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A B S T R A C T   

There is evidence that carbon fluxes and stocks decrease with increasing latitude in boreal forests, suggesting a 
reduction in carbon use efficiency. While vegetation and soil carbon dynamics have been widely studied, the 
empirical finding that ectomycorrhizal fungi (ECM) become more abundant towards the north has not been 
quantitatively linked to carbon use efficiency. We formulated a conceptual model of combined fine-root and ECM 
carbon use efficiency (CUE) as NPP/GPP (net primary production/gross primary production). For this, we 
included the mycorrhiza as gains in plant NPP but considered the extramatrical hyphae as well as exudates as 
losses. We quantified the carbon processes across a latitudinal gradient using published eco-physiological and 
morphological measurements from boreal coniferous forests. In parallel, we developed two CUE models using 
large-scale empirical measurements amended with established models. All models predicted similar latitudinal 
trends in vegetation CUE and net ecosystem production (NEP). CUE in the ECM model declined on average by 0.1 
from latitude 60 to 70 with overall mean 0.390 ± 0.037. NEP declined by 200 g m− 2 yr− 1 with mean 171 ± 79.4 
g m− 2 yr− 1. ECM had no significant effect on predicted soil carbon. Our findings suggest that ECM can use a 
significant proportion of the carbon assimilated by vegetation and hence be an important driver of the decline in 
CUE at higher latitudes. Our model suggests the quantitative contribution of ECM to soil carbon to be less 
important but any possible implications through litter quality remain to be assessed. The approach provides a 
simple proxy of ECM processes for regional C budget models and estimates.   

1. Introduction 

In boreal forests, measurements and models indicate that canopy 
photosynthesis (GPP) and other carbon fluxes decline with increasing 
latitude (Minunno et al. 2016, Ťupek et al., 2015, Vanhala et al. 2008). 
Similarly, carbon pools of upland soils and vegetation are reduced at 
higher latitudes (Lehtonen et al. 2016a). Assuming that the latitude- 
mean C pools are close to their steady states, the pool sizes can only 
decrease in the northward direction if the pool-specific rates at which 
carbon is returned to the atmosphere decrease less in that direction than 
those of GPP (Mäkelä et al. 2008). Increase of respiration, either auto-
trophic or heterotrophic or both, relative to GPP could therefore explain 
these observed trends in C pools. There is indeed evidence that GPP 
declines with mean annual temperature less than net primary produc-
tion (NPP) (West 2020), suggesting that carbon use efficiency (CUE =

NPP / GPP) should have a northward declining trend (DeLucia et al. 
2007). Regarding heterotrophic respiration, soil carbon turnover rates 
are predicted by models to decrease northward due to lower tempera-
tures and precipitation (Vanhala et al. 2008, Wang et al. 2017), but less 
is known about how this reduction relates to the observed trends in GPP. 

Autotrophic respiration is reflected in vegetation CUE (E), as NPP is 
GPP less autotrophic respiration (Manzoni et al. 2018, West 2020). 
When construction respiration and maintenance respiration are 
considered separately, CUE can be expressed as (growth efficiency) × [1 
– (maintenance respiration)/GPP] where growth efficiency indicates the 
relative carbon yield of growth after construction respiration. This can 
be further elaborated as follows: 
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where Wi is root (i = r), foliage (f) and sapwood (w) carbon content, σC 
is foliage specific mean annual rate of photosynthesis, ri are mean 
annual organ-specific maintenance respiration rates and c is the pro-
portion of carbon lost per one unit of carbon used in growth, termed 
construction respiration (Mäkelä and Valentine, 2001). Trends in E can 
emerge due to trends in construction respiration, in the ratio of main-
tenance respiration to foliage-specific photosynthetic rate, or in fine- 
root to foliage or sapwood to foliage ratio. While the rate of photosyn-
thesis has been widely covered by literature based on decades of ex-
periments and modelling (Ryu et al. 2019), and the biomass ratios are 
readily measurable (Helmisaari et al. 2007), rates of respiration still 
remain largely unknown. An increasing trend in the fine root to foliage 
ratio with latitude has been observed (Helmisaari et al. 2007, Lehtonen 
et al. 2016b) which could contribute to a declining northward trend in E, 
provided that an opposite trend did not exist in the sapwood to foliage 
ratio. Maintenance respiration rates have been related to temperature 
and tissue N content (Ryan et al. 1996, Collalti et al. 2020) but have also 
been found to vary in parallel with photosynthesis (Dewar et al. 1999, 
Wertin and Teskey 2008), rendering E relatively insensitive to the 
environment. If CUE really has a declining trend with latitude, some key 
elements seem to be missing from our conventional description of the 
production and consumption processes in forest ecosystems. 

A key to this discrepancy could lie in the omission of fungal symbi-
onts from the CUE analysis. Previous studies have indicated that in 
coniferous forests grown in nutrient-poor environments a lot of the 
assimilated carbon is directed below-ground to support ectomycorrhizal 
fungi (ECM; Högberg et al. 2001, Vicca et al. 2012). Although these 
fungi are technically heterotrophs, their reliance on symbiotic carbon 
from vegetation means they function like autotrophs. An increasing 
body of evidence suggests that the rates of respiration and turnover of 
ECM and the related extramatrical mycelium can be considerable in 
comparison with fine root respiration and turnover (Fitter 1991,Wal-
lander et al. 2004, Ekblad et al. 2013, Hagenbo et al. 2019). A recent 
review of mycorrhizal colonization in boreal Norway spruce forests 
presented evidence that the rate of colonization of fine roots by ECM was 
related to the organic soil C:N ratio and increased with increasing lati-
tude (Ostonen et al. 2011). A latitudinal trend in soil quality could 
therefore explain any concurrent trends in CUE through belowground 
allocation to ECM. 

Inclusion of ECM in ecosystem carbon balance has implications on 
soil carbon and the related estimates of carbon residence time in soils. 
Firstly, the carbon allocated to ECM will produce microbial litter, 
creating a generally unaccounted input of carbon to the soil. Secondly, 
the properties of microbial litter are different from plant litter (Clem-
mensen et al. 2013). The decomposition process may be further 
enhanced through release of exudates that also prime the decomposition 
of soil organic matter by non-symbiotic organisms (Talbot et al. 2008, 
Adamczyk et al. 2019). Some mycorrhizal fungi can degrade recalcitrant 
organic matter, so they contribute to decomposition despite being fed 
plant C (Lindahl and Tunlid 2015). ECM activity could therefore un-
derlie any trends, not only in CUE, but also in carbon residence time in 
the entire forest ecosystem. 

The objective of this study is to explore the implications of the 
finding that ECM colonization increases with C:N ratio (Ostonen et al. 
2011) on possible latitudinal trends of CUE and soil carbon dynamics in 
boreal forests. Based on this, we formulate a simple conceptual model of 
the combined carbon use of fine-root and ECM, and quantify it across a 
latitudinal gradient using published eco-physiological and morpholog-
ical measurements from boreal coniferous forests. In parallel, we present 
two carbon use efficiency models using large-scale empirical measure-
ments amended with established models where direct measurements 

cannot be obtained (Lehtonen et al. 2016a). In this study, we will focus 
on Finland where data and models are readily available to us. We aim to 
answer the following research questions: (1) Does our empirical data 
imply latitudinal trends in CUE and NEP? (2) Can ECM abundance 
explain these trends? (3) Under our stated premises, what is the quan-
titative significance of ECM on CUE, NEP and soil carbon accumulation? 

2. Material and methods 

2.1. The ECM model 

2.1.1. Formulation 
Here we develop a model that will allow us (1) to modify Eqn (1) so 

as to incorporate the effect of ECM on vegetation CUE, and (2) to 
consider the impacts of ECM on the soil organic carbon balance. The 
model considers the allocation of below-ground carbon flux to roots, 
mycorrhiza, the extramatrical mycelium and root exudates. The turn-
over of the extramatrical mycelium produces fungal litter that is added 
to the plant litter input to the soil. Exudation may prime the decompo-
sition processes (Fig. 1). 

We consider the “standing biomass” (per unit land area, g C m− 2) of 
ectomycorrhizal fungi to include both mycorrhizae (M) and the extra-
matrical mycelium (H, including sporocarps). We express M as a pro-
portion, ρM, of the uncolonised fine root biomass Wr(g C m− 2) and H as a 
proportion, hM, of M (Table 1, Table 2). 

When fine root biomass is measured, it usually includes the biomass 
of ectomycorrhizal symbionts of the root tips which cannot be separated 
from fine root mass. We denote the combined root-fungal mass by WRT, 
such that WRT = (1+ ρM)Wr. This allows us to relate the total fungal 
mass, M + H, to the combined root-fungal mass, WRT (Table 1, Table 2). 

The carbon consumption of ECM consists of their growth and respi-
ration. The carbon input to the soil by ECM consists of their litter pro-
duction and exudation. Here, we develop simple, “0 order” expressions 
for the mean annual rates of all these processes, with the objective of 
analyzing the significance of ECM carbon consumption for plant and soil 
C balance. Here we briefly state our concepts and assumptions, the exact 
forms of which can be found in Table 1. 

For the maintenance respiration of all components, M, H, and Wr, we 
follow the conventional model where respiration rate is proportional to 
component biomass, assigning annual specific mean rates rM, rH and rr to 
the components, respectively. Analogous to respiration, we attach 
annual mean turnover rates sM, sH and sr to the components (Table 1, 
Table 2). 

For estimating carbon allocation to ECM growth and construction 
respiration, we shall assume that the ECM system is approximately at 
steady state. Although clearly not a fully accurate assumption, this will 
nevertheless allow us to estimate the order of magnitude of the C flux 
consumed in ECM construction. In steady state, growth is equal to 
turnover, and the total carbon used by fungal production is growth plus 
construction respiration, where all components are assigned their own 
rates of construction respiration. These are denoted by cr, cM, and cH for 
uncolonized fine roots, colonized root tips and extramatrical hyphae, 
respectively (Table 1, Table 2). 

Part of the sugars transported to the roots and hyphae may just leak 
out as exudates, without being used by fine roots or ECM. The mecha-
nisms of exudation are not fully understood (Canarini et al. 2019), but 
there is evidence that while exudation through root tips may decline 
with ECM colonization, additional exudation simultaneously takes place 
through the hyphal network (Gorka et al. 2019). We therefore assume, 
for consistency with the rest of the model, that the rate of exudation 
increases with the rate of ECM colonization. We denote the relative rate 
of exudation per colonized root tips by ξ (Table 1, Table 2). 

The exudates leaked through the symbionts may stimulate the SOM 
decomposition rate by heterotroph microbes in the soil. We assume that 
this increase of SOM decomposition is proportional to the release of 
exudates, with parameter ϕM indicating the (mean annual) specific rate 
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of priming per unit released exudates (Table 1, Table 2). 

2.1.2. Carbon use efficiency 
To modify Eqn (1) to include ECM impacts (Fig. 1), we shall inves-

tigate how the carbon allocated to ECM affects the CUE of the vegeta-
tion. For this, we consider the fine root – mycorrhizal complex as part of 
the plant and the extramatrical mycelium and exudates as external to the 
plant. The former is therefore included as gains in plant NPP but the 
latter taken as losses. This helps connect the results with root mea-
surements that usually include the mycorrhiza but exclude the extra-
matrical mycelium. 

To derive CUE, we express GPP as the sum of its component uses for 

Fig. 1. A schematic presentation of the below-ground contribution to the carbon balance of the vegetation-ectomycorrhizae (ECM) system. The boxes represent 
dynamic carbon storages and the solid arrows represent fluxes. The dashed arrows indicate impacts. The symbols are as in Table 1. 

Table 1 
ECM model state (S) and rate (R) variables and their definitions. All states are 
expressed in g C m− 2 and all rates are in g C m− 2 yr− 1. The specific rate pa-
rameters in the definition column are specified in Table 2.  

Symbol Meaning Definition Type 

WRT Fine root + fungal mass in colonized tips WRT = Wr + M S 
Wr Bare part of fine roots Wr =

1
1 + ρM

WRT 
S 

M Mass of colonized tips M = ρMWr S 
H Mass of extramatrical fungi H = hMρMWr S 
Rm

RT Maintenance respiration of fine root +
fungal mass in colonized tips 

rRTWRT =

rr + ρMrM

1 + ρM
WRT 

R 

Rm
r Fine root maintenance respiration rrWr R 

Rm
M Maintenance respiration of fungal tips rMM R 

Rm
H Maintenance respiration of extramatrical 

fungi 
rHH R 

TRT Fine root + fungal tips turnover rate sRTWRT =

sr + ρMsM

1 + ρM
WRT 

R 

Tr Fine root turnover rate srWr R 
TM Turnover rate of fungal tips sMM R 
TH Turnover rate of extramatrical hyphae sHH R 
GM Growth of fungal tips at steady state GM = TM R 
GH Growth of extramatrical hyphae in 

steady state 
GH = TH R 

Cg
M C consumption for constructing fungal 

tips 
(1+ cM)GM R 

Cg
H C consumption for constructing hyphae (1+ cH)GH R 

X Exudation ξM R 
PRT Priming ϕMX R  

Table 2 
Reference values for metabolic parameters. Variation of parameter values 
specified as “default assumption” will be explored in more detail (see Table 5).  

Parameter Meaning Units Range Reference 

hM extramatrical hyphal 
biomass parameter 

– 0.14 ±
0.04 Hagenbo et al. 

2019 
γ apparent hyphal 

respiration rate 
yr− 1 2.66 ±

0.5 Hagenbo et al. 
2019 

sH hyphae specific turnover 
rate 

yr− 1 2.0 ± 1.0 
Hagenbo et al. 
2019 

ϕM priming parameter – 1 ± 0.5 default 
assumption 

σC mean foliage-specific 
annual rate of 
photosynthesis pine / 
spruce 

yr− 1 3.4–4.0/ 
2.2–2.6 Schiestl-Aalto 

et al. 2019 / 
SMEAR II 

rf mean foliage-specific 
annual rate of 
maintenance respiration 

yr− 1 0.63 ±
0.06 Schiestl-Aalto 

et al. 2019 / 
SMEAR II 

rr mean fine-root specific 
annual rate of 
maintenance respiration 

yr− 1 0.53 ±
0.05 Schiestl-Aalto 

et al. 2019 / 
SMEAR II 

rw mean sapwood-specific 
annual rate of 
maintenance respiration 

yr− 1 0.037 ±
0.004 Schiestl-Aalto 

et al. 2019 / 
SMEAR II 

c mean construction 
respiration of vegetation 

– 0.3 ±
0.03 Penning de Vries 

1972 
rR mean root-tip annual 

rate of maintenance 
respiration  

0.53 ±
0.05 

default 
assumption 

cR mean construction 
respiration of fungal 
root tips  

0.3 ±
0.03 

default 
assumption 

sr fine root turnover rate yr− 1 1.0 ± 0.5 
Leppälammi- 
Kujansuu (2014) 

sR turnover rate of the 
colonized root tips 

yr− 1 1.0 ± 0.5 default 
assumption 

ξ rate of exudation yr− 1 0.5 ± 0.5 default 
assumption  
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plants and ECM as follows: 

P = (1 + c)GV +Rm
V +(1 + cM)GM +(1 + cH)GH +Rm

M +Rm
H +X (2)  

where P is GPP, GV is plant production (NPP of plants excluding colo-
nized root tips), Rm

V is plant maintenance respiration, and c is the pro-
portion of NPP lost as plant construction respiration. The terms related 
to carbon used by the colonized tips and hyphae are construction costs 
((1 + cM)GM and (1 + cH)GH, respectively), maintenance respiration 
rates (Rm

M and Rm
H , respectively), and exudation (X) (see also Table 1). 

Starting from Eqn (2), a modified Eqn (1) can now be derived (For 
derivation see Supplementary Material, SM1). In the resulting formula 
(Fig. 2), an additional fungal consumption term has been added to the 
fine root respiration term. It includes the carbon consumed in fungal 
growth, maintenance and exudation, separating between cases when the 
bare fine roots and colonized root tips are assumed to have either the 
same or different rate parameters. 

2.1.3. Carbon residence time in soil and NEP 
The fungal litter constitutes an additional input of carbon to the soil 

which is often not explicitly included in state-of-the-art soil carbon 
models (Viskari et al. 2020, but see Wieder et al. 2015) but has a ten-
dency to increase the soil carbon pool. The net effect depends on the 
relative sizes of the litter and priming fluxes. To what extent do the extra 
litter input and priming balance each other out, and does this balance 
differ between environments and ecosystems? We shall consider these 
questions using a simple steady-state approach. 

First, consider the system in the absence of extramatrical hyphae and 
priming, and assume that the colonized and uncolonized roots share 
their turnover rate, sr = sM. The rate of change of the soil carbon pool, 
WC, is then expressed as. 

dWC

dt
= LAGC + sRT WRT −

1
τWC (3)  

where LAGC is carbon in above-ground and coarse-root litter fall, and τ is 
the mean residence time of carbon in the soil assuming no priming. 
Steady state soil carbon (SSSC) is thus. 

WC1 = τ(LAGC + sRT WRT) (4)  

where WC1 refers to the steady state value without explicitly considering 
ECM litter. The corresponding steady-state heterotroph soil respiration 
is equal to the litter input from above- and below-ground vegetation: 

RHSS1 = LAGC + sRT WRT (5) 

Adding the flux of carbon through ECM litter (ΔsMM+TH+X) and the 
related priming (PRT) in the rate equation yields: 

dWC

dt
= LAGC + sRT WRT +ΔsMM + TH +X −

1
τWC − PRT (6)  

where TH, X and PRT are defined in Table 1 and the ΔsM-term represents 
the possibly faster turnover of the colonized root tips that was not 
accounted for in the fine-root turnover term srWRT . Using the definitions 
of Table 1, we can solve for SSSC: 

WC2 = τ
(

LAGC + sRT WRT +
ρMsF

1 + ρM
WRT − PRT

)

(7)  

where WC2 refers to the steady state when the fungal processes have 
been explicitly included. Here we have denoted by sF the combined 
additional fungal turnover and exudation: sF = (ΔsM + hMsH + ξ). 

Eqn (7) quantifies the change of SSSC that has a tendency to increase 
due to increased fungal litter input but to decrease due to priming by 
ECM. The corresponding steady state heterotroph respiration equals 
litter input plus exudation: 

RHSS2 = LAGC + sRT WRT +
ρMsF

1 + ρM
WRT (8) 

The actual mean residence time of carbon in soil, accounting for the 
priming by exudates, can now be calculated, according to its definition, 
as the ratio of SSSC and steady state respiration rate: 

τ’ =
WC2

RHSS2
≤ τ (9) 

Eqn (9) implies that whenever priming occurs (ξϕM > 0), the actual 
residence time must be smaller than the residence time under no 
exudation. Furthermore, if priming is so strong that ξϕM > ΔsM + hMsH +

ξ, i.e., if the exudates stimulate enough microbial activity to compensate 
for the carbon input by microbial litter, the microbial litter production 
minus priming in Eqn (7) would be negative, leading to a reduction of 
SSSC in comparison with Eqn (4). 

The effects of ECM on CUE and carbon residence time (τ) in soil can 
be summarized as the corresponding effect on NEP if ecosystem pro-
duction, GPP, and soil carbon content are known: 

NEP = EP −
1
τWC (10)  

where P refers to GPP, EP is NPP, and 1
τWC approximates heterotroph 

respiration either with (τ = τ’) or without (τ = τ) ECM effects. 

2.2. Quantifying the model across a latitudinal gradient 

2.2.1. Method overview 
Our country-wide calculation network was based on the sample plots 

of the Biosoil data set, collected by EU-wide Forest Focus monitoring 
project during 2006–2007 (ICP Forests Level I). The data set consists of 
over 600 sample plots across Finland, measured for stand characteristics 
and soil properties and combined with climatic variables from local 
weather stations. Measured soil properties include soil carbon and ni-
trogen content separated to organic and mineral layers. The sampling 
was based on the Finnish NFI grid (Tomppo et al. 2011) that has been 
used for permanent sample plots measured from 1985 (Mäkipää and 
Heikkinen 2003). We used all conifer-dominated Biosoil sites (conifer 
share of basal area greater than 50%). For more details, see Heiskanen 
et al. (2018) and SI2. 

To quantify the model, we need inputs of (1) tissue-specific meta-
bolic rates for trees and ECM, (2) biomass ratios, and (3) values of fluxes 
and stocks. We make the following “zero order” assumptions (Fig. 3): 

Fig. 2. Equation (1) modified to include ECM. Here, ρM is the colonization rate 
of ECM and rF is the combined fungal C consumption rate, defined as rF =

(ΔM + (1+ cH)hMsH + rM + hMrH + ξ). ΔM represents the impact of different 
construction respiration and turnover rates of fungi and fine roots, (1+cH)hMsH 

is the construction cost of extramatrical mycelia, rM and hMrH are maintenance 
costs of colonized tips and extrametrical mycelia, respectively, and ξ is the 
specific rate of exudation. Other symbols as in Eqn (1) and Table 1. 
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1. Mean annual tissue-specific metabolic rates are estimated for a 
reference site and scaled to country level using photosynthesis rates. 
This is based on the finding that the key source of latitudinal varia-
tion of metabolic rates in boreal forest is growing season length 
which is also reflected in GPP (Mäkelä et al. 2008, Härkönen et al. 
2010). 

2. The latitudinal variation of biomass ratios is controlled by environ-
mental drivers. We assume that the C:N ratio of soil organic layer 
determines both ECM colonization rates (Ostonen et al. 2011) and 
fine root to foliage ratios (Helmisaari et al. 2007). The sapwood to 
foliage ratio is largely determined by tree height (Mäkelä and Val-
entine, 2001) which decreases, on average, from south to north. We 
derive this from Effective Temperature Sum (ETS, sum of daily 
temperatures exceeding 5 ◦C).  

3. The fluxes and stocks occurring in the equations can be treated as 
long-term mean values and estimated as regional means i.e., using 
the space-for-time approximation (Picket 1989). 

Using the above assumptions, we describe below how we collected 
the relevant data and evaluated the model across the Biosoil network, to 
reveal any trends in the estimated variables. 

2.2.2. Metabolic parameters at reference sites 
We used published results from the SMEAR II station, Hyytiälä, 

Finland (61o51′N, 24o17′E), to determine the reference parameters 
related to vegetation photosynthesis and respiration (Schiestl-Aalto 
et al. 2019; Minunno et al. 2016). Our main source for estimating the 
reference parameters related to the ECM processes was the study by 
Hagenbo et al. (2019), who investigated the significance of extra-
matrical mycelia in the carbon balance of a chronosequence of Scots 
pine stands in central Sweden. The location and type of the sites is 
comparable to the SMEAR II station, with sandy podzolic soils, growing 
season length around 170–180 days (mean daily temperature consecu-
tively over 5 ◦C), and site indices (H100, dominant height at age 100 yrs) 
ranging from 24 to 27 m. The C:N ratio was not available for the Swedish 
sites, so we assumed it to be the same as for SMEAR II. 

A key result of the ECM study for our analysis was the estimation of 
the mean respiration rate attributable to extramatrical hyphae. As a 
caveat of this measurement Hagenbo et al. (2019) identified the possi-
bility that some of the measured respiration originated in priming rather 
than hyphal respiration. We define parameter γ as this combined 
respiration, yielding (see Table 1): 

[hM(cHsH + rH)+ ξϕM ]
ρM

1 + ρM
WRT = γ

ρM

1 + ρM
WRT (11) 

We analysed the role of priming by (1) varying the share of priming, 
ξϕM, in the above sum, and alternatively, (2) by adding priming on top of 
the estimated total respiration, to explore the possibility that not all 
priming was included in γ. See SM3 for details of parameter estimation 
and Table 2 for the estimated values. 

2.2.3. Environmentally-driven structure parameters 
To estimate the colonization rate of ECM in fine roots, ρM, we used 

the study by Ostonen et al. (2011) that covers boreal spruce forests from 
Estonia to Finnish Lapland. We used their data to estimate the depen-
dence of ρM on organic layer C:N ratio (Ostonen et al. 2011) (SM4, 
Fig. 4). 

For the dependence of fine root to foliage ratio on organic layer C:N 
ratio, we fitted an exponential function to data in Helmisaari et al. 
(2007), separately for spruce and pine (SM4, Fig. S4.1a). 

For estimating the sapwood-to-foliage biomass ratio, we used na-
tional statistics from NFI11 (https://urn.fi/URN:ISBN: 
978–952-326–467-0) of woody biomass and foliage biomass, sepa-
rately for spruce and pine. We assumed that 60% of stem biomass and 
90% of live branch biomass and all root biomass minus stump is 
sapwood (Vanninen and Mäkelä 2005). The regional values were allo-
cated to the Biosoil sites of each region and assigned a mean ETS of the 
respective Biosoil sites. Exponential functions were fitted to estimate 

Fig. 3. A schematic presentation of the 
approach of the study. We use reference site 
data from the literature to estimate metabolic 
parameters of the model, scale these up using 
relative photosynthesis rates (P), and estimate 
structure parameters using C:N ratio and effec-
tive temperature sum (ETS) of each calculation 
site. We estimate additional mean fluxes and 
stocks for the calculation sites to obtain 
regional estimates of model inputs and hence 
model predictions. We use empirically defined 
methods to provide alternative regional esti-
mates of the output variables.   

Fig. 4. Dependence of relative ECM abundance on C:N ratio. Circles are mea-
surements from Ostonen et al. (2011). The line was generated by fitted model 
and MAP (the maximum a posterior parameter vector). The grey area represents 
the 95% Bayesian credible interval based on parametric uncertainty. 
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Ww/Wf from ETS (SM4, Fig. S4.1b). 

2.2.4. Mean fluxes and stocks at calculation sites 
For calculating soil C and NEP (Eqns. (3)–(10)) we needed data on 7 

variables (Table 3). The Biosoil sites (Fig. S2.1) provided direct mea-
surements for rCN, D and WC. Ecosystem GPP was estimated for the 
Biosoil sites using the MODIS web service (Running et al. 2004, https 
://modis.gsfc.nasa.gov/data/dataprod/mod17.php). The MOD17A2H 
GPP product is a cumulative 8-day composite of values with 500-m pixel 

size (Running et al. 2015). For every 8th day of the year, we estimated 
the mean photosynthesis after deleting no-data values for the period 
2001–2020, and then aggregated daily photosynthesis to obtain mean 
annual GPP for these 20 years. 

Above- and below-ground litter fall estimates came from a gridded 
litter fall data set for Finland (Lehtonen et al. 2016a), including litter fall 
components of living trees, understory and harvest residues. The litter 
fall data was available on a 10 x10 km2 grid across Finland and was 
allocated to the Biosoil sites according to the grid where the site was 

Fig. 5. Latitudinal trends of model inputs at Biosoil sites (n = 434). a) Effective temperature sum (ETS), b) organic layer C:N ratio (not available at all sites), c) soil C 
content of non-peatland soils, d) ecosystem mean GPP estimated with MODIS GPP product, e) total litter fall from the gridded litter fall data set, f) Mean residence 
time τ of soil carbon as calculated with Yasso15 using the litter fall data from the gridded litter fall data base. 
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located. For more details, see Lehtonen et al. (2016a) and SM2. 
τ was estimated by applying the gridded litter fall data as input to a 

soil carbon model, Yasso15 (Viskari et al., 2020). Yasso is a process- 
based model where the decomposition rate of soil C depends on the 
chemical composition of litter and on air temperature and precipitation. 
The decomposition of woody litter also depends on litter diameter 
(Tuomi et al., 2011). Yasso15 has been parametrized on a diverse 
dataset of measurements of non-woody and woody litter decomposition, 
soil carbon stocks and soil carbon accumulation (see https://en.ilmatie 
teenlaitos.fi/yasso, SM2), advancing from its previous version Yasso07 
(Tuomi et al., 2011, 2008). 

We estimated long-term mean fine-root biomass (g C m− 2) from 
stand basal area (G) and organic layer C:N ratio using a model developed 
by Lehtonen et al. (2016b): 

WRT = 1.114G0.734r0.721
CN (12)  

Here (G) was the long-term mean basal area retrieved by region from 
forest statistics (NFI11). 

All model input variables (Table 3) correlated significantly with 
latitude (Fig. 4). Linear correlations were strongest for ETS and 
ecosystem GPP and weakest for soil carbon content. 

2.3. Estimating CUE and NEP empirically from regional data 

For estimating empirical latitudinal trends of CUE and NEP, we 
derived two different methods based on carbon balance. The underlying 
assumption in both methods was to consider trends in long-term average 
fluxes and stocks, some of which can be estimated using the space-for- 
time substitution (Picket 1989). We first estimated CUE, then calcu-
lated NEP by inserting CUE in Eqn (10). Here we describe the main 
assumptions and data behind the estimates. For details see SM5. 

2.3.1. Method 1. 
The long-term mean GPP of the Biosoil sites was estimated from 

MODIS. The long-term mean NPP estimate (P̂N) was calculated 
assuming that (1) woody growth is proportional to stem growth, and (2) 
non-woody growth equals non-woody litter fall, because foliage, fine 
roots and ground vegetation show steady values in mature stands that 
represent the main part of all stands. Therefore, 

P̂N = aĜW + Lnw (13)  

where ĜW is stem biomass growth, a converts that to total woody 
biomass growth and Lnw is non-woody litter fall. Woody biomass growth 
was estimated based on NFI11, and non-woody litter fall came from the 
gridded litter fall data set.P̂N was divided by GPP to estimate CUE. 

2.3.2. Method 2 
We derived another, indirect method for estimating CUE from sta-

tistics and the soil carbon pool, utilizing the mean residence time of 
carbon in the soil, τ, predicted by Yasso15. The annual rate of accu-
mulation of carbon in the ecosystem over time interval [t − T,t], split into 
vegetation (Wv) and soil carbon (WC), is. 

dWv

dt
+

dWC

dt
= EP − H −

WC

τ (14)  

where H denotes annual harvests. Integrating both sides over the time 
interval [t − T,t], dividing by the length of the interval, T, and solving for 
long-term mean CUE (E) yields: 

E =
1
P

[
WC(t)

τ + Ĥ + γv − γs

(
T
2τ − 1

)]

(15)  

where γi =
ΔWi

T (i = v,C) is the mean annual net change in the vegetation 
and soil carbon pools. 

For quantifying E of Eqn (15), we used soil C from the Biosoil mea-
surements and τ from the Yasso15 simulations. The mean harvests were 
computed by forestry region from national statistics, and the change in 
forest biomass was calculated from a national trend of stem wood vol-
ume (NFI11). The temporal trend of soil carbon was obtained from a 
study on the Biosoil sites (Kramarenko 2012). 

2.4. Simulation, sensitivity and uncertainty analyses 

Using the model across the Biosoil network, we conducted simula-
tions to assess if there were latitudinal trends in CUE, τ and NEP, and 
compared these with the respective empirically-based trends. Regarding 
the ECM carbon balance, we analysed six alternative assumptions on 
parameter values (Table 4). For uncertainty analysis we used a variance- 
based uncertainty partitioning approach to attribute the uncertainty of 
CUE estimates to different parameters and modules (SM6). 

3. Results 

3.1. Measurement-based trends in CUE, soil residence time and NEP 

Both our empirical-based methods predicted significant trends of 
CUE with latitude and ETS, but the mean CUE values were higher (0.446 
± 0.064 vs 0.370 ± 0.082) and the trend was weaker in method 1 

Table 3 
Variables estimated for scaling the results.  

Variable Meaning Units Source 

rCN C:N ratio of organic layer g C g-1N Biosoil data 
D Effective temperature sum 

(ETS) 

oCd Biosoil data 

P ecosystem photosynthesis 
(GPP) 

g C m− 2 

yr− 1 
MODIS around Biosoil sites 

LAGC litterfall excluding fine 
roots 

g C m− 2 

yr− 1 
Gridded litterfall data 

τ carbon residence time in 
soil - reference 

yr Yasso15 with gridded 
litterfall and weather data 

WC soil carbon  g C m− 2 Biosoil data 

WRT root biomass g C m− 2 

Lehtonen et al. 2016b  

Table 4 
Sensitivity tests performed with the model.  

Name of test Meaning Method 

No ECM Reference model performance 
with no ECM 

ρM = 0 

Default - Colonized root tips show the 
same respiration and turnover 
rates as bare roots 
- Priming is included in total 
respiration γ 

Parameter values as in  
Table 2 

Roots constant Assuming constant root 
biomass instead of C:N 
dependence (Eqn (12)) 

WRT = 106 g C m− 2 

1.2 γ / 0.8 γ Testing the basic sensitivity to 
the assumed level of 
respiration + exudation (Eqn  
(11)) 

γ is varied by ±20%  

Double ECM 
metabolism 

Testing the effect of faster 
metabolism of fungal 
component in colonized root 
tips 

Doubled values of rR, cR 

and sR 

Total respiration 
constrained by γ 

Assuming fixed hyphae-specific 
C losses, γ, the share of fungal 
respiration and priming in γ is 
varied 

ξ and ϕM vary in Eqn  
(11) while γ remains 
fixed 

ECM respiration 
constrained, 
priming added 

Priming is additional to the 
estimated total hyphae-specific 
C losses, γ 

ξ and ϕM vary in Eqn  
(11) while hM(cHsH +rH)

remains fixed  
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(Fig. 6a, 6b). Method 2 showed a significant trend with organic layer C:N 
ratio whereas method 1 did not (Fig. 6c). Both methods showed signif-
icant trends in NEP with respect to all explanatory variables (Fig. 7), 
with Method 1 producing larger values. NEP estimates ranged from 0 to 
400 g C m− 2 yr− 1 (the system was sequestering C). The default τ, pre-
dicted by Yasso15 linked with our gridded litter fall data, had an 
increasing trend with latitude, varying between 30 and 45 yr. SSSC 
exceeded the measured average by 2 – 3 kg C m− 2 but showed a similar 
trend with latitude (Fig. 8). 

3.2. Trends predicted by the ECM model 

3.2.1. Trends in the absence of ECM 
Simulations in the absence of ECM (ρM = 0) gave significant but 

negligible trends for CUE of both spruce and pine with respect to lati-
tude, ETS and organic layer C:N ratio (p < 0.001). The average CUE for 
pine was 0.53 ± 0.0131 and for spruce 0.48 ± 0.0054. The differences 
between minima and maxima were 0.058 and 0.024 for pine and spruce, 
respectively. In contrast, NEP had a significant (p < 0.001) and 
considerable declining trend in the absence of ECM with respect to all 
three variables. The mean was 271 ± 79 g C m− 2 yr− 1, with maximum 
466 and minimum 57 g C m− 2 yr− 1. 

3.2.2. Default trends compared with empirical estimates 
With our default parameters, CUE varied between 0.26 and 0.49 with 

mean 0.390 ± 0.037, showing a significant declining trend with lati-
tude, ETS and C:N ratio. The trends with latitude and ETS were some-
what stronger and with C:N ratio considerably stronger than those in the 

data-based estimates (Fig. 6, S7.1). 
The average NEP estimate showed a similar range of values with 

Method 2, mostly varying from 50 to 250 g C m− 2 yr− 1 (Fig. 7, S7.2). 
Significant trends were detected with latitude, ETS and C:N ratio, with a 
slightly stronger trend in the model prediction than the data-based es-
timates especially with respect to C:N ratio. 

The default simulation reduced τ by 2 to 3 years in comparison with 
the Yasso15 prediction and very slightly reduced the trend with latitude. 
The mean SSSC was about 0.1 kg C m− 2 smaller, respectively (Fig. 8). 

The cost of extramatrical hyphae and exudation (the components of 
ECM not embedded in fine roots) relative to photosynthesis increased 
from south to north, reaching a level of approximately 15%-20% when 
CUE was about 35% (Fig. 9a). The absolute average was 94 ± 37  g C 
m− 2 yr− 1, compared with the mean GPP of 789 ± 185  g C m− 2 yr− 1. The 
additional C inputs to soil, i.e. hyphal litter production and exudation, 
remained <10% of the heterotroph respiration at steady state (RHSS2), 
whereas the additional hyphal respiration together with added hetero-
troph respiration due to priming increased towards the north, reaching a 
maximum of approximately 40% of RHSS2 (Fig. 9b). The corresponding 
mean hyphal litter production (and growth, due to the steady-state 
assumption) was 8.9 ± 3.5  g C m− 2 yr− 1. 

3.2.3. Uncertainties in latitudinal trends 
Under the default assumption of fixed total hyphal respiration γ, the 

latitudinal trend of CUE was strongest when colonized root tips were 
assigned faster metabolic rates than bare roots. The assumptions of 
increased total respiration and weaker priming also increased the slope, 
whereas attributing a larger proportion of total respiration to priming or 

Fig. 6. Carbon Use Efficiency of vegetation (CUE) predicted using the ECM allocation model, empirical method 1 and empirical method 2. a) CUE against latitude. 
All trends are significant (p < 0.001). b) CUE against ETS/1000. Model:p < 0.001; Method 1: p = 0.0108; Method 2:p = 0.00347. c) CUE against C:N ratio of organic 
layer. Model:p < 0.001; Method 1: p = 0.901, Method 2: p < 0.001. 

Fig. 7. Net Ecosystem Production (NEP) predicted using the ECM allocation model, empirical-based method 1 and empirical-based method 2. a) NEP against 
latitude. b) NEP against ETS/1000. c) NEP against C:N ratio of organic layer. All trends are significant (p < 0.001). 
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assuming 20% lower total respiration reduced the trend of CUE 
(Table 5). 

The impact of the alternative assumptions on NEP, mean residence 
time of C in soil, and SSSC was generally small (Table 5). Increasing total 
respiration, assuming different ECM and root metabolism, and 
increasing exudation reduced the average NEP the most, but consistently 

<10%. When total respiration was reduced, average NEP increased. The 
largest effect on τ was a reduction by 1.5 years, obtained assuming 
doubled exudation. Regarding SSSC, the only considerable difference 
(+0.85 kg m− 2) occurred under the assumption of different ECM and 
root metabolism, because the faster turnover rate of colonized roots 
under this assumption increased the litter input to the soil. 

Fig. 8. a) Mean residence time as predicted by 
Yasso15 (r2 

= 0.73) and the default simulation 
(r2 = 0.52) as functions of latitude. b) Steady- 
state soil carbon predicted by Yasso15 (r2 =

0.55) and as modified by the default simulation 
(r2 = 0.52), compared with measured soil car-
bon at the Biosoil sites (r2 = 0.06). The dashed 
lines show a regression where a shared slope 
with different intercepts was fitted to the 
default model results combined with the data. 
The intercept was statistically significantly 
different between the two data sets (t = 40.07, 
p < 0.001).   

Fig. 9. Latitudinal trends in relative carbon fluxes. a) Proportions of GPP used for plant growth (=CUE) and for supporting ECM processes, b) Carbon fluxes into and 
out of the soil relative to total steady-state heterotroph respiration: plant litter production, ECM-originated inputs (including litter and exudation), and ECM-induced 
additional respiration (including hyphal growth and maintenance respiration and additional heterotroph respiration due to priming). 

Table 5 
Sensitivity of results to assumptions (See Table 4). For CUE, the table reports the slope (and its standard error) of the linear regression with respect to latitude. For NEP, 
τ, SSSC and ECM litter (Litter), we report the mean across all sites for the default simulation, and for other simulations, we report the simulation result minus the default 
value.  

Assumption CUE NEP g C m− 2 yr− 1 τ yr SSSC kg C m− 2 Litter g C m− 2 yr− 1 

Total respiration constrained by γ default − 0.007567 (0.00080) 171 (79.4) 31.82 (2.10) 8.10 (0.86) 7.18 (3.02) 
roots constant − 0.007567 (0.00080) +0.1 +0.02 − 0.01 − 0.19 
1.2γ − 0.009558 (0.00092) − 9.6 0 0 0 
0.8γ − 0.005575 (0.00068) +9.6 0 0 0 
double ECM activity − 0.010231 (0.00096) − 9.0 +0.2 +0.85 +25.6 
priming × 0.5 − 0.008502 (0.00085) − 0.8 +0.8 +0.21 0 
priming × 1.5 − 0.006631 (0.00074) +0.6 − 0.8 − 0.21 0 
exudation × 2 − 0.007567 (0.00080) − 7.1 − 1.5 0 0 

No ECM ns +0.66 +1.7 − 0.24 − 7.18 
ECM respiration constrained, priming added default parameters − 0.009438 (0.00091) − 9.1 0 0 0 

1.2γ − 0.011428 (0.0010) − 18.7 0 0 0 
0.8γ − 0.005575 (0.00068) +0.6 0 0 0 
double ECM activity − 0.01210 (0.00108) − 18.1 +0.2 +0.85 +25.6 
priming × 0.5 − 0.009438 (0.00091) − 5.4 +0.8 +0.21 0 
priming × 1.5 − 0.009438 (0.00091) − 12.9 − 0.8 − 0.21 0 
priming × 3 − 0.009438 (0.00091) − 26.2 − 3.3 − 0.85 0 
exudation × 2 − 0.01130 (0.00103) − 25.2 − 1.5 0 0  
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Adding priming to measured total respiration rate γ led to somewhat 
larger predicted latitudinal trend of CUE in all cases (Table 5). However, 
no considerable changes could be detected in the average NEP, τ or SSSC 
unless either priming or exudation intensity was strongly increased. 
Under the assumption that exuded carbon triggered a five-fold hetero-
troph respiration, mean NEP declined as much as 70%, leading to a 2 kg 
m− 2 reduction in SSSC. In this simulation, heterotroph respiration due to 
priming equaled total ECM-related respiration and was about 30% of 
total heterotroph respiration. Increasing exudation threefold but keep-
ing the priming parameter in its default value, led to a 40% decrease in 
mean NEP but no change in SSSC (Table 5). 

3.3. Partitioning the causes of uncertainty in CUE estimates 

More than 60% of country-level CUE uncertainty was caused by the 
variation of soil C:N ratio across Finland (Fig. 10b). For a given site with 
C:N ratio fixed to 30, half of total uncertainty for pine came from the 
estimation of WRT

Wf
, while for spruce half was from the parameter σC 

(Fig. 10d), because pine tended to have considerably higher parametric 
uncertainty of WRT

Wf 
than spruce (Fig. S4.1a). The large parametric un-

certainty of the environmentally-driven structure parameters ρM and WRT
Wf 

(Fig. 4, S4.1) respectively propagated 34% and 50% of the uncertainty in 
the relation between CUE and ETS. The predicted relation between CUE 

and ETS was significantly positive, even considering the uncertainty 
from all parameters and empirical modules (Fig. 10e). 

Pine did not show higher CUE than spruce (Fig. 10), because the 
positive effect of higher photosynthesis rate of pine (σC, Table 2) on CUE 
was counteracted by the negative effect of higher WRT

Wf 
and Ww

Wf 
(Fig. S4.1). 

4. Discussion 

4.1. Empirically-based trends in CUE and NEP 

This study utilized a unique compilation of data to establish possible 
trends in CUE and NEP across a latitudinal gradient. We introduced two 
methods, both based on theoretical analyses of forest C balance, that 
should give accurate results if appropriate data was available (Eqns (13) 
and (15)). Here, we combined various measurements and models with 
forest statistics to obtain a regional coverage of estimates. It is not sur-
prising that the variance of the results was large, given that some of the 
data were only available as sub-region averages, while other variables 
came from defined data points (the Biosoil data) or from a wall-to-wall 
grid with specified resolution (litter fall data). Nevertheless, both 
methods gave comparable results, albeit Method 1 estimates were 
consistently slightly higher than Method 2 for both CUE and NEP. 

The CUE estimates compare well with previous literature. Collalti 
and Prentice (2019) found in a review covering different biomes that 

Fig. 10. Uncertainty of CUE estimates at (a, b) country level, (c, d) site-specific level, and (e, f) uncertainty of the relation between CUE and ETS. Note: Probability 
density was generated using Monte Carlo technique (a, c, e). The variance was partitioned using Sobol’s first order indices (b, d, f). Input factors with a contribution 
above 3% were labelled (b, d, f). Figure e and f are for the slope parameter in the linear regression between CUE and ETS/1000. The total variance of the slope 
parameter was rescaled to 100% (f). 
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average CUE was 0.46 ± 0.12, with no apparent trend between biomes, 
whereas a meta-analysis by DeLucia et al. (2007) suggested differences 
among biomes, with mean CUE ca. 0.3 in the boreal forest. The tem-
perature dependence of GPP and NPP estimated by West (2020) would 
suggest CUE of young stands to vary between 0.1 and 0.3 and of old 
stands between 0.05 and 0.2 within the temperature range of Finland. 
Our mean results fall between those of Collalti and Prentice (2019) and 
DeLucia et al. (2007). Our latitudinal trend is somewhat weaker than 
that shown by West (2020) and the absolute values of CUE are larger. 
These differences may be caused by the fact that our analysis included 
ground vegetation whereas West (2020) compared tree stand to 
ecosystem-level eddy-covariance based GPP. The role of ground vege-
tation in both GPP and NPP increases with increasing latitude as stands 
become sparser towards the north (Lehtonen et al. 2016a). 

The latitudinal variation of NEP obtained in this study (Fig. 7) cor-
responds with ecosystem model projections (e.g. Holmberg et al. 2019), 
although direct measurements are only available at a few sites. The long- 
term average NEP at the SMEAR II station at latitude 61◦51′N is about 
200 g C m− 2 yr− 1 (Kolari et al. 2009), while in Sodankylä (67o21′N) it 
hovers around 0 g C m− 2 yr− 1. Other stations at latitudes 68–69 have 
measured NEP over 100 g C m− 2 yr− 1 (Aurela et al. 2009). 

The key model-based components of Methods 1 and 2 were the 
MODIS GPP and the mean residence time of carbon in soil, τ, calculated 
with Yasso15. The latitudinal trend in CUE is highly sensitive to the 
respective trend in GPP, as this appears in the denominator for both 
methods. The MODIS trend with latitude was found to be somewhat 
stronger than the respective trend of model-based potential photosyn-
thetic production for fully stocked stands (Härkönen et al. 2010, Min-
unno et al. 2016) as it incorporates trends in both leaf area and leaf-area- 
specific photosynthesis. The trends in NEP strongly depend on the 
estimated τ (Eqn (13)). Our method of estimating heterotrophic respi-
ration is obviously a simplification, but it should give an idea of lat-
itudinal trends, as soil carbon was measured and the τ depended on 
measured litter fall and environmental drivers (Viskari et al. 2020). 
However, we should note that this trend is in reality also affected by 
trends in ECM colonization (Lindahl and Tunlid 2015), which was not 
explicitly accounted for here (Table 5). 

4.2. Can ECM explain the observed trends? 

Our ECM model predicted latitudinal and environmental (ETS and C: 
N ratio) trends that were surprisingly similar with the empirically based 
estimates (Figs. 6, 7). Out of these, the trend with C:N ratio differed most 
between the methods. As the model derived both the fine-root to foliage 
ratio and ECM colonization rate from the organic layer C:N ratio, the 
correlation with C:N ratio was strong. On the other hand, the empirical 
methods averaged regional data where ETS tightly followed latitude but 
C:N ratio did not (Fig. 5), so they would not have represented a C:N 
relationship even if it existed. However, even if good correspondence 
was found between our model and the empirical methods, the reasons 
for this need to be scrutinized against possible alternative explanations, 
and any uncertainties need to be considered. 

The key assumption behind our modelling was that any environ-
mental impacts on CUE and NEP are mediated through biomass pro-
portions – both within trees and between trees and fungi – whereas all 
direct metabolic rates were taken to respond proportionally to envi-
ronmental drivers. The environmental impacts on biomass proportions 
were based on measurements (Helmisaari et al. 2007, Lehtonen et al. 
2016b, Ostonen et al. 2011) although their exact quantification remains 
uncertain, and the fungal relations only covered spruce (Fig. 4). Few 
data are available to evaluate the environmental responses of metabolic 
rates. Variability unaccounted for here could shift the predicted trend 
one way or another, depending on the impact (see review by Collalti and 
Prentice, 2019). 

Our results suggest that trends in tree allometry do not give rise to 
trends in CUE, because opposite trends of fine roots and sapwood 

compensate for each other. This agrees with studies showing biomass 
allocation shifts from wood to fine roots when moving from higher to 
lower fertility (Litton and Giardina, 2008; Valentine and Mäkelä 2012). 
As a consequence, the CUE trends predicted by our model are fully 
attributable to ECM. Due to the assumptions that the fine-root to foliage 
ratio and the colonization rate of ECM increase with organic layer C:N 
ratio, the model-based CUE strongly depends on the C:N ratio (Fig. 5). 
Our model therefore provides a possible mechanistic explanation for the 
empirically-based hypothesis by Vicca et al. (2012) that fertile forests 
produce biomass more efficiently due to reduced C allocation to root 
symbionts. 

As C:N ratio correlates strongly with latitude (Ostonen et al. 2011, 
Fig. 5), there could be some other underlying factor explaining both 
trends. One possible explanation could be that cellular respiration of 
trees and mycorrhizal fungi inhabiting cold and N and P poor soils to a 
larger proportion is funneled through the alternative oxidase pathway 
(AOP) (Angert et al. 2003) rather than through the cytochrome oxidase 
pathway. There is empirical evidence from an experiment in northern 
Sweden that fertilization decreases the share of AOP in (mycorrhizal) 
Pinus sylvestris roots but not in needles (Henriksson et al. 2019), and that 
mycorrhizal fungi may have very high AOX (Henriksson et al. unpub-
lished data). This would also be in line with the observation of 
decreasing CUE with latitude. 

4.3. What is the significance of ECM on CUE, NEP and soil carbon? 

Quantitatively, the significance of the trend on CUE and NEP are 
determined by the biomass-specific metabolic rates and standing 
biomass of ECM. Here, our estimates were mostly based on the 
comprehensive study of Hagenbo et al. (2019) that quantified many of 
the parameters needed in the model. Based on this, the total cost of ECM 
was about 10 times that of hyphal growth / litter production (on average 
75 and 7.2 g C m− 2 yr− 1, respectively, corresponding to 9% and 0.9% of 
mean photosynthesis). Schiestl-Aalto et al. (2019) estimated the carbon 
allocation to ECM to be 6% of annual photosynthesis at SMEAR II, while 
other studies have reported values between 14 and 22% of NPP in 
conifer ecosystems (Leake et al. 2001, Finlay and Söderström 1992, Vogt 
et al. 1982, Ryan et al. 1996) and 8 – 17% of GPP in arctic tundra 
vegetation (Hobbie and Hobbie (2006)). Ding et al. (2021) estimated the 
ECM mycelia production in stands around SMEAR II to vary between 5.3 
and 9.2 g C m− 2 yr− 1 (about 0.5 and 0.9% of GPP, respectively). A re-
view by Ekblad et al. (2013) reported an average of 7.5 g C m− 2 yr− 1 in 
the upper 10 cm of 8 boreal forests. 

The main conclusion from these quantitative results is that while the 
total cost of ECM is considerable and should be reflected in CUE, the 
litter production seems generally low compared with other sources of 
plant litter and would not have a marked effect on soil C accumulation 
unless its decomposition rate was considerably slower than the average 
C residence time in soil (Freschet et al. 2013, Adamczyk et al. 2019). If it 
was the same it would add about 0.23 kg m− 2 to the average stand SSSC 
(τ × litter production). The exudation and priming effect with our 
parameter values was generally sufficient to counteract this, such that 
SSSC was not largely affected by the inclusion of ECM in the analysis 
(Table 5, Fig. 8b). 

The SSSC predicted by Yasso15 is on average 3.2 kg m− 2 higher than 
the measurements, although it follows the same latitudinal trend. This 
could be because soil carbon in Yasso includes standing and fallen 
deadwood which was not included in the Biosoil measurements. Addi-
tional uncertainties could stem from the steady state assumption and the 
uncertainty of long-term litter fall rates, although the fluctuation around 
mean steady state in managed mature stands has been found to be less 
than ±10% (Liski et al. 2005). Yasso15 does not include any processes 
other than microbial decomposition to remove C from the soil, which 
could lead to overestimation if losses of C due to, e.g., leaching or me-
chanical soil preparation were more significant than suggested by 
available literature (Mjöfors et al. 2017). 
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Based on our results, it seems unlikely that excluding ECM in the soil 
model would cause any considerable overestimation of soil C. The result 
where SSSC was reduced by 0.85 kg m− 2 (Table 5 “priming × 3”) was 
achieved when priming caused an additional annual efflux that was 
about 50% of the level reported as hyphal respiration (γ) by Hagenbo 
et al. (2019) (result not shown). In order for SSSC to decline by 3.2 kg 
m− 2, the required increase of respiration would be 150%, respectively. 
This would reduce NEP too much to be credible in comparison with the 
empirically-based results. 

5. Conclusions 

In conclusion, our results corroborate the studies that have found 
ECM a significant sink of photosynthetic carbon in forests. We propose a 
way of accounting for this sink in models and carbon budget estimates 
without explicitly having to consider the complex carbon and nutrient 
interactions between plants and ECM. In our approach, the soil C:N ratio 
serves as a proxy for these interactions, driven by the benefit of nutrient 
acquisition due to high ECM colonization, recognizing that the benefit is 
greatest where nutrients are more strongly bound to soil organic matter. 

Although the results are generally in line with existing measure-
ments, many quantitative and qualitative uncertainties remain. More 
measurements of the carbon use of fungal symbionts in different envi-
ronments and ecosystems are needed to shed more light on the role of 
symbionts in ecosystem carbon balance before the model of this study 
can be subjected to a stringent test and developed further. 
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Collalti, A., Tjoelker, M.G., Hoch, G., Mäkelä, A., Guidolotti, G., Heskel, M., Petit, G., 
Ryan, M.G., Battipaglia, G., Matteucci, G., Prentice, I.C., 2020. Plant respiration, 
controlled by photosynthesis or biomass? Glob. Change Biol. 26 (3), 1739–1753. 

DeLucia, E.H., Drake, J.E., Thomas, R.B., Gonzalez-Meler, M., 2007. Forest carbon use 
efficiency: is respiration a constant fraction of gross primary production? Glob. 
Change Biol. 13, 1157–1167. https://doi.org/10.1111/j.1365-2486.2007.01365.x. 

Dewar, R.C., Medlyn, B.E., McMurtrie, R.E., 1999. Acclimation of the respiration/ 
photosynthesis ratio to temperature: insights for a model. Glob. Change Biol. 5, 
615–622. 

Ding, Y., Leppälammi-Kujansuu, J., Salemaa, M., Schiestl-Aalto, P., Kulmala, L., 
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Way, D., 2018. Reviews and syntheses: Carbon use efficiency from organisms to 
ecosystems – definitions, theories, and empirical evidence. Biogeosciences 15 (19), 
5929–5949. 

Minunno, F., Peltoniemi, M., Launiainen, S., Aurela, M., Mammarella, I., Lindroth, A., 
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