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Root carbon (C) exudation plays a central role in nutrient acquisition, microbially mediated organic matter decomposition and many other critical
ecosystem processes. While it is well known that roots respond strongly to belowground resources, we have a limited quantitative understanding
about C allocation to exudates and its fate in soil under changing water availability. This review synthesizes the importance of exudate C fluxes,
summarizes studies quantifying mass-specific exudation rate (SER), total exudation rate (TER) and root exudate fraction (REF; the proportion
of TER in a plant’s C allocation), examines drought effects and highlights key research priorities to advance the understanding of C allocation
to exudates in forest ecosystems. On average, SER is often <1 mg C gqry oot | day~!, TER is 3.8 Pg C year~! and REF varies between 1
and 17% of net primary production. Spatiotemporal variations in exudation, including seasonal and daily patterns and subsoil exudation, remain
critical knowledge gaps. We show that many studies report a 1.2- to 11-fold increase in SER and REF in response to drought. However, TER
often remains unchanged, suggesting that absolute exudate C inputs to the soil may stay constant under drought conditions. Disentangling the
individual impacts of soil and air drought as well as drought legacy impacts on ecosystem C dynamics are overlooked aspects. By estimating
the differences in rhizosphere formation and exudation across various forest biomes, we find that exudate-affected soil volumes are highest in
tropical forests and lowest in boreal forests. While current research emphasizes significant C allocation from the canopy to soil via exudates,
understanding exudation dynamics and biome-specific responses to drought by using standardized protocols is essential. Expanding these
insights is critical for comprehending the role of root exudates in soil organic matter formation, ecosystem resilience and adaptation to climate
change.

Keywords: climate change, drought legacy, forest, plant—soil interaction, rhizodeposition, soil organic matter formation.

Introduction

Nearly half of the world’s terrestrial carbon (C) is stored in
forests, making them an essential ecosystem for providing
services like climate change mitigation (Bonan 2008, Pan et al.
2011). Most C in forests resides belowground, with soils

and the conversion of C into persistent SOM, as well as their
sensitivities to global environmental change.

An important but understudied part of the forest C cycle
is root exudation. Root exudation is the process by which
soluble low-molecular-weight C compounds released by living

storing more C globally than the vegetation and atmosphere
combined (Friedlingstein et al. 2023). Photosynthetically fixed
C enters the soil through aboveground litter and inputs from
living and dead roots. Such inputs from plants form soil
organic matter (SOM), which either persists in soil or is
metabolized by soil microbes and returned to the atmosphere
as CO;. Given the importance of the feedback by the forest
C cycle to global climate, there is a need to quantify and
better understand the mechanisms driving plant C allocation

roots are deposited into the rhizosphere (Oburger and Jones
2018). By building a dynamic exchange process between
the atmosphere, hydrosphere, biosphere and lithosphere, C
allocation to exudates has emerged as a crucial nexus for
ecosystem C dynamics (Hagedorn et al. 2016, Vetterlein et al.
2020, Mueller et al. 2024). Recent photoassimilates can be
rapidly allocated belowground within a few days (Hogberg
et al. 2008, Gorka et al. 2019, Hikino et al. 2022), where
they influence C cycling in various ways once released as root
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exudates. Exudates drive physicochemical and biochemical
processes, serve as signaling compounds that mediate bio-
logical interactions (Oburger and Jones 2018) and regulate
ecosystem functioning across scales, from the molecular level
to the entire ecosystem (Bais et al. 2006, Jones et al. 2009).
Given that root exudates are believed to be controlled by
rates of C assimilation, genetic variability and source-sink
relations in plants, it stands to reason that exudation rates
would be affected strongly by factors that influence whole-
plant C dynamics, including plant stressors such as drought.
Forest ecosystems typically experience decreases in photosyn-
thesis in drier periods (Ciais et al. 2005, Rennenberg et al.
2006, Gampe et al. 2021, Fu et al. 2022). In adapted ecosys-
tems, reductions in tree photosynthesis are closely linked to
decreased C inputs into the soil (Hansen et al. 2024) and a
diminished C sink capacity in drought-stressed forests (Wardle
et al. 2004, Walker et al. 2021, Wolf and Paul-Limoges 2023).
However, during short-term drought events, belowground
C processes in roots and soil may respond differently than
aboveground C assimilation, making it difficult to accurately
predict the ecosystem C sink capacity when one value is
inferred from the other. This is especially true as short-term
climate extremes become more frequent (IPCC 2023).
Despite the well-characterized importance of exudation,
investigations of exudation in forest ecosystems are relatively
sparse, as there are few appropriate methods for capturing
exudates for field-grown mature trees (see Phillips et al. 2008).
This review focuses on root C exudation, which describes
the movement of C from living plant roots into the soil
and provides insights into broad patterns of C cycling and
forest ecosystem function. Specifically, we: (i) highlight the
quantitative importance of exudation as a critical component
of the C cycle; (ii) explore the fate of exudates in soil; and
(iii) review the current literature on how drought impacts C
allocation to exudates and the potential consequences for soil
C sequestration, with an emphasis on overall forest C fluxes.

Root exudation, a quantitatively important
component of C cycling

Exudates are among the hardest to measure C fluxes (see
Box 1 for challenges), with dry-mass-specific exudation rates
(SERs) (Figure 1) often <1 mg C gdry_mot_l day~! (Gougherty
et al. 2018, Meier et al. 2020, Brunn et al. 2022, Chari et al.
2024). Carbon fluxes from single terminal root branches are
often used to compare exudation rates among species (Smith
1976, Sun et al. 2017, Gougherty et al. 2018). Estimating
the ecosystem flux requires multiplying the SER by the root
density of the individual tree per ground surface area to get
the total exudation rate (TER) (Figure 1). Yet, quantifiable
relationships between exudation and tree C budgets remain
poorly understood and, until recently, have been estimated
using basic ‘budget closure’ methods. Given that process-
based terrestrial C models indirectly inform international
climate change policies via state-of-the-art Earth system mod-
els, benchmarking with empirical data on exudation rates is
crucial not only for advancing scientific understanding and
science-informed policymaking but also for more accurately
calculating the net primary production (NPP) of trees (Clark
et al. 2001) as the exudation flux is not often included
(Harris et al. 2021). Therefore, linking the root exudation
C flux with aboveground C fluxes (root exudate fraction
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SER = Specific exudation rate
(9 C grooi” day™’)

TER = Total exudation rate
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Figure 1. Schematic overview of C fluxes, scales and linkages addressed.
Root exudates are examined at the branch level (SER from fine roots), as
fine-root exudate C flux per soil surface area (TER, i.e., SER, i.e.,
upscaled to the fine-root system of an individual tree), and as relative
exudation indicating the relationship between the exudate C flux and rate
of NPP (REF).

(REF = TER/(TER + net primary production, i.e., exudates
per NPP)) necessitates comprehensive information on the
entire tree or ecosystem (Box 1).

Box 1. Challenges in measuring exudation rates.

Collecting exudates from root branches

Measuring exudates in forest ecosystems is both time-
consuming and logistically challenging (Smith 1970,
Phillips et al. 2008, Oburger and Jones 2018). The
common and widely accepted cuvette-based approach
(Phillips et al. 2008) (Figure 2B) enables the capture
of exudation from single root branches (mostly first-
and second-order roots), providing information on the
amount of C released from the terminal part of the
absorptive root system (McCormack et al. 2015). The
SER is calculated as the amount of C released over
an incubation period (typically 24 h to account for a
full diurnal cycle) divided by root dry mass or root
surface area to obtain the mass-specific or area-specific
C flux. This measurement captures net exudation (i.e.,
gross exudation minus root reabsorption and microbial
consumption) (Liese et al. 2018). Yet, there is uncer-
tainty regarding the extent to which sampling pro-
tocols need to be adjusted to reflect long-term pat-
terns of exudation, particularly in situations of drought,
because the current method requires incubating roots in
a dilute nutrient solution, thereby possibly releasing them
from water stress. Further, variations in methods related
to preparing (root cleaning, equilibration times) and
incubating the roots (cuvette volume, pre-equilibration
duration, flushing, nutrient solution concentration,
etc.) can greatly affect exudation measurements (see
supplementary material in Heinzle et al. (2023). Accu-
rately comparing datasets across studies necessitates stan-
dardized protocols (Freschet et al. 2021) (see Figure 2 for
suggestions).
Upscaling exudation rates
For quantifying TER, a fundamental challenge lies in
scaling up processes measured locally at fine scales (e.g.,
the rhizosphere) to the ecosystem, while accounting for
the spatial heterogeneity (vertical and horizontal) and
temporal dynamics (intra- and interannual or comparing
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the growing vs non-growing season) in ecosystems. As
we often lack knowledge from deep roots, uniform exu-
dation for the entire root system is assumed, i.e., likely to
overestimate TER. In addition, establishing relationships
between root morphological traits and exudation (across
root orders, types or the root lifecycle and fine roots
branching frequency) will likely be needed for the most
effective up-scaling (Herz et al. 2018, Gao et al. 2023,
Rathore et al. 2023). This requires parsing exudation
rates by the different parts of the root system (absorptive
fine roots, transport fine roots and coarse roots) and root
age across the soil profile. Thus, calculating TER requires
comprehensive data necessitating the use of combined,
sophisticated and time-intensive methods for accurate
and thorough root biomass estimates (Maeght et al. 2013,
McCormack et al. 20135, Pregitzer et al. 2002, Hartmann
et al. 2020). Deep learning-based workflows are promis-
ing tools to simplify image analyzes (Sordo et al. 2024).
To estimate root biomass for an entire tree,a combination
of soil coring data for reporting root dry biomass and
minirhizotron images has proven useful in forest ecosys-
tems (Ostonen et al. 2005, Strand et al. 2008, Brunn
et al. 2022). Relying solely on minirhizotron images has
limitations because of the challenge of converting two-
dimensional images into estimates of root mass within
the soil volume (Bernier and Robitaille 2004, Taylor et al.
2014) and due to the fact that very little of the root
biomass is captured by the images (Taylor et al. 2013).
In addition, soil physical factors may alter root growth
at the soil-tube interface (Taylor et al. 1990). Machine
learning algorithms trained by a large dataset of in situ
measurements to estimate global root biomass in forests
are promising (Huang et al. 2021).

The REF has been estimated at 1-17% of NPP in forests
globally (Panchal et al. 2022, Chari et al. 2024, Norby et al.
2024, Rog et al. 2024), though there is a high degree of
uncertainty with this estimate owing to the limited number of
studies that have reported SER. Two recent studies illustrate
how estimates of the global exudate flux depend, in part, on
how exudation is measured. Chari et al. (2024) synthesized
data from cuvette-based solution cultures (roots incubating
in a moistened glass bead matrix; see Box 1) and estimated a
global average of TER of forest areas being 3.8 Pg C year™1,
which represents a REF of about 7% (assuming that NPP
of global forests is 50.5 Pg C year™'; Badgley et al. (2019).
Panchal et al. (2022), using '3C isotopic labeling, estimated
TER at 118.5 g Cm~2 y~!, which is a REF of 16.7% assuming
a net: gross primary production factor of 0.46 (Collalti and
Prentice 2019, Chari et al. 2024). The data used to calculate
REF in Panchal et al. (2022) came from measurements that
capture total rhizodeposition (i.e., root cap and border cells,
root lysates, C flux to root-associated microorganisms and
mucilage; Jones et al. 2009), which may explain the greater
fluxes relative to the soluble exudates measured by Chari
et al. (2024). Studies reporting REF in trees show values
typically <10% of NPP, with local estimates ranging between
1 and 3% in young trees (Liese et al. 2018), 5.2% during
the growing season in mature temperate forest (Brunn et al.
2022), 4.2-8.7% in temperate mature forests (Abramoff and

Finzi 2016, Norby et al. 2024) and 9.2% (Rog et al. 2024) in
Mediterranean forests.

Further complicating the ability to estimate TER and SER
is the fact that most of our available data are limited to
the shallowest soil layers. The SER is likely to decrease with
depth (Finzi et al. 2015, Hicks Pries et al. 2018), with one
study in a European beech forest reporting that SER at 1 m
depth was 20% of the SER compared with shallow roots
(Tiickmantel et al. 2017). In line with the call to understand
deep soil C storage (Button et al. 2022, Hicks Pries et al. 2023)
and deep fine roots (Germon et al. 2020), we emphasize the
need to measure SER along soil profiles (see Box 1). While
stable-isotope labeling studies have allowed quantifying TER,
including deeper roots, they often achieve this by tracing
belowground C allocation via microbial activity and soil
respiration measurements from the soil surface (Ruehr et al.
2009, Joseph et al. 2020, Gao et al. 2021). These data may
differ from TER because exudate fluxes deeper in the soil
might not be detectable in CO; effluxes from the soil, and C
tracing data may hide shifts in SER under drought and post-
drought conditions.

The fate of exudates in forest soil systems

Numerous studies have reported that soil organisms preferen-
tially assimilate organic matter derived from roots compared
with aboveground litter (Rasse et al. 2005, Pollierer et al.
2007, Sokol et al. 2019), which may be the reason why rhi-
zodeposition is so efficiently transformed into SOM (Teixeira
et al. 2024). As a key mediator of the interaction between
plants and microorganisms, exudates can have immediate
effects on SOM formation and quality (Chari and Taylor
2022, Panchal et al. 2022). The type of SOM can be described
by two major solid fractions: (i) mineral-associated organic
matter (MAOM), which is usually assumed to have a lower
bioavailability for microbial decomposition (von Luetzow
et al. 2006, Castellano et al. 2015, Angst et al. 2021) and (ii)
particulate organic matter (POM), which is often considered a
rather labile SOM pool with a wide range of decomposability
and turnover times (Lavallee et al. 2020, Witzgall et al. 2021,
Angst et al. 2023). Labeling potted Eucalyptus spp. seedlings
with 13CO, revealed that 76% of the net rhizodeposition
was retained within the MAOM fraction (Teixeira et al.
2024). This is well supported by findings that rhizodepo-
sition has a higher efficiency in forming mineral-associated
C (46%) as compared with root biomass (9%) or above-
ground biomass inputs (7%) (Villarino et al. 2021). While root
biomass turnover can represent a larger input of C into the soil
than exudation in many ecosystems (Chari et al. 2024), the rel-
atively high efficiency at which rhizodeposition forms MAOM
means that rhizodeposition is likely the dominant pathway for
root-derived C to enter the MAOM pool. As POM, including
also dead root particles, is a main precursor for MAOM
formation (Witzgall et al. 2021, 2024, Angst et al. 2023), it
can be assumed that some of the structural C entering the
rhizosphere can ultimately end up as rather persistent SOM of
the MAOM pool. Therefore, the rhizosphere can be seen as a
hotspot controlling the persistence of soil C (Wang et al. 2025,
Vidal et al. 2018, Mueller et al. 2024), soil structure formation
including aggregate formation (Baumert et al. 2021, Guhra
et al. 2022) and important ecosystem functions (Philippot
et al. 2013, Vetterlein et al. 2020, Schnepf et al. 2022).

G20z ludy G| uo Josn seLeiq yinowed Aq L989108/9Z0sed)/v/G /el /sAydesi/woo dno-olwepese//:sdny woly papeojumod



Brunn et al.

. J

\ J

Figure 2. Schematic overview of the exudate collection approach. Root biomass and distribution are accessed, e.g., via root boxes, and distal fine root
branches are carefully excavated for exudate collection (A), cleaned with equilibrium solution and forceps, and allowed a pre-equilibration period. The
system (B) is flushed at least once before exudate collection, which should span at least one diurnal cycle. Blanks are included for reference and all
samples are filtered (pore size 0.22 um). The exudate collection system (B) consists of several components. Prior to use, all syringes and glass beads
are thoroughly cleaned with a muffle furnace and acid washing (preferably nitric acid). The root is immersed in an equilibrium solution (1) to maintain
optimal conditions. A syringe or pump (2) is used to induce negative pressure, while another syringe (3) collects the exudates from the cleaned and
living root (4). The syringe is sealed by a septum (5) to prevent contamination. Glass beads (6) provide support for the root, separated by a mesh (7).
Exudates are collected in a glass vial (8) and passed through a 0.22 um filter (9). For upscaling exudation rates (i.e., TER), information on root system

biomass and distribution can be taken from minirhizotron and soil coring (A).

Detailed quantification of how altered SER patterns along
soil profiles affect the surrounding SOM is sparse. Artificial
root exudate (ARE) experiments have been used to simulate
exudate effects on soils (Drake et al. 2013, Keiluweit et al.
2015, Meier et al. 2017, Chari and Taylor 2022). For instance,
it was demonstrated that soil conditions, as well as exudate
composition and rate, dictate whether exudation leads to
SOM formation or loss (Yin et al. 2014, Baumert et al. 2018,
Baumert et al. 2021, Chari and Taylor 2022). Chari and
Taylor (2022) found that lower exudation rates promote SOM
formation and that bioenergetically favorable simple sugars
increase SOM loss, while amino and organic acids induce
net accumulation of stable SOM in intact mineral topsoil
cores. However, as the microbial respiration response to real
exudates is much lower than when the same amount of C
is added artificially (Niedeggen et al. 2024), ARE may not
fully represent in situ processes under field conditions. In a
future atmosphere, i.e., further enriched in CO,, SOM loss
might be favored in forest soil (Terrer et al. 2021), at least
in stands with high levels of POM such as those dominated
by ectomycorrhizal (ECM) trees. In addition to gaps in our
quantitative assessment and understanding of the processes
that determine the efficiency of exudates in contributing to the
formation of MAOM, the spatiotemporal organization of the
rhizosphere, considering also variations with depth in forest
soils remains largely unknown.

Despite vertical variation in soil profiles, the direct aver-
age influence of exudates is limited to small spatiotempo-
ral zones that surround root apices (Dennis et al. 2010)
and consequently, it is questionable how processes within
these small volumes can directly affect SOM quantity and
quality at larger scales. Using global estimates, the recent
rhizosphere fraction is approximately 1% throughout the
entire soil profile, with the active rhizosphere (the rhizosphere
volume around absorptive fine roots) likely smaller (Box 2).
In a study conducted in a temperate Fagus sylvatica and Picea
abies forest, the mean rhizosphere volume was estimated to be
2.4% in soil profiles including top and subsoil (Brunn et al.
2022). Although the rhizosphere occupies a small physical

space, its impact on soil C dynamics can be assumed to be
disproportionately large due to the complex interactions and
transformations that occur there. In addition, these interac-
tions are spatially not static, but change over the course of
the stand age and seasonally throughout the growing season.
Further, through the hyphosphere, fungal hyphae and the
zone they influence, exudates may affect the surrounding
soil beyond the rhizosphere (Meier et al. 2015, Vidal et al.
2018, See et al. 2022). This is of particular importance when
comparing forest biomes globally, associated with different
mycorrhizal fungi, for instance, arbuscular fungi (AM) in the
tropics, whereas boreal roots typically associate with ECM.

Box 2. Root exudate and rhizosphere dynamics in different forest
biomes.

The root surface itself is widely recognized as a hotspot
for C allocation (Schmidt et al. 2018). Soil that adheres
to the root after it is removed from the bulk soil and
shaken is often methodologically defined as rhizosphere
for subsequent measurements (Girardi et al. 2022). Tech-
nological advancements and improved visualization tech-
niques are essential to gain deeper insights into the spatial
extension and processes occurring within the rhizosphere
(Holz et al. 2020, Lohse et al. 2021, Schliiter et al. 2022,
Garcia Arredondo et al. 2023). Given the distribution
of microbial activity and various factors like pH, CO,
and O, concentrations, redox potential, enzyme activi-
ties, water and nutrient contents (Kuzyakov and Razavi
2019), it is reasonable to assume that exudates have their
greatest impact within the first 2 mm surrounding the
root surface (Finzi et al. 2015); however, up to 10 mm
as a zone of influence have been reported (Kuzyakov
and Blagodatskaya 2015). Considering this, the current
rhizosphere volume affected by exudates constitutes only
a small fraction of the entire soil volume. By using global
data on root surface areas from Jackson et al. (1997) and
approximated rooting depths from Jackson et al. (1996)
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and assuming that the rhizosphere extends 2 mm around
fine roots (Kuzyakov and Razavi 2019), this fraction is
estimated for forests to be roughly 1%. As absorptive
fine roots, located at the terminal end of root branches
and comprising first- and second-order roots (Pregitzer
et al. 2002, McCormack et al. 2015), are known as the
primary area of exudation (Canarini et al. 2019), the
‘active rhizosphere’, thus, the rhizosphere around absorp-
tive fine roots only, is 0.3% of the entire soil volume.
How well these data reflect the natural variation in
the environment will require clear edaphic relationships
between, e.g., soil texture and rhizosphere evolution and
accurately quantifying the absorptive fine-root fraction
from total fine roots (absorptive plus transport), which
is time-consuming and often impractical. Although the
volume of soil influenced by roots at any given time
is limited, over years and centuries nearly all soil in a
forest likely transitions into a rhizosphere to some extent.
This transformation varies significantly with the growing
season, stand age and across biomes. For instance, fine-
root turnover and decomposition decreases, and root
longevity increases in colder regions (Vogt et al. 1986,
Solly et al. 2018). With root biomass decomposition
taking about seven times longer in boreal regions than in
tropical forests (Vogt et al. 1986), root-soil interactions
are less dynamic in boreal ecosystems. The potential
soil volumes affected by exudates are highest in tropical
forests and lowest in boreal forests: within 10 years,
approximately 17% of the soil volume may be influenced
in the tropics (to a depth of 150 cm), 8% in temperate
forests (190 c¢m soil depth), 3% in Mediterranean for-
est (200 cm soil depth) and only 1% in boreal forests
(100 ¢m soil depth) (Figure 3).

Tropical

REF

Rhizosphere
volume

Root turnover

Soil volume
affected by TER

B/N ratio

Temperate

How drought influences root exudation

The recent and projected increase in drought stress across
forested ecosystems, such as the severe drought events of the
past two decades in Central Europe, has underscored the
urgent need to study how ecosystems respond to prolonged
drought (Schuldt et al. 2020). Drought is typically inves-
tigated by examining processes occurring when soil water
content (SWC) decreases—a direct consequence of reduced
precipitation.

Despite reductions in photosynthesis under drought, Rog
et al. (2024) recently showed that the total C flux at the
tree level remains stable, suggesting significant changes in the
partitioning of C within the plant, including higher REE. While
there have been some reports of downregulation of SER in
dry soil (Preece et al. 2021, Staszel et al. 2022, Jiang et al.
2023), roots more often respond to drought by upregulating
SER (Karst et al. 2017, Preece et al. 2018, de Vries et al.
2019, Jakoby et al. 2020, Lv et al. 2023, Yin et al. 2023)
and REF (Liese et al. 2018, Brunn et al. 2022, Preece et al.
2024, Rog et al. 2024) (Table 1). For instance, in a semiarid
Mediterranean forest, SER was found to increase 4-11 times
under drought (Jakoby et al. 2020). Controlled greenhouse
experiments with saplings (Preece et al. 2018) and various
grassland species grown under reduced water supply have also
demonstrated elevated SER, increasing by at least a factor of
1.2 (de Vries et al. 2019). Similarly, a large range of different
temperate deciduous species showed an increased SER by a
factor of 1.7 (Liese et al. 2018). In contrast, SER may decrease
under extremely low SWC (Williams and de Vries 2020),
particularly when roots lose contact with the soil, indicating
extreme stress when drought exceeds natural maximum values
(Sdaez-Sandino et al. 2024). However, in contrast to results
from individual studies, we found that response ratios (RR)
of neither SER, TER nor REF were significantly different than
0 (Table 1). Although most of the reactions were positive

Mediterranean  Boreal

W

i

(]

0y
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Figure 3. Exudation and rhizosphere volumes in contrasting biomes. Root exudation fractions are taken from Chari et al. (2024). Rhizosphere volumes
were estimated using data from Jackson et al. (1997) and approximate rooting depths from Jackson et al. (1996), assuming that the rhizosphere extends
2 mm around fine roots (Kuzyakov and Razavi 2019). Root turnover times are based on Vogt et al. (1986) and Finér et al. (2011) with the soil volume
affected by root-soil interactions calculated for a fictive time of 10 years (soil volume affected by TER = 10/root turnover x rhizosphere volume).
Biomass/necromass ratios (B/N) are taken from Wang et al. (2018). Data for Mediterranean forests are from Yatir forest (Pinus halepensis, 280 mm
annual precipitation), where fine root growth and mortality were monitored using minirhizotron cameras (T. Klein et al., unpublished). Growth averaged
400 mm per tube in winter, decreasing to 350 mm in spring, with a 12.5% mortality. This implies an average turnover time of 4 years.



Brunn et al.

Table 1. Response of root exudation to drought across various biomes, presented as RR (LOG(drought/control)) (Hedges et al. 1999). The data include
different scales of root exudation: mass-SER, TER and REF. Positive values indicate higher exudation under drought conditions.

Biome Drought Tree species RR SER RRTER RRREF Reference
Studies in mature forest
Temperate Throughfall exclusion Fagus sylvatica, Picea abies 0.43 0.07 0.46 Brunn et al. (2022)
(70%)
Temperate Not defined Fraxinus mandshurica, Juglans 0.09 Lv et al. (2023)
mandshurica, Betula platyphylla,
Larix olgensis and Pinus sylvestris
Subtropics Throughfall exclusion Schima superba, Lithocarpus —0.09 Jiang et al. (2023)
(70%) glaber Castanopsis
Mediterranean ~ Dry (0 mm) vs wet Pinus halepensis, Cupressus 0.08 0.04 Rog et al. (2024)
(510 mm) season sempervirens, Quercus calliprinos,
Ceratonia siliqua and Pistacia
lentiscus
Studies with young plants in pots
Boreal Reduced watering (90%  Populus tremuloides 0.38 Karst et al. (2017)
reduction)
Temperate 25% humidity vs 55% Quercus petraea —0.48 Staszel et al. (2022)
humidity
Temperate 5% SWC (v/v) vs 10% Fraxinus excelsior, Acer 0.23 0.86 Liese et al. (2018)
SWC (v/v) pseudoplatanus, Acer platanoides,
Prunus avium, Fagus sylvatica,
Quercus robur, Tilia cordata and
Carpinus betulus
Mediterranean ~ Reduced watering Quercus ilex 0.08 Preece et al. (2018)

(100% reduction)

Response ratios for the SER were on average 0.09 and did not differ from 0 (one sample t-test; ¢ = 0.79, df = 6, P = 0.46), suggesting that SER does not
change with drought across the investigated studies. Response ratios for the REF were on average 0.46 and did not differ from 0 (one sample ¢ = 1.94, df =2,
P = 0.19), suggesting that TEF does not change with drought across the investigated studies.

(increasing exudation with drought), the data were highly
variable. One factor that may contribute to these observations
is the lack of a clear integration of the plant’s physiological
response, which could explain why different species respond
differently to reduce SWC, particularly in pot experiments.
Additionally, there are strong differences in how ‘drought’
is defined and reported across studies, further complicating
comparisons and synthesis. Moreover, part of the studies
included in Table 1 were those that reported data on controls,
a prerequisite for calculating RR. We recommend employing
multi-method approaches for determining water stress levels
as well as for collecting exudates to improve the robustness
of future studies. Several potential mechanisms have been
proposed to explain why trees might increase SER and likely
REF and, thus, increase C investment belowground during
drought. Despite higher root-mass fractions in dryer areas
globally (Ma et al. 2021) translating into an increasing root-
to-shoot ratio as an adaptation to long-term drought, root
growth can decline under a short-term reduction of SWC
(Gaul et al. 2008, Brunner et al. 2015). Physiologically, exu-
dates may be a consequence of maintained C supply despite
reduced growth in stressful situations (Koérner 2015). In an
experiment investigating root elongation under low SWC,
root elongation was reduced at greater rates than C supply
(Muller et al. 2011). A reduced root growth combined with
continued C supply has led Prescott et al. (2020) to postu-
late the surplus C theory that suggests that exudates may
be a consequence of maintained C supply despite reduced
growth at the onset of environmental stress, suggesting that
exudates are a mechanism for offloading a tree’s C sur-
plus in stressful situations. We used this concept to describe
ecosystem resilience to estimated trajectories of SER post-
drought (Box 3). Additionally, several other processes could

explain increased SER, such as the mobilization of non-
structural carbohydrates during drought (Kannenberg et al.
2017), increased mucilage production (Ahmed et al. 2014),
reduced membrane integrity resulting in C leakage from the
root cortex (Preece et al. 2018), methodological constraints
(Box 1) or hydraulic redistribution that can contribute to
higher exudation by facilitating the passive movement of
C compounds alongside the redistributed water, particularly
under dry soil conditions where microbial activity is low.
Yet, the clear relationship between whether and how exu-
dates enhance resilience has not been proven in mature forest
settings (Suseela et al. 2022). However, results from potted
cultures suggest significant plant—soil feedbacks, where plant
productivity was maintained through changes in exudation
patterns during drought (van der Putten et al. 2016, Sem-
chenko et al. 2022, de Vries et al. 2023).

Box 3. Shallow and deep roots differently respond to and recover
from drought.

When considering SER of both surface and deep roots
together, there was no observable change in TER but
vertical shifts, with water-limited P. abies releasing two-
thirds of TER into the surface soil (Brunn et al. 2022).
Other studies revealed that TER could be maintained
by alterations in fine-root biomass (Holz et al. 2018,
Heinzle et al. 2023, Preece et al. 2024). Deeper roots gen-
erally respond differently to environmental stresses than
shallow roots (Iversen 2010, Germon et al. 2020, Shakas
etal.2025a), e.g., only roots in the surface soil respond to
drought with elevated SER, while deeper roots exhibit the
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opposite response with decreasing SER in subsoil (Brunn
et al. 2022). Thus, significant consequences for the redis-
tribution of C in soil and probably how ecosystems
respond to recurrent drought situations can be expected
(Borken and Matzner 2009, Bardgett et al. 2013, Gorans-
son et al. 2013). Drought legacies have been shown to
significantly impact the forest C cycle toward decreasing
C stocks (Reichstein et al. 2013, Kannenberg et al. 2020,
Miiller and Bahn 2022). However, quantitative analyses
of drought legacy responses in forest ecosystems have
predominantly focused on aboveground C fluxes (Miiller
and Bahn 2022, Vilonen et al. 2022), although drought
adjustments include the response of both above- and
below—ground traits (Rowland et al. 2023). An open
question is how SER changes along soil profiles under
repeated drying-rewetting cycles. By applying normalized
system-state indices (Ingrisch and Bahn 2018) to describe
ecosystem resilience to estimated trajectories of SER post-
drought, we find that shallow roots respond oppositely
to deeper roots (Figure 4). Our underlying concept is that
root biomass controls SER in different soil depth sections
with varying SWC. During drought, higher root mortality
typically occurs in the shallow soil, and based on poten-
tial growth—exudation relationships, leads to higher SER,
while root growth is maintained in the subsoil, resulting
in less exudation. If this relation continues post-drought
over several years, with more roots growing in the topsoil
during the recovery phase, the consequence would be
a lower SER in shallow soil. Conversely, if sufficient
water and more nutrients are available in the topsoil,
the relative contribution of roots in deeper soil decreases,
resulting in an increasing SER in the subsoil.
Understanding whether root C exudation is balanced
between shallow soil and sub-soil, and accurately quan-
tifying TER across drought and recovery phases, could
help determine if the reduced C inputs during recov-
ery offset the increased inputs during drought, or if
there is a mismatch due to altered vertical patterns in
SER (Figure 4). Given the essential role of deep roots
in water uptake (Davidson et al. 2011, Shakas et al.
2025b) and in mitigating drought impacts, especially in
tropical trees (Werner et al. 2021, Kithnhammer et al.
2023, Yaffar et al. 2024), significant shifts in plant—
soil interactions are likely to occur under future climate
scenarios.

Disentangling the individual impacts of vapor pressure
deficit and SWC on ecosystem C dynamics is an often
overlooked aspect (Grossiord et al. 2020, Treydte et al. 2024),
particularly in mesic, yet increasingly drought-stressed forests
(Novick et al. 2016). As there are only a few greenhouse
studies that measured the effects of changed VPD on exudates
(Sell et al. 2021), the focus of this review was primarily on the
response of exudates to reduced SWC (referred to as drought)
compared with a control, whether simulated in field or pot
experiments or resulting from seasonal variations. We did
not separate between adapted and non-adapted ecosystems
and focused on both, the short-term response to reduced
SWC and the longer-term response when seasons were
compared.

Topsoil roots

Drought Drought legacy

Recovery

o

SER (log(Drought/Control))

Subsoil roots

Drought Recovery Drought legacy

o

SER (log(Drought/Control))
|

Time (years)

Figure 4. Expected response of mass-SERs to drought either exposed to
first-time drought or drought-legacy. Exudation rates are shown for
surface and deep roots and are displayed as relative drought response,
i.e., the log-transformed ratio between exudation under treatment and
control conditions. Values > 0 indicate an upregulation and values <0 a
downregulation of SER. Numerical integration is indicated as shaded
lines and serves to calculate balances of exudation fluxes.

Knowledge gaps and outstanding questions
How plastic is root exudation?

Exudation is highly responsive to the plant’s C balance and
the surrounding soil environment, yet the lack of standardized
methodologies hampers meaningful cross-study comparisons.
For instance, water is often used as a trap solution to minimize
interference during metabolomic analyzes or to quantify
nitrogen exudation. However, the potential effects of the trap
solution on exudation dynamics under varying environmental
conditions remain largely unexplored. When testing SER in
soils with contrasting phosphorus (P) availability using a
standard trap solution and a P-free solution, significant vari-
ability was observed (M. Brunn and T. Klein, unpublished).
Roots from high-P soils displayed consistent exudation rates,
whereas roots from low-P soils exhibited greater variability
and up to a threefold change in exudation depending on
the solution composition and incubation duration. These
findings highlight the critical importance of accounting for
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root pre-equilibration, trap solution composition, incubation
time and edaphic conditions to improve the comparability
and reliability of SER measurements.

Is the available method constrained in dry soil?

Measuring exudation under drought conditions presents
unique challenges regarding incubation moisture levels. Our
experiments indicate that incubating roots at high moisture
levels or full saturation leads to higher SER values; thus, it
is important to standardize moisture levels in the cuvettes. It
is unknown whether exudation correlates more closely with
soil water potential than SWC. Ideally, the water potential in
the cuvettes reflects that of the rhizosphere, which might be
impossible to adjust, especially if roots from fine-textured
soils are investigated. The syringe environment mimics a
very coarse soil that holds minimal water at field capacity.
As studies have reported higher SWC in the rhizosphere
compared with the detritusphere, drought relief in the cuvette
might not be as significant as assumed, especially for first-
and second-order roots residing in soil pores, which often
maintain access to water.

How do species mixing and root longevity
influence exudation rates?

Mixed-species forests tend to exhibit greater productivity,
with overyielding occurring when species mixtures outper-
form monocultures (Ammer 2019). Based on simple biomass-
exudation relationships, increased root growth could lead to
lower exudation. Interestingly, studies on potted grassland
species have shown the opposite: higher diversity tends to
increase rhizodeposition (Semchenko et al. 2021) and boost
SOM stocks, particularly in subsoils (Lange et al. 2015).
Whether these dynamics hold true for species mixtures in
forests in terms of exudation and soil C sequestration remains
unclear. Rhizodeposition is influenced not only by root
growth but also by the lifecycle of roots. Root lifespan is
a variable trait affected by belowground resource availability
(Strand et al. 2008) and can vary widely between and within
species, ranging from days to weeks to years (Solly et al.
2018). For example, throughfall exclusion in a mature forest
has been shown to extend the lifespan of P. abies roots and
maintain fine-root production in species mixtures (Zwetsloot
and Bauerle 2021), which was likely related to the observed
increased exudation (Brunn et al. 2022, 2023).

Can we approach gross exudation rates?

Current research primarily reports net exudation fluxes,
excluding C re-uptake by roots (Jones and Darrah 1993),
microorganisms and mycorrhizae, leaving gross exudation
rates poorly understood. Species with greater reliance on
mycorrhizal associations, often classified as ‘collaborative’
species, tend to exude more C (Sun et al. 2021, Williams
et al. 2021) and higher photosynthetic C costs of exudation
were found in ECM tree species than in AM tree species
under drought (Liese et al. 2018). However, quantifying
the exchange of C at the root-mycorrhiza—soil interface
remains a significant challenge. Advancing methods to isolate
and quantify gross exudation fluxes would provide more
accurate insights into the role of exudation in forest C
cycling.

Brunn et al.

How can we improve global estimates?

Global estimates of TER and REF are limited by spatial gaps,
particularly in Africa, Central America and South America
(Chari et al. 2024), with savanna being underrepresented.
Additionally, winter measurements are scarce despite evidence
of significant root activity during this season (Malyshev et al.
2023). Understanding whether TER persists during periods
of reduced photosynthesis is critical, as it would substan-
tially alter REF calculations. Developing reliable proxies could
enhance upscaling efforts and improve our understanding of
exudation dynamics on a global scale.

Conclusion

Root exudates are central to forest ecosystem functioning,
shaping soil physicochemical properties, biochemical pro-
cesses and biological interactions. Despite their importance,
significant knowledge gaps remain about how abiotic factors
like drought (air and soil) influence C exchange between
plants and soil and its relation to and implications for NPP
and soil C sequestration.

Drought often increases SER and REEF, reallocating photo-
synthetically fixed C in soil depth profiles toward topsoils.
The rhizosphere acts as a hotspot for SOM accumulation
and loss, driven by complex root-microbe-soil interactions.
However, its influence likely transcends the immediate rhizo-
sphere, requiring a broader perspective on how root exudates
shape soil processes spatiotemporally. Transient and spatially
variable, root exudation forms dynamic zones of activity that
disproportionately affect SOM formation and degradation at
ecosystem scales.

As climate change drives more frequent droughts, the
response of exudation across depths, seasons and forest
ecosystems will be pivotal for understanding ecosystem
resilience. Accurately quantifying TER during drought and
recovery phases—and understanding whether exudation is
balanced between shallow and subsoil—could reveal whether
potentially reduced C inputs during recovery offset the
increased inputs during drought. Exudates are collected with
trap solutions from excavated and washed living roots and are
often lower than the amounts reported for rhizodeposition.
For cross-study comparisons, standardized protocols are
essential.

Ultimately, exudates are pivotal for nutrient acquisition,
microbially mediated decomposition and the formation and
persistence of SOM—all of which are crucial for sustaining
ecosystem functions. Closing the existing knowledge gaps in
root exudation research will be vital for enhancing our predic-
tive capabilities in forest C cycling under future environmental
scenarios.
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