al., 2019b; Tanikawa
et al., 2023). The dynamic structure and function of the microbial
community will adapt to the degradation process (Yan et al., 2022).
Indeed, through underground root decomposition and nutrient
humidification, soil microbial communities enzyme systems
contributes to about 90% of forest ecosystem biological cycle
(Finzi et al., 2006).

However, significant variation remains unexplained, both
worldwide and regionally, as plant tissue breakdown rates are
positively associated with MAT and MAP (Santos and Herndon,
2023). Higher precipitation provides moisture, while warmer
temperatures increases microbial activity (Wahid et al, 2020).
These correlations might differ among environments due to
variables like soil quality and litter quality (Hermans et al., 2020).
Understanding these relations emphasizes the significance of
considering MAT and MAP as significant drivers in C and

10.3389/fpls.2023.1277510

nutrient cycling, and may aids forecasting fine root
decomposition’s responses to climate and environmental changes.

In temperate and boreal woodlands, changes in fine root
biomass have a considerable impact on N cycling and ecosystem
function (Cornejo et al., 2023). Fine root biomass is inversely
associated with soil fertility in boreal forests, but positively
correlated with MAT, MAP, and stand age (Yuan and Chen,
2010). Fine root biomass increased with site elevation in
temperate forests, but declines with MAT (Esser et al., 2012). Fine
root biomass changes impact both the ability of boreal forests to
store C, and nutrient cycling and availability in temperate
woodlands (Meena et al., 2023). Higher fine root biomass can
make it easier for plants to get the nutrients they need, which can
help them grow and produce more (Gao et al., 2021). However, too
much biomass can cause nutrients to become immobile, which can
slow plant growth and production (Li et al, 2021). To maintain
ecosystem function and nutrient cycling in these forest types, it is
essential to understand and manage fine root biomass changes. Fine
root degradation processes are shown in Figure 2.

4 Factors affecting fine
root decomposition

Terrestrial environments nutrient cycles rely heavily on fine
root decomposition (Zhao et al., 2023b). The two primary variables
affecting decomposition are climate (Table 1) and fine root chemical
properties (Guo et al.,, 2021). Root decomposition rate is positively
associated with both global MAT and MAP (See et al., 2019). How
roots’ chemical properties affect the decomposition rate also
depends, in turn, on root factors. Increases in root N and
decreases in root L concentrations both enhance the fine root
decomposition rate (Bonanomi et al., 2021). Mycorrhizal
symbioses can be formed between more than 90% of all woody

_ Diameter classification

<2.0mm

_-X

Order-based

classification

FIGURE 1

Overview of fine-root classification according to McCormack et al. (2015).
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FIGURE 2

Diagrammatic representation of factors affecting fine root decomposition in forest ecosystem.
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plants (Chen et al, 2016). Root morphological features and
chemical composition may influence the pace of fine root
degradation in trees that have either arbuscular mycorrhizal (AM)
or ectomycorrhizal (ECM) relations (Chen et al., 2018).

4.1 Climatic factors

Given that temperature and precipitation are key influences of
plant growth and decomposer activity, root decomposition is likely
to be highly responsive to variations in these two parameters
(Bonato et al., 2023; Semeraro et al., 2023). In addition, the
availability of nutrients and C sources influences the response of
microorganisms to climate change (Sullivan et al, 2019). It is
important to consider the general reactions of C stocks in
terrestrial ecosystems to changes in climatic condition changes,
especially temperature and precipitation, as well as the
consequences of synergies of these factors (Fanin et al.,, 2022b). If
the nutrients and effective C sources required for microbial activity
are lacking, microorganisms will not sensitive to temperature
changes, and their effect on decomposition will be weak (Baldrian
et al., 2023). Soil temperature and humidity can alter microbial
activities such as fungal hyphae expansion, fruiting body formation,
spore germination, and release, and subsurface ecological processes

such as root decomposition (Kvasko et al., 2022). However, annual
air temperature is also linked to the root decomposition rate
globally (Guo et al, 2021). At all sites assessed, the rate of C
mineralization decreases with soil depth and time, and increases
with temperature (Jia et al., 2022). Fine roots vitality’s is reduced by
90% for every 10°C increase in annual average temperature
(Eissenstat and Yanai, 2002). The primary causes of this
phenomenon are: (1) As temperature rises, root respiration
increases (Wang et al., 2021a); (2) Soil N mineralization speeds
up (Lakshmi et al., 2020); and (3) Bacterial activity is improved in
warm soil (Nottingham et al,, 2019).

A primary causes of fine roots concentrations in the surface
layer is thought to be the quick decrease in soil temperature of
descending layers; the higher surface layer temperature also
encourages decomposition and increases soil nutrients, favoring
fine root growth (Sihui et al.,, 2022). Higher soil temperatures not
only increases fine root biomass, it leads to their distribution in
deeper soil (Jarvi and Burton, 2020). With decreased or increased
precipitation, fine root biomass, production, and decomposition
increase, decrease, or remain unaltered across plant types and soil
depths (Wang et al., 2020b). A plant’s capacity for water absorption
and transmission is influenced by its fine root diameter and length.
Reduced precipitation slows root growth due to nutrient deficits
(Yan et al., 2019).

TABLE 1 A comparative table on root decomposition in different climatic zones.

Moisture
Levels

Climatic

Average

Zone Temperature (°C) Rate

Decomposition

Main Factors Reference

Tropical 25-30 High Rapid Warm temperature, Enough rainfall, (Powers et al., 2009;

Abundant litter input, Microbial diversity, and Guerrero-Ramirez et al.,

mycorrhizal association 2016; Zhao et al., 2023b)
Temperate 5-20 Moderate to Moderate Seasonal climatic conditions, Coniferous litter, = (Solly et al., 2014; Zhao et al.,

High mycorrhizal fungi, Soil invertebrates 2023a; Zhao et al., 2023b)
Mediterranean 15-25 Moderate to Moderate to slow Dry summer, Mild winter, Root chemistry, (Zhang and Wang, 2015; Sun
low and Root order, Specific microbial community | et al., 2016; Bonanomi et al.,

2021)
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According to resource economics theory, fine roots may display
a strategy that increases resource acquisition in areas with ample
precipitation by lengthening their total root length, specific root
length, and specific root area (Weemstra et al,, 2017). Reduced
precipitation greatly boosts fine root decomposition but has no
impact on root production (Zhang et al., 2018b). Additionally, pulse
precipitation mechanics encourage microbes to rapidly decompose
SOM over short periods, causing significant CO, release into the
atmosphere (Xu et al., 2020).

After precipitation, the rate of microbial mineralization might
rise by a factor of several to 10, leading to increased ecosystem
nutrient availability and enhanced microbial activity (Sponseller,
2007). Soil microbial activity peaks as rainwater enters the ground,
and because it remains elevated for a longer time, more CO, is
produced. After reaching peak activity levels, soil bacteria quickly
degrade abundant organic substrates, releasing CO, in much greater
quantities compared with that of tropical forests (Zhaoxia et al.,
2021). Increase CO, emissions brought on by rainfall is responsible
for about 20% of total annual soil CO, emissions (Austin et al.,
2004). This occurs rainwater introducing new organic matter (e.g.,
plant remains, litter) to soil, effectively promoting microorganisms
activity’s (Javed et al, 2022). This increased microbe metabolic
activity following entry of fresh organic material increases, the rate
at which organic matter decomposes; thus increased microbial
activity causes emission of more CO, from the soil into the
atmosphere (Mehmood et al., 2020). The precipitation-induced
priming effect, which also emphasizes how transient
environmental events like rainfall can significantly impact annual
C emissions from terrestrial settings, demonstrates the dynamic,
interrelated nature of ecosystem C cycles.

4.2 Substrate quality

Root substrate quality is among the most important factors of
root nutrient cycling (Jing et al., 2019). Different root diameter sizes
exhibit notable variations in morphology, physical-chemical
characteristics, and stoichiometric ratios as a result of the root
branching hierarchy (Han et al,, 2019). The rate of element release
or immobilization during the root decomposition process may
therefore be mediated by diameter-associated variations in root
substrate chemistry (Wang et al., 2014). However, previous studies
have demonstrated that initial quality primarily mediates root
decomposition (See et al, 2019). While fine roots are often
nonwoody and ephemeral absorptive roots, coarser roots function
as conduits, storage sites, and physical anchors for nutrients. Thus,
the breakdown patterns may change based on their functional
differences (Guo et al., 2008). Furthermore, fine root
decomposition is typically largely slowed by high L
concentrations (Da et al., 2017). Early studies comparing root and
leaf chemical features showed that roots have higher concentrations
of L, and the lower L content in leaves is frequently cited as the main
factor for their rapid decomposition (Fujimaki et al., 2008).

Other initial litter substrate qualities, such as N, P, calcium (Ca),
and L/N ratios, have been identified as regulators of mass loss and
nutrient cycling rates in comparisons of composition among
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various tree species (e.g., broadleaves vs. conifers, N-fixing vs.
non-fixing) (Aponte et al., 2012; Li et al,, 2014). These initial
traits support the theory, expressed in multiple studies of various
ecosystems, that the L: N ratio control litter decomposition alone or
in combination with other factors (Berg, 2014). Leaf litter with a low
initial L: N ratio produces a higher fraction of slowly dissolving
organic matter in late decomposition stages, while N is negatively
linked with species-specific decomposition limit values (Berg, 2014;
Hobbie, 2015). Thus, higher decomposition rates can be expected
from plant litter with lower C/N or L/N ratios.

4.3 Roles of soil properties

Roots can die and disintegrate at any time of year, continually
supplying soil nutrients and playing an important role in the
biogeochemical cycle (Sardar et al., 2023). Root exudation,
mortality, and shedding are other important contributors to soil
C pool replenishment (Liu and Liao, 2022). Root decay thus
becomes a primary source of subterranean nutrients and organic
materials. Root decomposition releases significant volumes of
organic matter and nutrients into the soil, where they serve an
essential part in reviving and boosting soil fertility, enhancing forest
productivity, and ensuring continued, sustainable growth of forest
ecosystems (Gulati and Kaur, 2023). Root activities significantly
impact both the rate at which organic C is accumulated in the soil
and overall C circulation throughout the biosphere (Kowalska et al.,
2020). Through interpenetration, entanglement, and cementation,
roots can effectively enhance soil structure and stabilize organic C in
soils (Dijkstra et al., 2021). The initial phase of fine root
decomposition is rapid due to high root quantities of soluble
carbohydrates, which are easily lost by leaching and then used by
soil microbes, which further speed up root decomposition (Ahmed
et al., 2022). Furthermore, accumulation of L and other difficult-to-
decompose compounds in fine roots during the late decomposition
stage results in a lower root decomposition rate (Wambsganss et al.,
20215 Li et al., 2022b). Soil pH also impacts plant enzyme activity’s,
with mean soil acidity reducing soil microorganism numbers, which
slows the organic matter decomposition rate, and thus prevents
litter decomposition (Fu et al., 2021; Fanin et al., 2022a; Li
et al., 2022b).

The root N-release technique is more complicated. The various
stages of root decomposition either release N into the soil or
increase its availability. After plant decomposition, soil N
concentration increases to 120-150% of its original value (Zhao
et al,, 2021b). There is also an enrichment-release pattern of soil
nutrients, with total soil N concentration lower in the summer and
higher in autumn, during fine root decomposition periods (Jiang
and Liang, 2022). Others have asserted that during plant litter
breakdown, dynamics of N, P, and heavy metal elements (e.g., Fe,
Al, Mn, Pb, Cu, and Zn) typically demonstrated enrichment-release
mechanisms (Gong et al., 2020; Alon et al., 2021; Bhattarai et al.,
2022). N is released during the initial root decomposition stage,
slightly increasing soil nitrate nitrogen levels. However, rises in
warmth and rainfall have led to more modest increase in
ammonium nitrogen content. Temperature and moisture
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variations across seasons have major impact on organic N
mineralization, nitrification, and denitrification processes, as well
as accessible N quantities (Dong et al., 2020; Jiang and Liang, 2022).
Application of N or P fertilizer has been shown to increase and
develop decomposition rates of fine roots at longer-term treatment
sites, whereas the rates of thin roots at the shortest-term sites did
not respond significantly; this may be related to soil microbial
activity after fertilization, in which N and P limit C sources rather
than the opposite (Table 2) (Titus and Malcolm, 1987).

Moreover, Ca*" plays a unique role in the decomposition
process. It is not only an essential metabolic component for
microorganism growth, Ca®" in the root can also be used by fungi
and heterotrophic bacteria to form oxalate, which provides
nutrients for microorganism metabolisms in conditions that
would be otherwise unfavorable (Grabovich et al., 1995).
Although Ca®* concentration influences how quickly root
decompose, its role in how quickly fine roots decompose
remain unclear.

10.3389/fpls.2023.1277510

4.4 Mycorrhizal association

Mycorrhiza plays a significant part in soil C and N cycle, and in
root formation in the plant-soil system (Hawkins et al., 2023). AMF
colonization is thought to improve aboveground litter
decomposition but has little influence on root litter (Figure 3)
(Schédler et al., 2010). N is regarded as a key component in the
mycorrhizal influence on breakdown processes. Through the
effective utilization of decomposition byproducts, AMF can
accelerate the pace of litter decomposition and acquire inorganic
N produced from the litter during its breakdown (Urcelay
et al., 2011).

However, by altering the proportions of soil ammonium-N and
nitrate-N, AMF can speed up the process of litter decomposition
(Liu et al., 2021). Conifer fine roots deteriorate more slowly than
those of broadleaved plants, whereas the fine roots of non-woody
plants decay more slowly than those of woody plants (Phillips et al.,
2023). In addition, the discovery that fine root of woody ECM and

TABLE 2 Effects of nitrogen deposition on fine root decomposition in forest ecosystems.

Fine root Research sites Nitrogen Nitrogen Major finding Reference
deposition application
frequency
(a)
Decomposition Northern hardwood forest N deposition (n = 3); 20 Decomposition of fine root litter is impeded by (Argiroff et al.,
stands, Michigan, USA ambient N + 30 kg N N deposition, and SOM contributions from 2019)
ha™' year " as lignin-derived fine root chemicals are raised.
NaNO; pellets in six
equal applications
Erguna River Basin, in the Control, 10: 0, 7: 3, 5: 2 Decomposition rates for fine roots of all species (Dong et al.,
northeastern part of Inner 5,3:7,and 0: 10 were increased after being exposed to exogenous 2020)
Mongolia, China (IN: NH4,NO3, ON:CO N in either IN or ON forms.
(NH,),, and C,HsNO,)
In Heilongjiang Province, Control, Low-N, 3 Root decomposition was slowed down by (Geng and Jin,
Northeast China, National Medium-N, and High- nitrogen deposition, which also improved soil 2022)
nature reserve called N (0, 20, 40, 80 kgNha" retention of nutrients and carbon.
Liangshui. yrh
Shaanxi Tielongwan Forest 0, 30, 60, 90 3 It has a certain stage, and the rate size presents (Gu and
Farm Oil pine kg-hm >a™! the characteristics of first fast and then slow. Wang, 2017)
(CO(NH,),)
Decomposition Songyugou watershed in the 0,3,6,and 9 g N m? 2 The decomposition of fine roots, which is (Jing et al,,
Loess Plateau region, Shaanxi y! influenced by N deposition, alters the 2019)
Province, China (NH4NO3) biogeochemical processes of forest ecosystems.
Jiangxi Tropical Wetland Pine 0, 40, 120 kghm2a™" 6 It promotes the absorption of fine root turnover (Kou et al,,
Forest (NH,CI and NaNO3) rate but does not accelerate the transport of fine 2018)
root turnover rate.
Heilongjiang temperate typical 0, 100 kghm 2a™* 9 The quality loss of fine roots reached 30% ~ (Li et al,
forest ecological system (NH,NO3) 50% on day 516, and then the change in mass 2017)
residue rate was relatively flat.
Northeast Laoshan temperate 0, 100 4 The initial decomposition rate of tertiary and (Sun et al.,
forest (NH4NO3) quaternary roots was increased, but it had an 2015)
inhibitory effect on primary and secondary
roots.
Northeast Daxing’an Ridge 0, 25, 50, 75 5 The fine root turnover rate tends to decrease, (Yan et al.,
deciduous pine forest kghm2a™! (NH,NO;) possibly due to slower subsurface C cycling due 2017)
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ericoid species degrade more slowly than those of AM species adds
to the growing list of biogeochemical variations between these forest
types (Craig et al,, 2018; Zhang et al.,, 2018a). Several isolates of
ECM fungi decompose much faster than fine root (P. resinosa)
seedlings. Depending on the fungus isolate, ECM colonization
either does not affect root decomposition or significantly sped
root breakdown. Tested isolates include Srobilomyces floccupus
(SC111), Cladophialophora sp. (SC052), Lactarius oculatus
(8C076), Amanita rubescens (SC009), Suillus intermedius (SC065),
Amanita pantherina (SC004), Amanita citrina (SC070), Russula sp.
(SC079), Amanita muscaria var. formosa (SC059), Tylopilus felleus
(SC121), and Amanita brunnescens (SC007 and SC040) (Koide
et al,, 2011).

The primary cause of root decomposition is difference in soil
water and temperature differences during the initial decomposition
stage. Although there are slight differences between fine root
decomposition rates of A. halodendron at different starting times,
other factors, such as variability in soil moisture and its interaction
with soil temperature, are likely to have a greater impact on the root

10.3389/fpls.2023.1277510

decomposition process overall (Luo et al., 2016; Luo et al., 2020).
Consistent with those findings, the presence of mycelia hastens fine
root decomposition (Pritsch and Garbaye, 2011). Mycelia can
increase the activity of soil bacteria by providing them with fresh
C, speeding up the breakdown of soil organic carbon (SOC),
especially the pool of inert C (Zhang et al., 2018b). Root exudates
are thought to play a significant role in litter decomposition and the
soil N cycle, with their secondary metabolites inhibiting soil
microbes to prevent SOC decomposition (Yin et al., 2014;
Zwetsloot et al., 2018).

Additionally, plant-soil feedback processes can impact
ecosystem performance because primary metabolite exudation
processes are linked to plant nutrition strategies and have
substantial effects on SOM decomposition by soil microorganisms
(Canarini et al., 2019). Thus, a mechanistic understanding of the
function that roots exudation of metabolites and plant-microbe
interactions play in nutrient intake and plant community dynamics
is essential for developing more efficient root decomposition
dynamics in forest ecosystems.
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FIGURE 3

(A) Illustration root colonization structure of Ectomycorrhizal and Arbuscular mycorrhiza: While the Hartig net grows around epidermal cells (green),
the ectomycorrhizal fungus surrounds the root tip with a thick mantle of tightly packed hyphae. The root tip is often not colonised by arbuscular
mycorrhizas. A hyphopodium is produced on the root epidermis by the growth of hyphae from a spore. The formation of arbuscules, or tiny fungal
trees, inside inner cortical cells, is the result of intraradical colonisation, which takes place both intracellularly and intercellularly. (B) Diagram
showing the primary nutrient transfer pathways that take place during the EM and AM symbiosis.
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4.4.1 Saprophytic fungi in fine
root decomposition

Saprophytic fungi are a crucial component of soil ecosystems; as
the primary litter decomposers, they play a key role in nutrient
cycling and plant community health (Sudharsan et al., 2023). Roots
in forests are primarily decomposed by saprophytic fungi
(Purahong et al, 2016; Baldrian, 2017), some of which (i.e.,
primarily basidiomycetes) have genes encoding enzymes (Riley
et al., 2014), which can disrupt plant cell walls during the
decomposition of forest fine roots and subsequently affect organic
matter breakdown, C fixation, and N/P conversion.

Extracellular oxidative reductionase-laccase, a peroxidase is
actively secreted by WREF, allowing it to degrade L (Kellner et al,
2014). Manganese peroxidase (MnP) is the only peroxidase that
requires manganese (Mn2+) as a substrate; however, other
peroxidases, such as versatile peroxidase (VP), are also applicable.
Though Mn®" is oxidized, it is not required for enzymatic activity,
such as L peroxylase, and general oxidase. The function of additional
peroxidases is unknown, however, MnP, V), and LiPs are L
breakdown enzymes (Lundell et al, 2010; Hatakka and Hammel,
2011; Riley et al., 2014); the enzyme system responsible for breaking
down cellulose in decomposition is shared by Apiforma and WRE.
Soft rot fungi (SRF) don’t have LiPs, which helps break down L by
releasing laccase. BRF extracellular carboxyl radicals break down the
woody cell wall first, releasing small molecular weight oxidants
through a Fenton-type chemical reaction called ‘random attack’,
which breaks down substrates and speeds L breakdown (Leonhardt
et al,, 2019; Venkatesagowda, 2019).

During litter decomposition, WRF and BRF release many
organic acids to make an ideal environment for L decomposition
(Leonhardt et al, 2019). Copper-ion-dependent polysaccharide
monooxygenase can increase the ability of glycoside hydrolases to
break down cellulose by oxidative cleavage, increasing other
cellulases activities (Long et al., 2022).

5 Degradation patterns of biomass
materials in fine root

5.1 Cellulose and hemicellulose

In the forest subsurface, fungi play a crucial role in litter
decomposition. To prevent polysaccharides from being degraded
by microorganisms, deciduous cell walls are rich in cellulose and
hemicellulose (Liers et al., 2010), and only basidiomycetes and a few
ascomycetes fungi are capable of decomposing their cell wall
structure (Stokland et al, 2012) to separate organic materials.
Cellulose is a biopolymer polymer generated by 3 -1,4 glycosidic
linkages linked to glucose that is difficult to disintegrate
spontaneously (Klemm et al, 2005). To obtain the energy and
nutrients required for mycelium growth and respiratory
metabolism, saprophytic fungi ‘attack’ the cellulose microfibril
structure by releasing endoglucanase, which breaks down
particular macromolecules into small molecules and makes them
soluble substances (Edwards et al., 2008).
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The polymer known as hemicellulose is made up of xylan,
xylogcan, galactosylmannan, and other similar substances (Edwards
et al, 2008). Saprophytic fungi are most active in the early
decomposition of hemicellulose; xyloglucan decomposition requires
enzymes similar to cellulose cleavage activity, as well as xyloglucan-
specific endoglucanases and exoglucanases (Master et al., 2008);
Galactomannan is abundant in the cell wall of coniferous plants,
the skeleton of which consists of D-mannose residues linked by 3-1,4
bonds (Edwards et al., 2008). Fungi can also secrete endomannanase,
B-mannosinoside enzymes such as enzymes achieve complete
decomposition of them (Master et al., 2008).

5.2 Lignin

The secondary cell wall is coated with L, the second-most
ubiquitous biopolymer after cellulose, which gives the wall its
structural stability and hydrophobicity (Sreejaya et al, 2022).
Syringyl (S), vanillyl, guaiacyl (G), and p-hydroxyphenyl are the
three monomeric units making up L. Ls are rich in G-units that
form branching Ls, which are more resistant than linear S-rich Ls, and
the L matrix in plants is a function of the proportionate abundance of
monomers (Jiang et al., 2023). Degradation of L is considered a process
that varies among the three primary categories of decomposers, or
fungi that cause white rot, soft rot, and brown rot (Floudas, 2021).
Although organisms use a wide variety of enzyme pathways for L
breakdown, only a subset has been thoroughly characterized. Only the
WREF Phanerochaete chrysosporium currently has a well-described
mechanism for L breakdown (Pandharikar et al, 2022). Several
physiological phenomena, including synthesis of the ligninolytic
enzyme P. chrysosporium system, appear to be induced by N
deprivation (Reineke and Schlomann, 2023). Almost all WRF
produce MnP, which may lead to the formation of an ecological
niche based on Mn as a limiting nutrient (Baker et al,, 2019). Although
our understanding of P. chrysosporium’s ligninolytic system exceeds
that of most other white-rots, it appears that the systems are species-
specific (Hatalklka, 2001). In WRF Ganoderma lucidum generates MnP
in a medium containing poplar wood but not one containing pine
wood (D’souza et al., 1999).

Additionally, BRF can drastically alter the L molecule but
cannot fully mineralize substance; rather, they primarily degrade
the cellulose and hemicellulose components of wood (Devi et al.,
2023). Residual L after cellulose decomposition by BRF can resist
further breakdown, forming humus, and has been associated with
soil C pools, and play an important role in terrestrial C
sequestration (Bonner et al., 2019). WRF and BRF are thought
to have similar break-down methods. In both cases, it is important
for hydroxyl radicals to form and attack wood parts, a process
aided by high-oxygen tensions (Hatakka, 2001). Radicals
generated by BRF can remove methoxyl groups from L and
produce methanol, leaving primarily modified L as residues
(Venkatesagowda and Dekker, 2021). Brown-rotted Ls are
structurally different from the native version in that they have
more phenolic hydroxyl groups and fewer methoxyl groups (Wei
et al., 2023). Instead of breaking down L, SRF seek to soften wood
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by dissolving the cell walls central lamella. Ascomycetes and
deuteromycetes, which make up the majority of SRF, flourish in
wood with high moisture content (Philippe et al., 2022).

6 Analytical methods to study fine
root decomposition

Our current understanding of elemental fluxes through decaying
fine roots has been gleaned from the litterbag technique, which is by
far the most widely used method for monitoring fine-root decay
(Silver and Miya, 2001). However, whether fine roots are appropriate
for litterbags use has not been confirmed (Wu et al., 2022). Fine-root
decay rates recorded using litterbags appear to be too low to account
for fine-root turnover rates measured with minirhizotrons and other
in situ methods (Wu et al., 2022). The process of preparing litterbags
often includes removing roots from soil and rhizosphere communities,
washing and drying them, and frequently incorporating living root
material (Li et al., 2022a). It follows that the rates of mass loss and
nutrient turnover estimated from litterbag data may be inaccurate.

Additionally, in several significant aspects, the intact-core
technique differs from litterbag research. To begin, the initial
mass of roots that are included within each core is unknown.
This is due to the fact that cores are taken from field soils and are
preserved as whole units. Consequently mass loss estimates from
undamaged cores are derived from shifts in population means over
time, rather than from variations in individual samples, as is
possible with litterbags (Li et al, 2022a). Although fine roots
naturally senesce, the intact cores that contain both living and
dead roots represent the relative decomposition rates of freshly
removed live and dead roots (Li et al., 2022a).

Two novel ‘balanced hybrid® modeling methods may provide
better approach to determining how much fine root decomposition
takes place in forests. In this approach, minirhizotrons and sequential
soil coring procedures are used to determine how fine root dynamics
are affected by the absence of any soil modification. Insights into the
dynamic nature of fine root systems were gained through the use of
minirhizotrons to estimate fine root turnover and mortality rates. To
obtain a more complete picture of the distribution and makeup of fine
roots, sequential soil coring was also used to measure the standing
biomass and necromass of those roots. A mass balance model was
used to calculate the overall amount of fine root decomposition,
accounting for important factors like the fine root turnover rate,
mortality rate, observed fine root biomass, and necromass. This
method enabled a more complete assessment of belowground C
cycling and nutrient dynamics in the studied ecosystem by
integrating data from minirhizotrons and soil coring, providing a
more holistic understanding of fine root dynamics such as growth,
mortality, and decomposition (Kou et al., 2018; Li et al., 2020).

7 Future research perspectives

For hundreds of years, partial above ground litter has been the
research subject. In contrast, fine roots researches has a recent
history, and early studies tended to concentrate on fine root yield
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and growth distribution rather than their decomposition rate. To
fully appreciate the importance of forest ecosystems, we must
understand the function of fine roots in nutrient cycling, SOM
dynamics, and C sequestration (Wang et al., 2021b). For synthesis,
we must also collect extensive data on the variables that control fine
root breakdown at different scales. While many studies have
examined the role of biotic and abiotic factors in fine root
decomposition (Zhang et al., 2021), comparing their results is
challenging due to problems with inconsistent research methods
(Solly, 2015), like use of net bags with varying pore sizes (Table 3).
Few studies have addressed fine root decomposition around the
world (Freschet et al., 2021), though not nearly enough to construct
regional or global models and even less is known about how root
decomposition reacts to global change and anthropogenic activities
like forest conversion and forestry management.

There are differences in decomposition patterns and factors
controlling fine roots buried underground, despite the chemical
composition of fine roots being identical to that of aboveground
litter (Wang et al., 2021¢). This fact makes improves our ability to
study novel research methods and research directions of aboveground
litter decomposition. We submit that future studies should priorities
the following areas: 1) Investigating fine root decomposition in various
ecosystem types to reveal their dynamic changes and the factors
influencing their decomposition (Bonanomi et al, 2021); 2) Root
decomposition pattern under anthropogenic disturbances and global
climate changes and their effects on C sequestration (Panchal et al.,
2022); 3) Function of soil organisms in fine root decomposition, as
revealed by isotope tracking of fine root decomposition products and
the fine root portions consumed by soil microorganisms (Prescott and
Vesterdal, 2021); 4) Innovative techniques, such as solid-state 13C
nuclear magnetic resonance spectroscopy (13C-NMR spectroscopy),
to study fine root decomposition at the molecular level (Chu, 2020); 5)
Model development to characterize decomposition processes and
forecast decomposition rates based on suitable data sets, and 6)
Assess how the diverse community structure of saprophytic fungi
breaks down organic matter and recycles nutrients in the forest
ecosystem (Zhao et al., 2020). To these ends, the General Unified
Nametagging for Fungi (GUNGuild), GeoChip, Network, and other
technologies can be leveraged to investigate the ecological functions
and driving factors of microbial communities in forest ecosystems, as
well as nutritional strategies, functional selections, and interspecific
relations of saprophytic fungi.

8 Conclusions

Understanding how fine roots breakdown is important, toward
explaining both how C and nutrients cycle, and ecosystem health and
sustainable management practices as a whole. The quantities of C and
N that are recycled through the development of fine roots and their
subsequent decomposition is comparable to or even larger than, the
aboveground plants component. Decomposition rate is correlated with
the residence period of soil C and, consequently, fine root
decomposition is a significant contributor to the global C budget.
The production and death of fine roots, and the factors that affect them
are important for energy flow and nutrient cycling in forest
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TABLE 3 Advantages and Limitation of different root litter
decomposition methods.

Methods

Litterbags

Intact core

Mass
balance
model

Advantages

It is simple and
inexpensive to use, can
determine the
decomposition rate of
specific species, and
may be used for all
forest types.

Capable of preserving
the rhizosphere’s
integrity.

Fine root
decomposition can be
estimated in detail with
the help of the mass
balance model, which
takes into account
variables such as
turnover, mortality,
biomass, and
necromass. It compares
ecosystems and
treatment conditions
using long-term
breakdown trends and
quantitative
estimations. It provides
a more detailed view of
the process by factoring
in microbial activity,
ambient variables, and
root quality. This
adaptable model may
be used in a wide range
of environments to
better understand
ecological processes.

Limitation Reference

Decomposer (Bonanomi
et al., 2021; Li
et al,, 2022a)

community
composition,
substrate
unrepresentation,
and the living
root effect are
affected by the
experimental
duration, length,
and sampling
regime.

Limited to
monodominant

(Freschet
et al,, 2021; Li
plantation forests, et al., 2022a)
unrepresentative
substrates, altered
decomposer
community
composition, no
living roots, low
temporal
precision, and
labor-intensive.

A mass balance (Li and Lange,
2015; Li et al.,

2020)

model is intricate
and data-
intensive, needing
precise
measurements of
elements like
biomass and root
turnover. In
dynamic
ecosystems, it
may be
misleading to rely
on assumptions
like constant
turnover rates
and steady-state
conditions. For
successful
modeling,
especially in
remote or less-
researched
locations, precise
parameter data is
essential.

ecosystems. Yet they are still not well understood largely because the
methods used to study them are limited. It is also difficult to
summarize this complex process because the rate of fine root
decomposition is impacted by a wide variety of variables. Climate
(such as MAT, MAP, and altitude), substrate quality, microorganisms
(such as saprophytic fungus), and soil features are all important in
affecting the rates of litter decomposition. Researchers have yet to
establishe a system that simultaneously accounts for all these variables.
However, considering the increasing anthropogenic impacts on
biogeochemical cycles, research into fine root decomposition is
essential. This research examines the elements that contribute to fine
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root degradation, the degradation pattern of biomass materials, and the
techniques used to investigate fine root degradation. Knowledge from
this area of inquiry will help us plan for sustainable land use and
forestry, and will contribute to our environments long-term
productivity and wellness for coming generations.

Author contributions

SS: Conceptualization, Writing — original draft, Writing — review &
editing. LH: Writing - original draft. MK: Writing - original draft,
Writing - review & editing. HW: Writing — original draft, Writing -
review & editing. DH: Writing - original draft, Writing — review &
editing. XM: Writing — original draft, Writing — review & editing. TP:
Writing - original draft, Writing - review & editing. BL: Writing -
original draft, Writing - review & editing. MZ: Writing - original draft,
Writing - review & editing. QL: Writing - original draft, Writing -
review & editing. NS: Writing - original draft. RW: Writing — original
draft. MI: Writing - original draft. PZ: Conceptualization, Writing —
original draft, Writing — review & editing. HS: Conceptualization,
Supervision, Writing - original draft, Writing — review & editing.

Funding

This work was funded by the National Nature Science
Foundation of China (Grant No. 31972950) and the Heilongjiang
Touyan Innovation Team Program (Technology Development
Team for High-efficient Silviculture of Forest Resources).

Acknowledgments

The authors are grateful to the reviewers, Rishikesh Singh, Milan
Skalicky, and Mir Muhammad Nizamani, and an editor, Fahad Shafiq,
whose substantiative comments helped to polish the manuscript. We
are thankful to Nathan James Roberts, Feline Research Center of
National Forestry and Grassland Administration, College of Wildlife
and Protected Area, Northeast Forestry University, Harbin, 150040,
China, who participated in initial English editing and provided
comments on final manuscripts, which were helpful in polishing the
final manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fpls.2023.1277510
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Saha et al.

References

Abdul Rahman, N. S. N., Abdul Hamid, N. W, and Nadarajah, K. (2021). Effects of
abiotic stress on soil microbiome. Int. J. Mol. Sci. 22 (16), 9036. doi: 10.3390/
ijms22169036

Ahmed, M., Aslam, M. A, Fayyaz-Ul-Hassan,, Hayat, R., and Ahmad, S. (2022).
Nutrient dynamics and the role of modeling. Building Climate Resilience Agric. 297-316
doi: 10.1007/978-3-030-79408-8_19

Alon, M., Dovrat, G., Masci, T., and Sheffer, E. (2021). Soil nitrogen regulates
symbiotic nitrogen fixation in a legume shrub but does not accumulate under it.
Ecosphere. 12 (12), €03843. doi: 10.1002/ecs2.3843

Aponte, C., Garcia, L. V., and Maraon, T. (2012). Tree species effect on litter
decomposition and nutrient release in mediterranean oak forests changes over time.
Ecosystems 15, 1204-1218. doi: 10.1007/s10021-012-9577-4

Argiroff, W. A,, Zak, D. R,, Upchurch, R. A,, Salley, S. O., and Grandy, A. S. (2019).
Anthropogenic N deposition alters soil organic matter biochemistry and microbial
communities on decaying fine roots. Global Change Biol. 25 (12), 4369-4382. doi:
10.1111/gcb.14770

Austin, A. T., Yahdjian, L., Stark, J. M., Belnap, J., Porporato, A., Norton, U, et al.
(2004). Water pulses and biogeochemical cycles in arid and semiarid ecosystems.
Oecologia. 141, 221-235. doi: 10.1007/s00442-004-1519-1

Babur, E., and Dindarolu, T. (2020). Seasonal changes of soil organic carbon and
microbial biomass carbon in different forest ecosystems. Environmental factors affecting
human health, 1, 1-21.

Baker, P., Tiroumalechetty, A., and Mohan, R. (2019). “Fungal enzymes for
bioremediation of xenobiotic compounds,” in Recent advancement in white
biotechnology through fungi: volume 3: perspective for sustainable environments. Eds.
A. N. Yadav, S. Singh, S. Mishra and A. Gupta (Cham: Springer International
Publishing), 463-489.

Baldrian, P. (2017). Forest microbiome: diversity, complexity and dynamics. FEMS
Microbiol. Rev. 41 (2), 109-130. doi: 10.1093/femsre/fuw040

Baldrian, P., Lopez-Mondéjar, R., and Kohout, P. (2023). Forest microbiome and
global change. Nat. Rev. Microbiol. 1-15. doi: 10.1038/s41579-023-00876-4

Berg, B. (2014). Decomposition patterns for foliar litter-a theory for influencing
factors. Soil Biol. Biochem. 78, 222-232. doi: 10.1016/j.s0ilbio.2014.08.005

Berg, B., and Mcclaugherty, C. (2020). “Decomposition of root tips, fine roots, and
coarse roots,” in Plant litter: decomposition, humus formation, carbon sequestration
(Cham: Springer International Publishing), 189-208.

Bhattarai, K. P., Mandal, T. N., and Gautam, T. P. (2022). Fine root decomposition
and nutrient release in two tropical forests of Central Himalaya: a comparative and
factor controlling approach. Trop. Ecol. 63 (3), 440-452. doi: 10.1007/542965-022-
00231-3

Bonanomi, G., Idbella, M., Zotti, M., Santorufo, L., Motti, R., Maisto, G., et al. (2021).
Decomposition and temperature sensitivity of fine root and leaf litter of 43
mediterranean species. Plant Soil 464 (1-2), 453-465. doi: 10.1007/s11104-021-
04974-1

Bonato, A., Wirth, C,, Eisenhauer, N., and Hines, J. (2023). On the phenology of soil
organisms: Current knowledge and future steps. Ecol. Evol. 13 (4), €10022. doi: 10.1002/
ece3.10022

Bonfante, P., and Genre, A. (2010). Mechanisms underlying beneficial plant-fungus
interactions in mycorrhizal symbiosis. Nat. Commun. 1 (1), 48. doi: 10.1038/
ncomms1046

Bonner, M. T. L., Castro, D., Schneider, A. N., Sundstrom, G., Hurry, V., Street, N. R,,
et al. (2019). Why does nitrogen addition to forest soils inhibit decomposition. Soil Biol.
Biochem. 137, 107570. doi: 10.1016/j.s0ilbi0.2019.107570

Canarini, A., Kaiser, C., Merchant, A., Richter, A., and Wanek, W. (2019). Root
exudation of primary metabolites: mechanisms and their roles in plant responses to
environmental stimuli. Front. Plant Sci. 10, 157. doi: 10.3389/fpls.2019.00157

Chen, W., Koide, R. T, Adams, T. S., Deforest, J. L., Cheng, L., and Eissenstat, D. M.
(2016). Root morphology and mycorrhizal symbioses together shape nutrient foraging
strategies of temperate trees. Proc. Natl. Acad. Sci. United States America 113 (31), 8741.
doi: 10.1073/pnas.1601006113

Chen, W., Koide, R. T., and Eissenstat, D. M. (2018). Nutrient foraging by
mycorrhizas: From species functional traits to ecosystem processes. Funct. Ecol. 32
(4), 858-869. doi: 10.1111/1365-2435.13041

Cheng, T., Hussain, Z., Li, Y., Yao, C, Li, M., and Huang, Z. (2022). Fine root
densities of grasses and perennial sugarcane significantly reduce stream channel
erosion in southern China. J. Environ. Manage. 316, 115279. doi: 10.1016/
jjenvman.2022.115279

Chou, M.-Q,, Lin, W.-J,, Lin, C.-W., Wu, H.-H,, and Lin, H.-J. (2022). Allometric
equations may underestimate the contribution of fine roots to mangrove carbon
sequestration. Sci. Total Environ. 833, 155032. doi: 10.1016/j.scitotenv.2022.155032

Chu, W. (2020). Structural characterization of organic matter in oil shales using
multiple nuclear magnetic resonance spectroscopic techniques (Doctoral dissertation,
Old Dominion University. ProQuest Dissertations Publishing).

Frontiers in Plant Science

10.3389/fpls.2023.1277510

Cornejo, N. S., Becker, J. N., Hemp, A., and Hertel, D. (2023). Effects of land-use
change and disturbance on the fine root biomass, dynamics, morphology, and related C
and N fluxes to the soil of forest ecosystems at different elevations at Mt. Kilimanjaro
(Tanzania). Oecologia 201 (4), 1089-1107. doi: 10.1007/s00442-023-05353-6

Craig, M. E., Turner, B. L, Liang, C., Clay, K., Johnson, D. J., and Phillips, R. P.
(2018). Tree mycorrhizal type predicts within-site variability in the storage and
distribution of soil organic matter. Global Change Biol. 24 (8), 3317-3330. doi:
10.1111/gcb.14132

Da, L., Ruimei, C., Zuomin, S., and Weixia, W. (2017). Decomposition of leaves and
fine roots in three subtropical plantations in China affected by litter substrate quality
and soil microbial community. Forests 8 (11), 412-412. doi: 10.3390/f8110412

Dai, Z., Xiong, X., Zhu, H., Xu, H,, and Xu, J. (2021). Association of biochar
properties with changes in soil bacterial, fungal and fauna communities and nutrient
cycling processes. Biochar 3, 239-254. doi: 10.1007/s42773-021-00099-x

Devi, K. B., Malakar, R., Kumar, A., Sarma, N,, and Jha, D. K. (2023). “Chapter 17 -
Ecofriendly utilization of lignocellulosic wastes: mushroom cultivation and value
addition,” in Value-addition in agri-food industry waste through enzyme technology.
Eds. M. Kuddus and P. Ramteke (Academic Press), 237-254. doi: 10.1016/B978-0-323-
89928-4.00016-X

Dijkstra, F. A, Zhu, B., and Cheng, W. (2021). Root effects on soil organic carbon: a
double-edged sword. New Phytologist. 230 (1), 60-65. doi: 10.1111/nph.17082

Dong, L., Berg, B,, Sun, T., Wang, Z., and Han, X. (2020). Response of fine root
decomposition to different forms of N deposition in a temperate grassland. Soil Biol.
Biochem. 147, 107845. doi: 10.1016/j.s0ilbio.2020.107845

Dornbush, M. E,, Isenhart, T. M., and Raich, J. W. (2002). Quantifying fine-root
decomposition: An alternative to buried litterbags. Ecology 83 (11), 2985-2990. doi:
10.1890/0012-9658(2002)083[2985:QFRDAA]2.0.CO;2

D’souza, T. M., Merritt, C. S., and Reddy, C. A. (1999). Lignin-modifying enzymes of
the white rot basidiomycete Ganoderma lucidum. Appl. Environ. Microbiol. 65 (12),
5307-5313. doi: 10.1128/AEM.65.12.5307-5313.1999

Edwards, I. P.,, Upchurch, R. A,, and Zak, D. R. (2008). Isolation of fungal
cellobiohydrolase I genes from sporocarps and forest soils by PCR. Appl. Environ.
Microbiol. 74 (11), 3481-3489. doi: 10.1128/AEM.02893-07

Eissenstat, D. M., and Yanai, R. D. (2002). “Root life span, efficiency, and turnover,”
in Plant roots (CRC Press) 3, 221-238. doi: 10.1201/9780203909423.ch13

Esser, K, Liittge, U., Beyschlag, W., and Hellwig, F. (2012). “Genetics physiology
systematics ecology,” in Progress in botany, vol. 64. (Springer Science & Business
Media). doi: 10.1007/978-3-642-57203-6

Fanin, N., Maxwell, T. L., Altinalmazis-Kondylis, A., Bon, L., Meredieu, C., Jactel, H.,
etal. (2022a). Effects of mixing tree species and water availability on soil organic carbon
stocks are depth dependent in a temperate podzol. Eur. J. Soil Sci. 73 (1), e13133. doi:
10.1111/ejss.13133

Fanin, N., Mooshammer, M., Sauvadet, M., Meng, C., Alvarez, G., Bernard, L., et al.
(2022b). Soil enzymes in response to climate warming: Mechanisms and feedbacks.
Funct. Ecol. 36 (6), 1378-1395. doi: 10.1111/1365-2435.14027

Findlay, S. E. (2021). “Organic matter decomposition,” in Fundamentals of
ecosystem science (Elsevier, Academic Press), 81-102. doi: 10.1016/B978-0-12-
812762-9.00004-6

Finér, L., Zverev, V., Palviainen, M., Romanis, T., and Kozlov, M. V. (2019).
Variation in fine root biomass along a 1000 km long latitudinal climatic gradient in
mixed boreal forests of North-East Europe. For. Ecol. Manage. 432, 649-655. doi:
10.1016/j.foreco.2018.09.060

Finzi, A. C, Sinsabaugh, R. L., Long, T. M., and Osgood, M. P. (2006). Microbial
community responses to atmospheric carbon dioxide enrichment in a warm-temperate
forest. Ecosystems 9 (2), 215-226. doi: 10.1007/s10021-005-0078-6

Floudas, D. (2021). Evolution of lignin decomposition systems in fungi -
ScienceDirect. Adv. Botanical Res. 99, 37-76. doi: 10.1016/bs.abr.2021.05.003

Fornara, D. A, Flynn, D., and Caruso, T. (2020). Effects of nutrient fertilization on
root decomposition and carbon accumulation in intensively managed grassland soils.
Ecosphere 11 (4), €03103. doi: 10.1002/ecs2.3103

Freschet, G. T., Pages, L., Iversen, C., Comas, L., and Mccormack, M. L. (2021). A
starting guide to root ecology: strengthening ecological concepts and standardizing root
classification, sampling, processing and trait measurements. New Phytologist 232 (3),
973-1122. doi: 10.1111/nph.17572

Freschet, G. T., Valverde-Barrantes, O. J., Tucker, C. M., Craine, J. M., Mccormack,
M. L., Violle, C,, et al. (2017). Climate, soil and plant functional types as drivers of
global fine-root trait variation. J. Ecology. 105 (5), 1182-1196. doi: 10.1111/1365-
2745.12769

Fu, Y., Feng, F., Zhang, X., and Qi, D. (2021). Changes in fine root decomposition of
primary Pinus koraiensis forest after clear cutting and restoration succession into
secondary broad-leaved forest. Appl. Soil Ecol. 158, 103785. doi: 10.1016/
j.apsoil.2020.103785

frontiersin.org


https://doi.org/10.3390/ijms22169036
https://doi.org/10.3390/ijms22169036
https://doi.org/10.1007/978-3-030-79408-8_19
https://doi.org/10.1002/ecs2.3843
https://doi.org/10.1007/s10021-012-9577-4
https://doi.org/10.1111/gcb.14770
https://doi.org/10.1007/s00442-004-1519-1
https://doi.org/10.1093/femsre/fuw040
https://doi.org/10.1038/s41579-023-00876-4
https://doi.org/10.1016/j.soilbio.2014.08.005
https://doi.org/10.1007/s42965-022-00231-3
https://doi.org/10.1007/s42965-022-00231-3
https://doi.org/10.1007/s11104-021-04974-1
https://doi.org/10.1007/s11104-021-04974-1
https://doi.org/10.1002/ece3.10022
https://doi.org/10.1002/ece3.10022
https://doi.org/10.1038/ncomms1046
https://doi.org/10.1038/ncomms1046
https://doi.org/10.1016/j.soilbio.2019.107570
https://doi.org/10.3389/fpls.2019.00157
https://doi.org/10.1073/pnas.1601006113
https://doi.org/10.1111/1365-2435.13041
https://doi.org/10.1016/j.jenvman.2022.115279
https://doi.org/10.1016/j.jenvman.2022.115279
https://doi.org/10.1016/j.scitotenv.2022.155032
https://doi.org/10.1007/s00442-023-05353-6
https://doi.org/10.1111/gcb.14132
https://doi.org/10.3390/f8110412
https://doi.org/10.1007/s42773-021-00099-x
https://doi.org/10.1016/B978-0-323-89928-4.00016-X
https://doi.org/10.1016/B978-0-323-89928-4.00016-X
https://doi.org/10.1111/nph.17082
https://doi.org/10.1016/j.soilbio.2020.107845
https://doi.org/10.1890/0012-9658(2002)083[2985:QFRDAA]2.0.CO;2
https://doi.org/10.1128/AEM.65.12.5307-5313.1999
https://doi.org/10.1128/AEM.02893-07
https://doi.org/10.1201/9780203909423.ch13

https://doi.org/10.1007/978-3-642-57203-6
https://doi.org/10.1111/ejss.13133
https://doi.org/10.1111/1365-2435.14027
https://doi.org/10.1016/B978-0-12-812762-9.00004-6
https://doi.org/10.1016/B978-0-12-812762-9.00004-6
https://doi.org/10.1016/j.foreco.2018.09.060
https://doi.org/10.1007/s10021-005-0078-6
https://doi.org/10.1016/bs.abr.2021.05.003
https://doi.org/10.1002/ecs2.3103
https://doi.org/10.1111/nph.17572
https://doi.org/10.1111/1365-2745.12769
https://doi.org/10.1111/1365-2745.12769
https://doi.org/10.1016/j.apsoil.2020.103785
https://doi.org/10.1016/j.apsoil.2020.103785
https://doi.org/10.3389/fpls.2023.1277510
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Saha et al.

Fujimaki, R., Takeda, H., and Wiwatiwitaya, D. (2008). Fine root decomposition in
tropical dry evergreen and dry deciduous forests in Thailand. J. For. Res. 13 (6), 338-
346. doi: 10.1007/s10310-008-0087-3

Gao, G, Liu, Z, Wang, Y., Wang, S, Ju, C,, and Gu, J. (2021). Tamm review: Fine
root biomass in the organic (O) horizon in forest ecosystems: Global patterns and
controlling factors. For. Ecol. Manage. 491, 119208. doi: 10.1016/j.foreco.2021.119208

Geng, P., and Jin, G. (2022). Fine root morphology and chemical responses to N
addition depend on root function and soil depth in a Korean pine plantation in
Northeast China. For. Ecol. Manage. 520, 120407. doi: 10.1016/j.foreco.2022.120407

Gong, X. W., Guo, J. ], Jiang, D. M, Li, X. H., Scholz, F. G., Bucci, S. ., et al. (2020).
Contrasts in xylem hydraulics and water use underlie the sorting of different sand-
fixing shrub species to early and late stages of dune stabilization. For. Ecol. Manage.,
457, 117705. doi: 10.1016/j.foreco.2019.117705

Grabovich, M., Dubinina, G., Churikova, V., Churikov, S., and Korovina, T. (1995).
Mechanisms of synthesis and utilization of oxalate inclusions in the colorless sulfur
bacterium Macromonas bipunctata. Microbiol. (New York NY) 64 (5), 536-542.

Gray, L., and Kernaghan, G. (2020). Fungal succession during the decomposition of
ectomycorrhizal fine roots. Microbial Ecol. 79 (2), 271-284. doi: 10.1007/s00248-019-
01418-3

Gu, L.-C.,, and Wang, G.-L. (2017). Effects of N addition on carbohydrate contents in
different diameter fine roots of Pinus tabuliformis seedlings. Chin. J. Ecol. 36 (8), 2184.
doi: 10.13292/j.1000-4890.201708.033

Guerrero-Ramirez, N. R,, Craven, D., Messier, C., Potvin, C., Turner, B. L., and
Handa, L. T. (2016). Root quality and decomposition environment, but not tree species
richness, drive root decomposition in tropical forests. Plant Soil 404, 125-139. doi:
10.1007/s11104-016-2828-y

Gulati, S., and Kaur, J. (2023). Potential of decomposing leaf litter of Leucaena
leucocephala in influencing mycoflora of the soil and its role in increasing soil fertility.
Vegetos, 1-17. doi: 10.1007/s42535-023-00654-w

Guo, L., Deng, M., Yang, S., Liu, W., Wang, X, Wang, J., et al. (2021). The
coordination between leaf and fine root litter decomposition and the difference in
their controlling factors. Global Ecology and Biogeography 30, 2286-2296. doi: 10.1111/
geb.13384

Guo, D, Xia, M., Wei, X., Chang, W., Liu, Y., and Wang, Z. (2008). Anatomical traits
associated with absorption and mycorrhizal colonization are linked to root branch
order in twenty-three Chinese temperate tree species. New Phytol. 180 (3), 673-683.
doi: 10.1111/j.1469-8137.2008.02573.x

Han, S. H,, Kim, S., Chang, H., Kim, H.-J., Khamzina, A., and Son, Y. (2019). Soil
depth- and root diameter-related variations affect root decomposition in temperate
pine and oak forests. J. Plant Ecol. 12 (5), 871-881. doi: 10.1093/jpe/rtz023

Hatakka, A. (2001). “Biodegradation of lignin,” in humic substances and coal, vol. 1.,
129-180.

Hatakka, A., and Hammel, K. E. (2011). “Fungal biodegradation of lignocelluloses,”
in Industrial applications. Ed. M. Hofrichter (Berlin, Heidelberg: Springer Berlin
Heidelberg), 319-340.

Hawkins, H.-J., Cargill, R. I, Van Nuland, M. E., Hagen, S. C,, Field, K. J., Sheldrake,
M., et al. (2023). Mycorrhizal mycelium as a global carbon pool. Curr. Biol. 33 (11),
R560-R573. doi: 10.1016/j.cub.2023.02.027

Hayashi, R., Maie, N., Wagai, R, Hirano, Y., Matsuda, Y., Makita, N, et al. (2023).
An increase of fine-root biomass in nutrient-poor soils increases soil organic matter but
not soil cation exchange capacity. Plant and Soil. 482 (1-2), 89-110. doi: 10.1007/
511104-022-05675-z

He, L. X, Jia, Z. Q, Li, Q. X,, Feng, L. L., and Yang, K. Y. (2019). Fine-root
decomposition characteristics of four typical shrubs in sandy areas of an arid and
semiarid alpine region in western China. Ecol. Evol. 9 (9), 5407-5419. doi: 10.1002/
ece3.5133

Hemati, A., Nazari, M., Asgari Lajayer, B., Smith, D. L., and Astatkie, T. (2022).
Lignocellulosics in plant cell wall and their potential biological degradation. Folia
Microbiologica 67 (5), 671-681. doi: 10.1007/s12223-022-00974-5

Hermans, S. M., Buckley, H. L., Case, B. S., Curran-Cournane, F., Taylor, M., and
Lear, G. (2020). Using soil bacterial communities to predict physico-chemical variables
and soil quality. Microbiome 8, 1-13. doi: 10.1186/540168-020-00858-1

Herzog, C., Hartmann, M., Frey, B., Stierli, B., Rumpel, C., Buchmann, N, et al.
(2019). Microbial succession on decomposing root litter in a drought-prone Scots pine
forest. ISME J. 13 (9), 2346-2362. doi: 10.1038/s41396-019-0436-6

Hobbie, S. E. (2015). Plant species effects on nutrient cycling: revisiting litter
feedbacks. Trends Ecol. Evol. 30 (6), 357-363. doi: 10.1016/j.tree.2015.03.015

Hu, Q., Sheng, M., Bai, Y., Jie, Y., and Xiao, H. (2020). Response of C, N, and P
stoichiometry characteristics of Broussonetia papyrifera to altitude gradients and soil
nutrients in the karst rocky ecosystem, SW China. Plant Soil 14), 1-14. doi: 10.1007/
s11104-020-04742-7

Huang, C., Weishu, G., and Yong, P. (2022). Remote sensing and forest carbon
monitoring—a review of recent progress, challenges and opportunities. J. Geodesy
Geoinformation Sci. 5 (2), 124-147. doi: 10.11947/j.JGGS.2022.0212

Huang, L., Zhao, R,, Zhao, X,, Tian, Q., Yue, P, and Liu, F. (2023). Effects of stand
condition and root density on fine-root dynamics across root functional groups in a
subtropical montane forest. J. forestry Res. 34 (3), 665-675. doi: 10.1007/s11676-022-
01514-0

Frontiers in Plant Science

13

10.3389/fpls.2023.1277510

Islam, M. R, Singh, B., and Dijkstra, F. A. (2022). Stabilisation of soil organic matter:
Interactions between clay and microbes. Biogeochemistry 160 (2), 145-158. doi:
10.1007/s10533-022-00956-2

Jackson, R. B., Mooney, H. A., and Schulze, E.-D. (1997). A global budget for fine
root biomass, surface area, and nutrient contents. Proc. Natl. Acad. Sci. 94 (14), 7362—
7366. doi: 10.1073/pnas.94.14.7362

Jacobs, L. M., Sulman, B. N., Brzostek, E. R,, Feighery, J. J., and Phillips, R. P. (2018).
Interactions among decaying leaf litter, root litter and soil organic matter vary with
mycorrhizal type. J. Ecol. 106 (2), 502-513. doi: 10.1111/1365-2745.12921

Jarvi, M. P. B,, and Burton, A. J. (2020). Root respiration and biomass responses to
experimental soil warming vary with root diameter and soil depth. Plant Soil 451 (1a2),
435-446. doi: 10.1007/s11104-020-04540-1

Javed, A., Ali, E., Afzal, K. B., Osman, A., and Riaz, S. (2022). Soil fertility: Factors
affecting soil fertility, and biodiversity responsible for soil fertility. Int. J. Plant Anim.
Environ. Sci. 12 (1), 21-33. doi: 10.26502/ijpaes.202129

Jia, B., Jia, L., Mou, X. M., Chen, J., Li, F.-C., Ma, Q.-],, et al. (2022). Shrubification
decreases soil organic carbon mineralization and its temperature sensitivity in alpine
meadow soils. Soil Biol. Biochem. 168, 108651. doi: 10.1016/j.s0ilbio.2022.108651

Jiang, H., and Liang, Q. (2022). Effects of plant and tree roots decomposition on soil
nutrients in an abandoned pyrite mining area in China. Polish J. Environ. Stud. 31 (5).
doi: 10.15244/pjoes/150423

Jiang, L., Wang, C.-G., Chee, P. L., Qu, C,, Fok, A. Z, Yong, F. H,, et al. (2023).
Strategies for lignin depolymerization and reconstruction towards functional polymers.
Sustain. Energy Fuels 7 (13), 2953-2973. doi: 10.1039/D3SE00173C

Jing, H., Zhang, P., Li, J., Yao, X,, Liu, G., and Wang, G. (2019). Effect of nitrogen
addition on the decomposition and release of compounds from fine roots with different
diameters: the importance of initial substrate chemistry. Plant Soil 438 (1a2), 281-296.
doi: 10.1007/s11104-019-04017-w

Keiluweit, M., Bougoure, J. J., Nico, P. S., Pett-Ridge, J., Weber, P. K., and Kleber, M.
(2015). Mineral protection of soil carbon counteracted by root exudates. Nat. Climate
Change 5 (6), 588-595. doi: 10.1038/nclimate2580

Kellner, H., Luis, P., Pecyna, M. J., Barbi, F., Kapturska, D., Kriiger, D., et al. (2014).
Widespread occurrence of expressed fungal secretory peroxidases in forest soils. PloS
One 9 (4), €95557. doi: 10.1371/journal.pone.0095557

Klemm, D., Heublein, B., Fink, H. P., and Bohn, A. (2005). Cellulose: fascinating
biopolymer and sustainable raw material. Angewandte Chemie Int. Edition 44 (22),
3358-3393. doi: 10.1002/anie.200460587

Koide, R. T., Fernandez, C. W., and Peoples, M. S. (2011). Can ectomycorrhizal
colonization of Pinus resinosa roots affect their decomposition? New Phytol. 191 (2),
508-514. doi: 10.1111/j.1469-8137.2011.03694.x

Kou, L, Jiang, L., Fu, X,, Dai, X., Wang, H., and Li, S. (2018). Nitrogen deposition
increases root production and turnover but slows root decomposition in Pinus elliottii
plantations. New Phytol. 218 (4), 1450-1461. doi: 10.1111/nph.15066

Kowalska, A., Pawlewicz, A., Dusza, M., Jaskulak, M., and Grobelak, A. (2020).
Plant-soil interactions in soil organic carbon sequestration as a restoration tool -
ScienceDirect. Climate Change Soil Interact., 663-688. doi: 10.1016/B978-0-12-818032-
7.00023-0

Kvasko, O., Kolomiiets, Y., Buziashvili, A., and Yemets, A. (2022). Biotechnological
approaches to increase the bacterial and fungal disease resistance in potato. Open Agric.
J. 16 (1). doi: 10.2174/18743315-v16-e2210070

Lakshmi, G., Okafor, B. N., and Visconti, D. (2020). “Soil microarthropods and
nutrient cycling,” in Environment, climate, plant and vegetation growth. Eds. S. Fahad,
M. Hasanuzzaman, M. Alam, H. Ullah, M. Saeed, I. Ali Khan and M. Adnan (Cham:
Springer International Publishing), 453-472.

Leonhardt, S., Hoppe, B., Stengel, E., Noll, L., Moll, J., Bissler, C., et al. (2019).
Molecular fungal community and its decomposition activity in sapwood and
heartwood of 13 temperate European tree species. PloS One 14 (2), €0212120. doi:
10.1371/journal.pone.0212120

Li, Y., Gong, J., Zhang, Z., Shi, J., Zhang, W., and Song, L. (2022b). Grazing directly or
indirectly affect shoot and root litter decomposition in different decomposition stage by
changing soil properties. Catena 209, 105803. doi: 10.1016/j.catena.2021.105803

Li, M., Huang, C,, Yang, T., Drosos, M., and Hu, Z. (2019). Role of plant species and
soil phosphorus concentrations in determining phosphorus: nutrient stoichiometry in
leaves and fine roots. Plant Soil. 445, 231-242. doi: 10.1007/s11104-019-04288-3

Li, X, and Lange, H. (2015). A modified soil coring method for measuring fine root
production, mortality and decomposition in forests. Soil Biol. Biochem. 91, 192-199.
doi: 10.1016/j.s0ilbio.2015.08.015

Li, S., Liu, W. Y,, Li, D. W,, Li, Z. X, Song, L., Chen, K,, et al. (2014). Slower rates of
litter decomposition of dominant epiphytes in the canopy than on the forest floor in a
subtropical montane forest, southwest China. Soil Biol. Biochem. 70, 211-220. doi:
10.1016/j.s0ilbi0.2013.12.031

Li, X., Minick, K. J., Li, T., Williamson, J. C., Gavazzi, M., Mcnulty, S., et al. (2020).
An improved method for quantifying total fine root decomposition in plantation
forests combining measurements of soil coring and minirhizotrons with a mass balance
model. Tree Physiol. 40 (10), 1466-1473. doi: 10.1093/treephys/tpaa074

Li, Y., Wang, Z., and Sun, T. (2017). Response of fine root decomposition to long-
term nitrogen addition in the temperate forest. Bull. Botanical Res. 37 (6), 848-854. doi:
10.7525/j.issn.1673-5102.2017.06.007

frontiersin.org


https://doi.org/10.1007/s10310-008-0087-3
https://doi.org/10.1016/j.foreco.2021.119208
https://doi.org/10.1016/j.foreco.2022.120407
https://doi.org/10.1016/j.foreco.2019.117705
https://doi.org/10.1007/s00248-019-01418-3
https://doi.org/10.1007/s00248-019-01418-3
https://doi.org/10.13292/j.1000-4890.201708.033
https://doi.org/10.1007/s11104-016-2828-y
https://doi.org/10.1007/s42535-023-00654-w
https://doi.org/10.1111/geb.13384
https://doi.org/10.1111/geb.13384
https://doi.org/10.1111/j.1469-8137.2008.02573.x
https://doi.org/10.1093/jpe/rtz023
https://doi.org/10.1016/j.cub.2023.02.027
https://doi.org/10.1007/s11104-022-05675-z
https://doi.org/10.1007/s11104-022-05675-z
https://doi.org/10.1002/ece3.5133
https://doi.org/10.1002/ece3.5133
https://doi.org/10.1007/s12223-022-00974-5
https://doi.org/10.1186/s40168-020-00858-1
https://doi.org/10.1038/s41396-019-0436-6
https://doi.org/10.1016/j.tree.2015.03.015
https://doi.org/10.1007/s11104-020-04742-7
https://doi.org/10.1007/s11104-020-04742-7
https://doi.org/10.11947/j.JGGS.2022.0212
https://doi.org/10.1007/s11676-022-01514-0
https://doi.org/10.1007/s11676-022-01514-0
https://doi.org/10.1007/s10533-022-00956-2
https://doi.org/10.1073/pnas.94.14.7362
https://doi.org/10.1111/1365-2745.12921
https://doi.org/10.1007/s11104-020-04540-1
https://doi.org/10.26502/ijpaes.202129
https://doi.org/10.1016/j.soilbio.2022.108651
https://doi.org/10.15244/pjoes/150423
https://doi.org/10.1039/D3SE00173C
https://doi.org/10.1007/s11104-019-04017-w
https://doi.org/10.1038/nclimate2580
https://doi.org/10.1371/journal.pone.0095557
https://doi.org/10.1002/anie.200460587
https://doi.org/10.1111/j.1469-8137.2011.03694.x
https://doi.org/10.1111/nph.15066
https://doi.org/10.1016/B978-0-12-818032-7.00023-0
https://doi.org/10.1016/B978-0-12-818032-7.00023-0
https://doi.org/10.2174/18743315-v16-e2210070
https://doi.org/10.1371/journal.pone.0212120
https://doi.org/10.1016/j.catena.2021.105803
https://doi.org/10.1007/s11104-019-04288-3
https://doi.org/10.1016/j.soilbio.2015.08.015
https://doi.org/10.1016/j.soilbio.2013.12.031
https://doi.org/10.1093/treephys/tpaa074
https://doi.org/10.7525/j.issn.1673-5102.2017.06.007
https://doi.org/10.3389/fpls.2023.1277510
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Saha et al.

Li, X,, Zhang, C., Zhang, B., Wu, D,, Shi, Y., Zhang, W., et al. (2021). Canopy and
understory nitrogen addition have different effects on fine root dynamics in a temperate
forest: implications for soil carbon storage. New Phytol. 231 (4), 1377-1386. doi:
10.1111/nph.17460

Li, X, Zheng, X., Zhou, Q., Mcnulty, S., and King, J. S. (2022a). Measurements of fine
root decomposition rate: Method matters. Soil Biol. Biochem. 164, 108482. doi: 10.1016/
j.s0ilbio.2021.108482

Liers, C., Bobeth, C., Pecyna, M., Ullrich, R., and Hofrichter, M. (2010). DyP-like
peroxidases of the jelly fungus Auricularia auricula-judae oxidize nonphenolic lignin
model compounds and high-redox potential dyes. Appl. Microbiol. Biotechnol. 85 (6),
1869-1879. doi: 10.1007/s00253-009-2173-7

Lin, C,, Yang, Y., Guo, J., Chen, G., and Xie, J. (2011). Fine root decomposition of
evergreen broadleaved and coniferous tree species in mid-subtropical China:dynamics
of dry mass, nutrient and organic fractions. Plant Soil 338 (1-2), 311-327. doi: 10.1007/
s11104-010-0547-3

Liu, C., and Liao, W. (2022). Potassium signaling in plant abiotic responses:
Crosstalk with calcium and reactive oxygen species/reactive nitrogen species. Plant
Physiol. Biochem. 173-), 173. doi: 10.1016/j.plaphy.2022.01.016

Liu, X., Luo, Y., Cheng, L., Hu, H., Wang, Y., and Du, Z. (2021). Effect of root and
mycelia on fine root decomposition and release of carbon and nitrogen under
Artemisia halodendron in a semi-arid sandy grassland in China. Front. Plant Sci. 12,
698054. doi: 10.3389/fpls.2021.698054

Long, L., Hu, Y., Sun, F., Gao, W, Hao, Z., and Yin, H. (2022). Advances in lytic
polysaccharide monooxygenases with the cellulose-degrading auxiliary activity family 9
to facilitate cellulose degradation for biorefinery. Int. J. Biol. Macromolecules. 219 (68-
83). doi: 10.1016/j.ijbiomac.2022.07.240

Lull, C., Gil-Ortiz, R., Bautista, I., and Lidon, A. (2023). Seasonal variation and soil
texture-related thinning effects on soil microbial and enzymatic properties in a semi-
arid pine forest. Forests 14 (8), 1674. doi: 10.3390/f14081674

Lundell, T. K., Mkel, M. R, and Hildén, K. (2010). Lignin-modifying enzymes in
filamentous basidiomycetes — ecological, functional and phylogenetic review. J. Basic
Microbiol. 50 (1), 5-20. doi: 10.1002/jobm.200900338

Luo, Y., Ding, J., Zhao, X,, Li, Y., Lian, J., and Wang, T. (2020). Grazing exclusion
altered the effect of plant root diameter on decomposition rates in a semiarid grassland
ecosystem, northeastern China. Ecol. Res. 35 (2), 405-415. doi: 10.1111/1440-1703.12089

Luo, Y., Zhao, X,, Ding, J., and Wang, T. (2016). Vertical distribution of Artemisia
halodendron root system in relation to soil properties in Horgin Sandy Land, NE
China. Sci. Cold Arid Regions 8 (5), 411-418.

Master, E. R, Zheng, Y., Storms, R., Tsang, A., and Powlowski, J. (2008). A
xyloglucan-specific family 12 glycosyl hydrolase from Aspergillus Niger: recombinant
expression, purification and characterization. Biochem. J. 411 (1), 161-170. doi:
10.1042/BJ20070819

Mccormack, M. L., Dickie, I. A., Eissenstat, D. M., Fahey, T. J., Fernandez, C. W,
Guo, D, et al. (2015). Redefining fine roots improves understanding of below-ground
contributions to terrestrial biosphere processes. New Phytol. 207 (3), 505-518. doi:
10.1111/nph.13363

Meena, M., Yadav, G., Sonigra, P., Nagda, A., Mehta, T., Swapnil, P, et al. (2023).
Multifarious responses of forest soil microbial community toward climate change.
Microbial Ecol. 86 (1), 49-74. doi: 10.1007/500248-022-02051-3

Mehmood, I, Bari, A, Irshad, S., Khalid, F., Liaqat, S., Anjum, H., et al. (2020).
Carbon cycle in response to global warming. Environment climate Plant vegetation
Growth, 1-15. doi: 10.1007/978-3-030-49732-3_1

Morffi-Mestre, H., Angeles—Pérez, G., Powers, J. S., Andrade, J. L., Feldman, R. E.,
May-Pat, F., et al. (2023). Leaf litter decomposition rates: influence of successional age,
topography and microenvironment on six dominant tree species in a tropical dry forest.
Front. Forests Global Change 6, 1082233. doi: 10.3389/ffgc.2023.1082233

Nottingham, A. T., Bth, E., Reischke, S., Salinas, N., and Meir, P. (2019). Adaptation
of soil microbial growth to temperature: Using a tropical elevation gradient to predict
future changes. Global Change Biol. 25 (3), 827-838. doi: 10.1111/gcb.14502

Panchal, P., Preece, C., Pefiuelas, J., and Giri, J. (2022). Soil carbon sequestration by
root exudates. Trends Plant Sci. 27 (8), 749-757. doi: 10.1016/j.tplants.2022.04.009

Pandey, R,, Bargali, S. S., Bargali, K., Karki, H., Kumar, M., and Sahoo, U. (2023).
Fine root dynamics and associated nutrient flux in Sal dominated forest ecosystems of
Central Himalaya, India. Front. Forests Global Change 5, 1064502. doi: 10.3389/
ffgc.2022.1064502

Pandharikar, G., Claudien, K., Rose, C., Billet, D., Pollier, B., Deveau, A., et al. (2022).
Comparative Copper Resistance Strategies of Rhodonia placenta and Phanerochaete
chrysosporium in a Copper/Azole-Treated Wood Microcosm. J. Fungi 8 (7), 706. doi:
10.3390/j0f8070706

Peng, S., and Chen, H. Y. (2021). Global responses of fine root biomass and traits to
plant species mixtures in terrestrial ecosystems. Global Ecol. Biogeography 30 (1), 289-
304. doi: 10.1111/geb.13205

Philippe, M., Mcloughlin, S., Strullu-Derrien, C., Bamford, M., Kiel, S., Nel, A., et al.
(2022). Life in the woods: Taphonomic evolution of a diverse saproxylic community
within fossil woods from Upper Cretaceous submarine mass flow deposits (Mzamba
Formation, southeast Africa). Gondwana Res. 109, 113-133. doi: 10.1016/
.gr.2022.04.008

Frontiers in Plant Science

14

10.3389/fpls.2023.1277510

Phillips, C., Bloomberg, M., Marden, M., and Lambie, S. (2023). Tree root research in
New Zealand: a retrospective ‘review'with emphasis on soil reinforcement for soil
conservation and wind firmness. New Z. J. Forestry Sci. 53, 6. doi: 10.33494/
nzjfs532023x177x

Powers, J. S., Montgomery, R. A., Adair, E. C, Brearley, F. Q., Dewalt, S. J., Castanho,
C. T, etal. (2009). Decomposition in tropical forests: a pan-tropical study of the effects
of litter type, litter placement and mesofaunal exclusion across a precipitation gradient.
J. Ecol. 97 (4), 801-811. doi: 10.1111/j.1365-2745.2009.01515.x

Prescott, C. E., and Grayston, S. J. (2023). TAMM review: Continuous root forestry—
Living roots sustain the belowground ecosystem and soil carbon in managed forests.
For. Ecol. Manage. 532, 120848. doi: 10.1016/j.forec0.2023.120848

Prescott, C. E., and Vesterdal, L. (2021). Decomposition and transformations along
the continuum from litter to soil organic matter in forest soils. For. Ecol. Management.
498, 119522. doi: 10.1016/j.foreco.2021.119522

Pritsch, K., and Garbaye, J. (2011). Enzyme secretion by ECM fungi and exploitation
of mineral nutrients from soil organic matter. Ann. For. Sci. 68 (1), 25-32. doi: 10.1007/
513595-010-0004-8

Purahong, W., Wubet, T., Lentendu, G., Schloter, M., Pecyna, M. J., Kapturska, D.,
et al. (2016). Life in leaf litter: novel insights into community dynamics of bacteria and
fungi during litter decomposition. Mol. Ecology. 25 (16), 4059-4074. doi: 10.1111/
mec.13739

Rai, P. K. (2022). Environmental degradation by invasive alien plants in the
anthropocene: challenges and prospects for sustainable restoration. Anthropocene Sci.
1 (1), 5-28. doi: 10.1007/s44177-021-00004-y

Reineke, W., and Schlomann, M. (2023). “Microbial degradation of pollutants,” in
Environmental microbiology (Berlin, Heidelberg: Berlin Heidelberg), 161-290. doi:
10.1007/978-3-662-66547-3_6

Riley, R., Salamov, A. A., Brown, D. W., Nagy, L. G., Floudas, D., Held, B. W, et al.
(2014). Extensive sampling of basidiomycete genomes demonstrates inadequacy of the
white-rot/brown-rot paradigm for wood decay fungi. Proc. Natl. Acad. Sci. United
States America 111 (27), 9923-9928. doi: 10.1073/pnas.1400592111

Rodtassana, C., and Tanner, E. V. J. (2018). Litter removal in a tropical rain forest
reduces fine root biomass and production but litter addition has few effects. Ecology 99
(3), 735-742. doi: 10.1002/ecy.2143

Santos, F., and Herndon, E. (2023). Plant-soil relationships influence observed trends
between manganese and carbon across biomes. Global Biogeochemical Cycles 37 (1),
€2022GB007412. doi: 10.1029/2022GB007412

Sardar, M. F., Younas, F., Farooqi, Z. U. R,, and Li, Y. (2023). Soil nitrogen dynamics
in natural forest ecosystem: a review. Front. Forests Global Change 6, 1144930. doi:
10.3389/ffgc.2023.1144930

Schidler, M., Brandl, R., and Kempel, A. (2010). “Afterlife” effects of mycorrhization
on the decomposition of plant residues. Soil Biol. Biochem. 42 (3), 521-523. doi:
10.1016/j.50i1bi0.2009.11.031

See, C. R., Luke Mccormack, M., Hobbie, S. E., Flores-Moreno, H., Silver, W. L., and
Kennedy, P. G. (2019). Global patterns in fine root decomposition: climate, chemistry,
mycorrhizal association and woodiness. Ecol. Lett. 22 (6), 946-953. doi: 10.1111/ele.13248

Semeraro, S., Kipf, P., Le Bayon, R.-C,, and Rasmann, S. (2023). Solar radiation
explains litter degradation along alpine elevation gradients better than other climatic or
edaphic parameters. Front. Microbiol. 14. doi: 10.3389/fmicb.2023.1152187

Sihui, T., Xin, L., Baocheng, J., and Xuechun, Z. (2022). Contribution of fine roots to
soil organic carbon accumulation in different desert communities in the sangong river
basin. International Journal of Environmental Research and Public Health 19, 17, 10936.
doi: 10.3390/ijerph191710936

Silver, W. L., and Miya, R. K. (2001). Global patterns in root decomposition:
comparisons of climate and litter quality effects. Oecologia 129 (3), 407-419. doi:
10.1007/5004420100740

Solly, E. F. (2015). No depth-dependence of fine root litter decomposition in
temperate beech forest soils. Plant Soil 393 (1-2), 273-282. doi: 10.1007/s11104-015-
2492-7

Solly, E. F., Schoning, L, Boch, S., Kandeler, E., Marhan, S., Michalzik, B., et al.
(2014). Factors controlling decomposition rates of fine root litter in temperate forests
and grasslands. Plant Soil 382, 203-218. doi: 10.1007/s11104-014-2151-4

Sponseller, R. A. (2007). Precipitation pulses and soil CO2 flux in a Sonoran Desert
ecosystem. Global Change Biol. 13 (2), 426-436. doi: 10.1111/j.1365-2486.2006.01307.x

Sreejaya, M. M., Sankar, R. J., Ramanunni, K., Pillai, N. P., Ramkumar, K., Anuvinda,
P., et al. (2022). Lignin-based organic coatings and their applications: A review.
Materials Today: Proceedings 60, 494-501. doi: 10.1016/j.matpr.2022.01.325

Stokland, J. N, Siitonen, J., and Jonsson, B. G. (2012). Biodiversity in Dead Wood

(Ecology, Biodiversity and Conservation) (Cambridge: Cambridge university press). doi:
10.1017/CB0O9781139025843

Sudharsan, M. S., Rajagopal, K., and Banu, N. (2023). “An insight into fungi in forest
ecosystems,” in Plant mycobiome: diversity, interactions and uses (Cham: Springer
International Publishing), 291-318. doi: 10.1007/978-3-031-28307-9_12

Sullivan, M. B., Cavicchioli, R., Timmis, K. N., Bakken, L. R., Baylis, M., Boetius, A.,
etal. (2019). Scientists’ warning to humanity: microorganisms and climate change. Nat.
Rev. Microbiol. 17 (9), 569-586. doi: 10.1038/s41579-019-0222-5

frontiersin.org


https://doi.org/10.1111/nph.17460
https://doi.org/10.1016/j.soilbio.2021.108482
https://doi.org/10.1016/j.soilbio.2021.108482
https://doi.org/10.1007/s00253-009-2173-7
https://doi.org/10.1007/s11104-010-0547-3
https://doi.org/10.1007/s11104-010-0547-3
https://doi.org/10.1016/j.plaphy.2022.01.016
https://doi.org/10.3389/fpls.2021.698054
https://doi.org/10.1016/j.ijbiomac.2022.07.240
https://doi.org/10.3390/f14081674
https://doi.org/10.1002/jobm.200900338
https://doi.org/10.1111/1440-1703.12089
https://doi.org/10.1042/BJ20070819
https://doi.org/10.1111/nph.13363
https://doi.org/10.1007/s00248-022-02051-3
https://doi.org/10.1007/978-3-030-49732-3_1
https://doi.org/10.3389/ffgc.2023.1082233
https://doi.org/10.1111/gcb.14502
https://doi.org/10.1016/j.tplants.2022.04.009
https://doi.org/10.3389/ffgc.2022.1064502
https://doi.org/10.3389/ffgc.2022.1064502
https://doi.org/10.3390/jof8070706
https://doi.org/10.1111/geb.13205
https://doi.org/10.1016/j.gr.2022.04.008
https://doi.org/10.1016/j.gr.2022.04.008
https://doi.org/10.33494/nzjfs532023x177x
https://doi.org/10.33494/nzjfs532023x177x
https://doi.org/10.1111/j.1365-2745.2009.01515.x
https://doi.org/10.1016/j.foreco.2023.120848
https://doi.org/10.1016/j.foreco.2021.119522
https://doi.org/10.1007/s13595-010-0004-8
https://doi.org/10.1007/s13595-010-0004-8
https://doi.org/10.1111/mec.13739
https://doi.org/10.1111/mec.13739
https://doi.org/10.1007/s44177-021-00004-y
https://doi.org/10.1007/978-3-662-66547-3_6
https://doi.org/10.1073/pnas.1400592111
https://doi.org/10.1002/ecy.2143
https://doi.org/10.1029/2022GB007412
https://doi.org/10.3389/ffgc.2023.1144930
https://doi.org/10.1016/j.soilbio.2009.11.031
https://doi.org/10.1111/ele.13248
https://doi.org/10.3389/fmicb.2023.1152187
https://doi.org/10.3390/ijerph191710936
https://doi.org/10.1007/s004420100740
https://doi.org/10.1007/s11104-015-2492-7
https://doi.org/10.1007/s11104-015-2492-7
https://doi.org/10.1007/s11104-014-2151-4
https://doi.org/10.1111/j.1365-2486.2006.01307.x
https://doi.org/10.1016/j.matpr.2022.01.325
https://doi.org/10.1017/CBO9781139025843
https://doi.org/10.1007/978-3-031-28307-9_12
https://doi.org/10.1038/s41579-019-0222-5
https://doi.org/10.3389/fpls.2023.1277510
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Saha et al.

Sun, L., Ataka, M., Han, M., Han, Y., Gan, D., Xu, T., et al. (2021). Root exudation as
a major competitive fine-root functional trait of 18 coexisting species in a subtropical
forest. New Phytol. 229 (1), 259-271. doi: 10.1111/nph.16865

Sun, T., Dong, L., and Mao, Z. (2015). Simulated atmospheric nitrogen deposition
alters decomposition of ephemeral roots. Ecosystems 18, 1240-1252. doi: 10.1007/
510021-015-9895-4

Sun, T., Dong, L., Zhang, L., Wu, Z., Wang, Q., Li, Y., et al. (2016). Early stage fine-
root decomposition and its relationship with root order and soil depth in a Larix
gmelinii plantation. Forests 7 (10), 234. doi: 10.3390/f7100234

Tanikawa, T., Maie, N., Fujii, S., Sun, L., Hirano, Y., Mizoguchi, T., et al. (2023).
Contrasting patterns of nitrogen release from fine roots and leaves driven by microbial
communities during decomposition. Sci. Total Environ. 855, 158809. doi: 10.1016/
j.scitotenv.2022.158809

Tedersoo, L., Bahram, M., and Zobel, M. (2020). How mycorrhizal associations drive
plant population and community biology. Science 367 (6480), eabal223. doi: 10.1126/
science.abal223

Theradimani, M., and Ramamoorthy, V. (2022). “Advances in microbial
management of soil,” in Biological approaches to controlling pollutants (Elsevier:
Woodhead Publishing), 15-27. doi: 10.1016/B978-0-12-824316-9.00018-5

Titus, B. D., and Malcolm, D. C. (1987). The effect of fertilization on litter decomposition
in clearfelled spruce stands. Plant Soil 100 (1), 297-322. doi: 10.1007/BF02370947

Urcelay, C., Vaieretti, M. V., Perez, M., and Diaz, S. (2011). Effects of arbuscular
mycorrhizal colonisation on shoot and root decomposition of different plant species and
species mixtures. Soil Biol. Biochem. 43 (2), 466-468. doi: 10.1016/j.s0ilbi0.2010.11.006

Venkatesagowda, B. (2019). Enzymatic demethylation of lignin for potential
biobased polymer applications. Fungal Biol. Rev. 33 (3-4), 190-224. doi: 10.1016/
j.fbr.2019.06.002

Venkatesagowda, B., and Dekker, R. F. H. (2021). Microbial demethylation of lignin:
Evidence of enzymes participating in the removal of methyl/methoxyl groups. Enzyme
Microbial Technol. 147, 109780. doi: 10.1016/j.enzmictec.2021.109780

Wahid, F., Sharif, M., Ali, A., Fahad, S., Adnan, M., Noor, M., et al. (2020). Plant-
microbes interactions and functions in changing climate. Environment climate Plant
vegetation Growth, 397-419. doi: 10.1007/978-3-030-49732-3_16

‘Wambsganss, J., Freschet, G. T., Beyer, F., Bauhus, J., and Scherer-Lorenzen, M. (2021). Tree
diversity, initial litter quality, and site conditions drive early-stage fine-root decomposition in
european forests. Ecosystems. 25 (7), 1493-1509. doi: 10.1007/s10021-021-00728-3

Wang, X, Dai, W, Filley, T. R,, Wang, C,, and Bai, E. (2021c). Aboveground litter addition
for five years changes the chemical composition of soil organic matter in a temperate
deciduous forest. Soil Biol. Biochem. 161, 108381. doi: 10.1016/j.s0ilbio.2021.108381

Wang, J., Defrenne, C., Mccormack, M. L., Yang, L., Tian, D., Luo, Y., et al. (2021a).
Fine-root functional trait responses to experimental warming: a global meta-analysis.
New Phytologist. 230 (5), 1856-1867. doi: 10.1111/nph.17279

Wang, P., Huang, K., and Hu, S. (2020b). Distinct fine-root responses to
precipitation changes in herbaceous and woody plants: a meta-analysis. New Phytol.
225 (4), 1491-1499 doi: 10.1111/nph.16266

Wang, N., Wang, C., and Quan, X. (2020a). Variations in fine root dynamics and
turnover rates in five forest types in northeastern China. J. forestry Res. 31 (3), 871-884.
doi: 10.1007/s11676-019-01065-x

Wang, Q., Zhang, Z., Guo, W., Zhu, X,, Xiao, J., Liu, Q,, et al. (2021b). Absorptive and
transport roots differ in terms of their impacts on rhizosphere soil carbon storage and
stability in alpine forests. Soil Biol. Biochem. 161, 108379. doi: 10.1016/j.s0ilbio.2021.108379

Wang, W., Zhang, X., Tao, N., Ao, D., and Zeng, H. (2014). Effects of litter types,
microsite and root diameters on litter decomposition in Pinus sylvestris plantations of
northern China. Plant Soil 374 (1-2), 677-688. doi: 10.1007/s11104-013-1902-y

Waring, B. G., Sulman, B. N,, Reed, S., Smith, A. P., Averill, C,, Creamer, C. A,, et al.
(2020). From pools to flow: The PROMISE framework for new insights on soil carbon
cycling in a changing world. Global Change Biol. 26 (12), 6631-6643. doi: 10.1111/gcb.15365

Weemstra, M., Sterck, F. J., Visser, E. J. W., Kuyper, T. W., Goudzwaard, L., and Mommer,
L. (2017). Fine-root trait plasticity of beech (Fagus sylvatica) and spruce (Picea abies) forests
on two contrasting soils. Plant Soil. 415, 175-188. doi: 10.1007/s11104-016-3148-y

Wei, L., Hao, S., Guanhua, W., Wenjie, S., Lin, D., and Chuanling, S. (2023). Lignin as
a green and multifunctional alternative of phenol for resin synthesis. Green Chem. 25,
2241-2261. doi: 10.1039/D2GC04319]

Wendel, A. S., Bauke, S. L., Amelung, W., and Knief, C. (2022). Root-rhizosphere-soil
interactions in biopores. Plant Soil 475 (1-2), 253-277. doi: 10.1007/s11104-022-05406-4

Wu, S, Fu, W,, Rillig, M. C,, Chen, B., Zhu, Y. G., and Huang, L. (2023). Soil organic
matter dynamics mediated by arbuscular mycorrhizal fungi-an updated conceptual
framework. New Phytologist. doi: 10.1111/nph.19178

Wu, Y., Zhang, M., Cheng, Z., Wang, F., and Cui, X. (2022). Root-order-associated
variations in fine-root decomposition and their effects on soil in a subtropical evergreen
forest. Ecol. Processes 11 (1), 48. doi: 10.1186/s13717-022-00393-x

Frontiers in Plant Science

15

10.3389/fpls.2023.1277510

Xu, M., Wu, S,, Jiang, Z., Xu, L., and He, N. (2020). Effect of pulse precipitation on
soil CO2 release in different grassland types on the Tibetan Plateau. Eur. J. Soil Biol.
101, 103250. doi: 10.1016/j.ejs0bi.2020.103250

Yan, L., Chen, W., Wang, C,, Liu, S., Liu, C,, Yu, L, et al. (2022). Tetracycline removal
in granulation: Influence of extracellular polymers substances, structure, and metabolic
function of microbial community. Chemosphere 288, 132510. doi: 10.1016/
j.chemosphere.2021.132510

Yan, Z,, Qi, Y., Peng, Q., Dong, Y., Guo, S., He, Y., et al. (2017). Effects of increased
precipitation and nitrogen deposition on soil enzyme activities. Acta Ecologica Sin. 37,
3019-3027.

Yan, G, Xhou, M., Wang, M., Han, S., Liu, G., Zhang, X,, et al. (2019). Nitrogen
deposition and decreased precipitation altered nutrient foraging strategies of three
temperate trees by affecting root and mycorrhizal traits. Catena: Interdiscip. J. Soil Sci.
Hydrology-Geomorphology Focusing Geoecology Landscape Evol. 181, 104094. doi:
10.1016/j.catena.2019.104094

Yin, H., Wheeler, E., and Phillips, R. P. (2014). Root-induced changes in nutrient
cycling in forests depend on exudation rates. Soil Biol. Biochem. 78 (78), 213-221. doi:
10.1016/j.s0ilbio.2014.07.022

Yuan, Z. Y., and Chen, H. (2010). Fine root biomass, production, turnover rates, and
nutrient contents in boreal forest ecosystems in relation to species, climate, fertility, and
stand age: literature review and meta-analyses. Crit. Rev. Plant Sci. 29 (4), 204-221. doi:
10.1080/07352689.2010.483579

Zhai, Z., Fang, Y., Cheng, J., Tian, Y., Liu, L., and Cao, X. (2023). Intrinsic
morphology and spatial distribution of non-structural carbohydrates contribute to
drought resistance of two mulberry cultivars. Plant Biol. doi: 10.1111/plb.13533

Zhang, Y., Li, C., and Wang, M. (2019b). Linkages of C: N: P stoichiometry between
soil and leaf and their response to climatic factors along altitudinal gradients. J. Soils
Sediments. 19, 1820-1829. doi: 10.1007/s11368-018-2173-2

Zhang, H. Y., Lii, X.-T., Hartmann, H., Keller, A., Han, X. G., Trumbore, S., et al. (2018a).
Foliar nutrient resorption differs between arbuscular mycorrhizal and ectomycorrhizal trees
atlocal and global scales. Global Ecol. Biogeography 27 (7), 875-885. doi: 10.1111/geb.12738

Zhang, X., and Wang, W. (2015). The decomposition of fine and coarse roots: their
global patterns and controlling factors. Sci. Rep. 5 (1), 9940. doi: 10.1038/srep09940

Zhang, X., Wang, B., and Liu, Z. (2019a). Mutual effects between Pinus armandii and
broadleaf litter during mixed decomposition. History. 88 (3), 3629. doi: 10.5586/asbp.3629

Zhang, Y., Xiao, L., Guan, D., Chen, Y., Motelica-Heino, M., Peng, Y., et al. (2021).
The role of mangrove fine root production and decomposition on soil organic carbon
component ratios. Ecol. Indic. 125, 107525. doi: 10.1016/j.ecolind.2021.107525

Zhang, Z., Xiao, J., Yuan, Y., Zhao, C.,, and Yin, H. (2018b). Mycelium- and root-
derived C inputs differ in their impacts on soil organic C pools and decomposition in
forests. Soil Biol. Biochem. 123, 257-265. doi: 10.1016/j.s0ilbio.2018.05.015

Zhao, P. S, Guo, M. S, Gao, G. L, Zhang, Y., Ding, G. D., Ren, Y., et al. (2020).
Community structure and functional group of root-associated Fungi of Pinus sylvestris
var. mongolica across stand ages in the Mu Us Desert. Ecol. Evolution. 10 (6), 3032—
3042. doi: 10.1002/ece3.6119

Zhao, M., Luo, Y., Chen, Y., Shen, H., and Hu, H. (2021b). Varied nitrogen versus
phosphorus scaling exponents among shrub organs across eastern China. Ecol. Indic.
121 (1), 107024. doi: 10.1016/j.ecolind.2020.107024

Zhao, X,, Tian, Q., Michelsen, A., Lin, Q., Zhao, R., Yuan, X,, et al. (2023b). The
effects of mycorrhizal associations on fine root decomposition in temperate and (sub)
tropical forests. Plant Soil, 1-12. doi: 10.1007/s11104-023-05925-8

Zhao, B., Xing, P., and Wu, Q. L. (2021a). Interactions between bacteria and fungi in
macrophyte leaf litter decomposition. Environ. Microbiol. 23 (2), 1130-1144. doi:
10.1111/1462-2920.15261

Zhao, R., Zhu, Y., Mao, Z., Gu, W, Zhang, H., Long, F., et al. (2023a). Predicting fine
root decomposition from functional traits in 10 temperate tree species. Forests 14 (2),
372. doi: 10.3390/f14020372

Zhaoxia, J., Hongfeng, B, Li, X., Mingxu, L., and Nianpeng, H. (2021). Effects of
pulse precipitation on soil organic matter mineralization in forests: spatial variation
and controlling factors. J. Plant Ecology. 14 (5), 970-980. doi: 10.1093/jpe/rtab057

Zhou, S., Butenschoen, O., Barantal, S., Handa, I. T., Makkonen, M., Vos, V., et al.
(2020). Decomposition of leaf litter mixtures across biomes: The role of litter identity,
diversity and soil fauna. J. Ecol. 6), 108. doi: 10.1111/1365-2745.13452

Zhu, H., Zhao, J., and Gong, L. (2021). The morphological and chemical properties of
fine roots respond to nitrogen addition in a temperate Schrenk’s spruce (Picea
schrenkiana) forest. Sci. Rep. 11 (1), 3839. doi: 10.1038/s41598-021-83151-x

Zwetsloot, M. J., Kessler, A., and Bauerle, T. L. (2018). Phenolic root exudate and
tissue compounds vary widely among temperate forest tree species and have
contrasting effects on soil microbial respiration. New Phytol 218 (2), 530-541. doi:
10.1111/nph.15041

frontiersin.org


https://doi.org/10.1111/nph.16865
https://doi.org/10.1007/s10021-015-9895-4
https://doi.org/10.1007/s10021-015-9895-4
https://doi.org/10.3390/f7100234
https://doi.org/10.1016/j.scitotenv.2022.158809
https://doi.org/10.1016/j.scitotenv.2022.158809
https://doi.org/10.1126/science.aba1223
https://doi.org/10.1126/science.aba1223
https://doi.org/10.1016/B978-0-12-824316-9.00018-5
https://doi.org/10.1007/BF02370947
https://doi.org/10.1016/j.soilbio.2010.11.006
https://doi.org/10.1016/j.fbr.2019.06.002
https://doi.org/10.1016/j.fbr.2019.06.002
https://doi.org/10.1016/j.enzmictec.2021.109780
https://doi.org/10.1007/978-3-030-49732-3_16
https://doi.org/10.1007/s10021-021-00728-3
https://doi.org/10.1016/j.soilbio.2021.108381
https://doi.org/10.1111/nph.17279
https://doi.org/10.1111/nph.16266
https://doi.org/10.1007/s11676-019-01065-x
https://doi.org/10.1016/j.soilbio.2021.108379
https://doi.org/10.1007/s11104-013-1902-y
https://doi.org/10.1111/gcb.15365
https://doi.org/10.1007/s11104-016-3148-y
https://doi.org/10.1039/D2GC04319J
https://doi.org/10.1007/s11104-022-05406-4
https://doi.org/10.1111/nph.19178
https://doi.org/10.1186/s13717-022-00393-x
https://doi.org/10.1016/j.ejsobi.2020.103250
https://doi.org/10.1016/j.chemosphere.2021.132510
https://doi.org/10.1016/j.chemosphere.2021.132510
https://doi.org/10.1016/j.catena.2019.104094
https://doi.org/10.1016/j.soilbio.2014.07.022
https://doi.org/10.1080/07352689.2010.483579
https://doi.org/10.1111/plb.13533
https://doi.org/10.1007/s11368-018-2173-2
https://doi.org/10.1111/geb.12738
https://doi.org/10.1038/srep09940
https://doi.org/10.5586/asbp.3629
https://doi.org/10.1016/j.ecolind.2021.107525
https://doi.org/10.1016/j.soilbio.2018.05.015
https://doi.org/10.1002/ece3.6119
https://doi.org/10.1016/j.ecolind.2020.107024
https://doi.org/10.1007/s11104-023-05925-8
https://doi.org/10.1111/1462-2920.15261
https://doi.org/10.3390/f14020372
https://doi.org/10.1093/jpe/rtab057
https://doi.org/10.1111/1365-2745.13452
https://doi.org/10.1038/s41598-021-83151-x
https://doi.org/10.1111/nph.15041
https://doi.org/10.3389/fpls.2023.1277510
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Fine root decomposition in forest ecosystems: an ecological perspective
	1 Introduction
	2 Fine roots
	3 Fine root decomposition
	4 Factors affecting fine root decomposition
	4.1 Climatic factors
	4.2 Substrate quality
	4.3 Roles of soil properties
	4.4 Mycorrhizal association
	4.4.1 Saprophytic fungi in fine root decomposition


	5 Degradation patterns of biomass materials in fine root
	5.1 Cellulose and hemicellulose
	5.2 Lignin

	6 Analytical methods to study fine root decomposition
	7 Future research perspectives
	8 Conclusions
	Author contributions
	Funding
	Acknowledgments
	References


