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Abstract. Almost 95 % of all terrestrial plant species form
symbioses with mycorrhizal fungi that mediate plant—soil in-
teractions: mycorrhizae facilitate plant nitrogen (N) acquisi-
tion and are, therefore, vital for plant growth, but they also
build a pathway for plant-assimilated carbon (C) into the
rhizosphere. Therefore, mycorrhizae likely play an impor-
tant role in shaping the response of ecosystems to environ-
mental changes such as rising atmospheric carbon dioxide
(CO») concentrations, which can increase plant N demand
and the transfer of plant C assimilation to the soil. While the
importance of mycorrhizal fungi is widely recognised, they
are rarely represented in current terrestrial biosphere models
(TBMs) explicitly. Here, we present a novel, dynamic plant—
mycorrhiza—soil model as part of the QUINCY (QUantifying
Interactions between terrestrial Nutrient CYcles and the cli-
mate system) TBM. This new model is based on mycorrhizal
functional types that either actively mine soil organic mat-
ter (SOM) for N or enhance soil microbial activity through
increased transfer of labile C into the rhizosphere, thereby
(passively) priming SOM decomposition. Using the Duke
Free-Air CO, Enrichment (FACE) experiment, we show that
mycorrhizal fungi can have important effects on projected
SOM turnover and plant nutrition under ambient as well as
elevated-CO; treatments. Specifically, we find that including
enhanced active mining of SOM for N in the model allows
one to more closely match the observations with respect to
observed decadal responses of plant growth, plant N acquisi-

tion and soil C dynamics to elevated CO,, whereas a simple
enhancement of SOM turnover by increased below-ground
C transfer of mycorrhizae is unable to replicate the observed
responses. We provide an extensive parameter uncertainty
study to investigate the robustness of our findings with re-
spect to model parameters that cannot readily be constrained
by observations. Our study points to the importance of im-
plementing mycorrhizal functionalities in TBMs as well as
to further observational needs to better constrain mycorrhizal
models and to close the existing major knowledge gaps in ac-
tual mycorrhizal functioning.

1 Introduction

The land biosphere sequesters about a quarter of the an-
nual anthropogenic CO, emissions, thereby slowing human-
induced climate change (Le Quéré et al., 2018). However, it
is unclear if this buffering effect will continue into the future
(Ciais et al., 2014). Multiple lines of evidence (Norby et al.,
2005; Jiang et al., 2020; Walker et al., 2021) and the major-
ity of nitrogen-enabled terrestrial biosphere models (TBMs;
Zaehle et al., 2014; Wieder et al., 2015; Fleischer et al.,
2019) suggest that CO,-fertilised plant growth, which is one
of the major causes of this uptake, will be reduced by in-
creasing nutrient limitation. Whole-ecosystem experiments,
in which plants are exposed to elevated levels of atmospheric

Published by Copernicus Publications on behalf of the European Geosciences Union.

a|ollIe yoJeasay



1392

CO; (eCO3y), show a range of responses from ongoing CO;-
fertilised growth (McCarthy et al., 2007) to progressive nu-
trient limitation (Norby et al., 2010). One possible explana-
tion for these divergent responses is the differential ability
of plants to accesses soil nutrients through mycorrhizal fungi
(Terrer et al., 2016).

Mycorrhizal fungi are ubiquitous and form symbioses with
almost 95 % of all terrestrial plant species (Read, 1991).
It is commonly assumed that this mutualistic relationship
between plants and fungi is an evolutionary adaptation to
nutrient-poor conditions (Read, 1991), whereby host plants
benefit from mycorrhizal nutrient supply (Ames et al., 1983;
Marschner and Dell, 1994; Ek et al., 1997). In return, plants
export carbohydrates to their symbiotic fungi, covering most
of the fungal carbon (C) demand (Gorka et al., 2019). Plant—
mycorrhiza symbioses are important for soil C sequestration
and, thus, soil organic matter (SOM) content, either via the
allocation of C into below-ground tissues such as roots or
mycorrhizal biomass or by rhizodeposition, i.e. C exudation
into the rhizosphere of the soil (Godbold et al., 2006; Frey,
2019; Gorka et al., 2019).

Mycorrhizae are generally classified based on their mor-
phology into arbuscular mycorrhizae, ectomycorrhizae, eri-
coid mycorrhizae and orchid mycorrhizae, but the first two
are the most common forms (Read, 1991; Johnson and Jansa,
2017). Arbuscular mycorrhizae (AMs) directly enter plant
root cells and build symbiotic associations with more than
80% of all terrestrial plant families, especially with crop
and grass species, but also with most tropical trees, which
is why they are often assumed to be more important for plant
phosphorus (P) nutrition (Read, 1991; Hodge et al., 2001).
Ectomycorrhizae (ECMs) are hosted by only 10 % of plant
species, including most temperate and boreal tree species
and, contrary to previous findings, some tropical tree species
(Corrales et al., 2018). This results in ECM interactions cov-
ering a large fraction (26.5 %) of mycorrhizal relationships in
terrestrial plant biomass (Soudzilovskaia et al., 2019). ECMs
are usually regarded as nitrogen (N) nutrition supporters and
only cover plant roots, working as a storage and exchange
area for carbohydrates and nutrients as well as protection
against infections and a physical barrier between the roots
and soil nutrients (Read, 1991; Jordy et al., 1998; Laczko
et al., 2004; Pritsch et al., 2004; Finlay, 2008).

Given the vast diversity of mycorrhiza species, even after
decades of research, there is still no complete understanding
on how plant-mycorrhiza symbioses affect ecosystem nu-
trition or the stabilisation and turnover of SOM (Jansa and
Treseder, 2017; Tedersoo and Bahram, 2019). Some species
accelerate SOM decay by C exudation to soil, which acti-
vates the microbial community and, thus, enhances SOM de-
composition rates (Hodge et al., 2001; Cheng et al., 2012;
Lindahl and Tunlid, 2015; Paterson et al., 2016; Lang et al.,
2021). Other mycorrhizal species have the ability to take up
nutrients directly from SOM in addition to mineral nutrients
(Wuetal., 2005; Pérez-Tienda et al., 2012; Hodge and Storer,
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2015) or even act saprotrophically, i.e. they are able to gain
C from SOM (Treseder et al., 2007; Malcolm et al., 2008;
Nehls, 2008), whereas other species are shown to lack the
genetic capacity to act as saprotrophs (Lindahl and Tunlid,
2015; Frey, 2019).

Because of the knowledge gaps regarding the actual role
of mycorrhizal fungi functioning in ecosystems, they are
rarely represented in state-of-the-art TBMs that are used to
simulate the global carbon and nutrient cycle responses to
global change (Le Quéré et al., 2018). Most TBMs predict
a higher N limitation effect on CO,-fertilised growth than
observed, potentially due to a significant underestimation of
plant N acquisition enhancement under eCO; (Zaehle et al.,
2014). One possible reason for this is that most TBMs rep-
resent N acquisition as plant root uptake of mineral N only
but lack a representation of a plant-controlled pathway to
increase N availability and acquisition on demand (Knops
et al., 2002; Chapman et al., 2006; Zaehle and Dalmonech,
2011). This could be any pathway, which may involve direct
organic nutrient uptake and/or rhizodeposition in order ac-
celerate SOM decomposition, but in particular mycorrhiza-
mediated rhizosphere—-SOM interactions (Chapman et al.,
2006; Phillips et al., 2013; Brzostek et al., 2017). The ab-
sence of such pathways can lead to incorrect predictions of
plant and ecosystem responses to eCO» and to uncertain esti-
mates of the ecosystem impact on climate change (Brzostek
et al., 2017; Terrer et al., 2018; Shi et al., 2019).

Consequently, several approaches to implement mycor-
rhizal dynamics into ecosystem models have been devel-
oped during the last decade, either to explore C—nutrient ex-
change/competition between the host plant and mycorrhizal
fungi for individuals (e.g. Meyer et al., 2010; Franklin et al.,
2014) or to improve the representation of plant nutrient ac-
quisition in TBMs at the ecosystem scale by simulating their
effects on SOM dynamics (e.g. Deckmyn et al., 2011; Or-
win et al., 2011) or by including them directly into plant
N nutrition calculations (e.g. Phillips et al., 2013; Brzostek
et al., 2014, 2015; Sulman et al., 2017). One of the main is-
sues facing such a model is that both species of arbuscular
and ectomycorrhizal fungi have been shown to actively mine
SOM as a nutrient source, either by a direct enzymatic break-
down of material, which potentially includes saprotrophic
behaviour (Hodge et al., 2001; Wu et al., 2005; Pérez-Tienda
et al., 2012; Hodge and Storer, 2015), or by passively prim-
ing SOM by C exudation, which accelerates SOM decompo-
sition (Hodge et al., 2001; Cheng et al., 2012; Lindahl and
Tunlid, 2015; Paterson et al., 2016; Lang et al., 2021). Ad-
ditionally, associations with either AMs or ECMs are identi-
fied at the species level (and it is difficult to aggregate them
to the ecosystem level) or appointed to plant functional types
(PFTs) (which are represented in TBMs). Thus, for the pur-
pose of this study, we choose not to implement the com-
mon mycorrhizal types; rather, we explore what the conse-
quences of these two mycorrhizal functionalities (i.e. an ac-
tive SOM-mining saprotrophic mycorrhizal function and a
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passive SOM-priming mycorrhizal function that accelerate
SOM decomposition by C exudation) are on plant N acqui-
sition and ecosystem carbon storage, how explicitly we can
model plant-mycorrhiza—soil interactions given the current
knowledge and data availability, and, finally, whether or not
this improves the prediction of the observed responses of
plant N acquisition at the ecosystem scale under ambient-
and elevated-CO; conditions.

We implement the two alternative representations of myc-
orrhizal functionalities into the QUINCY (QUantifying In-
teractions between terrestrial Nutrient CYcles and the cli-
mate system; Thum et al., 2019) model and then compare
the model predictions for these representations to the stan-
dard model, which does not account for mycorrhizal fungi,
to assess the robustness of the alternative model structures
and their parameterisation. We test all model variants at the
Duke Free-air CO, Enrichment (FACE) site to especially in-
vestigate responses to atmospheric CO, enhancement and,
subsequently, compare model output to observational data,
where available (McCarthy et al., 2006).

2 Methods
2.1 QUINCY model

The QUINCY TBM is described in detail in Thum et al.
(2019). The model simulates photosynthesis and the growth
of vegetation represented by average individuals of PFTs as
well as soil biogeochemical processes. QUINCY represents
fully coupled C, N, P and water cycles, and it traces the iso-
topic signals of '3C, *C and 'SN. QUINCY operates on a
half-hourly time step to account for short-term acclimation,
but many processes have a specific memory time, e.g. days,
weeks or months, over which the calculated flux is averaged
to also consider longer response times. Below, we briefly
present the representation of the most relevant processes for
plant N acquisition as well as of soil organic matter dynam-
ics that are affected or modified by the implementation of the
mycorrhizal processes.

Plant N acquisition is described as direct uptake of inor-
ganic nitrogen by fine roots. Potential root uptake is assumed
to be a function of fine-root biomass and mineral soil N con-
tent, i.e. ammonium (NH4) and nitrate (NOs3). This potential
uptake is scaled down in times of low plant N demand, which
depends on the ratio of available to required N for growth.
Biomass is allocated dynamically above- and below-ground
in response to plant nutrient and water demand. Acquired N
and assimilated C are first added to the plant labile pool,
which is one of two nonstructural plant pools represented
by QUINCY. From there, C and N are distributed among all
other plant pools, i.e. the plant structural pool to represent
tissue growth and the plant reserve pool as second nonstruc-
tural pool for storage, within a week. This allows QUINCY
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Figure 1. Schematic representation of the plant-MY Corrhiza—soil
interaction (MYC) model fluxes within the QUINCY framework.
Boxes represent model pools: light green represents C pools and red
represents N pools. They are grouped for plants (dark green), myc-
orrhizae (yellow) and SOM (brown). Arrows indicate fluxes: solid
arrows are explained in Egs. (1)—(12), whereas dashed arrows are
not explained in detail here, as the latter are not modified by or used
within the MYC model. Grey arrows belong to the QUINCY frame-
work, black arrows belong to both mycorrhizal functionalities, blue
arrows belong only to saprotrophic mycorrhizae, and orange arrows
belong to or are affected by decomposing mycorrhizae. £ depicts
exchange fluxes, R denotes respiration fluxes, T represents turnover
fluxes and U depicts uptake fluxes. Subscripts indicate whether
plants (p), mycorrhizae (m) or SOM determine flux rates. Subscripts
contain additional information, e.g. exchanged property or source.
For more details, see Egs. (1)-(12).

to account for sink and source limitation and also smooths
daily variations.

QUINCY includes a representation of soil carbon and nu-
trient pools that is based on the CENTURY soil model (Par-
ton et al., 1993). It accounts for five organic soil pools (i.e.
three litter pools, a fast-overturning SOM pool and a slow-
overturning SOM pool) and three inorganic soil pools (i.e.
NH4, NO3 and POg4). Decomposition is described as first-
order decay by specific turnover times and pool sizes. Net
mineralisation of nutrients occurs if the nutrient immobili-
sation for litter decomposition is less than the gross nutri-
ent mineralisation from the decomposition of SOM. Plant
uptake competes with immobilisation as well as leaching
and nitrification- and denitrification-related gaseous losses
for the available inorganic nutrients.

2.2 MYC model description
The plant-MY Corrhiza—soil interaction (MYC) model in-
cludes plant-mycorrhiza dynamics and mycorrhiza—soil in-

teractions. Relevant QUINCY fluxes and MYC model fluxes
are presented in Fig. 1.

Biogeosciences, 21, 1391-1410, 2024
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Plants and mycorrhizae interact through the C flux from
host plants to mycorrhizal fungi, the reduction in the fine-
root uptake capacity in the presence of mycorrhizae (as these
roots are assumed to be partially covered by the mycelium
and therefore have a less direct contact with the soil), and the
export of nitrogen taken up by mycorrhizae to plant roots.
The respective net C and N acquisition of plants (Fig. 2a, b)
is described as follows:

dcp

—~ =BP=NPP+ALC, (1a)
dNP p p

- = AX = UR + AEn. (1b)

The net C acquisition of plants, i.e. plant biomass production
(BP), is given by net primary production (NPP) and net C ex-
change between the host plant and mycorrhizal fungi (A Ec
in Fig. 2a). Plant (net) N acquisition (AKI) is given by direct
root uptake (UI{}) and net N exchange (A Ey in Fig. 2b).
NPP and root N uptake are calculated by the following ex-
pressions in the standard QUINCY model, which have been
further modified to account for the effects of mycorrhizae:

1
p,pot, *
UNG = P X Ny (Kml’j " Kmo,j + Nj)
p p*
x &y X Cy", where (2a)
Umax, j
vhoo = and (2b)
max.J 1— fcover,max + fcover,max X f;leff
N
CP* = CP x feover. Here, (2¢)
cm
fcover =MIN (fcover,max, _p> . (Zd)
Cfr

In the above expressions, j refers to either NHy or NO3, N
denotes the NH4 or NO3 concentration in soil, U:;ax, N; isa
parameter describing the maximum uptake rate per unit fine-
root biomass (Cfr’*), Kmi,n; and K y; are the respective
low- and high-affinity half-saturation parameters, and {If} is
a scaling factor that describes current plant N demand. The
modification of the maximum uptake rate per unit biomass
(v;;ax, j) maintains the overall maximum uptake capacity of
the rhizosphere (vmax, ;) by taking the relative presence of
mycorrhizae (fcover,max) and their higher uptake efficiency
f l[;:%ff) compared to plants into account, while the adjustment

of root biomass considers the disconnection of root tips from
soil by mycorrhizal fungi. This coverage is given by the cur-
rent ratio of fine-root biomass (C g) and mycorrhizal biomass
(C™), but it is constrained by a maximum coverage to ac-
count for a shift in the mycorrhizal community to more ex-
ploitative species if plants are under severe N limitation.

In a similar way to plant C and N acquisition (Eq. 1), my-
corrhizal growth (G™ in Fig. 2c, d) is defined as the net
budget for C and N accumulation over time. G¢ is given
by mycorrhizal C uptake from SOM (U, only in the case
of saprotrophic mycorrhizae); net C exchange between the
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host plant and mycorrhizal fungi (A Ec); and losses by my-
corrhizal turnover (7T2"), respiration (R™) and exudation to
accelerate SOM decomposition (Dg‘OM, only in the case of
decomposing mycorrhizae; Fig. 2c). G is given by mycor-
rhizal N uptake (UY'), net N exchange (AEy) and mycor-
rhizal turnover (T in Fig. 2d).

dc™

—~ =GE=U& — AEc—T& = R™ = D§py (3a)
dnm
— =GN =UR — AEN— T (3b)

The exchange of C and N between the host plant and my-
corrhizal fungi consists of an exudation flux from plants to
mycorrhizae (E P2m) “where we assume that plant N exuda-
tion is zero and that the export flux from mycorrhizae to
plants (E™2P in Fig. 3) is as follows:

AEc = +EM® — EP™, (4a)
AEN =+ER™. (4b)

Positive signs depict fluxes from mycorrhizae to plants,
whereas negative signs depict fluxes from plants to mycor-
rhizae.

We constrain C exudation (Eme) from the host plant to
mycorrhizal fungi in a similar way to that assumed in MY-
COFON using the following parameters (Meyer et al., 2010):

— the amount of available C, which is represented by the
labile C pool in QUINCY;

— plant N demand, where increasing N demand increases
C allocation to mycorrhizal growth;

— an interaction term that allows for a decline in exudation
if plants do not receive nutrients in return, which could
happen either in the case of satisfied demand by plants
or in the case of severe N limitation, thereby turning
mycorrhizal fungi into competitors that do not deliver
any N to host plants;

— aminimum and maximum amount of mycorrhizae com-
pared with plant fine roots, to avoid complete mycor-
rhizal death and to prevent plants overspending C.

For a detailed description of the equations, see Appendix A.

We calculate N export from mycorrhizal fungi to host
plants (Eg2p ) as mycorrhizal surplus N, which is derived
from current mycorrhizal N uptake (UY') and N demand
(¢\), assuming that mycorrhizal fungi will first maintain
their own C : N ratio ( X‘C“N) before they can deliver N to host
plants. This potential N export is scaled by plant N demand
(CIS) for actual N export to suppress export if the plants have
sufficient N. As we assume that mycorrhizal fungi deliver N

as part of amino acids, C export (EE1 2p) is given by N export

https://doi.org/10.5194/bg-21-1391-2024
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Figure 2. C and N budgets of plants (a, b) and mycorrhizal fungi (¢, d), as described in Egs. (1) and (3), per day (of year, DOY). Net budgets
are shown in red, C fluxes are given in black and N fluxes are presented in grey. Uptake (U) is shown using dashed lines, net exchange
rates (A E) are presented using solid lines, losses by turnover (7') and respiration (R) are shown using dot-dash lines (¢, d), and losses by

exudation to SOM (D) are presented using long dashes (c).

and a prescribed C : N ratio ( chnl\zlp ).

ER? = (UR — o) x ¢, with (5a)
Cm

IN=— — N, (5b)
CN

EX? = 5%  ER7P. (5¢)

Mycorrhizal N uptake (UY) is the sum of mineral N uptake
(Uy)) and organic N uptake (U}VHSOM) in the case of sapro-
trophic mycorrhizae. Mineral N uptake, i.e. uptake of ammo-
nium (NHy) and nitrate (NO3), is calculated similarly to plant
root uptake in QUINCY (Eq. 2), but it is down-regulated if
the C investment in N transformation to amino acids exceeds
a threshold to avoid mycorrhizal death:

1
UpP=ym o xNjx |k i
N T ma Ny BTN T K s v N

(6a)

x C™ X finvest, Where
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m
fresp,max x C

Sinvest = m, pot (6b)
Ry
N.
J
Here, N; denotes either NHy4 or NO3, vn‘glax’ N; is a parame-

ter describing the maximum uptake rate per unit mycorrhizal
biomass (C™), K1, N; and Ko, N; are the respective low-
and high-affinity half-saturation parameters, and fresp, max 1S
the empirical threshold for C investment into mineral N up-
take.

We calculate the turnover of mycorrhizal fungi (T") based
on the life span of mycorrhizae as follows:

T = x X™, )

Tmyc
where Tyyc is mycorrhizal turnover time and X™ is either
mycorrhizal C or N. Ty is added to the respective litter pool
in soil, similar to the death plant fine roots.
We calculate respiration of mycorrhizal fungi (R™) as the
sum of direct mycorrhizal respiration (Rg‘m), which is asso-

Biogeosciences, 21, 1391-1410, 2024
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Figure 3. C and N exchange rates between host plants and my-
corrhizal fungi, as described in Eq. (4), per day (of year, DOY). C
fluxes are shown in black and N fluxes are given in grey, as in Fig. 2.
Net exchange rates (A E, solid lines) are partitioned into exudation
from plants to mycorrhizal fungi (EP2™ | dashed line) and export
from mycorrhizal fungi to plants (E™2P, dot-dash line).

ciated with growth and maintenance processes, using a con-

stant C use efficiency (CUE™) and recently gained C, and

N uptake respiration (Rfl}lNl ), which is related to the specific
J

costs (r;) associated with transforming mineral N (N j) into
amino acids (Zerihun et al., 1998).

R™ =Ry + RglNi (8a)
RM = (1— CUE™) x (U + EX™) (8b)
Ux, =71 < UN, (8¢)

Special functionalities of saprotrophic and decomposing
mycorrhizae

Saprotrophic mycorrhizae mine SOM as additional organic
N source. We assume that mycorrhizae access old, C-
depleted, N-rich SOM. We further assume that mycorrhizae
are only facultative saprotrophs, which is why we decrease N
uptake from SOM if both plants and mycorrhizae have suf-
ficient N, which is quantified by the current C:N ratio of
mycorrhizae.

Nsom
uy =y — 2 x(C"Mx fl .
N max, N: 1imit»
SOM SOM K Voo + Nsom

where (9a)
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. c
0.5, if X7 min > ¥m > XCN.min’
CN, 55 :

Siimit = (9b)
: 1
With Xen mn = 2 X (XCN + XN min)
e CM m
0, if ~N®m < XCN,min"
m . . .
Here, vjl nvoon 19 the maximum uptake rate per unit mycor-

rhizal biomass (C™); Km,ngoy 1S the half-saturation param-
eter; and flimit is @ down-regulation function for N uptake
from SOM, which is derived from the target C: N ratio of
mycorrhizal fungi (x/y), @ minimum C:N ratio ( XgN,min)
and the current C : N ratio.

We assume that organic N uptake by SOM-mining mycor-
rhizae is associated with a C flux corresponding to the uptake
of amino acids and some additional C, even if most myc-
orrhizal fungi lack the capacity to assimilate soil organic C
(SOC) and acquire C only from their host plant (Lindahl and
Tunlid, 2015; Frey, 2019). This C uptake (Ug‘) is described
as follows:

UE =Up..\, % X&' x CUE™, (10)

where CUE™ is the C use efficiency of mycorrhizal uptake
and describes the share of SOC that mycorrhizae can incor-
porate. The remaining C is respired.

Decomposing mycorrhizae exude C (Dgpy,) to accelerate
decomposition. This C provides energy for microbes to de-
compose older SOM faster, which enhances the net mineral-
isation flux and, therefore, increases soil mineral N availabil-
ity for mycorrhizal fungi as well as plants and microbes. We
calculate the exudation as follows:

DgnOszDSOM x C™, (11)

where fpg,, is an empirical parameter. In order to not vi-
olate the fixed soil C:N ratio assumed in QUINCY, Dg‘OM
is added to heterotrophic respiration. This is reasonable, as
we assume that the induced acceleration of decomposition
increases heterotrophic respiration generally.

We represent the resulting acceleration of decomposition
implicitly by lowering the turnover time of slow SOM in the
presence of decomposing mycorrhizal fungi.

Km»TSOM +C"

)
Umax,tsom X C

*+ ok
Tsom = TsoM X (12)

where 7, denotes the turnover time of the SOM without
the influence of decomposers but in mycorrhizal presence,
Km,rsop AN Umax, g0y are empirical parameters, and C™ is
mycorrhizal biomass.

In order to maintain the overall ecosystem dynamics in
a steady state, comparable to the model simulations with-
out mycorrhizae, we multiply the turnover of the slow-
overturning SOM pool in QUINCY by an empirically deter-
mined parameter fry,, for both mycorrhizal functionalities.

https://doi.org/10.5194/bg-21-1391-2024
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Table 1. MYC model parameters.
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Symbol Description Value Unit Reference

CUE™ Mycorrhizal C use efficiency 0.7 egC gC_1 This study

€ Sensitivity parameter for plant C exudation 0.005 umol m2d-! This study

Scover, max Maximal covered root surface by mycorrhizal fungi 0.3 m2m—2 Meyer et al. (2010)

SDsom Mycorrhizal C exudation to SOM per unit biomass 0.05 egC gC_1 d-! This study

I E pom Maximal share of available C for exudation 0.3 gC ng1 Meyer et al. (2010)

fmzl:j;ax Maximum ratio of mycorrhizae to plant fine roots 0.5 gC ng1 Marschner and Dell (1994);
Goransson et al. (2006)

JSm2r, min Minimum ratio of mycorrhizae to plant fine roots 0.1 gC gC_l Marschner and Dell (1994);
Goransson et al. (2006)

Jfresp,max Maximum C investment into N uptake 0.5 gC gC_1 d-! This study

Srsom SOM turnover adjustment 5 - This study

flTﬁff Surface ratio between plant fine roots and mycorrhizae 40 m? m~2 Marschner and Dell (1994)

K, Nsom Half-saturation parameter for N; uptake 400 m? mol 1 This study

Km, zsom Half-saturation parameter for rgop reduction 1.0 gC m—3 This study

Tmyc Turnover time of mycorrhizae 0.3 years Smith and Read (2010)

Umax,Nsom  Maximum Ngop uptake capacity per unit biomass 0.3 umol mol~! yr_1 This study

Umax, tsom Maximum tgop reduction parameter 20.0 - This study

XICnN C: N ratio of mycorrhizal fungi 10.0 gC 5,er1 Allen et al. (2003); Wallan-
der et al. (2003)

XgN, min Minimal C: N ratio of mycorrhizal fungi 0.8 x Xg]N gC gN_1 This study

Xgll\zlp C: N ratio of amino acids 3.0 eC gN_1 Hauptmann (1985)

Kmi,NHy Low-affinity half-saturation parameter for NH4 uptake ~ 0.0416 m?> mol ! Thum et al. (2019)

Kin1,NOs Low-affinity half-saturation parameter for NO3 uptake ~ 0.0416 m> mol ! Thum et al. (2019)

Km2, NH,4 High-affinity half-saturation parameter for NHy uptake 1.0 m3 mol~! Thum et al. (2019)

Km2,NHO;  High-affinity half-saturation parameter for NO3 uptake 1.0 m> mol~! Thum et al. (2019)

TNH,4 Uptake respiration per unit NHy 1.8 gC gN_] Thum et al. (2019)

NOs Uptake respiration per unit NO3 23 gC gN_l Thum et al. (2019)

Tlabile Turnover time of plant labile pool 7 days Thum et al. (2019)

TSOM Turnover time of slow SOM pool 100 years Thum et al. (2019)

Umax, j Maximum N; uptake capacity per unit biomass 0.42 umol mol ! s~1 Thum et al. (2019)

X C:N ratio of SOM 9.0 gCgN~! Thum et al. (2019)

2.3 Duke Forest FACE experiment

We test the QUINCY-MYC model at the Duke Forest Free-
air COy Enrichment (FACE) site (hereafter Duke FACE).
The Duke FACE experiment (McCarthy et al., 2007) was
set up in a loblolly pine (Pinus taeda) plantation (35.9° N,
79.08° W; North Carolina, US) that was established in 1983
after a clear-cut. The experiment started in August 1996
with three plots per CO, treatment, i.e. ambient and elevated
(+200 ppm) CO, concentration, with plots paired according
to soil N availability.

For our analysis, we use locally measured climate data
(see Sect. 2.4), comprising annual measurement data for am-
bient and elevated treatments for plant C and N fluxes, i.e.
plant biomass production (BP) and plant N acquisition (AIEI),
which are estimated by Finzi et al. (2007). Responses were
calculated per each treatment plot pair and then averaged.
Soil C concentrations and §'3C measurements are taken from
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Lichter et al. (2008), who used specific 8'3C labelling of the
artificial CO; that was used for fumigation.

2.4 Model set-up and protocol

QUINCY requires half-hourly meteorological forcing con-
sisting of air temperature, precipitation (rain and snow),
long-wave and short-wave radiation, atmospheric CO, con-
centration, and N and P deposition rates. Meteorological data
are derived from version 7 of the CRUNCEDP dataset (Viovy,
2016), which provides daily data from 1901 to 2015. Data
are disaggregated using a statistical weather generator (Za-
ehle and Friend, 2010) to the half-hourly model time step.
Annual data for atmospheric CO, concentration are taken
from Le Quéré et al. (2018), while N deposition rates are
from Lamarque et al. (2010) and Lamarque et al. (2011). As
local records of forcing data are available, we used data from
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Walker et al. (2014) for the duration of the Duke FACE ex-
periment.

Additionally, QUINCY requires information about vege-
tation, given as PFT and soil information, such as texture,
bulk density and rooting and soil depth, for each site. As this
work aims to study N controls on plant growth, we also use
information about inorganic P content that is kept constant to
avoid the influence of P limitation.

QUINCY pools (vegetation and soil) are brought to quasi-
equilibrium by a spin-up period of 500 years that uses re-
peated meteorological data from 1901 to 1930 to drive sim-
ulations, before the actual simulation period (1901-2015)
starts, with transient climate and CO, concentrations as de-
scribed above. Vegetation tissue pools are set to zero in 1983,
the year of forest establishment at the site. Harvested biomass
persists in the system by adding it to litter, except for woody
biomass, from which a fraction of 80 % is removed.

We perform two simulations: one for ambient CO; and one
in which atmospheric CO; concentrations are elevated by
200 ppm from August 1996 on in order to mirror the FACE
experiment. The §'3C signal is calculated by the amount of
fumigated artificial CO, compared with natural CO, (Mc-
Carthy et al., 2007).

To assess parameter uncertainty, we vary all MYC model
parameters (Table 1, section above the line) within a range
of £10 %. We use Latin hypercube sampling (LHS; Saltelli
et al., 2000) to generate 200 parameter sets for each myc-
orrhizal functionality. We did not vary default QUINCY pa-
rameters (Table 1, section below the line), as a detailed anal-
ysis can be found in Thum et al. (2019).

For the analysis of the Duke FACE experiment, we carry
out two runs for each model variant and each parameter set:
QUINCY without mycorrhizal fungi (1 times two runs, i.e.
one under ambient CO, and one under elevated CO;, as
described above), QUINCY with decomposing mycorrhizae
(200 times two runs, i.e. one run for each CO;, concentra-
tion for each of the 200 LHS parameter sets) and QUINCY
with saprotrophic mycorrhizae (200 times two runs, i.e. one
run for each CO, concentration for each of the 200 LHS pa-
rameter sets). We analyse the median and the 10 % and 90 %
quantiles of the LHS simulations.

In order to better present changes in the CO; elevation
during the experiment, flux responses are shown as relative
responses (6Y in Eq. 13a), whereas changes in pool sizes,
e.g. soil organic matter content or mycorrhizal biomass, are
shown as absolute changes (AX in Eq. 13b).

Yo —Y,

Yy
AX =Xe—Xa

8Y =

(13a)
(13b)

In order to better understand the impact of the mycor-
rhizal parameterisation on the simulated ecosystem dynam-
ics, we also use a linear decomposition method (Rastetter
et al., 1992) to attribute the changes in ecosystem C storage
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under eCO; to changes in the N cycle induced by mycor-
rhizae.

3 Results

3.1 Effects on simulated vegetation dynamics under
ambient and elevated CO,

Simulated ambient plant biomass production (BP) is gener-
ally lower than observed BP (999.64 138.8 gCm~—2yr 1),
but it does not differ much among simulations with and
without mycorrhizal fungi (Fig. 4a). Simulated ambient
plant N acquisition (A%) captures observed plant N ac-
quisition (8.34+0.5gNm~2yr~!) in general (Fig. 4c),
whereby both BP and N acquisition are higher in simulations
without mycorrhizae (BP: 808.7439.5¢Cm~2yr !;
APN: 9.0+02gNm~2yr ') and with saprotrophic
mycorrhizae ~ (BP:  755.6+41.1gCm~2yr~!; A%:
9.8+ 1.4gNm~2yr 1), whereas these values are lower
in simulations with decomposing mycorrhizae (BP:
678.1£71.2gCm2yr~ !y  AR: 63+£05gNm2yr ).
This indicates a stronger competition for N by decomposing
mycorrhizae than by saprotrophic mycorrhizae, which in
turn limits plant growth. Root infection by mycorrhizal
fungi lowers direct plant N uptake, as mycorrhizae reduce
root contact with the soil (Ug in Fig. 4e) by around 84 %;
however, this effect is balanced the by mycorrhizal N uptake
and export to plants (A Ey in Fig. 4g). N export is higher for
saprotrophic mycorrhizae (8.4 4 1.4gNm™2yr~!) than for
decomposing mycorrhizae (4.540.4gNm~2yr~!), leading
to the simulated difference in total plant N acquisition.
Elevated CO; (eCO») increases both observed and mod-
elled BP. The first-year effect is lower for observations
(4+24.8 %) and for simulations with saprotrophic mycor-
rhizae (+25.0 %), whereas it is higher for simulations with-
out mycorrhizae (443.6 %) and with decomposing mycor-
rhizae (435.3 %; §BP in Fig. 4b). The observed BP response
reaches a value of +27.2 £2.1 % for the first 6 years of the
experiment; it then increases to +36.5+2.9 % for 5 years
and decreases slightly in the last year (4+20.3 %). This be-
haviour is not entirely captured by any of the simulations,
but it also remains unclear whether the last-year decrease is
a sign of progressive N limitation caused by annual varia-
tion or by a bias in observations after winter 2001-2002,
when a storm affected some of the plots (McCarthy et al.,
2006). The positive observed responses of plant N acquisi-
tion during the entire experimental phase (+23.5£6.2 %;
3 AIE, in Fig. 4c) point to the effect of climate variability and
disturbance, rather than progressive N limitation (McCarthy
et al., 2006). Modelled responses of BP are similar in simu-
lations without mycorrhizal fungi and with saprotrophic my-
corrhizae within the first half of the experiment. In the sec-
ond half of the experiment, the BP response simulated by
the model without mycorrhizal fungi decreases. This is con-
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strained by the small increase in simulated plant N acquisi-
tion within the first 5 years (8.9 4.0 %) and the slightly
negative response afterwards (—5.0 £ 5.5 %). In contrast, the
simulated BP response of the model with saprotrophic my-
corrhizae remains enhanced until the end of the experiment
(+39.6 + 1.2 %), which is supported by a strong positive re-
sponse of plant N acquisition during the entire experiment
(+33.8 £ 12.9 %). The simulated BP response by the model
variant with decomposing mycorrhizae is only positive dur-
ing the first 3 years of the experiment and is slightly neg-
ative on average (—3.3 +16.1 %). This response is caused
by a small but entirely negative response of plant N acquisi-
tion (—2.6 £ 1.2 %). Notably, this negative response of plant
N acquisition is not caused by reduced plant N uptake in
response to eCO; as in the model variant without mycor-
rhizal fungi ((SUIE)I in Fig. 4f). In the simulations, decom-
posing mycorrhizae accelerate N decomposition in response
to eCO; and, therefore, allow plants to increase N uptake
(+6.8 £2.8 %). However, they also act as strong competi-
tors and, while mycorrhizae take up N from the soil, they
reduce N export to their host plants to satisfy their own N
demand (—7.6 +2.8 %; §AEN in Fig. 4h). In contrast, the
simulated positive plant N acquisition response during the
entire experiment in the model variant with saprotrophic my-
corrhizae is caused by both a slight increase in plant N uptake
(+1.8£5.7 %) and a strong increase in mycorrhizal N export
(+40.3 = 14.9 %), which matches the observed total plant N
acquisition response best.

Differences in simulated N export rates from mycorrhizae
to host plants (A EN) under ambient CO, among mycorrhizal
types are caused by differences in total N uptake by my-
corrhizae (UY' in Fig. 5a). Generally, decomposing mycor-
rhizae take up almost 30 % more N from mineral sources than
saprotrophic mycorrhizae (Uy  in Fig. 5c; decomposers:
8.1+0.4gNm~2yr!;saprotrophs: 6.3+ 0.8 gNm—2 yr—1).
However accessing SOM as an N source (U]‘Q,‘SOM in Fig. Se;
7.241.5gNm~2yr~!) allows saprotrophic mycorrhizae to
more than double their N uptake, leading to a 66 % higher
ambient mycorrhizal N uptake by saprotrophic mycorrhizae
than by decomposing mycorrhizae.

Under eCO,, only saprotrophic mycorrhizae can increase
their mycorrhizal N uptake significantly (by +23.5 £ 8.5 %),
whereas the simulated mycorrhizal N uptake response (U
is almost zero for the model variant with decomposing my-
corrhizae (+1.5+1.5%; Fig. 5b). This is caused by the
greater competition for mineral N under eCO, by plants
and decomposing mycorrhizal fungi, which constrains the
eCO, response of mycorrhizal N uptake from mineral
sources by decomposing mycorrhizae and plant N uptake
(+4.9£ 1.6 %) respectively (Figs. 4f, 5d). However, the
slight increase in mineral N uptake in response to eCO», in
comparison with the reduced N uptake in the model vari-
ant without mycorrhizal fungi, shows the effect of decom-
posing mycorrhizae on N cycling. Only the strong compe-
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tition for mineral N then leads to the stronger limitation of
plant growth. In contrast, saprotrophic mycorrhizae increase
the uptake of both mineral (+5.5+5.8 %) and organic N
(4+39.8 = 13.8 %) in response to eCO, (Fig. 5d, f), result-
ing in the strong positive overall response of mycorrhizal N
uptake that allows saprotrophic mycorrhizae to deliver more
N to their host plants (Fig. 4h). The positive response of my-
corrhizal N uptake from mineral sources also indicates an
increase in mycorrhizal biomass, especially at the beginning
of the experiment, which is caused by increased C exudation
from plants to mycorrhizal fungi in response to eCO;.

Generally, the model behaviour does not change strongly
for either mycorrhizal type if the MYC model parameters
are varied by £10%. For all analysed time series and re-
sponses to eCO;, we find a larger spread among parameter
sensitivity simulations for the saprotrophic mycorrhizae than
for decomposing mycorrhizae (shaded areas in Figs. 4 and 5).
The N efficiency of exudation (i.e. the N gain per unit C that
is exuded to mycorrhizal fungi) of saprotrophic mycorrhizae
is strongly dependent on their ability to mine N from SOM
(Eqg. 9), which (in the model) is primarily controlled by the
parameter vy, Nsom that determines the maximum capacity
of organic N uptake per unit mycorrhizal biomass. Increas-
ing vgl‘ax’ Ngoy CaN0 increase the mycorrhizal surplus of N and,
thus, the N export of saprotrophic mycorrhizae to plants. This
creates a feedback in the model in which an increased return
of N increases the amount of C that plants invest in exuda-
tion and subsequently also mycorrhizal biomass. Notably, the
effect on plant C exudation can be positive (because plants
support supportive mycorrhizal fungi) or negative (if mycor-
rhizal fungi already export enough N to fulfil plant require-
ments). In contrast, decomposing mycorrhizae always act as
competitors for mineral N (Figs. 4e, 5¢); thus, plants exude
the minimum amount of C required for their N demand. This
implies that the modelled magnitude of decomposing myc-
orrhizae and their effect on plant N nutrition is insensitive to
mycorrhizal parameters but mostly controlled by the dynam-
ically varying plant demand.

3.2 Effects on simulated soil dynamics under ambient
and elevated CO;

Mycorrhizal fungi also affect soil processes and soil organic
C (SOC) stocks, either by taking up and respiring C that
was attached to soil organic N in the case of saprotrophic
mycorrhizae or by accelerating SOM decomposition in the
case of priming mycorrhizae; this caused differences in the
amount of SOC and its age during the FACE experiment.
Thus, we explore changes in total SOC as well as the §'3C
signal of SOM. This gives an indication of (1) how much of
the SOC has been accumulated during the experiment in total
and (2) the turnover of accumulated C, because a decrease in
the 813C signal of SOM indicates the respiration of younger
C and, thus, potentially a faster ecosystem C turnover, as it
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Figure 4. Vegetation C and N fluxes for the Duke FACE experiment for plant biomass production (BP; a, b), plant N acquisition (A%; c, d),

plant N uptake (UII\)I; e, f) and N export from mycorrhizae to plant (E£2p ; g, h) from ambient-CO, simulations and treatments (a, ¢, e, g) and
in response to elevated CO» (b, d, f, h), which is calculated by Eq. (13a). The simulations are presented as follows: grey — QUINCY without
mycorrhizae; orange — QUINCY with decomposing mycorrhizae; blue — QUINCY with saprotrophic mycorrhizae. The line represents the
LHS simulation median and shaded areas present the 10 %—90 % quantile range of LHS simulations. Black denotes observations by Finzi
et al. (2007) averaged over treatments, with the error bars indicating +1 SE.

carries the more negative 8'2C signal of artificial fumigation
CO, (Fig. 6a, b).

Observed ambient SOC (SOC,) is increased by
187 gC m~2 from 1996 to 2005, whereas SOC under
eCO, (SOC,) is decreased by 46 gC m~—2 (Fig. 6¢). Addi-
tionally SOC, has a more negative §'3C signal (Fig. 6d),
indicating that, even though less SOC is stored, more of
this SOC has been created during the experiment. We find a
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similar pattern for total SOC, i.e. a less strong SOC increase
under eCO; than under aCO; in the model version without
mycorrhizal fungi (ASOC,: +136 gC m~2 in 2005; ASOC,:
+38gCm™2) and in the version with saprotrophic myc-
orrhizae (ASOC,: +130gCm™2; ASOC.: +24gCm~2;
Fig. 6¢). However, both models still suggest an accumulation
of SOC over the experimental period, which is contrary
to observations. SOC §'3C for the model variant without
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Table 2. Change in mycorrhizal growth during the Duke FACE experiment.

Quantity Year  Decomposers Saprotrophs
Exudation response 1996 0.6+£0.4% —32+£59%
((SEEZ“‘) 2000 1.64+22% 22+17.8%
2005 8.5+0.8% 8.1+53%
Change in mycorrhizal biomass 1996  19.3 +6.3 gCm™2 40.7+71.0gCm2
(AC™) 2000 77.1+£157¢Cm~2  192.6+113.9gCm™?
2005 197.2442.0gCm~2  197.74+62.3gCm 2
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Figure 5. Mycorrhizal N uptake simulations for the Duke FACE experiment. Total uptake (UI{?; a, b), uptake of mineral N (U}{,‘mh; ¢, d), and

N uptake from SOM (UR,‘SOM

; e, f) from ambient-CO, simulations (a, ¢, €) and in response to elevated CO; (b, d, f), which is calculated by

Eq. (13a). The simulations are presented as follows: orange — QUINCY with decomposing mycorrhizae; blue — QUINCY with saprotrophic
mycorrhizae. The line represents the LHS simulation median and shaded areas present the 10 %—90 % quantile range of LHS simulations.

mycorrhizal fungi shows only a very small response to
eCO; (A813C,: —0.1%o0 in 2005; A8'3Ce: —0.8 %0), which
indicates only minor changes in SOC turnover, whereas the
813C of SOC in the model variant with saprotrophic myc-
orrhizae becomes significantly negative (A8'3Cy: —0.5 %o;
AS83Cs: —5.6%o¢). This indicates an accelerated turnover
of SOC, which is induced by SOC mining and organic N
uptake (Fig. 6d). On the contrary, in the model variant with
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decomposing mycorrhizae, simulated total SOC evolution
from 1996 to 2005 does not differ among CO; treatments
(ASOC,: +174gCm~2; ASOC.: +178gCm~2). This
is the consequence of a general tendency of this model
variant to allocate below-ground C from plant exudation to
mycorrhizal fungi. Although mycorrhizal fungi accelerate
SOM decomposition, the effect is too small to prevent an
increase in SOC,. SOC. development is similar to SOC,
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Figure 6. Soil C and N dynamics for the Duke FACE experiment. Panels (a) and (b) represent C forcing by the atmospheric CO, concentra-
tion (a) and related s3c (b) for ambient- and elevated-CO, simulations. Panels (¢)—(g) represent changes in soil-dynamics-related variables
from the beginning of the experiment: SOC accumulation (ACgowm; ¢) and changes in the SOM-513C (a) responses of heterotrophic respira-
tion and the net mineralisation rate to elevated CO, (§ Ry, and dnet mineralisation in e and g respectively) and changes in Ry, § 13¢C (f). Absolute
changes in si3c (b), SOC (¢), SOM sB3c (d) and Ry, s3c (f) are calculated by Eq. (13b), whereas relative changes in heterotrophic respi-
ration (e) and the net mineralisation rate (g) are calculated by Eq. (13a). Panels (a—d) and (f) show the ambient-CO, treatment (dashed line)
and elevated-CO, treatment (solid line). Panels (¢)—(g) present the simulations: grey — QUINCY without mycorrhizae; orange — QUINCY
with decomposing mycorrhizae; blue — QUINCY with saprotrophic mycorrhizae. The line represents the LHS simulation median and the
shaded ribbons present the 10 %—90 % quantile range of LHS simulations. Black denotes observations by Lichter et al. (2008), with the error
bars indicating £1 SE.

development for the model variant with decomposing turnover of C within the ecosystem becomes faster (Fig. 6c,
mycorrhizae, but the §'3C signal is lower under eCO5 than d).

under aCO, (AS§ BC,: —0.3%0: AS3Ce: —3.7%0). This Concurrent with the accelerated SOC turnover under eCO,
shows again that freshly assimilated CO» is transferred to during the experiment, heterotrophic respiration (Ry,) is also

the soil via exudation and mycorrhizal fungi and that the increased in all model variants (Fig. 6e). In the model vari-
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ant without mycorrhizal fungi, § R, becomes positive only
after 4 years, following the gradual accumulation of SOC
(+2.9+ 1.7 %). The similarity of SOC development under
aCO; and eCO; gleaned by modelling decomposing mycor-
rhizae causes a weak response of Ry, (+1.0 + 0.8 %; Fig. 6e,
g). However, the response of net N mineralisation to eCO;
increases slightly during the experiment (2.1 1.6 %), sug-
gesting that the decomposing functionality is accelerating
soil turnover. While this change is too small to have a strong
effect on the vegetation, it still leads to a notable amount
of additional mineral N that is taken up by both plants
(+4.9 £ 1.6 %; Fig. 4f) and mycorrhizal fungi (1.5 + 1.5 %;
Fig. 5d). Simulated saprotrophic mycorrhizae access SOM
as an N source and increase their organic N uptake in re-
sponse to eCO; to satisfy their own and plant N demand
(Fig. 5f). The model assumes that the mycorrhizae only take
up the C associated with amino acids and then respire the
remainder of the SOC in order to maintain the SOM C:N
ratio (Eq. 10). This parameterisation leads to a strong in-
crease in Ry under eCO;, (412.3 +10.1 %; Fig. 6e), asso-
ciated with mycorrhizal uptake of N. The SOM decompo-
sition unrelated to mycorrhizae is less affected, resulting
in unchanged net N mineralisation (40.5 3.8 %; Fig. 6g).
This is similar to the model variant without any mycorrhizae
(—1.34+10.6 %). However, the §'3C signal of Ry, is signif-
icantly lower when modelling mycorrhizal fungi, resulting
from the larger below-ground C flux and faster turnover of
mycorrhizal biomass in the soil, in combination with the
more negative 8'3C of the freshly assimilated C (Fig. 6f).
These results are robust against parameter changes; how-
ever, as discussed in the previous section, model simula-
tions show a larger spread among LHS simulations for sapro-
trophic mycorrhizae. This is due to the sensitivity of the
MYC model with saprotrophic mycorrhizae to Ugax, Nsom”
which describes the maximum C and N uptake from SOM
(Sect. 3.1), and thus directly affects SOC turnover (Eq. 10).

3.3 Effects on ecosystem C storage under ambient and
elevated CO;

The linear decomposition method of Rastetter et al. (1992)
allows us to better understand the impact of the mycorrhizal
parameterisation on the simulated ecosystem dynamics. We
attribute the changes in ecosystem C storage under eCO;
to changes in the N cycle induced by mycorrhizae (Fig. 7),
namely, (i) a change in total ecosystem N (ANgg,); (ii) a
change in the C:N ratio of vegetation (AC: Nveg); (iii) a
change in the C : N ratio of SOM (AC : Nsom, including my-
corrhizal fungi); and (iv) an altered partitioning of N among
ecosystem compartments, i.e. between vegetation and SOM
(ANVeg/NEc0)~

We find that ANEg, is only weakly changed under eCO,
and has only minor effects on ecosystem C storage. This
is because none of the model variants change ecosystem N
(NEco) gain and the effects on Ng, losses are minor.
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For the model variant without mycorrhizal fungi, changes
in ecosystem C are mainly caused by AC : Nyeg, which in-
dicates a strong N limitation on plant growth, as increased C
input from elevated CO, cannot be adequately matched by
increased N uptake and the model has an insufficient capac-
ity to increase the total below-ground C flux to reduce the
excess C uptake (Fig. 7). As a result, the net C uptake re-
sponse (§NPP) decreases after the initial increase (Fig. 4b).

In the presence of mycorrhizal fungi, the lower attribution
of AC : Nyeg to a change in ecosystem C under eCO> indi-
cates less N limitation on growth. In the case of the decom-
posing mycorrhizae, small increases in decomposition due to
increased mycorrhizal growth (Table 2) result in only minor
changes in soil and vegetation C : N ratios, and they are insuf-
ficient to lead to a substantial amount of N transfer from soils
to vegetation, thereby leading to a small change in ecosystem
C.

The improved N nutrition in the model variant with sapro-
trophic mycorrhizae that leads to an increase in ecosystem
C is caused by a redistribution of N among ecosystem com-
partments, i.e. between vegetation and soil, due to the myc-
orrhizal mining of N from SOM and the ensuing export of
this N to vegetation (ANvyeg/NEgco in Fig. 7). As vegetation
C : N ratios are more than 3 times higher than soil C : N ratios
(Kattge et al., 2011; Parton et al., 1993), a redistribution of N
from soil to vegetation allows vegetation to incorporate much
more additional C, thereby exceeding the relative losses that
are caused by the loss of SOM N.

As for vegetation and soil compartments individually
(Sect. 3.1 and 3.2), the results are robust against parameter
variations; this supports the meaning of our findings, espe-
cially when focusing on ecosystem responses to eCO5.

4 Discussion

4.1 Representation of alternative mycorrhizal
functional groups

We integrated a dynamic plant—mycorrhiza—soil (MYC)
model in the QUINCY TBM to test plausible but parsimo-
nious representations of mycorrhizal effects on ecosystem
fluxes based on observational findings. To do so, we in-
corporated observed mycorrhizal functionalities but did not
link them to mycorrhizal types, i.e. arbuscular mycorrhizae
(AMs) and ectomycorrhizae (ECMs), nor to their potential
ecosystem functioning, owing to contrasting observations
and limited knowledge. This is contrary to other modelling
studies that have differentiated between AMs and ECMs and
linked their proposed effects on plant nutrition to the simu-
lated host plants (e.g. Phillips et al., 2013; Brzostek et al.,
2014; Sulman et al., 2014). The advantage of our approach
is that it allows us to assess potential generic effects of my-
corrhizal dynamics on simulated ecosystems independently
of plant species or any prior knowledge of species associa-
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Figure 7. Attribution of the simulated change in ecosystem N
(ANEco), vegetation C:N (AC : Nygg), soil C:N (AC : Nsom)
and ecosystem N distribution (ANvyeg/NEco) to the simulated
change in ecosystem C under elevated CO; for the model without
mycorrhizal fungi (grey), with decomposing mycorrhizal fungi (or-
ange) and with saprotrophic mycorrhizal fungi (blue). Bar heights
indicate the median of the attributions and error bars indicate the
10 % and 90 % quantile spread among the LHS simulations.

tions. We also tested the effect of mycorrhizal fungi that only
access mineral N in soil (results not shown), which is simi-
lar to what plant fine roots do, but the results did not differ
from the model version without mycorrhizae, indicating that
mycorrhiza—SOM interactions are the key to explaining their
significance for plant nutrient nutrition.

We assessed the possible importance of mycorrhizal fungi
to predict the future evolution of terrestrial carbon stores un-
der elevated CO».

We found that only the model variant with saprotrophic
mycorrhizae, in which mycorrhizae can directly access or-
ganic N bound in SOM, was able to simulate the observed
growth response to eCO, and the underlying change in plant
N acquisition consistent with observation-derived estimates
from Finzi et al. (2007). The model without mycorrhizae was
capable of simulating the observed increase in growth. How-
ever, this occurred only because of an overly strong increase
in the C: N stoichiometry (Caldararu et al., 2020) and, thus,
the nutrient use efficiency of growth, compared with simula-
tions using other TBMs reported in Zaehle et al. (2014). This
suggests that the direct access to SOM as an N source is the
key feature missing in TBMs when simulating Duke FACE.
This result does not provide evidence of a general mycor-
rhizal saprotrophic or, at least, SOM-mining behaviour, but it
does demonstrate that different N uptake strategies need to be
explored to improve future projections of ecosystem models.
Our study indicates a strong need for both further modelling
and experimental research on mycorrhizae, especially as our
findings are clearly limited by the use of only one testing
site. However, CO, experiments with this wealth of available
data are rare, which is why we decided to use only the Duke
FACE site and to extend our analysis to multiple observa-
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tion streams available at that site, i.e. above-ground biomass
observations as well as soil C measurements; due to the mul-
tiple ongoing FACE experiments in a variety of ecosystems,
our analysis could be extended in the future (e.g. EucFACE,
Drake et al., 2016, or BIFoR FACE, MacKenzie et al., 2021).

The model variant in which mycorrhizae do not have direct
access to organic N but induce an acceleration of SOM de-
composition/priming was unable to reproduce either the ob-
served growth or N acquisition response and predicted pro-
gressive N limitation. This result occurred because, on the
simulated timescale, the implicit treatment of mycorrhizal ef-
fects on SOM decomposition did not provide enough N for
the plants, as mycorrhizal fungi, which are more efficient at
taking up mineral N, hindered increased N export to plants
because they required the additional available N to support
their own N demand. This turns the decomposing mycor-
rhizal fungi into competitors, not facilitators, with respect to
N in the short-term and, consequently, results in increased
N limitation to plant growth, despite the simulated accelera-
tion of SOM decomposition and net N mineralisation under
eCO;. However, the set-up of FACE studies, especially their
rapid CO; enhancement, is artificial, and the observation pe-
riod is rather short. Therefore, the results presented here may
not represent the current environmental change as well as a
full adjustment of the observed ecosystem to the change. On
longer timescales, the decomposing functionality may work
to improve N nutrition of plants successfully.

Furthermore, our analysis clearly showed that the exuda-
tion of freshly assimilated C to any mycorrhizal fungi is nec-
essary to explain the observed changes in the §'3C signal in
SOC (Lichter et al., 2008). This shows that changes in soil C
stocks can only be simulated correctly when models include
a form of C exudation to the soil.

4.2 MYC model simplifications and assumptions

4.2.1 MYC model limitations due to observational
constraints

The MYC model contains 17 parameters. In total, 13 of these
belong to both functionalities, and they control the plant—
mycorrhiza interactions (e.g. C export to mycorrhiza) and
general mycorrhizal dynamics (e.g. mycorrhizal stoichiom-
etry and biomass turnover). Two parameters each describe
the mycorrhizal effects on SOM specific to each function-
ality. We found observation-based estimates for only five
parameters (Table 1). This lack of suitable data is caused
by the large difficulties involved with measuring within the
rhizosphere without destroying plant—-mycorrhiza symbioses
(Savage et al., 2018; Vicca et al., 2018; Lang et al., 2021),
and it obviously limits the ability to constrain the MYC
model. Nevertheless, fluxes within the MYC model, which
describe mycorrhizal C and N exchange with host plants and
soil, are reasonably robust against changes in parameter val-
ues under unperturbed conditions (Figs. 4, 5, 6). This pro-
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vides some justification to circumvent the explicit represen-
tation of mycorrhizae and instead rely on the use of plant
root measurements, i.e. plant fine-root biomass or plant C
allocation into fine-root growth, as proxy for mycorrhizal
biomass or C transfer from the host plant to fungi. However,
the resulting systematic underestimation of simulated flux re-
sponses to eCO; clearly points to the need to represent my-
corrhizae and, thus, also observational data on mycorrhizal
fungi. Our study reveals that the organic N uptake capacity
(vh,,) needs to be better constrained, in particular for sapro-
trophic mycorrhizae. Even small variations in vy, - Nsom af-
fect the ability of mycorrhizae to export N to host plants,
which feeds back to plant C exudation (Fig. 3, Eq. A3). Con-
sequently, the MYC model is highly sensitive to vﬁax’ Nsom
when modelling saprotrophic mycorrhizae. The most impor-
tant unknown parameters in the representation of decompos-
ing mycorrhizae are the mycorrhiza-induced decomposition
acceleration and the general decelerated soil turnover ( frgoy,
and 7g),). As these factors do not affect plant-mycorrhiza
interactions directly, the MY C model itself is less sensitive to
variations, which leads to small variations among LHS sim-
ulations, but the combination strongly affects the ecosystem
dynamics by potentially degrading almost all SOM.

4.2.2 MYC model limitations due to model constraints

In its current version, the MYC model does not consider P
and water supply by mycorrhizal fungi, and QUINCY ne-
glects mycorrhizal biomass in plant leaf-to-root ratio calcu-
lations, which not only ensures a certain ratio of C to nutrient
acquisition but also plant physical stability. Consequently,
QUINCY plants grow roots in order to fulfil physiological
and physical requirements that also take up N and make myc-
orrhizae potentially redundant for plant N acquisition. There-
fore, the inclusion of mycorrhizal fungi to P and water supply
and to plant leaf-to-root ratio calculations would potentially
intensify the meaning of mycorrhizal fungi for host plants
and probably reduce uncertainty, especially under changing
environmental conditions.

Furthermore, the MYC model assumes that mycorrhizal
fungi are independent of the PFT and growth state of the
host plants, as long as the plants exude sufficient amounts of
C, which does not explicitly vary across PFTs in the current
form of the model. This is, due to our approach to include
mycorrhizal functionalities and test those, instead of includ-
ing mycorrhizal types, which one could link to PFTs. Having
said that, the plant type and growth state can indirectly af-
fect mycorrhizal function via the extent of N limitation and
C available for exudation.

The representation of the SOM as a pool with a homo-
geneous C: N ratio and chemical properties in QUINCY is
a conceptual problem in most state-of-the-art TBMs. In re-
ality, SOM is not a homogeneous pool; rather, it is a com-
plex mixture of substrates with varying C: N ratios, micro-
bial accessibility and decomposability. Describing this vari-
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ability with only two pools is a major limitation and is partic-
ularly problematic for modelling SOM-mining mycorrhizae.
As the C: N ratio of the slow SOM pool has to be maintained
in the model, uptake of organic N requires a loss of SOC,
either through respiration or via incorporation into mycor-
rhizal biomass through the carbon contained in amino acids
as well as other substances. Even if saprotrophic behaviour
is occasionally observed (Wu et al., 2005; Treseder et al.,
2007), most mycorrhizae solely rely on plant C supply and
lack saprotrophic abilities (Lindahl and Tunlid, 2015; Frey,
2019). Employing a more sophisticated representation of soil
organic material and its composition and dynamics using
more physically based pool structures, stabilisation mecha-
nisms and the dependence of decomposition on microbial
activity would be a pathway towards a more accurate and
mechanistic modelling of organic N uptake from soils (Wut-
zler et al., 2017; Kyker-Snowman et al., 2020; Wang et al.,
2020; Yu et al., 2020).

4.3 Outlook: possible incorporation of mycorrhizal
fungi into TBMs

An increasing number of studies show that mycorrhizal fungi
are an important factor for understanding vegetation—soil in-
teractions and soil dynamics as well as for predicting plant
responses to elevated CO, (e.g. Cheng et al., 2012; Terrer
et al., 2018; Shi et al., 2019; Jiang et al., 2020; Braghiere
et al., 2022). Our study underlines the importance of consid-
ering mycorrhizal fungi in ecosystem models to explain the
observed responses of plant N acquisition under eCO,. Addi-
tionally, we show the importance of active plant C exudation
to the rhizosphere in order to liberate N from SOM, which al-
lows us to successfully reproduce observed changes in SOC
st3c.

Generally, the effects of mycorrhizal fungi on ambient
simulations are minor, but the improved eCO, simulations
suggest that our MYC model can better represent plant con-
trol on N acquisition than previous approaches under future
conditions. A plant-controlled short-cut of the terrestrial N
cycle by accessing SOM as nutrient source is important for
reproducing observed responses to eCO»; thus, this indicates
the necessity to incorporate the effects of mycorrhizal fungi
on SOM decomposition and plant nutrition into TBMs. How-
ever, the addition of any new process into the model always
comes with the problems of added complexity, an increased
number of parameters and the possibility of equifinality. Par-
ticularly given the few available data on mycorrhizae, their
inclusion into TBMs can lead to increased uncertainty.

One possible solution would be an implicit formulation of
mycorrhizal function in the form of active plant C investment
into rhizosphere processes that liberate N from SOM, com-
monly known as plant priming through root exudates. As we
show that the interaction with SOM has the biggest effect on
model predictions of the ecosystem response under elevated
COa, this may in itself improve the representation of plant N
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acquisition; thus, it has the potential to reduce current uncer-
tainty in modelled future land C uptake. A similar approach
has been tested by Fisher et al. (2010), who included organic
N uptake in their model.

Another approach to circumvent the problem of too few
data could be exploratory modelling studies, where the MYC
model with its default parameters is applied globally to qual-
itatively evaluate the expected effects in scenarios with ris-
ing CO;, (Braghiere et al., 2021). Given the robustness of
the MYC model against parameter variations, which we have
tested using LHS, we assume that the MYC model would
perform well globally. However, we realise that a number of
parameters will likely differ with variables such as PFT, soil
type and climate; therefore, the quantitative result of such a
model experiment would suffer from additional uncertainty
given the lack of a suitable source of information for param-
eters and their global scaling (Braghiere et al., 2022), but the
trends and patterns could be a road map for future modelling
and data collection.

At the site scale, the inclusion of P acquisition into the
MYC model could help to better understand the underlying
dynamics and reduce uncertainties, as this would allow us to
test the MYC model at P-limited sites or at sites that are both
N- and P-limited and, thus, increase the amount of suitable
testing sites. We are planning this for future studies.

5 Conclusion

Here, we implemented a novel representation of mycorrhizal
fungi into the QUINCY terrestrial biosphere model by rep-
resenting mycorrhizal functionalities rather that taxonomic
differences. We show that, while it does little to improve
predictions under ambient conditions, the MYC model im-
proves our predictions under elevated CO;, most strikingly
in the model variant that represents mycorrhizal interactions
with soil organic matter. Our study highlights the importance
of improving the representation of plant nutrient acquisition
strategies in models to improve future predictions of plant
growth responses under increased atmospheric CO, levels as
well as the importance of crucial data needed to parameterise
and validate such models.

Appendix A: Detailed model description

Al Plant C exudation to mycorrhizal fungi

C exudation (Egzm) from the host plant to mycorrhizal fungi
is constrained by the following, as per the concepts of MY-
COFON (Meyer et al., 2010):

— the amount of available C, which is freshly assimilated
C through photosynthesis (Eq. A2);

— plant N demand, where increasing N demand increases
C allocation to mycorrhizal growth (Eq. A3a);
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— an interaction term that allows for a decline in exudation
if plants do not receive nutrients in return, which could
happen either in the case of satisfied demand by plants
or in the case of severe N limitation, thereby turning
mycorrhizal fungi into competitors that do not deliver
any N to host plants;

— aminimum and maximum amount of mycorrhizae com-
pared with plant fine roots, to avoid complete mycor-
rhizal death and to prevent plants overspending C.

C exudation can be defined as follows:
EP™ — MIN ( fndr.min X CE— C™, ngnm) : (A1)

where fmor min 1S @ parameter for the minimal amount of my-
corrhizae compared with plant fine roots, Cg is plant fine-

root biomass, C™ is mycorrhizal biomass and EE?:X is the
maximum exudation.

We determine the maximum exudation rate using available
C as well as the optimal ratio between mycorrhizae and fine
roots under current conditions.

p2m p )
B = MIN(f ERM X Clapile X Tiabile, fm2r,opt
p m
x Cp—C™), (A2)

where fg ., is the maximum share of available C that plants
C

max

can allocate to mycorrhizal fungi, C, ]I;b“ o X Tlabile describes the
available C, and fmor,opt is the optimal ratio between mycor-
rhizal biomass and plant fine-root biomass.

We restrict the optimal ratio between mycorrhizal biomass
and fine-root biomass using a minimal and a maximal ratio
and then scale it by plant N demand and mycorrhizal N sup-
port. Plant N demand and mycorrhizal N support are used
to represent current environmental conditions, which drive
plant—-mycorrhiza interactions, as plant N demand depends
on the plant C uptake by photosynthesis, which is linked
to stand-related conditions, such as plant type, successional
stage, growing season and atmospheric conditions, and on N
availability, which is linked to soil properties and is also de-
picted by mycorrhizal N support.

fer,opt = fm2r,min + (fer,max - fm2r,min) X §§

X NN, With (A3a)
Em2p
IN= (A3b)
EN" +e

Here, fmormin and fmormax are parameters describing the
minimal and maximal ratio between mycorrhizal biomass
and plant fine-root biomass. ;l\p, and nn are scaling factors
between zero and one to describe plant N demand and N
support by mycorrhizae respectively. Support is derived from
mycorrhizal N export (EE 2p) and an infinitesimal small num-
ber (¢) to stop C exudation, in the case that plants do not
benefit from mycorrhizae over a time period of a month, to
technically ensure numerical stability.
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Code and data availability. The scientific part of the code is avail-
able under a GPL v3 license. The scientific code of QUINCY re-
lies on software infrastructure from the MPI-ESM environment,
which is subject to the MPI-M License Agreement in its most
recent form (https://www.bgc-jena.mpg.de/en/bsi/projects/quincy/
software, last access: 19 March 2024). The source code is avail-
able online https://doi.org/10.17871/quincy-model-2019, release 05
(last access: 18 March 2024, Thurner et al., 2023), but its access
is restricted to registered users. Readers interested in running the
model should request a username and password from the corre-
sponding author or via the Git repository. Model users are strongly
encouraged to follow the fair-use policy: https://www.bgc-jena.
mpg.de/en/bsi/projects/quincy/software. The forcing data to run the
model are stored in the model repository.
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