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Abstract. Root exudation, defined as plant labile carbon (C)
allocation from fine roots into soils, is a substantial yet often
overlooked pathway of the terrestrial C cycle. Root exuda-
tion is expected to increase under rising atmospheric CO2,
yet its consequences for soil C and nutrient cycling remain
poorly constrained. Additional labile C input may stimulate
microbial growth and increase soil C storage, but microbial
nutrient acquisition could offset this through enhanced de-
composition of soil organic matter.

Here, we implement a dynamic representation of root ex-
udation, driven by plant surplus C and nutrient limitation, in
the microbial-explicit terrestrial biosphere model QUINCY-
JSM. We evaluate the effects of elevated CO2 (eCO2) on
root exudation and on microbial C, nitrogen (N), and phos-
phorus (P) cycling using observations from the Eucalyptus
Free Air CO2 Enrichment (EucFACE) experiment in a soil
P-impoverished forest. In this experiment, eCO2 increased
gross primary productivity (GPP) and soil respiration, but
more than half of additional GPP under eCO2 could not be
assigned to measured biomass production or autotrophic res-
piration, and was likely allocated belowground.

With the explicit implementation of root exudation, the
model predicted that eCO2 increases belowground C alloca-
tion by 20 % and microbial growth by 14 %, but has a lim-
ited effect on soil C storage. Root exudation increased by
30 %, but more than half of this additional input was directly
respired by microbes. Thus, root exudation gives a possi-
ble explanation for the unmeasured fraction of plant C al-
location, effectively closing the gap between enhanced GPP
and increased heterotrophic respiration under eCO2 in the
experiment. Although increased C input through root exu-
dation stimulated microbial growth, microbes partially met
their higher nutrient demand through a 9 % higher decompo-
sition and increased mineralization of organic matter, which
negated the build-up of microbial necromass. Our study high-
lights the importance of root exudation as a key pathway in
vegetation C allocation under eCO2 and identifies microbial
responses to this flux as a key modulator of soil C seques-
tration in nutrient-limited forests, thereby guiding further re-
search regarding plant-microbe interactions.
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1 Introduction

Increasing atmospheric CO2 concentrations have the poten-
tial to drive increased ecosystem carbon (C) sequestration,
but there is considerable uncertainty about how much addi-
tional C can be stored in ecosystems, particularly where soil
nutrient availability is low. Observation and modeling stud-
ies suggest that CO2 fertilization leads to higher leaf-level
photosynthesis and biomass production (BP), defined as the
use of photosynthates for plant growth, potentially increas-
ing C sequestration in vegetation biomass, and in soils when
vegetation biomass turns over (Norby, 2025; Walker et al.,
2019, 2021). However, increased growth must be supported
by nutrients, and if soil nutrient availability cannot meet in-
creased plant nutrient demands, the CO2 fertilization effect
on plant growth is typically reduced (Fleischer et al., 2019;
Norby et al., 2010; Wieder et al., 2015; Zaehle et al., 2014).
Under elevated CO2 (eCO2), plants may allocate additional
C derived from increased photosynthesis to root exudation
and mycorrhizae to compensate for nutrient limitations, by
increasing microbial decomposition and mineralization of or-
ganic matter (Drake et al., 2011; Phillips et al., 2011; Reay
et al., 2025). Observations and models suggest that root ex-
udation is a key mechanism for plant responses under eCO2,
but there are major uncertainties about microbial responses
and the consequences on soil C sequestration, especially for
different natures of nutrient limitations.

Free Air Carbon Enrichment (FACE) experiments in nitro-
gen (N) limited forests suggest increased root exudation and
cycling of soil organic matter helped to sustain a positive BP
response to eCO2. In Duke FACE and ORNL FACE, which
were located in temperate N-limited forests, eCO2 has led to
an initial increase in BP. However, only at Duke FACE, eCO2
increased N uptake and a change in plant nitrogen-use effi-
ciency allowed for a sustained response in BP to eCO2, while
in ORNL FACE progressive N limitation decreased the posi-
tive response of BP under eCO2 after 10 years (Norby et al.,
2010; Walker et al., 2019; Zaehle et al., 2014). One expla-
nation is that plants maintained N availability under eCO2 at
Duke FACE by promoting enhanced decomposition of soil
organic matter (SOM) via increased root exudation, thereby
increasing N mineralization but offsetting accumulation of C
in soil pools (Drake et al., 2011; Terrer et al., 2021).

Model-data synthesis of observations from FACE exper-
iments and terrestrial biosphere models (TBMs) highlighted
the role of plant-soil interactions but also revealed model lim-
itations (De Kauwe et al., 2014; Zaehle et al., 2014). These
studies identified C allocation, N uptake, and soil N cycling
as key processes for CO2 responses under N limitation. How-
ever, most models were unable to fully reproduce the dissim-
ilar responses to eCO2 under N limitation. While models re-
produced the initial increase in BP, they generally tended to
show a decreased response in BP due to progressing N lim-
itation. This suggests a missing link between plant C alloca-
tion and nutrient acquisition, and highlights the importance

of root exudation in plant responses to eCO2 in N-limited
forests. However, it is not clear how additional root exudation
under eCO2 controls microbial growth and soil C sequestra-
tion, and if results for N-limited forests can be transferred to
phosphorus (P) limited systems.

Despite the fact that P limitation is widespread globally
(Du et al., 2020), previous forest FACE experiments have
been principally conducted in N-limited temperate forests.
The Eucalyptus Free Air CO2 Enrichment (EucFACE) fa-
cility (Crous et al., 2015; Ellsworth et al., 2017) is the first
large-scale FACE experiment investigating the impact of
eCO2 on forest ecosystems under P limitation. At the site
eCO2 increased gross primary productivity (GPP) by 12 %,
but the effect on biomass production and autotrophic respi-
ration was comparatively small (Jiang et al., 2020). Notably,
Jiang et al. (2020) found that more than 50 % of additional
GPP under eCO2 could not be attributed to biomass produc-
tion or autotrophic respiration in this experiment. Instead,
this C was traced to a 17 % increase in heterotrophic soil
respiration, without a statistically significant increase in soil
C sequestration. The results suggest that increased root exu-
dation and induced cycling of SOM are also relevant for P-
limited systems under eCO2 (De Andrade et al., 2022; Lam-
bers, 2022; Reichert et al., 2022; Wang and Lambers, 2020).
However, the plant-microbial mechanisms that link increased
GPP with soil respiration, and the implication for soil C se-
questration in this system, remain poorly understood.

Similar to model-data synthesis for N-limited forests,
model-data synthesis for EucFACE identified nutrient limi-
tation and C allocation as key mechanisms for understand-
ing BP and soil activity response to eCO2. Medlyn et al.
(2016) found that in models with an integrated P cycle, un-
der eCO2, plant uptake remained unchanged, preventing a
strong increase in BP in response to eCO2, whereas in other
models eCO2 increased BP up to 20 %. Jiang et al. (2024a)
compared 8 TBMs to the experimental results of EucFACE,
and further pointed to the lack of adequate representation of
plant C allocation. Most models allocated additional plant C
to either autotrophic respiration, growth, or storage but not
to heterotrophic respiration. This disagrees with C budget re-
sults from Jiang et al. (2020) and indicates a missing repre-
sentation of root exudation and plant-microbe interactions in
these models, therefore neglecting possible implications for
soil C storage under eCO2.

Here, we aim to address the key missing link between
GPP increase, plant C allocation and cycling of C, N, and
P in soils by implementing root exudation in the microbial-
explicit, terrestrial biosphere model QUINCY-JSM (Thum et
al., 2019; Yu et al., 2020) to simulate CO2 fertilization at
EucFACE. Like in other models, previous simulations with
QUINCY-JSM showed a mismatch between simulated and
observed C allocation and response of soil heterotrophic
respiration to eCO2 for EucFACE (Jiang et al., 2020). We
therefore implemented root exudation in QUINCY-JSM. We
model root exudation as a dynamic flux, based on plant fine
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root respiration and nutrient status. We use our model to in-
vestigate how root exudation affects underlying mechanisms
of microbial soil C sequestration under eCO2.

Microbes fulfill a central role in soil C sequestration by de-
composing and respiring organic material, controlling nutri-
ent release and contributing to organic matter formation and
long-term C sequestration via production of necromass and
the formation of organo-mineral associations (Kästner et al.,
2021; Liang et al., 2017, 2019; Sokol et al., 2019). Observa-
tional data alone may not be sufficient to disentangle contri-
butions of individual processes. Therefore, we use our model
to investigate three competing mechanisms that may regulate
soil C sequestration response in microbial necromass to al-
tered microbial growth and nutrient acquisition as a result of
increased root exudation (Fig. 1).

1. Exudates regulate gross growth of microbial biomass,
which in turn influences gross necromass production
(Fig. 1(1)) (Cotrufo et al., 2013). The capability of mi-
crobes to transform additional soil C input into biomass
depends on their carbon-use efficiency (CUE). The
carbon-use efficiency of microbial growth has been
shown to be constrained under nutrient limitations
(Manzoni et al., 2012; Spohn, 2015). If microbes are not
able to fulfill their stoichiometric nutrient requirement
for growth, excess C will be respired as “waste” res-
piration, leading to a decline in microbial growth CUE
(Schimel and Weintraub, 2003). How much of the ad-
ditional C input is ultimately transferred into biomass
and necromass therefore depends on microbial nutrient
limitation.

2. Under N or P limitation, microbes can stimulate the
depolymerisation of nutrient-rich microbial necromass
to potentially acquire more N and P (Fig. 1(2)) (van
Groenigen et al., 2014; Vestergård et al., 2016; Yin
et al., 2013). While this may happen proportionally to
growth, microbes may also change their relative invest-
ment into nutrient acquisition strategies. Either way, the
additional depolymerization of microbial necromass un-
der increased root exudation, often referred to as prim-
ing, will result in an increased respiration of old organic
C and has the potential to offset the gross growth of
necromass.

3. Under strong P limitation, P can be gained through bio-
chemical mineralization without the need to decompose
necromass (Fig. 1(3)) (Margalef et al., 2017; Turner
et al., 2014; Walker and Syers, 1976). In this process,
microbes use phosphatase to hydrolyze terminal phos-
phate groups from organic matter as inorganic PO4
that is available for plants and microbes (McGill and
Cole, 1981; Nannipieri et al., 2011). As this mechanism
does not require the full depolymerization of microbial
necromass, it decouples microbial nutrient acquisition

from C cycling and does not directly decrease C stor-
age.

With this study, we aim for a first quantification of root
exudation fluxes for the EucFACE experiment. We test our
implementation against observations at EucFACE regarding
allocation of additional GPP under eCO2 in the ecosystem.
We further aim to answer the following research questions:

1. To what extent did increased root exudation under eCO2
contribute to gross microbial growth, gross necromass
production, and increased heterotrophic respiration?

2. Was priming, as a mechanism for microbial N acquisi-
tion, increased by higher root exudation under eCO2?

3. Was biochemical mineralization, as a mechanism for
microbial P acquisition, increased by higher root exu-
dation under eCO2?

4. Was net necromass production, defined as the difference
between gross necromass production and decomposi-
tion, increased by higher root exudation under eCO2?

We conclude our study by presenting key aspects in which
linking models with field measurements can be used to fur-
ther improve understanding of plant-microbe interactions un-
der increasing levels of CO2.

2 Material and Methods

2.1 Model application

We apply our model, QUINCY-JSM, to the Eucalyptus Free
Air CO2 Enrichment (EucFACE) experiment. Our goal is to
quantify competing soil mechanisms on C storage for in-
creased root exudation under eCO2 in a P-limited forest.
Therefore, we implemented root exudation, based on plant
labile pool dynamics, in the model. We parameterize and
apply our model to the EucFACE experiment (Crous et al.,
2015; Ellsworth et al., 2017). We first evaluate our model
against field measurements for ambient (aCO2) conditions,
then evaluate our results against measured CO2 responses of
plant C allocation to see if our model can simulate the sug-
gested increase in root exudation under eCO2. We further
quantify the simulated increase in belowground C alloca-
tion and its effect on gross microbial growth. To assess feed-
back via microbial nutrient acquisition strategies we identify
sources for gross microbial growth in C, N, and P and poten-
tial shifts in sources with eCO2. We conclude by comparing
simulated influx and outflux of microbial necromass C, N,
and P pools and their turnover rates, for aCO2 and eCO2 con-
ditions. QUINCY-JSM has two components, a terrestrial bio-
sphere model (QUINCY – QUantifying Interactions between
terrestrial Nutrient CYcles and the climate system, Thum et
al., 2019) coupled to the integrated JSM (Jena Soil Model,
Yu et al., 2020) and simulates coupled ecosystem N, P, C,
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Figure 1. Conceptual diagram of ecosystem processes related to soil organic matter formation. Plant litter and exudates (1) support microbial
growth and necromass production, mediated by microbial CUE. (2) Microbes decompose microbial necromass for nutrient acquisition.
(3) Biochemical mineralization allows for acquisition of terminal phosphate from microbial necromass without decomposition. Black, solid
arrows represent fluxes of C, N and P. Green, solid arrows represent C-only fluxes. Blue, solid arrows represent N and P fluxes. Yellow arrows
refer to P-only fluxes. Created in BioRender. Kristian Schufft (2026) https://BioRender.com/w11qfce (last access: 15 June 2026).

and water dynamics (Fig. 2 for an overview). In the follow-
ing sections, we first summarize key processes represented in
QUINCY and JSM, before introducing the new root exuda-
tion module.

2.2 Overview of modelled processes in QUINCY

QUINCY simulates the function of vegetation, which is de-
scribed by five structural pools (leaves, fine roots, coarse
roots, sapwood, and heartwood) and three non-structural
pools (labile, storage, and fruits) that all contain C, N, and
P. Photosynthesis is calculated after Friend and Kiang (2005)
along a vertical canopy gradient (Kull and Kruijt, 1998),
with photosynthetic activity assumed proportional to leaf N
content, but attenuated in the presence of sink limitation on
growth (Thum et al., 2019). Acquired C is added to the la-
bile pool, from which it is used to cover the cost of respi-
ration. Maintenance respiration is calculated for each tissue
based on tissue N content and temperature (Lloyd and Tay-
lor, 1994). In addition, QUINCY accounts for growth res-
piration (Atkin et al., 2014) and nutrient uptake respiration
(Zerihun et al., 1998). The remaining C in the labile pool is
then used for root exudation, growth, storage (Fig. 2, upper
panel). Nitrogen and P taken up by plant roots or recycled
from senescing tissues are added to the labile pool. Excess
labile C, N, and P are stored in a reserve pool, from which
these elements can be retrieved to buffer low levels of the la-

bile pool, e.g., to ensure the regrowth of foliage and roots,
root exudation (Sect. 2.4) and structural components at the
start of the growing season. Upon senescence of structural
pools, a fixed fraction of nutrients is recycled and returned
into the labile pool. The remaining biomass (C, N, P) enters
the soil via litterfall in the form of three litter pools (soluble,
polymeric, wood). Vegetation and soil processes are calcu-
lated at a 30 min time-step. All physical and biogeochemical
soil processes are modelled for 15 discrete soil layers, with
exponentially increasing depth and a minimum layer depth of
6.5 cm. The model accounts for differences in vegetation by
twelve plant functional types (PFTs), of which for this study
we use only the dry broadleaved evergreen type to represent
vegetation at the site.

2.3 Overview of modelled processes in JSM

Soil biogeochemistry is modelled by a microbially explicit
and vertically resolved SOM model (JSM, Yu et al., 2020;
Fig. 2, lower panel; Table 1). All biogeochemical soil pools
and processes are modelled for 15 discrete soil layers, along
a vertical soil gradient. Soil layer thickness increases ex-
ponentially with depth. JSM considers five different SOM
pools: dissolved organic matter (DOM), microbial biomass,
microbial necromass, and organo-mineral-associated DOM
and microbial necromass (Table 1). Depolymerization, DOM
uptake and associated biological nutrient mineralization,
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Figure 2. Conceptual scheme of plant-soil interactions and soil processes in QUINCY-JSM. Gross primary productivity determines carbon
uptake by plants. Organic C, N, and P can enter the soil via litterfall and root exudation (C and N). Root litterfall and root exudation can enter
deeper soil layers, while other litterfall is added to the topsoil layer. Boxes represent pools (clarified in Table 1) and solid arrows represent
fluxes. All soil pools and fluxes are simulated for each soil layer. Soil pools of inorganic nutrients with As[ ] represent mineral-associated
pools (sorped to the soil mineral or organic surface). Grey, dashed arrows represent indirect microbial influence on processes via enzyme
allocation. Black, solid arrows represent fluxes of C, N and P, and black, dashed arrows represent fluxes in C and N. Green, solid arrows
represent C-only fluxes. Blue, solid arrows represent N and P fluxes, while blue, dashed arrows refer to N-only fluxes. Yellow arrows refer
to P-only fluxes. Modified from Yu et al. (2020). Created in BioRender. Kristian Schufft (2026) https://BioRender.com/7hjbj3d (last access:
15 June 2026).

and inorganic nutrient uptake are affected by the abun-
dance of microbial biomass, either modelled by using for-
ward Michaelis-Menten or reverse Michaelis-Menten kinet-
ics (Schimel and Weintraub, 2003). Microbes take up C
from DOM (Fig. 2, process 1). Nutrients are acquired from
DOM or by immobilization of soluble nutrients (Fig. 2, pro-
cess 2). DOM taken by microbes either enters microbial
biomass or becomes mineralized, based on element-specific
use-efficiencies. The carbon-use efficiency of the microbial
biomass varies as a function of nutrient availability between
30 % and 50 %, mimicking a change in microbial decom-
poser community. Mineralized C is emitted from soil as
heterotrophic respiration. Soil organic matter and inorganic
forms of nutrients are transported between soil layers via wa-
ter transport (for nutrients and dissolved organic matter) and
bioturbation. Microbial decay is modelled as first-order de-
cay with a constant turnover time of∼ 150 d. Dead microbial
biomass is partitioned into DOM and microbial necromass
(Fig. 2, process 3). The fraction of N and P entering DOM is

higher than for C, to represent the lower C-to-nutrient ratio
in cytoplasm (Schimel and Weintraub, 2003). Additionally,
a constant fraction of N is transferred into inorganic soluble
pools to mimic grazing on living microbial biomass (Wut-
zler et al., 2022) (Eqs. A1–A5, Table A2). Decomposition of
soluble and woody litter follows first-order decay, whereas
the depolymerization of polymeric litter (Fig. 2, process 4a)
and microbial necromass (Fig. 2, process 4b) into DOM is a
function of microbial biomass pool and in addition, varying
enzyme allocation based on microbial nutrient status (Wut-
zler et al., 2017; Yu et al., 2020). Organo-mineral-associated
DOM and necromass are protected from depolymerisation,
but are exchanged with the “free” DOM/necromass pool via
first-order sorption kinetics (Fig. 2, process 5). Soil solution
NH4 and PO4 are in adsorption/desorption interaction with
soil surfaces, simulated by Langmuir equilibrium (Yu et al.,
2023). Adsorption, plant uptake and microbial uptake of sol-
uble nutrients are in direct competition with each other (Tang
and Riley, 2013). In addition to biological nutrient mineral-
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ization that results from microbial DOM uptake, PO4 is fur-
ther mobilized through biochemical mineralization via acid
phosphatase (Fig. 2, process 6). Biochemical mineralization
is regulated by the production of phosphatase, which is as-
sumed to be affected by root and microbial biomass, as well
as the C allocation for production of other enzymes. This pro-
cess allows for an additional pathway of access to P from mi-
crobial necromass and both organo-mineral-associated pools
that cannot be directly depolymerised. As biochemical min-
eralization does not need complete decomposition of organic
substances, it can affect the stoichiometry of target pools.
Biochemical mineralization is assumed to be controlled by
temperature, moisture, and the C : P stoichiometry of the tar-
get pools.

New N enters the system via deposition and asymbiotic N
fixation (Fig. 2, process 7) and is lost by gaseous emission
and lateral loss. New P enters the system via atmospheric de-
position and weathering from parent material, which is con-
trolled by abiotic and biotic factors. Phosphorus is made irre-
versibly unavailable by occlusion or is lost from the system
by lateral loss.

2.4 New implementation of dynamic root exudation in
QUINCY-JSM

To improve the representation of soil-microbe interactions
in QUINCY-JSM, we implemented a root exudation module
(Fig. 3). Root exudation is modelled as direct, respiration-
free flux from the plant labile pool to the soil DOM pool,
with a C : N stoichiometry corresponding to the current C : N
ratio of the plant labile pool (Fig. 2). As we assume that root
exudation mainly consists of carbohydrates, amino acids and
carboxylates (Jones et al., 2004), we do not model exuda-
tion of P. Implementation of root exudation thus reduces the
C and N available for tissue growth and storage and thereby
respiration despite no change in the respiration calculations.
From the DOM pool, the possible pathways for root exudates
are: direct consumption by microbes, adsorption to the min-
eral surface or leaching.

The rate of root exudation [gCm−2 s−1] is modelled as a
function of fine root respiration [gCm−2 s−1] and plant nu-
trient status (Eq. 1). We assume that physiologically active
roots have increased exudation rate, and chose root respira-
tion as a proxy for tissue activity. Root respiration is sim-
ulated as a function of root N mass and root temperature.
Observations support the positive relationship between root
exudation and root respiration or root N content (Akatsuki
and Makita, 2020; Li et al., 2021; Sun et al., 2017, 2021).
Distribution of root respiration and exudation across the ver-
tical soil profile follows the simulated root distribution. In
addition, the slope of the linear relationship between root ex-
udation and root respiration is assumed to be a function of
nutrient status of the plant (Ataka et al., 2020; Prescott et
al., 2020): C-to-nutrient ratios in the plant labile pool that
are higher than the average C-to-nutrient ratios required for

tissue production will result in higher exudation (Eq. 2).

CEX= s ·βmavg ·Rfr (1)

Where CEX is C root exudation in [gCm−2 s−1], Rfr is fine
root respiration in [gCm−2 s−1], s [unitless] is a unitless pa-
rameter that determines maximum slope and βmavg [unitless]
is the 7 d moving average of a scalar β reflecting nutrient
shortage and surplus C in the labile pool (range 0–1) (Thum
et al., 2019), calculated by:

β = 1− e−(λ·8)
kex (2)

Where λ [unitless] and kex [unitless] are parameters (Table 2
for values used in this study) and the modifier 8 represents
C excess, or N and P deficiency, respectively:

8=8C ·Max(8N,8P,1) (3)

Where 8C is calculated as the ratio of the actual labile C
pool size (Clab [molCm−2]), compared to the target pool size
(C∗lab [gCm−2]).8N and8P are calculated as the ratio of la-
bile pool stoichiometry ((C/N)lab, (C/P)lab [unitless]) and
labile pool target stoichiometry ((C/N)∗lab, (C/P)∗lab [unit-
less]). The target labile C pool size (C∗lab) is calculated as the
maximum of either the weekly sum of GPP or maintenance
respiration. The N and P target labile pool sizes are calculated
based on the last 7 d stoichiometric growth requirements in
N and P to convert C∗lab into plant biomass. The modifiers are
given by:

8C =MAX
(

1,
Clab

C∗lab

)
(4)

8N =
(C/N)lab

(C/N)∗lab
(5)

8N =
(C/N)lab

(C/N)∗lab
(6)

As a result, 8 increases under conditions in which labile C
accumulates in the labile pool, and if the stoichiometry of
the labile pool is higher than the target stoichiometry. The
smallest value that 8 can take is 1, leading to values of β
close to zero. We constrained β to values larger than 0.0125
(βmin), to ensure a minimal root exudation flux equal to 5 %
of fine root respiration, even at nutrient-saturated conditions.

2.5 EucFACE experimental site and measurement data

The EucFACE site is located in Western Sydney, Australia
(33°37′ S, 150°44′ E, 30 m in elevation) in a mature eucalypt
woodland. For a detailed description of the site see Drake et
al. (2016) and Ellsworth et al. (2017). The site has a subtrop-
ical transitional climate with an annual average temperature
of 17 °C and mean precipitation of 800 mmyr−1. Overstorey
vegetation is dominated by Eucalyptus tereticornis, while un-
derstorey vegetation consists of a diverse mixture of shrubs,
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Table 1. Summary of soil pools in QUINCY-JSM, their turnover times and soil pools they represent.

Pool in Quincy-JSM Turnover time Associated soil pools Microbial availability

Soil organic matter (SOM)

“free” DOM emergent DOM/POM Direct available

Mineral associated
dissolved organic matter

emergent MAOM Only available for biochemical mineralization (P only)

microbes 150 d Microbial biomass /

Microbial necromass emergent DOM/POM Available for enzymatic decomposition

Mineral associated
microbial necromass

emergent MAOM Only available for biochemical mineralization (P only)

Litter pools

soluble 30 d litter Not directly available, turnover into DOM

polymeric emergent litter Available via enzymatic decomposition

woody 2.5 years litter Not directly available, turnover into polymeric litter

Figure 3. Conceptual model of the nutrient modifier for carbon root exudation (CEX). Detailed description in Eqs. (1)–(6). CEX is calculated
proportional to fine root respiration (Rfr). Higher C surplus or higher C-to-nutrient ratio than needed for growth leads to increase in the
modifiers. This is translated into a steeper slope for the relationship between root exudation rate and fine root respiration. Fine root respiration
is calculated by fine root N content (Nfr), accounting for the influence of temperature on maintenance respiration. Created in BioRender.
Kristian Schufft (2026) https://BioRender.com/b5hxuaa (last access: 15 June 2026).

graminoids, and forbs dominated by Microlaena stipoides
(Piñeiro et al., 2020).

The soil is characterized as Aeric Podosol with a loamy
sand texture up to 50 cm and a sandy clay loam texture in
deeper horizons. The soil has a slightly acidic pH and low
fertility (Crous et al., 2015; Ross et al., 2020). Previous ex-
periments showed that plant growth is P-limited (Crous et al.,

2015). Available soil P and plant P to soil P ratio are similar
to tropical and subtropical ecosystems (Jiang et al., 2024b).

The EucFACE experiment consists of 6 FACE rings, with
a 25 m diameter. Three rings received aCO2 levels and three
rings were exposed to eCO2 levels (ambient +150 ppm).
In 2012, CO2 was stepwise increased over a period of
six months with an increase of 30 ppm every 5 weeks. In
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Table 2. Dynamic root exudation parameters.

Parameter Description Value used for this simulation reference

s Slope conversion factor/maximum slope 4 This study
βmin Minimal value for β 0.0125 This study
kex Weibull parameter for beta 2 Thum et al. (2019), following sink limitation
λ Weibull parameter for beta 0.05 This study; following sink limitation

February 2013, the CO2 concentration in the experiment
rings reached their target of +150 ppm (Drake et al., 2016).
Since then, the ecosystem has been continuously exposed to
eCO2. Measurements used in this study were taken between
2013–2019. Major C pools, biomass production (BP) and
net ecosystem production (NEP) under ambient conditions
were measured between 2013–2016. A detailed description
of measurement methods is provided in Jiang et al. (2020)
and Jiang et al. (2024b). Soil respiration is taken from Drake
et al. (2018) and supplemented by additional information
from Jiang et al. (2020).

2.6 Model parameterization

We parameterized the model following in situ-based observa-
tions for E. tereticornis, taken under ambient conditions from
2013–2019, provided by Jiang et al. (2024a) (Table A1). As
no direct measurements of root exudation exist for this site,
we calibrated s and βmin to reproduce GPP, biomass and soil
respiration for ambient conditions from 2013–2016 (Jiang et
al., 2020) (Table B1). This limits the size of the root exuda-
tion flux. We ensured that the modelled exudation flux still
responded to variations in the size and stoichiometry of the
labile plant pool, meaning that the flux was not controlled
by empirical bounds of maximum exudation, implying that
it is sensitive to changes in plant carbon and nutrient status
induced by eCO2.

2.7 Model set-up and analysis

Simulations were done for 500 years of spin-up to reach
quasi-equilibrium, with a subsequent simulation length of
325 years afterward from 1700–2024, following the mod-
elling protocol from Jiang et al. (2024a): Meteorological
forcing for 1700–2012 and 2019–2024 was gained from re-
peated and randomized observations from 2013–2018, while
CO2, N, and P deposition followed historic values. Forcing
for spin-up repeated the first 30 years of the forcing data un-
der 280 ppmCO2. As a result of forcing from randomized ob-
servations and meteorological extremes in observation years,
and contrary to observations, our model showed a downward
trend in total vegetation C from 5900 to 5700 gCm−2 be-
tween the years 2012 and 2019 (Fig. B1). The trend did not
cause major pulses in nutrient input and therefore unlikely af-
fects eCO2 effects on nutrient-dependent root exudation and
microbial C cycling.

The mean yearly change in pools and mean yearly fluxes
for simulations were calculated for 2013–2019. We calcu-
lated the effect of eCO2 by subtracting results under aCO2
conditions from results under eCO2. We compared the re-
sults to observed effects of eCO2 on the C budget described
in Jiang et al. (2020).

We trace the fate of the additionally assimilated C under
eCO2, through the ecosystem. We standardize fluxes as the
percentage of additional overstorey GPP for both simula-
tions and observations. The model currently only simulates
forests without understorey vegetation. To maintain compa-
rability, we use observations from overstorey aboveground
biomass production, overstorey autotrophic respiration, and
overstorey changes in vegetation C pools. However, for be-
lowground fluxes, i.e., heterotrophic respiration, root respira-
tion, root biomass production and changes in soil C pools, we
cannot differentiate between overstorey and understorey ori-
gin. We still standardize them as the percentage of additional
overstorey GPP but are therefore likely to overestimate the
observed change per additional overstorey GPP under eCO2
in soil fluxes.

For model analysis, microbial growth was calculated
by the flux from the DOM to the microbes (FX

DOM→MIC
[gXm−2 s−1]), adjusted by the current carbon-use or
nutrient-use efficiency (XUE [unitless]) for each soil layer
separately. Most measurements for soil processes at Euc-
FACE were taken in topsoil layers, which are also typically
more active. We therefore separate model outputs between
topsoil (upper 50 cm) and deep soil (below 50 cm). We es-
timate the contribution of fluxes from root exudation, mi-
crobial recycling upon death, and decomposition of soluble
litter, polymeric litter, and microbial necromass to microbial
growth FX

i→growth [gXm−2 s−1] for topsoil based on their rel-
ative production of DOM:

FX
i→growth = F

X
DOM→MIC ·XUE ·

FX
i→DOM∑

i in IF
X
i→DOM

(7)

With I being the set of all contributing pools and FX
i→DOM

[gXm−2 s−1] being the contributing fluxes from these pools
to DOM. Similarly, we calculated heterotrophic respiration
derived from the depolymerization of necromass C, Rhpriming
[gCm−2 s−1] as follows:

Rhpriming = F
C
DOM→MIC · (1−CUE) ·

FX
necromass→DOM∑
i in IF

C
i→DOM

(8)
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Turnover times

To account for adaptation to sudden CO2 increase, turnover
times were calculated for 2015–2019. Soil turnover times
τX

soil [yr] were calculated by dividing pool sizes by their re-
spective outgoing fluxes as follows:

τC
soil =

Clitter+Csoil

Rh
(9)

τN
soil =

Nlitter+Nsoil+Ninorg

leachingN+U
plant
N + emissionN

(10)

τP
soil =

Plitter+Psoil+Pinorg

leachingP+U
plant
P + occlusion

(11)

Where Xlitter are the combined litter pools; Xsoil are the com-
bined organic topsoil pools andXinorg as combined inorganic
topsoil pools [gXm−2]. Processes removing N or P from top-
soils, e.g., heterotrophic respiration Rh, leaching, occlusion,
emission and plant uptake Uplant

X [gXm−2 yr−1], are in the
denominator.

Necromass turnover τX
necromass [yr] time was calculated as

τC
necromass =

Cnecromass

FC
residue→DOM

(12)

τN
necromass =

Nnecromass

FN
residue→DOM

(13)

τP
necromass =

Pnecromass

F P
residue→DOM+Biochemminnecro

(14)

Where Xnecromass [gXm−2] is the combined pool of micro-
bial necromass and mineral-associated microbial necromass
and Biochemminnecro [gPm−2 yr−1] is the biochemical miner-
alization from these pools.

3 Results

3.1 Model evaluation

3.1.1 Model performance under ambient conditions

Simulated vegetation and soil pool sizes and stoichiometry,
and ecosystem fluxes under ambient conditions are in the
range of observations from the three control plots for the pe-
riod of 2013–2016 (Tables B1 and B2). Simulated GPP had
a 9 % bias, but was still within one standard deviation of the
observation-based estimate. However, the model underesti-
mated BP by 25 %. Modelled soil respiration under ambient
conditions was around 1207 gCm−2 yr−1, and thus slightly
larger than the observed range of 1097 (±86) gCm−2 yr−1.
The model estimated that soil respiration was 61 % het-
erotrophic and 39 % autotrophic root respiration, which
agrees well with observations that estimated 56 % and 44 %,
respectively (Jiang et al., 2020). There are no direct observa-
tions of root exudation at EucFACE, but the model estimated

mean C root exudation (CEX) to be 366 gCm−2 yr−1 for am-
bient conditions, equivalent to 22 % of GPP. Exudation rate
per g C fine root biomass amounted to 2 gC (gCfr)−1 yr−1

and ranged from 0.1 to 16 mgC (gCfr)−1 d−1 on a daily
level, with an average C to N ratio of 176 gCgN−1.

3.1.2 Allocation patterns of additionally acquired GPP

Our model simulated an increase in GPP and root exuda-
tion under eCO2 (Table B3). Elevated CO2 increased sim-
ulated annual GPP (2013–2019) by 22 %. Simulated annual
root exudation and BP increased 30 % and 33 % respectively
and therefore increased more than GPP (Fig. B2). While
our simulations indicate, as suggested by observations, an
increase in belowground allocation through root exudation,
the model overestimated the observed effect in GPP (12 %)
and biomass production (3 %). Soil respiration increased by
13 %, agreeing with the observed 12 % increase, although re-
maining lower than the 22 % GPP increase. Overall, eCO2
caused only minor shifts in plant C allocation (Fig. B2).

We further traced the fate of additional GPP and com-
pared it with the findings from Jiang et al. (2020) to see if
our implementation improves plant C allocation under eCO2
(Fig. 4, detailed numbers in the Supplement; Fig. B3). Our
model estimated that vegetation allocated 30 % of additional
GPP under eCO2 to root exudates, providing a possible ex-
planation for the unidentified flux in observations (Fig. 4,
Ra+BP+CEX). Since in the model eCO2 increased BP,
the model allocated, contrary to observations, 33 % of addi-
tional GPP to BP, and increased vegetation pools under eCO2
(Fig. 4, Ra+BP+CEX, change in C pools). Our model sim-
ulated that 28 % (Fig. 4b, Ra+Rh), lower than the observed
56 %, of additional GPP was respired as soil heterotrophic
respiration (Rh). This difference may result from underes-
timation of the effect of eCO2 on root exudation and over-
estimation of allocation to BP, but may also be caused by
normalizing the observed soil respiration response with GPP
response derived solely from the overstory. Observations in-
dicated a decrease of topsoil organic C equal to−12 % of the
change in GPP under eCO2 during the experimental phase,
but the result was not significant. In our simulation, eCO2
led to an increase of topsoil C equal to 3 % of the change in
GPP. However, the model also simulates an accumulation of
C in deeper soil layers equal to 7 % of the additional C up-
take, likely caused by increased root exudation in deeper soil
layers. Considering the strong variation in measurements re-
garding soil organic C (SOC) pools, we assume that our sim-
ulations are in agreement with observations regarding topsoil
C pools. Overall, our model supports the previous hypothesis
from observations that a large portion of additional GPP was
allocated to root exudation but caused only minor increases
in SOC in topsoils (Jiang et al., 2020, 2024a).
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Figure 4. Comparison of the fate of additional sequestered C under eCO2 as percentage of increased overstorey gross primary productivity
(GPP) for (a) observations (2013–2016) (Jiang et al., 2020) and (b) simulations (2013–2019). For simulations additional GPP is transferred
into autotrophic respiration (Ra), biomass production (BP), and root exudation (CEX). For observations CEX was not measured. Ecosystem
respiration is composed of autotrophic respiration (Ra) and heterotrophic respiration (Rh). Changes in ecosystem C pools are composed of
changes in topsoil organic C (10 cm for observation, top 50 cm for simulation), changes in deep soil SOC (no observations), changes in litter
pool and changes in vegetation (dVeg).

3.2 Simulated effects of eCO2 on microbial processes

3.2.1 Microbial growth and respiration

In the model, eCO2 increased belowground input dispro-
portionally through high root exudation, increasing het-
erotrophic respiration and microbial growth (Fig. 5, detailed
numbers in the Supplement). Our model suggests that un-
der ambient conditions, 45 % of C flux into soils originated
from root exudation. Heterotrophic respiration under aCO2
matched 92 % of the input. The majority of heterotrophic
respiration (54 %) originated from decomposition of litter
and microbial recycling upon turnover. Microbial growth oc-
curred mostly in topsoil layers. In the simulation, eCO2 in-
creased both biomass production and root exudation, result-
ing in a 20 % increase (158 gCm−2 yr−1) in soil C input
compared to ambient conditions. This additional C input un-
der eCO2 was composed of 70 % root exudation and 30 % lit-
ter (Fig. 5, soil C input). The additional heterotrophic respira-
tion (Fig. 5, Heterotrophic respiration) was driven to 50 % by
respiration of fresh root exudation, suggesting that root exu-
dates in topsoil layers are directly consumed by microbes,
and then respired according to the assumptions for CUE. In
the model, CUE for microbial growth is dependent on the sto-
ichiometric imbalance between the source material and mi-
crobial biomass, and constrained within a range of 30 % to
50 %. A further 15 % of additional heterotrophic respiration
under eCO2 was caused by decomposition of necromass, i.e.,
priming.

In the model, gross microbial growth and necromass pro-
duction increased by 14 % and 13 %, respectively, com-

pared to ambient conditions (Fig. 5, microbial and necro-
mass growth). This means that only 34 % of the additional
C input resulted in gross microbial growth in topsoils and
only 22 % of the additional C input resulted in gross necro-
mass production in topsoils. Simulated net topsoil SOC in-
crease was small compared to overall additional C input
(10 gCm−2 yr−1, 6 % of the additional C input) (Fig. 5,
change in C pools). Increased respiration of necromass, i.e.,
priming, suggests that additional gross necromass production
was offset by microbial nutrient acquisition.

3.2.2 Microbial resource acquisition

In the model, increased gross microbial growth led to higher
absolute microbial nutrient uptake from organic sources
(Fig. 6). Absolute decomposition of microbial necromass in-
creased by 9 % compared to ambient conditions, and mean
annual biochemical mineralization increased by 22 % (Fig. 6,
detailed numbers in the Supplement). As a consequence,
eCO2 resulted in a 40 % increase in annual net PO4 mineral-
ization (Fig. B4).

Despite causing higher nutrient demands, eCO2 did not
cause a substantial shift in the relative contribution of nutri-
ent sources to gross microbial growth for N and P (Fig. 7,
detailed numbers in the Supplement). For C, the contribu-
tion of root exudation increased from 30 % to 34 % (Fig. 7a).
However, root exudates contributed only minimally to mi-
crobial N uptake and not at all to microbial P uptake, as the
model assumes a high C : N ratio and no P in root exudates
(Fig. 7b and c). Microbial N was derived to 77 % (eCO2:
75 %) from organic sources such as microbial recycling and
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Figure 5. Simulated sources and sinks for C in soil at EucFACE under ambient conditions and as the eCO2 effect, displayed as yearly average
for 2013–2019. Additional C input is composed of litterfall and exudation (CEX). Elevated CO2 induced increased heterotrophic respiration
(Rh), which originated from respiration of exudation, respiration of microbial necromass, and respiration of other sources, like degradation
of woody biomass and respiration of directly recycled microbial biomass, soluble and polymeric litter. Additionally, eCO2 increased gross
microbial growth and gross necromass production topsoil and deep soil. Elevated CO2 increased litter pool, topsoil (50 cm) soil organic
carbon (SOC) and deep soil SOC.

Figure 6. Simulated annual mean of main fluxes for microbial, enzyme-mediated nutrient acquisition from organic matter for topsoil for
2013–2019. (a) Annual microbial necromass decomposition for N acquisition. (b) Biochemical mineralization from necromass, mineral-
associated microbial necromass, and mineral-associated DOM.
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depolymerized microbial necromass (Fig. 7b). For P, 45 %
(eCO2: 46 %) of microbial P acquisition came from uptake
of soluble phosphate (Fig. 7c), most of which was solubi-
lized via biochemical mineralization (Fig. B5).

Changes in nutrient source contributions were limited by
model assumptions and the simulated nutrient conditions.
Recycling of microbial biomass upon turnover is controlled
by a constant; therefore, we expect little change regarding
this flux. For N, NH4 availability and flexibility in asymbi-
otic N fixation were sufficient to meet inorganic N demand,
preventing an increased reliance on decomposition. Micro-
bial P uptake through decomposition of microbial necromass
was controlled by microbial C and N limitation.

3.2.3 Net necromass production

We summarized simulated gross production, decomposi-
tion and biochemical mineralization of microbial necro-
mass (“free” necromass and mineral-associated necromass)
in the topsoil (Fig. 8, detailed numbers in the Supple-
ment). Increased in- and outgoing fluxes to microbial necro-
mass accelerated turnover of SOM (Table B4). Elevated
CO2 increased gross necromass production for C, N, and
P by 13 % (Fig. 8). However, increased depolymerization
and biochemical mineralization under eCO2 also increased
outgoing fluxes in C (9 %), N (9 %), and P (30 %). Re-
gardless of treatment, net effects in cycling of microbial
necromass were small for all elements relative to the size
of in- and outgoing fluxes and pool sizes. Under aCO2,
net necromass production in C and N was close to zero,
whereas under eCO2, net production was positive, causing
a 12 gCm−2 yr−1 and 2 gNm−2 yr−1 necromass increase
compared to ambient conditions. Net necromass production
of P was −1 gPm−2 yr−1 under aCO2 and −3 gPm−2 yr−1

under eCO2. However, eCO2 decreased the overall necro-
mass P pool only 2 % (−2 gPm−2 yr−1). Phosphorus re-
mained in the ecosystem and was transferred to faster cycling
pools, namely microbial biomass or dissolved organic matter
(Figs. B6 and B7).

As, in the model, C and N cycling of microbial necromass
are closely interlinked, turnover times of microbial necro-
mass decreased by 9 % for C and N (Table B4). For P, en-
hanced biochemical mineralization further decreased necro-
mass turnover time by 21 %. Combining all soil pools, el-
evated CO2 had a more pronounced effect on P (20 % de-
crease) and N (20 % decrease), than on C cycling (12 % de-
crease), possibly caused by increased inorganic nutrient cy-
cling.

4 Discussion

We developed and tested a model implementation for dy-
namic root exudation in a microbial-explicit terrestrial bio-
sphere model and analyzed the consequences for increased

root exudation under eCO2 in a mature Eucalyptus forest.
We found that – in the model – increased root exudation links
enhanced GPP and heterotrophic respiration under eCO2 and
improved simulated allocation of additional GPP to ecosys-
tem fluxes, compared to simulations without root exudation
(Figs. 4, B8, and B9). Increased root exudation caused only
minor increases in topsoil C, as more than 60 % of additional
C input into soils was matched by increased heterotrophic
respiration and eCO2. This was primarily caused by soil mi-
crobes respiring a substantial amount of the new C input,
with an additional contribution through enhanced necromass
decomposition for microbial N acquisition. Microbial P de-
mands were primarily met by biochemical mineralization.
Simulated results are constrained by model uncertainties and
assumptions.

4.1 Plant carbon allocation and root exudation

Our simulations indicate that increased root exudation is a
major pathway for belowground C allocation under eCO2,
but the magnitude is difficult to validate due to the absence
of direct measurements at EucFACE. Our model estimated
a root exudation-to-GPP ratio of 21 % under ambient con-
ditions, which is substantially higher than global estimates
(Chari et al., 2024). Chari et al. (2024) suggest a global mean
of 5.6 % based on upscaling measurements of free root ex-
udation, primarily taken with the cuvette method (Phillips
et al., 2008). Due to the lack of such measurements at Euc-
FACE, we estimate root exudation from the ambient C bud-
get. Our estimate therefore also includes other belowground
allocations, e.g., mycorrhiza and losses through mucilage,
and root exudation in deeper soil layers, which likely ex-
plains the differences between our results and global estima-
tions (Brunn et al., 2025; Johansson et al., 2009; Jones et al.,
2004).

Simulated C allocation to root exudation increased by
30 % under a 22 % increase in GPP under eCO2, consis-
tent with the observation-based hypothesis of increased be-
lowground C allocation at EucFACE. Elevated CO2 also en-
hanced mean annual root exudation rate per unit fine root
mass by 18 % (Fig. B2). Our estimates are lower than in-
creases reported at other FACE experiments. In Duke FACE
allocation to exudates and fungi, increased by 40 % in up-
scaled annual flux per unit land area (Drake et al., 2011).
At BIFoR FACE, specific C exudation (µgg−1 fine rootd−1)
increased by 41 %–135 % (P = 0.037) (Reay et al., 2025),
and upscaled annual flux per unit land area by 43 %–63 %
(P = 0.042) (Norby et al., 2024).

Uncertainties in exudation rates at EucFACE remain con-
siderable. We parameterized our model using ambient GPP
and plant pool observations and calculated root exudation
flux based on fine root N concentration. The deviation from
simulated BP and fine root C : N from observations lead to
parameter uncertainty. The compiled C budget suggests in-
creased C allocation belowground under eCO2 (Jiang et al.,
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Figure 7. Simulated distribution of nutrient sources for gross microbial growth under ambient and elevated conditions at EucFACE in topsoil
(50 cm) averaged over 2013–2019 for (a) carbon, (b) nitrogen, (c) phosphorus. Contributions were calculated based on the contribution of
sources to DOM and microbial use-efficiency. For P, a substantial amount of PO4 is gained by biochemical mineralization of organic material
(Fig. B5).

2020), but a direct evaluation of root exudation is not pos-
sible, also due to large uncertainties associated with other
components of the C budget. Additionally, our model only
simulates the response in overstorey vegetation, whereas the
understorey vegetation at EucFACE showed a strong BP in-
crease that likely affected soil processes (Jiang et al., 2020;
Piñeiro et al., 2023). Overall, more empirical data on below-
ground C allocation would aid the development and evalua-
tion of TBMs.

The model also simulated a 33 % increase in overstorey
BP under eCO2, which was not observed in EucFACE. In the
simulation, C accumulated primarily in woody biomass and
the labile plant pool (Fig. B10), but this had only a minor
influence on soil processes because plant litter contributed
little to microbial growth in C, N, and P in the treatment
period (Fig. 7). Instead, root exudation dominated the ad-
ditional C input and the supply to microbial growth under
eCO2. Observational studies suggest that plant P limitation
suppressed plant growth under eCO2 (Jiang et al., 2020), sug-
gesting that the model likely underestimates P constraints or
overestimates plant adaptability to P limitation.

Despite these limitations, our model closes the gap be-
tween increased GPP and observed increased heterotrophic

respiration under eCO2, underlining the importance of root
exudation as a key pathway for plant C allocation that de-
serves greater empirical and model attention.

4.2 Heterotrophic respiration and microbial growth

Our model identified root exudation as the dominant driver
of higher heterotrophic respiration under eCO2, mainly as
rapid microbial respiration of newly supplied labile C. Sim-
ulations showed that more than half of the additional root
exudation-derived C was directly respired as overflow respi-
ration. Although there is no partitioning in heterotrophic res-
piration by substrate origin in EucFACE, this result is con-
sistent with other studies showing that under eCO2, most
soil respiration originates from recently fixed C (van Groeni-
gen et al., 2017; Taneva et al., 2006). Microbial CUE was a
key modulator of soil C sequestration and respiration (Spohn
et al., 2016; Tao et al., 2023, 2025). Simulated annual mi-
crobial CUE ranged between 40 % and 50 % and did not
change under eCO2 (Fig. B11). A decline in microbial CUE
under greater C supply or nutrient limitation would reduce
microbial growth and increase the fraction of root exudates
respired (Schimel and Weintraub, 2003). Our results are con-
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Figure 8. Simulated balance of C, N and P for microbial necromass (combined pool of microbial necromass and mineral-associated mi-
crobial necromass) in topsoil (50 cm) under ambient and elevated CO2. Gross production (blue, above the dashed line) is compared with
decomposition (red, below the dashed line) and, for P, biochemical mineralization (yellow, below the dashed line). Black lines represent the
net necromass production.

servative in that respect but still support the hypothesis that
the majority of additional heterotrophic respiration originates
from new plant-derived C.

In the model, root exudation disproportionately stimu-
lated microbial C growth, and consequently gross necromass
production, under eCO2. This suggests that microbes might
change their diet under eCO2 to more easily available and
more degradable substrates for C gain (Ai et al., 2023; Di-
jkstra et al., 2013; Zhou et al., 2021). However, higher gross
microbial growth in C also increased microbial nutrient re-
quirements, influencing decomposition and nutrient acquisi-
tion processes.

4.3 Microbial nutrient acquisition

Our simulations suggest that, to meet increased nutrient de-
mands under eCO2, microbes enhanced necromass decom-
position and biochemical mineralization; however, observa-
tions of enzyme activity only partially support this pattern.
For N, demand was met by increased uptake of available in-
organic N and decomposition of necromass. Priming of mi-
crobial necromass increased, but without a substantial shift in
its relative contribution to growth. Here our model partially
disagreed with field observations based on soil enzymes:
Pihlblad et al. (2023) found no increase in N-degrading en-
zymes or microbial nutrient limitations under eCO2. How-
ever, it is questionable if this effect would be statistically de-

tectable in a FACE experiment, with inherently low sample
size and difficulties in detecting changes in the soil (Filion et
al., 2000).

For P, our model suggests that additional microbial P
demand was primarily satisfied by increased biochemical
mineralization of organic sources, including necromass. As
a consequence, eCO2 increased available PO4 by 20 %
(Fig. B12). This is partially consistent with observations
which report increased PO4 concentrations under eCO2 in
rhizosphere or deeper soil layers (Hasegawa et al., 2016;
Ochoa-Hueso et al., 2017; Pihlblad et al., 2023). To our
knowledge it is not yet resolved which processes caused
the increased PO4 concentration in EucFACE. In accordance
with the model, observations from other ecosystems report
increased phosphatase activity under P limitation (Marklein
and Houlton, 2012) or under high soil organic P content
(Margalef et al., 2017). In EucFACE, eCO2 caused no sig-
nificant increase in phosphatase at the start of the experiment
(Hasegawa et al., 2016), after 1 1/2 years (Ochoa-Hueso et
al., 2017) or after 4 1/2 years (Pihlblad et al., 2023).

Model uncertainties derive from assumptions on nutrient
acquisition strategies and root exudation stoichiometry. NH4
availability and recycling of microbial nutrients upon micro-
bial turnover strongly contributed to microbial N acquisition
under eCO2, but remain poorly constrained and require fur-
ther field observations.
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Additionally, we do not account for P acquisition by in-
creased carboxylate exudation, which could have increased
PO4 concentrations via ligand exchange with Fe-Al-oxides
at soil surfaces (Hinsinger, 2001; Wang and Lambers, 2020)
and has been reported for common EucFACE understorey
species (Hasegawa et al., 2023). We currently lack field ob-
servations to implement such mechanisms in the model, and
therefore the model resolves enhanced microbial P demand
with increased biochemical mineralization.

Finally, simulated microbial nutrient demand is substan-
tially controlled by root exudation stoichiometry. In the
model root exudation C : N ratio was 176 (no P exudation),
whereas microbial C : N ratio was 4.3 (N : P= 4.1). Simu-
lated C : N ratio is higher than root exudation measurements
(Li et al., 2021; Su et al., 2022; Zhang et al., 2016) but en-
sures that modelled root exudation does not cause an ex-
tensive N loss in plants. As a consequence, increased root
exudation enhanced microbial nutrient demand, and plant-
microbial competition for N and P (Thurner et al., 2024).
Under a root exudation stoichiometry closer to microbial sto-
ichiometry, increased root exudation may further promote
microbial growth. Microbial N supply may be less depen-
dent on decomposition of microbial necromass, resulting in
stronger decomposition of litter for C acquisition. Instead, a
substantial amount of N would be stored in SOM, unavail-
able to plants. Root exudation C : N ratio remains a key vari-
able in plant-microbe nutrient dynamics, but further research
regarding the fate of exudate N is needed to improve model
assumptions in plant C-for-N trade mechanisms (Drake et al.,
2013; Rumeau et al., 2025).

4.4 Soil C sequestration

The model shows that under increased root exudation, mi-
crobial growth can simultaneously increase gross necromass
production and necromass decomposition, resulting in no
substantial net effect in soil C storage (Drake et al., 2011; van
Groenigen et al., 2014; Kuzyakov et al., 2019). In the model,
priming offset gross necromass production and contributed to
increased heterotrophic respiration under eCO2. There are no
continuous measurements from EucFACE analyzing changes
in soil organic matter age composition. However, measure-
ments using a combination of litter bag and isotopic signa-
ture measuring (Castañeda-Gómez et al., 2020) showed that
eCO2 increased losses of old SOC and input of new SOC at
EucFACE in summer months, agreeing with our simulations.

Uncertainties in C storage arise from model representation
of C cycling in deep soil layers and mineral sorption of necro-
mass. The model predicts increased soil C in deep soil lay-
ers under eCO2, caused by increased root exudation in these
soil layers. As the model assumes root exudation following
root biomass distribution, eCO2 enhances root exudation in
deeper soil layers with low microbial activity (Fig. 4). As
a consequence, additional labile C is adsorbed to the min-
eral surface and thereby sequestered. While specific exuda-

tion rate may differ with depth and function of roots, we are
currently missing data to further calibrate this.

Additionally, necromass is partially protected from de-
composition by association with soil mineral surfaces. Our
model accounts for this process but we are lacking mea-
surements for site-specific sorption capacity and affinity.
Less mineral protection would translate into stronger mi-
crobial necromass cycling, as the simulated depolymeriza-
tion flux depends on availability of decomposable mate-
rial. Further, the model simulates increased desorption of
mineral-associated necromass under eCO2. This is partly
caused by additional root exudation competing with necro-
mass for sorption sites, but also by model assumptions about
the amount of available mineral soil sorption sites with in-
creasing organic matter and litter. This model assumption in-
creased microbial available N-rich material and may have en-
hanced the eCO2 effect on necromass decomposition in the
model.

We further simulated small shifts in P pools from slow cy-
cling microbial necromass to fast cycling microbial biomass
(< 2 % change in necromass). A recent analysis of the P bud-
get for EucFACE showed that eCO2 treatment led to no sig-
nificant changes of soil organic P pools (Jiang et al., 2024b),
but changes of this magnitude are likely below the detection
limit of field observations.

4.5 Comparison to other models

Implementing root exudation in QUINCY-JSM improved the
predicted CO2 response of C allocation, but results still indi-
cate that further development is necessary. A recent model
inter-comparison study demonstrated that most C-N-P cycle
models, including QUINCY-JSM, overestimate the ecosys-
tem C sequestration of the EucFACE ecosystem under eCO2
(Jiang et al., 2024a). In contrast to observations, most mod-
els simulated a positive effect on net ecosystem productiv-
ity (NEP) under eCO2. Additionally, all except one model
allocated most additional C fixed under eCO2 to either au-
totrophic respiration, storage or structural biomass, and un-
derestimated the increase in soil heterotrophic respiration.
The exception was GDAYP, which implemented root exu-
dation but no microbial dynamics.

Implementing root exudation improved the allocation of
additional GPP: Compared to other models in Jiang et al.
(2024a) and to QUINCY-JSM without root exudation, and
consistent with observations, QUINCY-JSM with root exu-
dation allocates a substantial part of additional GPP to het-
erotrophic respiration instead of autotrophic respiration. Ad-
ditionally, less C remains in the system in the form of in-
creased vegetation pools (Fig. B8). With consideration of
root exudation, the model explains weak increases in topsoil
C under eCO2 by respiration of root exudation and priming,
rather than by low litter C input (Fig. B9).

Implementing root exudation improved the simulated CO2
response in heterotrophic respiration, but not in NEP, due to
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the effect on BP and deep soil C accumulation. Regardless
of root exudation, QUINCY-JSM simulates increased net P
mineralization under eCO2. Therefore, it remains difficult to
evaluate the actual effect of the implementation on PO4 min-
eralization. Further model adjustment is needed to fully un-
derstand the feedback of plant-microbe interactions on plant
nutrient uptake under eCO2.

4.6 Suggestions for further advancements in modelling
and experimental work

In the following, we provide methodological directions for
upcoming FACE experiments and terrestrial biosphere mod-
els to improve understanding of root exudation and microbial
representation under eCO2.

4.6.1 Soil Phosphorus limitation

FACE experiments suggest a strong interaction between nu-
trient limitation and CO2 fertilization effect, but it remains
uncertain how effectively current models represent nutrient
limitation (Fleischer et al., 2019; Jiang et al., 2024a; Za-
ehle et al., 2014). The simulated but not observed increase
in BP, suggests that our model underestimates P limitation
on plant growth under eCO2. Overestimation in P pools may
be solved with alternative model initialization approaches,
assisted by Hedley fractions to determine P extractability in
soils (Hedley et al., 1982; Helfenstein et al., 2024).

We suggest future model development should consider im-
proved representation of sorption dynamics (Yu et al., 2023)
and site-specific soil properties, namely pH or Fe-Al-oxides
(Wang et al., 2022). Aspects like C or N cost of biochem-
ical mineralization, accessibility of mineral-associated ma-
terial for phosphatase or plant competitiveness against mi-
crobes need further investigation but currently lack data for
parameterization.

4.6.2 Modelling dynamic root exudation

Global mean rates of root exudation can be benchmarked
against broad meta-analysis such as Chari et al. (2024) but
further data are needed to constrain root exudation variabil-
ity (Brunn et al., 2022; Hasegawa et al., 2023). In the context
of atmospheric CO2 increase on the ecosystem level, direct
measurements used, for example, in BIFoR FACE or Duke
FACE (Drake et al., 2011; Reay et al., 2025) provide reli-
able data for model evaluation. Such measurements should
consider upscaling into ecosystem level, e.g., annual flux per
unit land area, implying a scaling by other observables such
as root mass or soil volume (Norby et al., 2024), and seasonal
changes in root exudation (Brunn et al., 2025; Leuschner et
al., 2022; Phillips et al., 2008; Zhang et al., 2022).

Additionally, nutrient fertilization experiments (Ataka et
al., 2020) or measurements along nutrient gradients (Jiang et
al., 2022; Meier et al., 2020) help unravel the relationship be-

tween plant nutrient and C surplus status, and root exudation,
to constrain model parameters.

4.6.3 Representation of soil microbial organisms

Uncertainty arises from parameterization and representation
of microbial pools. Currently, only a few ecosystem mod-
els implement microbes explicitly (QUINCY-JSM, Yu et al.,
2020; OCHDX, Zhang et al., 2020; CLM5-MIMICS-CN,
Wieder et al., 2015). In these models, CUE is a key parame-
ter as it determines how much C initially enters the microbial
cycle. In QUINCY-JSM, CUE is dynamically determined
by the microbial nutrient imbalance, to represent microbial
community changes. Other modelling approaches explicitly
represent distinct decomposer pools, to account for changes
in turnover or stoichiometry (Zhang et al., 2020). Increased
root exudation under eCO2 may increase bacterial priming
or benefit fungal communities (Chertov et al., 2022; Sistla
et al., 2014). However, further field studies are required to
evaluate how community changes control soil C storage and
respiration.

Additional uncertainty comes from the role of mycorrhizal
associations under eCO2 (Terrer et al., 2016). We assume that
mycorrhizal activity and C allocation to mycorrhizal com-
munity are covered by a general microbial pool and root ex-
udation flux. We thereby neglect variations in plant nutrient
acquisition strategies (Reay et al., 2025; Talbot et al., 2008;
Wen et al., 2022) but reduce the amount of additional param-
eters. Field experiments need to further quantify C allocation
to mycorrhiza to estimate total plant belowground C alloca-
tion. However, implementation of mycorrhiza in TBMs re-
mains a subject of ongoing debate regarding necessary mech-
anisms and model simplifications (Thurner et al., 2024).

4.6.4 Priming effects and soil organic matter
decomposition

Our model emphasizes the role of necromass decomposi-
tion and mineralization for nutrient acquisition, but identi-
fying control mechanisms requires further model and field
experiments. Priming effects depend on N availability and
demand controlled by input stoichiometry. While priming ef-
fects were small in our simulations, they may play a more
prominent role in N-limited systems, potentially reducing
long-term soil C sequestration.

In comparison to most other models, which directly pre-
scribed priming (Jiang et al., 2019; Thurner et al., 2024), rep-
resenting priming effects as emergent, microbially mediated
processes allows the analysis of underlying processes. How-
ever, most ecosystem models currently lack representation of
this process (Jiang et al., 2024a; Walker et al., 2015).

In field experiments, artificial root exudates can be used to
simulate the effect of additional input of labile C into soils
and produce evaluation output for models (Lopez-Sangil et
al., 2017). Future research should focus on the influence
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of different soil properties, such as pH and nutrient status
(Bastida et al., 2019; Spohn et al., 2013; Sun et al., 2019)
and feedback on plant nutrient availability.

5 Conclusion

In this study, we implemented a dynamic root exudation
mechanism in a nutrient-enabled terrestrial biosphere model,
and demonstrated that this process substantially improved
the plant C allocation responses to eCO2 in a mature for-
est FACE experiment. A key insight from our analysis is
that root exudation, as a largely hidden pathway, provides a
mechanistic link between increased GPP and heterotrophic
respiration observed under eCO2, thereby explaining why
soil C storage in EucFACE remained largely unchanged de-
spite greater C inputs. Our results further demonstrate that
explicit coupling between root exudation, microbial activity,
and nutrient acquisition is essential for capturing plant-soil
feedbacks in nutrient-limited forests. We therefore recom-
mend further development in explicit representation of root
exudation, microbial dynamics and plant-microbe interac-
tions to account for these effects in global models. Strength-
ening empirical data exudation and microbial responses in
FACE experiments at the ecosystem scale will be essential to
reduce uncertainty.

Appendix A

To improve simulations under ambient conditions, we cal-
ibrated several parameters in QUINCY-JSM for simulations
of EucFACE (Table A1). Additionally, we changed processes
in microbial decay to allow for priming effects in QUINCY-
JSM and altered inorganic soil P initialization for deeper soil
layers to account for highly weathered soils in EucFACE. To
account for low P levels in subsoils of deeply layered soils,
we simulate an exponential decline in initial inorganic P
pools (assoc_slow, occluded, primary, solute and assoc_fast)
below 70 cm depth.
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A1 Calibrated Parameters

Table A1. Parameters changed in QUINCY-JSM for EucFACE simulation.

parameter description unit QUINCY-JSM This reference/reason for change
standard study

soil

microbial_cue_max Maximal microbial carbon use
efficiency

[unitless] 0.6 0.5 Adjust to meet microbial
biomass in EucFACE

k_slow_som_np N : P ratio for microbial necromass
pool initialization

gg−1 14 21 Reduce P in system

Microbial_cn Microbial N : C ratio gg−1 7.6 4.3 Pihlblad et al. (2013)

Microbial_np Microbial N : P ratio gg−1 5.6 4.1 Pihlblad et al. (2019), Jiang et
al. (2020, 2024b)

Qmx_org_fp maximum sorption capacity of OM to
fine soil particle

molC (kgfineparticle)−1 6.5537 5.57 Reduce organic matter sorption
to account for soils at EucFACE

km_mic_biochem_po4 Half-saturation microbial biomass for
PO4 biochemical mineralization

molCm−3 0.42 12.49 Account for P-limited soils

vegetation

Jmax2vcmax_C3 ratio of Jmax25/Vcmax25 for
prescribed leaf N

[unitless] 1.92 1.64 Jiang et al. (2024a)

Root2leaf_cn relative C : N of fine roots compared
to leaves

[unitless] 0.85 0.62 Jiang et al. (2024a)

lambda_sinklim_PS Weibull parameter for sink limitation [unitless] 0.1 0.05 Reduced sink limitation to allow
for root exudation

Wood2leaf_cn relative C : N of sapwood biomass
compared to leaves

[unitless] 0.145 0.32 Jiang et al. (2024a)

Root2leaf_np relative N : P of fine roots compared to
leaves

[unitless] 0.8 1.0 Jiang et al. (2024a)

Wood2leaf_np relative N : P of sapwood biomass
compared to leaves

[unitless] 0.64 1.0 Jiang et al. (2024a)

SLA specific leaf area mm (mgDW)−1 8.99 6.01 Jiang et al. (2024a)

K_crtos coarse root to sapwood mass ratio [unitless] 0.4 0.1 Jiang et al. (2024a)

K_rtos trade-off parameter for hydraulic
investment into sapwood or fine roots

[unitless] 5.615 4.925 Adjusted to follow allocation in
Jiang et al. (2020)

K_latosa leaf area to sapwood area ratio [unitless] 4000 3000 Adjusted follow allocation in
Jiang et al. (2020)

Tau_fine_root fine root turnover yr 0.75 1.5 Jiang et al. (2024a)
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A2 Enabling priming via microbial grazing

When microbes decay in the model part of biomass is directly
recycled as DOM, part enters the necromass pool. We altered
microbial decay, such that for nitrogen an additional part en-
ters solute NH4 to account for microbial grazing. The origi-
nal JSM describes element transfer upon microbial turnover
as:

ηX
mic→dom = σ

X
recycle ·

Xmic

τmic
(A1)

ηX
mic→res = 1− ηX

mic→dom (A2)

Where ηX
mic→dom [molXm3 s−1] and ηX

mic→res
[molXm3 s−1] are the fluxes from microbial pool to
DOM and necromass pool, respectively, Xmic [molXm3]
is the microbial pool and τmic [s] is the microbial turnover
time for C, N and P. σX

recycle [unitless] is a constant recycling
fraction for C and P, but flexible for N. Under N limitation
microbes recycle up to 66 % of N, depending on microbial
nutrient status. Therefore, microbes in need of N under
additional growth would increase recycling but not change
enzyme allocation. To bypass this, we fixed the recycling
factor and simulate the effect of microbial grazing as:

ηN
mic→dom = σ

N
recycle ·

Nmic

τmic
(A3)

ηN
mic→NH4sol

= σN
grazing ·

Nmic

τmic
(A4)

ηN
mic→res = 1− ηN

mic→dom− η
N
mic→NH4sol

(A5)

Where ηN
mic→NH4sol

[molXm3 s−1] is the grazing flux from
microbial pool to soluble NH4 pool and σN

grazing [unitless] is
the related fraction.

Table A2. New parameters for microbial decay and recycling.

Unit Standard Quincy-JSM This study

σC
recycle unitless 0.172 0.3

σN
recycle unitless (0.172–0.66),

At least 0.6 if microbes under N limitation
0.4

σP
recycle unitless 0.172 0.5

σX
grazing unitless – 0.2
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Appendix B

Table B1. Comparison of mean annual of simulated pools (gCm−2) and fluxes (gCm−2 yr−1) for EucFACE under ambient conditions with
observed means and ± one standard deviation across 3 rings (2013–2016). NEP refers to 3 different alternative methods of estimation (Jiang
et al., 2020, 2024a).

Carbon pool (gCm−2) observed simulated

Leaf 151 (±14) 145
Wood 4558 (±321) 4218
Fine root 227 (±5) 182
Coarse root 606 (±60) 622
Soil carbon 2.183 (±280) (top 10 cm) 2456 (top 13 cm)
Microbial carbon 61 (±3.6) 81

Carbon flux (gCm−2 yr−1) observed simulated

Overstorey GPP 1563 (±200) 1702
NEP −73 – 28 1
Biomass production 484 (±63) 365
Soil respiration 1097 (±86) 1207

Table B2. Comparison of mean annual of simulated pool stoichiometry for EucFACE under ambient conditions with observations (2013–
2016) (Jiang et al., 2024a).

Variable Observed CN Simulated CN Observed NP Simulated NP

leaf 35.5± 2.7 29.6 22.9± 0.1 24.4
sapwood 101.6± 14.7 110.9 35.6± 2.1 35.8
wood 110.2± 30.3 138.7 33.7± 2.7 35.8
fineroot 56.9± 4.6 47.7 28.7± 3.3 30.5
soil 13.8± 1.0 11.9 16.4± 3.4 16.2

Table B3. Observed (2013–2016) and simulated (2013–2019)
eCO2 effect on ecosystem fluxes at EucFACE. Our model did not
include understorey. Observed values refer to overstorey gross pri-
mary productivity (GPP), biomass production on abovegound over-
storey and whole vegetation root biomass production (BP), au-
totrophic respiration on abovegound overstorey and whole vegeta-
tion root respiration (Autotrophic respiration), heterotrophic respi-
ration and soil respiration. Observed values from Jiang et al. (2020).

Carbon Flux Observed Simulated
Carbon Flux increase increase

Overstorey GPP 12 % 22 %
Biomass production (BP) 3 % 33 %
Autotrophic respiration 5 % 13 %
Heterotrophic respiration 17 % 14 %
soil respiration 12 % 13 %

Table B4. Modelled turnover times under ambient and elevated
CO2 for the ecosystem (C), soil (C, N, P) and microbial necromass
(C, N, P). Calculated for 2015–2019.

τsoil (yr) τnecromass (yr)

carbon aCO2 17.1 30.4
eCO2 15.1 27.7

nitrogen aCO2 242.1 30.5
eCO2 193.2 27.7

phosphorus aCO2 561.2 8.2
eCO2 447.6 6.4
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Figure B1. Simulated total vegetation C, precipitation and vapor pressure deficit (VPD) from 2012 to 2022 for EucFACE under ambient
conditions. Vegetation follows a downward trend from 2010–2022 due to climate extremes. Forcing from 2012–2018 (black bars) follows
meteorological data observations, while forcing before and after this period follows repeated and randomized observations.

Figure B2. Simulated total root exudation for 2010 to 2019 for EucFACE for ambient and elevated treatment as (a) Total root exudation flux
and (b) Specific root exudation rate. CO2 fumigation started with a ramp-up at the end of 2012.
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Figure B3. Simulated allocation of GPP under ambient and elevated CO2 treatment for EucFACE based on simulated annual mean of fluxes
from 2013–2019. Numbers on arrows refer to the fraction of GPP allocated to fluxes. GPP is allocated to autotrophic respiration (Ra), biomass
production (BP), including aboveground (BPag) and belowground (BPbg) biomass production and carbon root exudation (CEX). CEX and
BPbg add up to total belowground allocation (Allocbg). Additionally, the fraction of GPP that is respired via heterotrophic respiration (Rh)
is shown.

Figure B4. Simulated major mineralization fluxes for C, N, and P under ambient and elevated CO2 (2013–2019) for topsoil layers. (a) Het-
erotrophic respiration, (b) Root respiration, (c) Net NH4 mineralization, (d) biochemical mineralization, (e) net PO4 mineralization as sum of
biological and biochemical mineralization. Boxplots show annual variation of fluxes, rectangles represent mean values. Percentage difference
based on annual mean for 2013–2019 is given for each flux.
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Figure B5. Simulated mineral P fluxes in topsoil layers (50 cm) for ambient (aCO2) and elevated (eCO2) treatment. Annual average from
2013–2019 fluxes which provide (input) plant- and microbe-available mineral P are gross biological mineralization from DOM and biochem-
ical mineralization. Available P is immobilized via uptake by microbes or plants.

Figure B6. Simulated changes in topsoil pools for EucFACE under ambient and elevated CO2 treatment 2013–2019: mineral-associated
DOM (aDOM), mineral-associated microbial necromass (aNecro), dissolved organic matter (DOM), microbes (Mic) and microbial necro-
mass (Necro).
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Figure B7. Simulated changes in soil pools for whole soil column for EucFACE under ambient and elevated CO2 treatment 2013–2019:
mineral-associated DOM (aDOM), mineral-associated microbial necromass (aNecro), dissolved organic matter (DOM), microbes (Mic) and
microbial necromass (Necro).

Figure B8. Simulated allocation of additional GPP under eCO2 with root exudation module (with RE) and without root exudation module
(without RE) for 2013–2019. Additional GPP can be allocated into autotrophic respiration (Ra), heterotrophic respiration (Rh), litter (dlitter),
soil organic carbon (dSOC) or vegetation carbon (dVeg).
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Figure B9. Simulated fate of additional sequestered C under eCO2 as percentage of increased overstorey gross primary productivity (GPP) for
simulations without root exudation implementation (2013–2019). For simulations, additional GPP is transferred into autotrophic respiration
(Ra) and biomass production (BP). Ecosystem respiration is composed of heterotrophic respiration (Rh) and autotrophic respiration (Ra).
The change in ecosystem carbon pools is composed of change in topsoil organic C (dSOC_top_soil, top 50), change in deep soil SOC, change
in litter and change in vegetation.

Figure B10. Simulated mean annual vegetation growth response in different plant pools to eCO2 from 2013–2019.
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Figure B11. Simulated microbial carbon use efficiency for top six soil layers (topsoil) in QUINCY-JSM for EucFACE under ambient and
elevated CO2 conditions (2013–2019).

Figure B12. Simulated mean annual available PO4 for plant and
microbial uptake under ambient and elevated conditions in topsoil
(2013–2019). Boxplots show annual variation of fluxes, rectangles
represent mean values. Percentage difference based on annual mean
for 2013–2019 is shown above boxplots.

Code and data availability. The model is open source under
the GNU GPL vs3 and MPI-M ICON software license agree-
ment (depending on module). The code is available under
https://doi.org/10.17871/quincy-model-2019 (Thum et al., 2026).
A copy of the scientific code can be found in: https://git.bgc-
jena.mpg.de/quincy-model/qs-open-access/-/tree/application/2026-
root-exudation-euc-face-paper-1 (last access: 15 June 2026).
Forcing data to run the model for testbed simulations can be made
available on request.

Supplement. The supplement related to this article is available on-
line at https://doi.org/10.5194/bg-23-4529-2026-supplement.
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