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1. Introduction 
The symbiosis between plants and mycorrhizal fungi is fundamental for the functioning of 
terrestrial ecosystems. Plants provide mycorrhizae with labile carbon (C) from 
photosynthesis that mycorrhizae use to support their energy requirements and growth 
(Phillips et al., 2013; Prescott et al., 2020). In turn, mycorrhizae access soil nutrients (and 
water) that complement plant nutrient acquisition through the roots. This C-for-nutrient 
exchange is the basis for plant-mycorrhizal symbiosis, and is central in terrestrial 
ecosystems because it represents significant proportions of C and nutrient flows between 
plants and the soil. For example, C export to mycorrhizae can reach between 15 and 30 % of 
net primary productivity (Baskaran et al., 2017). These exchanges are also less constrained 
by observations than gross primary productivity (GPP), soil respiration, and litterfall rates, 
thereby causing large (and poorly quantified) uncertainties in ecosystems models. 

Plant-mycorrhizae C exchanges regulate the soil organic carbon (SOC) balance in at least 
two ways. First, mycorrhizae represent a C cost for plants, as they build their biomass with 
resources that would otherwise contribute to growth of plant organs. This means that 
mycorrhizae alter the proportion of C from net primary production that is channelled to the 
soil via litterfall vs. rhizosphere processes, thereby changing also the quantity and quality of 
C inputs, and the timing at which C from plants becomes available to soil microorganisms 
and fauna for decomposition. Second, by promoting plant growth, mycorrhizae can also 
contribute to SOC accumulation via increased primary production and C exports to 
mycorrhizae themselves (Orwin et al., 2011). However, mycorrhizae able to decompose 
organic matter to mine nutrients needed by plants (such as some ectomycorrhizal fungi, 
Lindahl and Tunlid, 2015) can also cause SOC losses. Thus, to summarize, mycorrhizae 
affect the SOC balance by both altering the pathways of C transfer from plant to soil and by 
introducing soil-plant feedbacks that can lead to either SOC accrual or loss. 

The net effect of mycorrhizae on SOC depends on the dominant type of mycorrhizal fungi 
(Phillips et al., 2013). Arbuscular mycorrhizal (AM) fungi acquire inorganic nitrogen (N) and 
promote fast nutrient recycling through decomposition of N-rich plant residues by 
saprotrophs and thus overall contribute to maintaining an open N cycle. In contrast, 
ectomycorrhizal (ECM) fungi acquire N also from organic matter thanks to their capacity to 
synthesize oxidative enzymes (Lindahl and Tunlid, 2015). By preferentially retaining N in their 
biomass or transferring N to plants, they also induce saprotroph N limitation and thus 
promote an overall more closed N cycle. Moreover, ECM necromass is particularly 
recalcitrant to decomposition, which contributes to long-term accumulation of SOC in ECM 
dominated ecosystems (Clemmensen et al., 2013). Therefore, SOC fate depends on the 
balance of stabilizing and destabilizing processes triggered by the interaction of AM or ECM 
fungi and plants.  

Given these complexities and still incomplete understanding of plant-mycorrhizae 
interactions, and the difficulties in directly measuring plant-mycorrhizae exchanges, it is not 
surprising that mathematical modelling of these processes is lagging behind compared to 
other traditionally more studied aspects of ecosystem functions. Nevertheless, several 
ecosystem models quantifying plant-mycorrhizae exchanges have been proposed. Here, we 
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review these modelling approaches and harmonize the mathematical formulations to provide 
guidelines for implementing mycorrhizal processes into ecosystem models.  
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2. Theory 
Several models describe the exchanges of C and nutrients between plants and mycorrhizae 
(Hunt et al., 1991; Orwin et al., 2011; Franklin et al., 2014; Baskaran et al., 2017; Fatichi et al., 
2019; Smith and Wan, 2019; Flores et al., 2021). In some models, such exchanges are not 
described in detail, but the role of mycorrhizae is accounted for via empirical factors that 
increase a baseline nutrient uptake rate (Runyan and D’Odorico, 2012). Focusing on the 
process-based models, C and nutrient contents or stocks are separated into various plant, 
organic matter, and microbial compartments, and their dynamics are modelled by solving the 
mass balance equations for C and N of each compartment. In these models, the main 
mechanism controlling plant-mycorrhizal exchanges is that mycorrhizae take up inorganic 
nutrients or degrade organic matter to mine organic nutrients, but rely on plant-derived C for 
their growth and energy needs. The plant-derived C is thus exchanged with mycorrhiza-
derived nutrients in excess of mycorrhizal demand. Depending on the model, this process is 
treated as a stoichiometric exchange involving C costs of nutrient acquisition at the plant 
community level (Hunt et al., 1991; Orwin et al., 2011; Baskaran et al., 2017; Fatichi et al., 
2019; Smith and Wan, 2019), or at the individual level (Franklin et al., 2014). These exchanges 
are parameterized either via equations prescribing C costs and nutrient uptake kinetics 
(Orwin et al., 2011; Baskaran et al., 2017; Fatichi et al., 2019), or assuming that exchange 
rates maximize the fitness of plants, mycorrhizae or both (Franklin et al., 2014; Baskaran et 
al., 2017; Smith and Wan, 2019).  

In the following we present the main equations describing exchanges of C and nutrients 
between plants and mycorrhizae and the effects of mycorrhizae on SOC, starting from 
selected models at whole community level and continuing with individual-based models. To 
keep the notation as simple as possible and to focus on the essential aspects of modelling 
mycorrhizal fungi, we do not present or discuss how the effects of environmental conditions 
are modelled. Typically, such effects are captured by model-specific rate modifiers for soil 
moisture and temperature.  

All symbols are defined in Table 1 and the main C and N flow pathways in the modelled 
ecosystems are illustrated in Figure 1. A qualitative summary of the model features most 
relevant for this report is provided in Table 2. 
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Figure 1. Simplified schematic of a generic ecosystem model including plant-mycorrhizae interactions. White and 
gray boxes indicate C and N compartments, and solid and dashed arrows indicate C and N flow rates, respectively; 
red dotted arrows indicate respiration rates. Subscript 𝑋𝑋 is used to indicate a generic soil organic matter 
compartment (definitions vary among models). For clarity, the transfers of microbial necromass from saprotroph and 
mycorrhizal compartments to soil organic matter are not shown. Key symbols used in the equations are also 
reported (see Table 1 for explanations). 
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Table 1. Definition of symbols and their dimensions (C-M: C mass, N-M: N mass, L: length, T: time, ‘-’ indicates 
nondimensional quantities). Where the same symbol is used in different equations, its numerical values can have 
different dimensions, which are all listed for completeness (e.g., kinetics constants). 

Symbol Definition Dimensions 
Compartment stocks and stoichiometric ratios 
𝐶𝐶𝑋𝑋  C stock in compartment X C-M L-2 
(𝐶𝐶:𝑁𝑁)𝑋𝑋  C to N ratio of compartment 𝑋𝑋 C-M N-M-1 
𝑁𝑁𝑋𝑋  N stock in compartment X N-M L-2 
𝑁𝑁𝐼𝐼  Concentration in solution or stock of inorganic N N-M L-3 

N-M L-2 
Flow rates and other quantities dependent on state variables 
cost𝑎𝑎𝑎𝑎𝑎𝑎  Total C cost of N acquisition  C-M N-M-1 
cost𝑎𝑎𝑎𝑎𝑎𝑎,𝑖𝑖  C cost of N acquisition via pathway i (for mycorrhizal N 

uptake, 𝑖𝑖 = 𝑀𝑀) 
C-M N-M-1 

𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎  Rate of C allocated to N acquisition C-M L-2 T-1 
𝐷𝐷𝑋𝑋→𝑌𝑌  Rate of decomposition of compound X by organism Y C-M L-2 T-1 
NPP  Net primary productivity C-M L-2 T-1 
𝑅𝑅𝑌𝑌  Respiration rate of organism Y C-M L-2 T-1 
𝑈𝑈𝑁𝑁,𝑡𝑡𝑡𝑡𝑡𝑡   Total plant N uptake rate N-M L-2 T-1 
𝑈𝑈𝑋𝑋→𝑌𝑌  Rate of uptake of compound X by organism Y C-M L-2 T-1  

N-M L-2 T-1 
φ𝑋𝑋→𝑌𝑌  Net N exchange rate between compartment X and Y N-M L-2 T-1 
Coefficients 
𝑘𝑘𝑋𝑋→𝑌𝑌  Rate constant for decomposition or uptake of X by 

microorganism Y 
T-1  
C-M-1 L2 T-1  
C-M-3/2 L2 T-1 

𝐾𝐾𝑋𝑋𝑋𝑋  Half saturation constant in the Monod function for 
variable Y modulating decomposition or uptake of X 

C-M L-2 T-1  
N-M L-2 T-1 

- 
𝑒𝑒𝑁𝑁,𝑌𝑌  N assimilation efficiency of microorganism Y - 
𝑒𝑒𝑌𝑌  Growth efficiency of microorganism Y - 
𝛿𝛿  Fraction of NPP allocated to mycorrhizae - 
Subscripts 
E Extracellular enzymes 
M Mycorrhizal fungi 
N Inorganic N 
O Oxidizable organic matter 
P Plants 
S Saprotrophic microorganisms 
𝑋𝑋 or 𝑌𝑌 Subscripts for a generic compartment (𝑋𝑋 typically stands for a type of substrate and 

𝑌𝑌 for a microbial functional group) 
𝑋𝑋 → 𝑌𝑌  Subscript indicating transfer from compartment X to Y 

 

2.1 Community-level models 

2.1.1 Early models 
Early soil food web models already included compartments describing mycorrhizal fungi 
(Hunt et al., 1987, 1991). Hunt (1987) presented a N cycling model for grassland ecosystems 
where AM fungi take up only inorganic N and transfer N to plant roots, but the specific 
equations for this process were not reported. That model was linked to soil C and N cycling 
representation adopted in the PHOENIX model (McGill et al., 1981, which originally neglected 
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mycorrhizae) to develop the Grassland Ecosystem Model (GEM) (Hunt et al., 1991). GEM is 
perhaps the first complete soil C and N cycling model where microbial contributions to 
decomposition are described by nonlinear kinetics and different microbial functional groups 
(including mycorrhizae) interact in the soil food web. 

In GEM, plants transfer to mycorrhizae a maximum of 15% of the C allocated to roots. This 
maximum rate is then modified according to the plant and mycorrhizae nutrient status. If 
root C:N ratio is low (i.e., the plant is not N limited), C allocation to mycorrhizae is reduced; in 
contrast, if the fungal C:N is low, their C demand is high and thus the C transfer from the 
roots is increased. The N transfer from mycorrhizae to roots is regulated in a similar way—it 
increases when fungal C:N is low (i.e., excess N can be transferred to the plant) and 
decreases if root C:N is low (i.e., lower N transfer if the plant is not N limited). The maximum 
rate of N transfer is defined by first order kinetics with respect to the mycorrhizal N stock, 
with a kinetic constant of 0.05 d-1. 

The C:N ratio of the mycorrhizal fungi is in turn regulated by the balance of C transfer from 
the roots and inorganic N uptake from the soil. The latter is modelled according to a Monod 
function of soil ammonium or nitrate concentrations (𝑁𝑁𝐼𝐼) in solution multiplied by the 
mycorrhizal C stock (𝐶𝐶𝑀𝑀), 

𝑈𝑈𝑁𝑁→𝑀𝑀 = 𝑘𝑘𝑁𝑁→𝑀𝑀𝐶𝐶𝑀𝑀
𝑁𝑁𝐼𝐼

𝑁𝑁𝐼𝐼+𝐾𝐾𝑁𝑁𝑁𝑁
, (1) 

where 𝑘𝑘𝑁𝑁→𝑀𝑀 and 𝐾𝐾𝑁𝑁𝑁𝑁 are the rate constant and the half saturation constant, respectively. 
Moreover, this rate is down-regulated when the C:N ratio of the mycorrhizal fungi decreases, 
as a way to stabilize fungal biomass stoichiometry. 

This early approach to modelling plant-mycorrhizae interaction is based on the idea that both 
roots and fungi have flexible stoichiometry (i.e., flexible C:N ratios). This flexibility is 
maintained with reasonable bounds by promoting N release and lowering N acquisition at 
low plant or fungal C:N ratios, and promoting C release at high C:N. Also, ‘hard’ bounds on 
C:N ratios are imposed to avoid unrealistic values in strongly C or N limiting conditions.   

2.1.2 A minimalist ecosystem model: Baskaran et al. (2017) 
In the model by Baskaran et al. (2017), the exchanges of C and N between plants and 
mycorrhizae are regulated by imposing a constraint on mycorrhizal C:N ratio, such that N in 
excess of the stoichiometric requirement of the mycorrhizae is transferred to the plant 
instead of being mineralized to inorganic N (as would be the case for saprotrophs). In turn, 
mycorrhizal N demand is set by the plant allocation of C to the mycorrhizae.  

The rate of C transfer from plants to mycorrhizae (𝑈𝑈𝑃𝑃→𝑀𝑀) is modelled simply as a fraction of 
the net primary productivity (NPP), 

𝑈𝑈𝑃𝑃→𝑀𝑀 = 𝛿𝛿 × NPP, (2) 

where NPP is calculated as a function of shoot N mass, following the N productivity concept 
(Ågren and Bosatta, 1998). Other more mechanistic models providing NPP values could be 
easily used instead of this simple approach.  
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To grow fungal biomass at a fixed C:N ratio using C transfer from plants, mycorrhizae take 
up organic and inorganic N. Organic N is obtained from oxidizable organic matter, whereas 
inorganic N is obtained by active uptake from the soil solution. The organic matter 
decomposition rate (𝐷𝐷𝑂𝑂→𝑀𝑀) was modelled with multiplicative kinetics involving mycorrhizal 
biomass (𝐶𝐶𝑀𝑀) and oxidizable C (𝐶𝐶𝑂𝑂), 

𝐷𝐷𝑂𝑂→𝑀𝑀 = 𝑘𝑘𝑂𝑂→𝑀𝑀𝐶𝐶𝑀𝑀𝐶𝐶𝑂𝑂 , (3) 

where 𝑘𝑘𝑂𝑂→𝑀𝑀 is the kinetic rate constant. N released through this reaction (i.e., 𝐷𝐷𝑂𝑂→𝑀𝑀 (𝐶𝐶:𝑁𝑁)𝑂𝑂⁄ ) 
is assimilated by mycorrhizae, whereas C released is taken up by saprotrophic organisms 
(mycorrhizae use C only from the plants). The inorganic N (𝑁𝑁𝐼𝐼) uptake rate (𝑈𝑈𝑁𝑁→𝑀𝑀) was 
modelled by inverse Monod kinetics, 

𝑈𝑈𝑁𝑁→𝑀𝑀 = 𝑘𝑘𝑁𝑁→𝑀𝑀𝑁𝑁𝐼𝐼
𝐶𝐶𝑀𝑀

𝐶𝐶𝑀𝑀+𝐾𝐾𝑁𝑁𝑁𝑁
, (4) 

with rate constant 𝑘𝑘𝑁𝑁→𝑀𝑀 and half saturation constant 𝐾𝐾𝑁𝑁→𝑀𝑀. This formulation for N uptake 
allows accounting for density-dependent effects causing lower uptake when the mycelium is 
very dense. 

Given these C and N inputs to the mycorrhizae, it is possible to calculate the amount of N in 
excess to the mycorrhizal N demand, which can be transferred to plants, 

φ𝑀𝑀→𝑃𝑃 = 𝐷𝐷𝑂𝑂→𝑀𝑀
(𝐶𝐶:𝑁𝑁)𝑂𝑂

+ 𝑈𝑈𝑁𝑁→𝑀𝑀���������
N supply

− 𝑒𝑒𝑀𝑀𝑈𝑈𝑃𝑃→𝑀𝑀
(𝐶𝐶:𝑁𝑁)𝑀𝑀�����

N demand

, (5) 

where the first term represents N taken up by mycorrhizae from decomposition of oxidizable 
organic C (Equation (3)), the second term is the rate of uptake of inorganic N (Equation (4)), 
and the third is the N demand driven by plant C allocation to mycorrhizae. This N demand is 
calculated as the plant-derived C uptake rate (𝑈𝑈𝑃𝑃→𝑀𝑀) times the mycorrhizal growth efficiency  
(𝑒𝑒𝑀𝑀; i.e., the mycorrhizal growth rate in C units), divided by the mycorrhizal C:N ratio ((𝐶𝐶:𝑁𝑁)𝑀𝑀) 
to convert to N units. Equation (5) represents the constraint that (𝐶𝐶:𝑁𝑁)𝑀𝑀 is constant through 
time, as typically assumed in soil C and N cycling models (Manzoni and Porporato, 2009) 
(homeostatic assumption for the mycorrhizal compartment). This N exchange rate is 
analogous to the net mineralization rates of saprotrophic microorganisms as implemented in 
most biogeochemical models (Manzoni and Porporato, 2009). However, in the saprotrophs, 
the C uptake rate corresponds to the organic matter decomposition rate because 
saprotrophs do not receive C directly from the plant as mycorrhizae do. 

Therefore, allocation of C to mycorrhizae comes to a cost in terms of reduced plant growth. 
However, the benefit of accessing nutrients otherwise not available is larger than the cost as 
long as the fraction 𝛿𝛿 remains relatively low. At very high values of 𝛿𝛿, the costs are not 
compensated by the benefits and NPP starts declining for increasing 𝛿𝛿. As a result, 
intermediate values of 𝛿𝛿 guarantee maximum NPP (Baskaran et al., 2017). This optimal value 
for 𝛿𝛿 varies depending on the mycorrhizae capacity to degrade organic matter and mine N, 
as well as on the availability of inorganic N (e.g., from fertilization, biological fixation, or 
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atmospheric deposition). Baskaran et al. (2017) showed that for ECM with high oxidative 
capacity in boreal forests, the optimal 𝛿𝛿 ranges between 10 and 20% of NPP, roughly 
consistent with some estimates of C allocation to mycorrhizal fungi. 

2.1.3 From FUN to T&C-BG 
Compared to the model by Baskaran et al. (2017), the Tethys-Chloris-BioGeochemistry (T&C -
BG) model is more comprehensive in terms of processes and structure (Fatichi et al., 2019). 
It describes in a mechanistic way C and nutrient (N, phosphorus, potassium) cycling in the 
ecosystem, with detailed process representations and by considering several compartments 
in both plant and soil sub-systems. T&C-BG describes the dynamics of both AM and ECM 
fungi, which are characterized by different parameter values and contribute differently to 
organic matter decomposition. Given the scope of this review, we focus on C and N 
compartments and exchanges of these elements between plants and mycorrhizae.  

The rate of C transfer from plants to mycorrhizae is described as a C cost for the plant, 
following the approach adopted by the Fixation and Uptake of Nitrogen (FUN) model 
(Brzostek et al., 2014). These C costs support the acquisition of N by AM and ECM fungi and 
are summed up to costs for direct root N uptake and N fixation (for a total of four N 
acquisition pathways). N acquisition pathways are treated as resistances in parallel, so that 
the total N uptake rate (𝑈𝑈𝑁𝑁,𝑡𝑡𝑡𝑡𝑡𝑡) is defined as, 

𝑈𝑈𝑁𝑁,𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎
cost𝑎𝑎𝑎𝑎𝑎𝑎

, (6) 

Where 𝑈𝑈𝑁𝑁,𝑡𝑡𝑡𝑡𝑡𝑡 (rate of N acquisition) is analogous to a current, the C available for N 
acquisition (𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 ; rate of C transfer to the roots) is the potential difference, and the C cost of 
acquisition (cost𝑎𝑎𝑎𝑎𝑎𝑎 ; C cost per acquired N) is the total resistance, which depends on the 
contributions from all four parallel N acquisition pathways, 

1
cost𝑎𝑎𝑎𝑎𝑎𝑎

= ∑ 1
cost𝑎𝑎𝑎𝑎𝑎𝑎,𝑖𝑖

4
𝑖𝑖=1 . (7) 

For mycorrhizae (either AM or ECM), cost𝑎𝑎𝑎𝑎𝑎𝑎,𝑀𝑀 depends on mycorrhizal biomass (C from the 
plant needs to support mycorrhizal growth and maintenance requirements) and the long-
term mean soil inorganic N (high N availability implies lower cost per unit N taken up). Once 
𝑈𝑈𝑁𝑁,𝑡𝑡𝑡𝑡𝑡𝑡 is calculated from 𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 (from a plant C storage compartment) and cost𝑎𝑎𝑎𝑎𝑎𝑎 (which 
depends on mycorrhizal biomass and soil N), the model partitions 𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 to the four 
contributors to N acquisition according to the proportion of N taken up by each of them. This 
step allows defining 𝑈𝑈𝑃𝑃→𝑀𝑀 and thus mycorrhizal biomass, which in turn affects the actual N 
acquisition rate. 

In T&C -BG, the inorganic N uptake rate at a given time is calculated as a linear function of 
the nutrient stock in the soil at that time point (𝑁𝑁𝐼𝐼), times a power law function of the 
mycorrhizal C stock (𝐶𝐶𝑀𝑀), 
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𝑈𝑈𝑁𝑁→𝑀𝑀 = 𝑘𝑘𝑁𝑁→𝑀𝑀𝑁𝑁𝐼𝐼𝐶𝐶𝑀𝑀
3
2 , (8) 

where the kinetic constant 𝑘𝑘𝑁𝑁→𝑀𝑀 depends on the diameter of the fungal hyphae. The 
parameters of these kinetics functions vary depending on the type of mycorrhizae in the 
system—AM vs. ECM.  

In addition to taking up inorganic N, ECM (but not AM) fungi in T&C-BG also produce 
extracellular enzymes that join the enzymes produced by the saprotrophic fungi (𝐶𝐶𝐸𝐸). This 
enzyme compartment plays a role in decomposition of lignin and cellulose in particulate 
organic C (generically referred to as 𝐶𝐶𝑋𝑋), which is modelled by Michaelis-Menten kinetics, 

𝑈𝑈𝑋𝑋→𝑌𝑌 = 𝑘𝑘𝑋𝑋→𝑌𝑌𝐶𝐶𝐸𝐸
𝐶𝐶𝑋𝑋

𝐶𝐶𝑋𝑋+𝐾𝐾𝑋𝑋𝑋𝑋
. (9) 

Different from the model by Baskaran et al. (2017), in T&C-BG mycorrhizal N exchanges are 
not based on a strict stoichiometric requirement as in Equation (5), because mycorrhizal C:N 
ratio is allowed to vary depending on C and N inputs to and outputs from the mycorrhizal 
biomass compartment. Net N mineralization is then calculated as difference between actual 
and ‘optimal’ mycorrhizal N stocks (calculated as 𝐶𝐶𝑀𝑀 divided by the ‘optimal’ (𝐶𝐶:𝑁𝑁)𝑀𝑀), with a 
prescribed relaxation constant.  

To sum up, in T&C-BG mycorrhizae take up only inorganic N and the C cost of N transferred 
from the mycorrhizae to the plants depends on the relative contribution of mycorrhizal, root, 
and biological N fixation acquisition pathways. This is a more complex model compared to 
earlier ones, but has the advantage of dynamically allocating more plant-derived C to the 
nutrient acquisition pathways ‘of least resistance’—i.e., those that allow the most effective 
extraction of nutrients from the soil.  

2.1.1 A data-driven soil organic carbon model: Mäkelä et al. (2022) 

Mäkelä et al. (2022) developed a model to allocate GPP C to plant and mycorrhizal growth, 
based on partitioning coefficients constrained by C flux data. The model neglects N 
exchanges and focuses on C fate in the soil. Mycorrhizae are not dynamically linked to 
organic matter decomposition, but root exudation contribute to decomposition via priming 
mechanisms. In turn, the rate of exudation increases with increasing ECM colonization. The 
system is assumed to be in equilibrium; i.e., C allocation to mycorrhizae equals mycorrhizal 
growth plus respiration. To parameterize the model, it was assumed that the ratio of 
mycorrhizal biomass to root biomass increases with the soil C:N ratio. Data to constrain the 
model were obtained from soil inventory plots throughout Finland.  

The model allowed calculating vegetation CUE and the contribution of ECM to changing CUE 
with latitude. In general, C stocks and fluxes decreased from South to North, but notably 
vegetation CUE also decreased as C allocation to ECM increased.  

2.1.2 From CORPSE to Myco-CORPSE 
The Carbon, Organisms, Rhizosphere, and Protection in the Soil Environment (CORPSE) 
model simulates C and N cycling in soils, including explicit microbial controls on 
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decomposition and organic matter stabilization mechanisms (Sulman et al., 2018). Later 
versions of CORPSE were coupled to FUN (Brzostek et al., 2014) and subsequent 
developments led to Myco-CORPSE, where AM and ECM fungi are modelled separately and 
mechanisms of competition between mycorrhizal and saprotrophic fungi have been added 
(Shao et al., 2023). 

C is transferred from the plant storage compartment to mycorrhizae according to Monod 
kinetics with respect to the plant storage C. ECM fungi can acquire N from both unprotected 
organic and inorganic sources, whereas AM can only acquire N from the inorganic N 
compartment. Organic sources include ‘fast’, ‘slow’, and necromass-derived organic matter 
(with C and N stocks generically referred to as 𝐶𝐶𝑋𝑋 and 𝑁𝑁𝑋𝑋). N uptake from organic sources is 
modelled via a modified inverse Monod function, 

𝐷𝐷𝑋𝑋→𝑀𝑀
(𝐶𝐶:𝑁𝑁)𝑋𝑋

= 𝑘𝑘𝑋𝑋→𝑀𝑀𝑁𝑁𝑋𝑋
𝐶𝐶𝑀𝑀
𝐶𝐶𝑋𝑋

𝐶𝐶𝑀𝑀
𝐶𝐶𝑋𝑋

+𝐾𝐾𝑋𝑋𝑋𝑋
, (10) 

where 𝑘𝑘𝑋𝑋→𝑀𝑀 and 𝐾𝐾𝑋𝑋𝑋𝑋 are the rate constant and the half-saturation constant, respectively. In 
Equation (10) the rate of N uptake is expressed as the rate of depolymerization in C units 
(𝐷𝐷𝑋𝑋→𝑀𝑀) divided by the substrate C:N ratio ((𝐶𝐶:𝑁𝑁)𝑋𝑋), in analogy with the notation used in the 
previous sections. However, in Myco-CORPSE, release of organic N is not associated with 
release of organic C, which instead remains undecomposed in the corresponding organic 
matter compartment.  

Inorganic N uptake is modelled by a double-Monod function, 

𝑈𝑈𝑁𝑁→𝑀𝑀 = 𝑘𝑘𝑁𝑁→𝑀𝑀
𝑁𝑁𝐼𝐼

𝑁𝑁𝐼𝐼+𝐾𝐾𝑁𝑁𝑁𝑁

𝐶𝐶𝑀𝑀
𝐶𝐶𝑀𝑀+𝐾𝐾𝑁𝑁𝑁𝑁

, (11) 

where 𝑘𝑘𝑁𝑁→𝑀𝑀 , 𝐾𝐾𝑁𝑁𝑁𝑁 , and 𝐾𝐾𝑁𝑁𝑁𝑁 are the rate constant and the two half-saturation constants, 
respectively. 

After subtracting from plant-derived C the amount needed for fungal maintenance 
respiration, mycorrhizal growth can be computed and thus also the mycorrhizal N demand 
(growth over mycorrhizal C:N ratio)—similar to Equation (5). The difference between N 
uptake and N demand represents excess N that can be transferred to the plants.  

2.1.3 From KEYLINK to ORCHIDEE-KEYLINK 
Mycorrhizal fungi were included in the original KEYLINK model (Deckmyn et al., 2020; Flores 
et al., 2021). Their role was simplified as a group of decomposers, feeding on organic matter, 
that additionally traded N for C from plants. In the new development based on KEYLINK 
within the ORCHIDEE land surface model, the representation of mycorrhizae has been 
improved to further differentiate it from other decomposers that are also explicitly 
represented (bacteria and saprotrophic fungi). Decomposition of organic matter by 
mycorrhizae is described by Monod kinetics,  
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𝑈𝑈𝑋𝑋→𝑀𝑀 = 𝑘𝑘𝑋𝑋→𝑀𝑀𝐶𝐶𝑋𝑋
𝐶𝐶𝑀𝑀

𝐶𝐶𝑀𝑀+𝐾𝐾𝑋𝑋𝑋𝑋
, (12) 

where as in previous models 𝑘𝑘𝑋𝑋→𝑀𝑀 and 𝐾𝐾𝑋𝑋𝑋𝑋 are the decomposition rate constant and half 
saturation constant, respectively. The decomposed C is split in two fractions: one fraction is 
directly mineralized to CO2 (70%) and the other remains as undecomposed SOC (30%), but 
redistributed among the organic matter compartments. The rate of organic N acquisition by 
mycorrhizae is calculated as 𝑈𝑈𝑋𝑋→𝑀𝑀 (𝐶𝐶:𝑁𝑁)𝑋𝑋⁄ , but organic N is only partially taken up, 
according to a N assimilation efficiency 𝑒𝑒𝑀𝑀,𝑁𝑁 (95%), while the rest is directly mineralized 
(5%). 

Mycorrhizae grow using only C from plants, which is regulated by NPP as in Equation 2. The 
rate of C transfer from plants to mycorrhizae determines how much N is needed for 
mycorrhizal growth because (𝐶𝐶:𝑁𝑁)𝑀𝑀 is kept constant. In turn, the mycorrhizal N demand 
determines how much N is given to plants in return. From the N extracted from organic 
matter, only a fraction is available for mycorrhizal uptake, based on their N assimilation 
efficiency (assumed equal to the growth efficiency, 𝑒𝑒𝑀𝑀), while the rest is directly mineralized, 
together with any excess in N after the demand by mycorrhizae and plants has been met. 
Accordingly, the net N mineralization rate is calculated as, 

φ𝑀𝑀→𝑁𝑁 = (1 − 𝑒𝑒𝑀𝑀,𝑁𝑁) 𝐷𝐷𝑂𝑂→𝑀𝑀
(𝐶𝐶:𝑁𝑁)𝑂𝑂�����������

direct N mineralization

+ 𝑒𝑒𝑀𝑀,𝑁𝑁
𝐷𝐷𝑂𝑂→𝑀𝑀
(𝐶𝐶:𝑁𝑁)𝑂𝑂�������

organic N assimilated

−  𝑈𝑈𝑃𝑃→𝑀𝑀 − 𝑅𝑅𝑀𝑀
(𝐶𝐶:𝑁𝑁)𝑀𝑀�������

N demand

−  φ𝑀𝑀→𝑃𝑃���
N transfer to plants

, (13) 

where the rate of N transfer to plants (φ𝑀𝑀→𝑃𝑃) is calculated depending on the N availability and 
is at most as large as the N demand for mycorrhizal growth. 

In case of N limitation, when the N demand exceeds the available organic N, the inorganic N 
pools can be used as sources of N, but their availability (independently for NH4 and NO3) is 
limited by soil porosity, following the KEYLINK concept of limitations in accessibility to 
nutrient sources. Mycorrhizae will use a fraction of each inorganic N pool proportional to the 
availability of that pool over the total available inorganic N. If there is not enough available 
inorganic N, then all what is available is used, and the excess of C is released as SOC (C 
overflow mechanism, Schimel and Weintraub, 2003). 

2.2 Individual-based models 

Instead of describing mycorrhizae-plant exchanges as rates at the ecosystem level as in 
Baskaran et al. (2017), it can be assumed that individual plants exchange C and N with a 
shared mycorrhizal network (Franklin et al., 2014; Henriksson et al., 2021). This individual-
based perspective allows describing competition for soil N and plant-derived C among 
individual plants and fungi linked in a network. In turn, competition can be a driver of 
evolutionary innovations in the form of specific functional traits (or life history strategies) 
that maximize fungal or plant fitness. Individual-based models of plant-mycorrhizae 
networks are thus perfect tools to not only study C and N cycling, but also to identify 
functional traits (i.e., model parameters) via eco-evolutionary optimization approaches—as 
opposed to calibration (Harrison et al., 2021).   
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Henriksson et al. (2021) described φ𝑀𝑀→𝑃𝑃 as in Equation (5), but neglecting N uptake from 
organic sources. They then partitioned φ𝑀𝑀→𝑃𝑃 among the plant hosts based on a scaling 
relation between C investment and N returns—higher 𝑈𝑈𝑃𝑃→𝑀𝑀 from a certain individual host 
results in higher φ𝑀𝑀→𝑃𝑃 to that host. However, the amount of available soil N is limited, so 
increasing 𝑈𝑈𝑃𝑃→𝑀𝑀 is advantageous only if other plants do not do the same. If all plants try to 
increase their share of N by increasing 𝑈𝑈𝑃𝑃→𝑀𝑀 , the N demand for mycorrhizal growth will 
increase to the point of reducing the amount of N that can be supplied to plants. This causes 
a so-called ‘tragedy of the commons’ effect (sensu Hardin, 1968), which locks the ecosystem 
in a state of N limitation.  

The model by Franklin et al. (2014) that inspired Henriksson et al. (2021) follows similar 
principles but is more detailed. The plant C balance is written as the difference between GPP 
and respiration plus C export to mycorrhizae. The latter term can be optimized to maximize 
NPP because—as in Baskaran et al. (2017)—moderate C export to mycorrhizae promotes N 
acquisition and thus growth, whereas excessive C export reduces NPP due to diminishing 
returns in terms of N acquisition. Fungi can also adopt different growth strategies, focusing 
more on N acquisition to obtain more plant-derived C to be used for reproduction (instead of 
biomass growth), thereby increasing their fitness but without a C gain. In Franklin et al. 
(2014), both C export from plants to mycorrhizae and the fungal growth strategy are treated 
as traits in an eco-evolutionary framework. The outcome can be persistent N limitation 
promoted by mycorrhizae (as in Henriksson et al., 2021) or, in conditions of high N 
availability, a mycorrhizae-free system where plants rely on roots only for N acquisition. 
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Table 2. Summary of the main characteristics of the models reviewed in Section 2 (models are ordered chronologically).  

Model Source Microbial 
functional groups 
and soil fauna 

N sources for 
mycorrhizae 

Effects of 
mycorrhizae on 
decomposition 

Drivers of plant-
mycorrhizae C and 
N exchange 

Stoichiometric and 
evolutionary 
constraints 

GEM (Hunt et al., 1991) Saprotrophic fungi, 
bacteria, 
mycorrhizal fungi, 
soil fauna 

Inorganic N None C:N ratios of roots 
and mycorrhizal 
fungi 

- 

* (Franklin et al., 
2014) 

ECM Inorganic N None C transfer from 
plants, N in excess 
of mycorrhizal 
demand, 
competition among 
individual fungi and 
plants 

Constant 
mycorrhizal C:N, 
optimal allocation 
of plant C and 
mycorrhizal growth 
strategy 

- (Baskaran et al., 
2017) 

Saprotrophic fungi, 
ECM fungi 

Oxidizable organic 
matter, inorganic N 

Positive effect; 
depolymerized C 
taken up by 
saprotrophs 

C transfer from 
plants, N in excess 
of mycorrhizal 
demand 

Constant 
mycorrhizal C:N, 
optimal allocation 
of plant C 

T&C-BG (Fatichi et al., 2019) Saprotrophs, ECM, 
AM 

Inorganic N Positive effect; 
depolymerized C 
taken up by 
saprotrophs 

C transfer from 
plants, inorganic N 
availability 

- 

KEYLINK (Deckmyn et al., 
2020; Flores et al., 
2021) 

Saprotrophic fungi, 
bacteria, 
mycorrhizal fungi, 
soil fauna 

Oxidizable organic 
matter 

Positive effect; 
depolymerized C 
taken up by 
mycorrhizae 

C transfer from 
plants, C:N ratios of 
organic matter 

Constant 
mycorrhizal C:N 

* (Henriksson et al., 
2021) 

ECM Inorganic N None C transfer from 
plants, N in excess 
of mycorrhizal 
demand, 
competition among 
individual fungi and 
plants 

Constant 
mycorrhizal C:N 
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- (Mäkelä et al., 2022) ECM - Priming via root 
exudation, but no 
direct effect of 
mycorrhizae 

C transfer from 
plants 

- 

Myco-CORPSE (Shao et al., 2023) Saprotrophs, ECM, 
AM 

Organic matter, 
inorganic N 

Positive effect; 
depolymerized C 
remains in organic 
matter 
compartments 

C transfer from 
plants, N in excess 
of mycorrhizal 
demand 

Constant 
mycorrhizal C:N 

ORCHIDEE-
KEYLINK 

In preparation Saprotrophic fungi, 
bacteria, 
mycorrhizal fungi, 
soil fauna 

Oxidizable organic 
matter, inorganic N 

Positive effect; 
depolymerized C 
partly respired and 
partly left in organic 
matter 

C transfer from 
plants, C:N ratios of 
organic matter 

Constant 
mycorrhizal C:N 

* Individual-based models 
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3. Discussion 
3.1 Allocation of C to mycorrhizae 

The models reviewed in this report are built on the assumption that plants and mycorrhizae 
trade C and N at the community or individual level. This assumption has been questioned on 
the ground that plants have often excess C at their disposal, so that transferring some C to 
mycorrhizal symbionts does not represent an actual cost (Prescott et al., 2020). 
Nevertheless, there is evidence of decreased allocation to mycorrhizae in more fertile (or 
fertilized) stands, which suggests that to some degree the symbiotic relation is related to N 
acquisition and that C is not invested in mycorrhizae unless necessary (Hogberg et al., 2003). 
Therefore, the basic assumption of these models seems plausible. 

Some models predict a trade-off between C investment in mycorrhizae and growth (Franklin 
et al., 2014; Baskaran et al., 2017; Henriksson et al., 2021). At low levels of C investment, the 
relation between plants and mycorrhizae is mutualistic, as both benefit from the symbiosis. 
However, at high levels of C investment, the relation becomes parasitic, with mycorrhizae 
benefitting from the C transfer while plant growth starts being reduced. Empirical evidence 
confirmed that the total plant N uptake (related to growth) indeed peaks at intermediate 
levels of C investment in mycorrhizae (Henriksson et al., 2021). 

The occurrence of such a trade-off suggests that allocation to mycorrhizae is likely site-
specific and variable through time as conditions change at a given site. Variation across 
sites could be the result of eco-evolutionary adaptations to the local conditions; variations 
through time could be due to plasticity in the regulation of C transfer to mycorrhizae as trees 
age or environmental conditions (including nutrient status) change. To capture these effects, 
models should include: 

- Stoichiometric constrains on how much N can be released to plants for a given 
amount of C transferred to the mycorrhizae (Equation (5) or similar depending on 
model structure). 

- The fraction of NPP or GPP (depending on how plant growth is modelled) allocated to 
mycorrhizae should be a parameter to be either prescribed (if data is available) or 
calibrated; it is expected that this fraction should be lower than ~20% of NPP. 

Both mathematical requirements are fulfilled by the newly developed ORCHIDEE-KEYLINK, as 
plant and mycorrhizal stoichiometry is the key mechanism regulating the plant-mycorrhizae 
C and N exchanges, and C allocation is calculated based on NPP (Section 2.1.3). 

3.2 Effect of mycorrhizae on soil organic carbon 

A second trade-off emerges in some of the reviewed models between plant productivity and 
soil organic matter storage. Mycorrhizae can promote plant growth especially when they are 
able to access organic N (ECM with oxidative capacity), but mining N comes at the cost of 
reduced soil organic matter stocks. Therefore, the net effect of increased GPP in stands 
dominated by ECM fungi can be a reduction of chemically recalcitrant (Baskaran et al., 2017) 
or physically protected SOC (Shao et al., 2023). This trade-off is particularly evident under 
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elevated carbon dioxide (CO2) conditions, where ectomycorrhizal (ECM) fungi fuel the 
observed positive plant response to CO2 at the cost of SOC (Terrer et al., 2021).  

Besides increasing GPP and thus ultimately C inputs to soil, mycorrhizal fungi can also 
promote SOC accumulation by producing chemically recalcitrant necromass (Clemmensen 
et al., 2013) and by maintaining a closed N cycle that inhibit saprotrophic activity and 
decomposition (Phillips et al., 2013; Franklin et al., 2014). These feedbacks are modelled by 
letting fungal necromass return to organic matter pools with slow turnover time, and by 
leaving organic C undecomposed while organic N is taken up by the mycorrhizae. This 
causes the organic matter C:N to increase so that saprotrophs become N limited (Manzoni 
and Porporato, 2009) (see also Section 3.4). 

To capture these multiple effects of plant-mycorrhizae interactions on SOC, models should 
include: 

- N acquisition from organic matter (in ECM-dominated systems) formulated similarly 
to decomposition by saprotrophs (e.g., Equations (3) or (10)). 

- Recycling of mycorrhizal necromass in organic matter compartments with slow 
turnover time. 

Also these mathematical requirements are fulfilled by ORCHIDEE-KEYLINK, as mycorrhizae 
can acquire organic N and their necromass is recycled contributing to SOC retention. 

3.3 Compatibility with ORCHIDEE and EFISCEN-space 

The implementation of mycorrhiza models in land surface models requires compliance with 
a certain number of constraints specific to these models. First of all, land surface models are 
not individual-based models and therefore mycorrhiza models using this approach are not 
easily adaptable to this situation. Thus, community-type models seem to be more compatible 
with land surface models. However, a number of obstacles remain to be overcome, even with 
a community-based approach. First, land surface models are full of feedbacks loops that are 
more or less constraint by non-explicit representation of some mechanisms. When, explicit 
representations are implemented, the land surface model behaviour needs to be stabilized 
and important recalibration efforts are often needed. Secondly, the land surface models are 
supposed to run at global scale, thus the community-type model chosen to be implemented 
must be based on assumptions robust enough to be spread at global scale. Finally, the 
parametrization is also challenging because even if the underlying assumptions of the 
chosen model are robust, the parameter values associated also have to be robust and 
constrained by observations obtained at global scales. Thus, if the models considered 
several mycorrhizal groups (e.g., ECM and AM), the representation probably better describe 
the ongoing mechanisms but more parameter would be needed and probably less data 
would be available at global scale. 

While ORCHIDEE is a dynamic model where the equations described in this model could be 
implemented—albeit keeping into account the technical challenges highlighted above—
EFISCEN-space is built on a different concept (Schelhaas et al., 2022). Productivity in 
EFISCEN-space is calculated as wood increments, not as a continuous rate of GPP. Thus, it is 
not possible to include C transfers from plants to mycorrhizal without major changes in the 
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model structure. Soil C is modelled using the YASSO model (Liski et al., 2005), which does 
not include mycorrhizal fungi and is based on first order decay that would not easily 
accommodate the nonlinear effects of mycorrhizae on decomposition. Therefore, transfer of 
the equations presented here to the current version of EFISCEN-space is unfeasible. A 
simpler approach is required and will be investigated. In contrast, the developments of 
ORCHIDEE-KEYLINK are perfectly aligned with previously proposed mathematical 
approaches and fulfil the four mathematical requirements highlighted in Sections 3.1 and 
3.2. 

3.4 Open questions 

Different models make different assumptions regarding the fate of C associated with 
enzymatic decomposition of organic matter by mycorrhizae (Table 2). Organic N released in 
such reactions is taken up by the mycorrhizae, but C can be left in the source organic matter 
compartment (Shao et al., 2023), can be redistributed among different SOC compartments 
(ORCHIDEE-KEYLINK), or can be used by saprotrophs (Baskaran et al., 2017; Fatichi et al., 
2019). The first two assumptions result in increased organic matter C:N ratio (promoting N 
limitation for the saprotrophs) and potentially lower decomposition rate than when adopting 
the third assumption. Which assumption is more realistic remains an open question, as the 
actual redistribution pathways of C from oxidized organic matter among SOC and microbial 
compartments are not know. The assumption by Baskaran et al. (2017) that all C associated 
with organic N acquisition by mycorrhizae seems unreasonable, as some C likely remains in 
the source compartment. The approach taken by ORCHIDEE-KEYLINK appears therefore 
suitable, pending testing of model performance. 

4. Conclusions 
Our review of process-based models of plant-mycorrhizae interactions revealed that several 
mathematical approaches have been adopted to describe allocation of plant-derived C to 
mycorrhizae, N transfer from mycorrhizae to plants, and the consequences of mycorrhizal 
activity on SOC. Four requirements were identified to ensure that models capture key 
mechanisms controlling the exchange of C and N between plants and mycorrhizae and its 
consequence on SOC: i) stoichiometric constrains should be the mechanistic basis for C-N 
exchanges, ii) a fraction of plant productivity should be allocated to mycorrhizae to drive 
these exchanges, iii) organic N mining by ECM should be included as a mechanism for 
potential organic matter loss, and iv) mycorrhizal necromass should be recycled at least in 
part in organic matter compartments with slow turnover time. The model ORCHIDEE-
KEYLINK under development fulfils these requirements. Open questions remain, such as how 
to develop a pragmatic (as opposed to process-based) approach to capture these processes 
in models like EFISCEN-space that are structurally different from models already including 
mycorrhizae, and how to define the fate of C released during N mining. 
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