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Abstract Accurate projections of the terrestrial carbon (C) sink are critical to understanding the future
global C cycle and setting CO2 emission reduction goals. Current earth system models (ESMs) and dynamic
global vegetation models (DGVMs) with coupled carbon‐nitrogen cycles project that future terrestrial C
sequestration will be limited by nitrogen (N) availability, but themagnitude of N limitation remains a critical
uncertainty. Plants use multiple symbiotic nutrient acquisition strategies to mitigate N limitation, but
current DGVMs omit these mechanisms. Fully coupling N‐acquiring plant‐microbe symbioses to soil
organic matter (SOM) cycling within a DGVM for the first time, we show that increases in N acquisition via
SOM decomposition and atmospheric N2 fixation could support long‐term enhancement of terrestrial C
sequestration at global scales under elevated CO2. The model reproduced elevated CO2 responses from two
experiments (Duke and Oak Ridge) representing contrasting N acquisition strategies. N release from
enhanced SOM decomposition supported vegetation growth at Duke, while inorganic N depletion limited
growth at Oak Ridge. Global simulations reproduced spatial patterns of N‐acquiring symbioses from a novel
niche‐based map of mycorrhizal fungi. Under a 100‐ppm increase in CO2 concentrations, shifts in N
acquisition pathways facilitated 200 Pg C of terrestrial C sequestration over 100 years compared to 50 Pg C
for a scenario with static N acquisition pathways. Our results suggest that N acquisition strategies are
important determinants of terrestrial C sequestration potential under elevated CO2 and that nitrogen‐
enabled DGVMs that omit symbiotic N acquisition may underestimate future terrestrial C uptake.

Plain Language Summary Plants grow faster when there is more carbon dioxide (CO2) in the air.
Because plant growth removes CO2 from the air, this faster plant growth could lessen the warming that is
caused by CO2 emissions from human activities. However, plants also need nitrogen to grow, and the
availability of this nutrient could constrain, or “limit,” how much CO2 plants can remove from the air.
Correctly predicting the degree of nitrogen limitation of plant growth is a major challenge for global land
models. Some plants can overcome nitrogen limitation by partnering with fungi that extract nitrogen from
the soil or with bacteria that extract nitrogen from the air. We incorporated these plant‐microbe
partnerships into a global land model, and we show that these partnerships could sustain plant growth
under rising CO2 concentrations. This suggests that existing models and experiments that do not include
these partnerships may underestimate the potential for future CO2 uptake by plants.

1. Introduction

Terrestrial ecosystems absorb as much as 29% of anthropogenic carbon dioxide (CO2) emissions, and the
persistence of the terrestrial carbon (C) sink is a critical component of coupled climate‐carbon cycle
projections (Ciais et al., 2013; Le Quere et al., 2018). Rising atmospheric CO2 concentrations can accelerate
photosynthesis, increasing the rate of CO2 removal from the atmosphere. While some observational
evidence suggests that the terrestrial C sink is accelerating due to this stimulatory effect (Campbell et al.,
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2017; Cole et al., 2009; Keenan et al., 2016), the magnitude and persistence of this enhancement of
productivity remain uncertain (Beedlow et al., 2004; Körner, 2006).

One major source of uncertainty is the role of N availability, which could limit terrestrial C sequestration
(Ciais et al., 2013; Wieder et al., 2015; Zhang et al., 2014). Limitation of plant C accumulation by N availabil-
ity has been supported by stoichiometric arguments (Hungate et al., 2003; Zaehle, Friedlingstein, et al.,
2010), global model simulations (e.g., Wieder et al., 2015), and ecosystem‐scale observations (Norby et al.,
2010). Plant N uptake in these models is typically limited by the release of inorganic or lowmolecular weight
organic N compounds via decomposition of organic matter pools in the soil or litter (e.g., Gerber et al., 2010;
Thomas et al., 2015; Zaehle, Friend, et al., 2010). These views of N limitation treat plant N acquisition as a
source‐limited process. While the production of bioavailable N via decomposition processes in these models
is controlled by the N content of decomposing organic matter pools, the turnover rates of these pools are gen-
erally assumed to be inherent properties of the pools and independent of plant nutrient demands. Likewise,
these models often assume inflexible responses of vegetation to N limitation, with plants restricting primary
production when there is insufficient N to build new tissues (e.g., Gerber et al., 2010; Thomas et al., 2015;
Thornton et al., 2007), although Gerber et al. (2010) did include dynamic responses of symbiotic N fixation
to plant N limitation and Shi et al. (2016) integrated a model of dynamic N acquisition costs and strategies
into the Community Land Model.

A developing understanding of soil organic matter (SOM) cycling has begun to highlight the critical role of
microbial processes and plant‐microbial interactions in driving the turnover of SOM pools and the asso-
ciated production of plant‐available N (Schmidt et al., 2011). Related advances in bothmodeling and concep-
tual understanding have challenged the paradigm underlying previous assessments by showing that plants
are not passive recipients of soil N released by decomposition, but instead are active drivers of soil N cycling
(Cheng et al., 2014; Drake et al., 2011; Lambers et al., 2008). Deposition of root cells, mucilage, and organic
compounds to the rhizosphere can shape microbial communities and prime microbial cycling of C and N
(Cheng et al., 2014; Phillips et al., 2012; Yuan et al., 2018). The deposition rate of these substrates to the rhi-
zosphere has been shown to respond to plant N limitation (Phillips et al., 2009), and rhizosphere microbial
responses can influence soil C and N cycling at ecosystem scales (Cheng et al., 2014; Finzi et al., 2015;
Sulman et al., 2017). In addition, most land plants can acquire N through symbiotic relationships that can
be broadly categorized into three mechanisms: Arbuscular mycorrhizal (AM) fungi primarily scavenge inor-
ganic N from soil solution, effectively expanding the volume of soil that roots can access (George et al., 1995).
Ectomycorrhizal (ECM) and ericoid fungi can play more active roles in SOM decomposition by producing
extracellular enzymes to extract N from complex organic compounds in the soil and litter (Read & Perez
Moreno, 2003), although these groups contain broad distributions of species and lineages with varying
decomposition capabilities (Pellitier & Zak, 2017). Finally, N2 fixing bacteria acquire N from atmospheric
N2 gas (Huss‐Danell, 1997; Sprent, 2009).

Ecosystem‐scale field experiments have suggested that acceleration of the soil N cycle by plant‐microbe sym-
bioses can facilitate continued plant growth under elevated CO2 (Drake et al., 2011). Likewise, syntheses
have indicated that mycorrhizal N uptake is an important contributor to ecosystem productivity under glo-
bal change at large scales (Kivlin et al., 2013; Terrer et al., 2016, 2017) and model simulations have high-
lighted the potential for symbiotic N acquisition to at least partially ameliorate N limitation (Baskaran
et al., 2016; Orwin et al., 2011; Sulman et al., 2017), suggesting that past assessments may have underesti-
mated the potential for these mechanisms to enhance N uptake under elevated CO2. However, the effective-
ness, persistence, and geographical distributions of these mechanisms remain under debate (Norby et al.,
2017) and their potential impacts have not been quantified at global scales. One key uncertainty is the
long‐term efficacy of priming effects for supporting continued acceleration of plant N acquisition: Are they
transient responses, or can they support long‐term growth? Past and current elevated CO2 experiments,
which operate on a decadal time‐scale, may not have had treatment durations lasting long enough to resolve
long‐term depletion of soil N pools mobilized by priming effects (Norby & Zak, 2011). In the absence of direct
observations, mechanistic models that include key soil processes such as trapping of N‐rich microbial‐
derived organic matter in stable mineral‐organic associations (Bingham & Cotrufo, 2016) and depletion of
soil C stocks associated with microbial mining of N from SOM (Sulman et al., 2017) can be used to estimate
potential long‐term impacts of elevated CO2 levels. A second key uncertainty is the lack of observational
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maps of mycorrhizal associations connected with these N acquisition strategies, which limits our ability to
predict where plants have the capacity to access organic versus inorganic pools of N.

Given the critical role of terrestrial C sink projections in understanding climatic changes and informing
potential policy responses, it is imperative for DGVMs and ESMs to incorporate these recent advances in
our understanding of terrestrial N cycling. To meet this challenge, we implemented a new coupled plant‐
microbe‐soil C‐N cycling framework, Symbiotic Nitrogen Acquisition by Plants (SNAP; Figure 1) within
the Geophysical Fluid Dynamics Laboratory (GFDL) land model LM3 (Milly et al., 2014). LM3‐SNAP simu-
lates plant N acquisition via the symbiotic inorganic N scavenging, SOM decomposition, and N2 fixation
mechanisms described above. Plant C is allocated among these mechanisms by calculating the return on
investment (ROI): the amount of N returned to the plant by a symbiosis divided by the amount of plant C
allocated to that symbiosis, following Brzostek et al. (2014) and Terrer et al. (2017). In addition, LM3‐
SNAP simulates N losses to waterways through leaching and to the atmosphere via denitrification. By cou-
pling the vegetation and hydrology components of the land surface model to a state‐of‐the‐art SOM model
with explicit representation of microbial decomposition and physicochemical protection of SOM (Sulman
et al., 2014, 2017), LM3‐SNAP simulates interactions among N acquisition strategies, plant N uptake, N
losses, and SOM cycling. We conducted simulations of two well‐studied ecosystem‐scale free air carbon
enrichment (FACE) experiments (Duke and Oak Ridge National Laboratory) (1) to evaluate the model in
the context of observations and investigate contrasts in ecosystem responses to elevated CO2 among AM‐

and ECM‐dominated ecosystems. We then conducted global‐scale simulations and developed a novel,
empirical global‐scale map of ECM and AM fungal distributions (2) to evaluate how patterns of nitrogen
availability and demand determine global patterns of plant N acquisition. Finally, we simulated a global‐

Figure 1. Diagram of C and N flows in the model. Yellow shows C stocks and flows, and purple shows N stocks and flows.
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scale elevated CO2 manipulation (3) to project how contrasting assumptions about potential shifts in N
acquisition strategies could affect projected changes in terrestrial C storage under elevated CO2.

2. Methods

Simulations used a modified version of the GFDL land model LM3, which forms the dynamic land compo-
nent of the GFDL ESM 2.1. LM3 simulates C cycling in vegetation and soil (Shevliakova et al., 2009) as well
as water and energy fluxes through vegetation, soils, and canopy air space (Milly et al., 2014). We augmented
the previous soil and vegetation C cycle components of LM3 with the SNAPmodel, a new coupled C‐N cycle
framework combining the C‐N version of the Carbon Organisms Rhizosphere and Protection in the Soil
Environment (CORPSE‐N) model (Sulman et al., 2017) with an explicit model of plant‐microbial symbioses
(Figure 1). We summarize the primary features of the model here and provide details and equations below.
See Table S2 in the supporting information for a full list of parameter values, units, and sources. Model para-
meter values were determined using observed or literature values when possible and by fitting to observed
patterns of carbon and nitrogen cycling when literature values were not available or parameters were not
well matched to measured quantities. Some parameters, particularly those controlling symbiont growth
and nitrogen acquisition rates, were not well constrained by available data.

The SOM decomposition component of the model explicitly represents microbial decomposition of organic
matter and divides SOM into protected and unprotected components to represent physicochemical stabiliza-
tion. Unprotected SOM is converted into protected SOM at a first‐order rate that varies with soil clay content,
with microbe‐derived organic matter becoming protected at the fastest rate. Protected SOM is transferred
back to the unprotected state using a fixed first‐order rate. Only the unprotected fraction of SOM is accessible
to microbial decomposition. In addition to free‐living soil microbes, N‐mining mycorrhizae can decompose
unprotected SOM. Plant roots and N‐scavenging mycorrhizae take up inorganic N released
by decomposition.

Plant C allocation to symbioses (as a fraction of NPP) increases as plants deplete stored N reserves and
becomemore N limited. This C allocation is partitioned among symbioses based on the relative ROI for each
symbiosis, following Brzostek et al. (2014). The dynamic partitioning of C among strategies allows the model
to respond to changing conditions of soil organic N pools and decomposition rates, symbiotic microbial bio-
mass, and N availability, allowing for emergent ecosystem responses to N limitation. For example, when
there is abundant inorganic N, scavenging by AM fungi is the most effective strategy and receives the great-
est fraction of allocated C. As AM biomass grows, the saturating nature of its N uptake response combined
with depletion of soil inorganic N reduces its marginal benefit and other strategies become comparatively
more effective. When inorganic N is limited, N mining by ECM fungi receives a greater allocation fraction.
When plant N demand outstrips the ability of both mycorrhizal types to extract N from the soil, symbiotic N2

fixation becomes a more beneficial strategy despite its higher cost.

2.1. Model Details and Equations
2.1.1. Plant N Use and C Allocation to Symbioses
While plant C cycling in the model generally followed previous LM3 functionality (Milly et al., 2014;
Shevliakova et al., 2009), we added a N cycle component to plant growth and tissues in order to simulate
N demand and related growth limitations. N taken up by plants was transferred to a stored N pool, which
was used to produce vegetation biomass. Each tissue (leaves, roots, sapwood, and heartwood) had a fixed
C:N ratio that varied by plant functional type (e.g., grassland, evergreen forest, and deciduous forest). In
simulations with N‐limited plant growth, if there was not enough N in the storage pool to support biomass
growth, then biomass was limited to available N and excess plant C was left in the nonstructural
carbohydrate pool.

After calculating the distribution of C and N in vegetation tissues, the remaining stored N was used to cal-
culate plant N stress, which increased as stored N was depleted. N stress was calculated by comparing the
stored N pool to a target value equivalent to double the leaf and root N content, based on the role of N storage
in regrowth following herbivory (Millard et al., 2001):
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Nstress ¼ 2 N leaf þ N rootð Þ−Nstorage

N leaf þ N root
(1)

where Nleaf, Nroot, and Nstorage are the N contents of leaves, fine roots, and the storage pool, respectively.
Note that since the minimum Nstorage was zero, Nstress had a maximum value of 2. This calculation ignored
phenology (using growing‐season leaf and root biomass allometry throughout the year), so that Nstress could
be calculated during the winter in deciduous ecosystems.

Nstress was used to calculate the amount of C allocated to N acquisition, with allocation rising as the stress
level increased (except in simulations with no N limitation, which ignored changes in N stress):

Ctransfer ¼ max NPP; 0ð Þf NallocN stress (2)

where fNalloc is a parameter controlling allocation fraction. Dynamic allocation of a fraction of NPP to root
exudation allowed the model to respond to changing conditions of N availability and plant growth rates.
As plants depleted their N stores relative to their needs for building leaf and root biomass, a greater fraction
of NPP was diverted to N acquisition, decreasing plant biomass accumulation but potentially mitigating N
limitation of growth.

C allocated to N acquisition was partitioned among symbioses based on the relative ROI for each symbiosis,
following the C cost optimization structure of Brzostek et al. (2014). However, while Brzostek et al. (2014)
calculated C costs of N acquisition using cost functions specific to each N acquisition strategy, in our model
C costs and ROI were determined dynamically by calculating plant N acquisition (Nj) per unit of symbiont
biomass (Bj) multiplied by efficiency of symbiont biomass production (ϵj) and turnover time for that sym-
biont (τj). This metric incorporated the individual dynamics of each strategy as well as the efficiency of C
allocation to that strategy.

ROIj ¼ Njτjϵj
Bj

(3)

where ROIj is return on investment for strategy j. ROI for root exudation to the rhizosphere was calculated
using the ratio of root N uptake to root biomass. C allocation was partitioned proportionally to each symbio-
sis based on ROI:

f alloc;j ¼
ROIj

∑jROIj
(4)

where falloc,j is the fraction allocated to strategy j.

Detritus from leaf senescence, root turnover, and wood loss was transferred to litter and soil pools. A fixed
fraction of C and N was retranslocated from leaves and roots during annual senescence and transferred back
into the nonstructural carbohydrate and stored N pools.
2.1.2. Soil C and N Cycling
Soil C and N cycling were simulated using the C‐N version of the CORPSE‐Nmodel (Figure 1; Sulman et al.,
2017). Organic matter (OM) was divided into three classes, representing labile, chemically complex, and
microbial necromass compounds. To represent physical protection processes such as aggregation and sorp-
tion to mineral surfaces, each class of OMwas divided into protected and unprotected fractions. Unprotected
OM was subject to microbial decomposition, transfers via litter inputs or leaching, and transformation
between unprotected and protected states:

dCU;i

dt
¼ IC;i−LC;i−DC;i−DC;i;denit þ

max CM−CM;min*∑iCU;i; 0
� �

τmic
f t;iϵt−

dCP;i

dt
(5)

dNU;i

dt
¼ IN ;i−LN ;i−DN ;i−DN;i;denit þ 1

C:Nm

max CM−CM;min*∑iCU;i; 0
� �

τmic
f t;iϵt−

dNP;i

dt
(6)

where CU,i andNU,i are unprotected C and N, respectively; IC,i and IN,i are external inputs of C and N such as
litter deposition and root exudation; DC,i and DN,i are aerobic decomposition rates of C and N, respectively;
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DC,i,denit and DN,i,denit are anaerobic decomposition rates supported by denitrification;
max CM−CM;min*∑iCU;i ;0ð Þ

τmic

f t;iϵt and
1

C:Nm

max CM−CM;min*∑iCU;i;0ð Þ
τmic

f t;iϵt are deposits of microbial necromass (see equations (12) and (13)); LC,i

and LN,i are net leaching losses of dissolved C and N; and dCP;i

dt and dNP;i

dt are net transfers of C and N to or from

the protected state. The i subscript refers to the three chemically defined OM classes.

Protected C and N were formed from unprotected organic matter and converted back to unprotected form at
first‐order rates:

dCP;i

dt
¼ CU;i·γi−

CP;i

τP
(7)

dNP;i

dt
¼ NU;i·γi−

NP;i

τP
(8)

where γi is the protection rate for each OM type and τP is the turnover time of protected OM. The decompo-
sition rate of unprotected OM was controlled by microbial biomass (CM), temperature (T), and volumetric
soil water content (θ). C and N components of unprotected OM were decomposed at proportional rates:

DC;i ¼ V max;i Tð Þ· θ
θsat

� �3

1−
θ
θsat

� �2:5 1
f θ;max

·CU;i
CM=CU;i

CM=CU;i þ kM
(9)

DN;i ¼ V max;i Tð Þ· θ
θsat

� �3

1−
θ
θsat

� �2:5 1
f θ;max

·NU;i
CM=CU;i

CM=CU;i þ kM
(10)

where θsat is the saturation level of θ and 1
f θ;max

is a factor normalizing the θ dependence to a maximum value
of one. Note that the decomposition rate was controlled by the ratio of microbial biomass carbon to substrate
carbon. The maximum decomposition rate Vmax varied with temperature according to the Arrhenius
relationship:

V max;i Tð Þ ¼ V max;ref;i× exp −
Ea;i

RT

� �
(11)

where Vmax,ref,i is a maximum decomposition rate parameter specific to each chemically defined organic
matter type, Ea,i is activation energy for each organic matter type, and R is the ideal gas constant (8.31 J·K
−1·mol−1).

Microbial biomass in the model had a fixed C:N ratio. Microbial growth (GM) was supported by uptake of
decomposed organic matter, and biomass was lost via turnover at a first order rate limited by a minimum
allowed microbial biomass:

dCM

dt
¼ GM−

max CM−CM;min*∑iCU;i; 0
� �

τmic
(12)

dNM

dt
¼ 1

C:Nm

dCM

dt
(13)

Where CM,min is minimummicrobial biomass C expressed as a fraction of total unprotected C. Turnover was
divided into maintenance respiration (Rmaint), which was converted directly to CO2, and necromass produc-
tion. Microbial necromass was divided into quickly cycling organic matter and chemically resistant organic
matter. The division between maintenance respiration and necromass production was controlled by a
parameter ϵt:

Rmaint ¼
max CM−CM;min*∑iCU;i; 0

� �
τmic

1−ϵtð Þ (14)
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Limitation of microbial growth by N versus C was determined by a nitrogen balance term, which reflected
carbon and nitrogen assimilation through decomposition in the context of the microbial C:N ratio:

ΦN ¼ ∑i ϵN ;iDN ;i
� �

− ∑i ϵC;iDC;i
� �

−Rmaint
� �

=C:NM (15)

Here, ϵN,i is the N uptake efficiency for each organic matter type, ϵC,i is the C uptake efficiency for each
organic matter type, and Rmaint is the microbial maintenance respiration. When ΦN was zero, carbon and
nitrogen uptake were balanced. WhenΦNwas greater than zero, carbon uptake was not sufficient to balance
nitrogen uptake and excess nitrogen was mineralized. When ΦNwas less than zero, nitrogen uptake was not
sufficient to balance carbon uptake and inorganic nitrogen was immobilized. When the need for nitrogen
exceeded the maximum immobilization rate Immmax, growth was limited by available nitrogen:

GM ¼ ∑i ϵC;i DC;i þ DC;i;denit
��

;ΦN≥−Immmax

C:NM · ∑i ϵN ;i DN ;i þ DN ;i;denit
�� þ Immmax

� þ Rmaint;ΦN<−Immmax

(
(16)

The inorganic N pool was divided into ammonium (NH4
+) and nitrate (NO3

−). Fluxes to and from these
pools included exchanges with microbes through mineralization and immobilization, uptake by plants
(Nup,veg for each type of inorganic N), and net leaching (L). NH4

+ was produced from OM mineralization
as a byproduct of decomposition. NH4

+ was converted to NO3
− through nitrification (Nit), and NO3

− was
lost to the atmosphere through denitrification (Denit). Inorganic N was also added through atmospheric
deposition (Ndep). NO3

− and NH4
+ were taken up by immobilization when microbial growth was limited,

and this uptake was partitioned between the two inorganic N species based on the amount of each weighted
by a chemical‐specific microbial immobilization rate (VNH4 and VNO3).

dNH4

dt
¼

ΦN þ 1−ϵN;i
� �

DN;i þ DN;i;denit
� �

−Nit þ Ndep;NH4 þ LNH4−Nup;veg;NH4 ;ΦN>0

ΦN
VNH4NH4

VNH4NH4 þ VNO3NO3
þ 1−ϵN;i
� �

DN;i þ DN;i;denit
� �

−Nit þ Ndep;NH4 þ LNH4−Nup;veg;NH4 ; 0>ΦN>−Immmax

−Immmax
VNH4NH4

VNH4NH4 þ VNO3NO3
þ 1−ϵN ;i
� �

DN ;i þ DN ;i;denit
� �

−Nit þ Ndep;NH4 þ LNH4−Nup;veg;NH4 ;ΦN<−Immmax

8>>>>><
>>>>>:

(17)

dNO3

dt
¼

Nit−Denit þ Ndep;NO3 þ LNO3−Nup;veg;NO3 ;ΦN>0

ΦN
VNO3NO3

VNH4NH4 þ VNO3NO3
þ Nit−Denit þ Ndep;NO3 þ LNO3−Nup;veg;NO3 ; 0>ΦN>−Immmax

−Immmax
VNO3NO3

VNH4NH4 þ VNO3NO3
þ Nit−Denit þ Ndep;NO3 þ LNO3−Nup;veg;NO3 ;ΦN<−Immmax

8>>>>><
>>>>>:

(18)

Whenmicrobial growth was N limited, excess C taken up from decomposition was converted to CO2 through
overflow respiration:

Roverflow ¼ 0 ;ΦN≥−Immmax

− ΦN þ Immmaxð ÞC:NM ;ΦN<−Immmax

�
(19)

Total CO2 production rate was the sum of maintenance respiration, overflow respiration, and respiration
derived from decomposition processes:

FCO2 ¼ Rmaint þ Roverflow þ∑i 1−ϵC;i
� �

DC;i
� �

(20)

Nitrification occurred at a temperature‐ and moisture‐dependent first‐order rate:

Nit ¼ Vnit Tð Þ θ
θsat

� �3

1−
θ
θsat

� �2:5

NH4 (21)
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OM decomposition through denitrification was calculated similarly to aerobic decomposition, but with a
lower Vmax and a moisture dependence that increased at high moisture levels rather than peaking at mod-
erate moisture:

DC;i;denit;pot ¼ V max;i;denit Tð Þ· θ
θsat

� �5:5 1
f θ;max

·CU;i

CM
CU;i

CM
CU;i

þ kM
(22)

DN ;i;denit;pot ¼ V max;i;denit Tð Þ· θ
θsat

� �5:5 1
f θ;max

·NU;i
CM=CU;i

CM=CU;i þ kM
(23)

where DC,i,denit,pot and DN,i,denit,pot are potential denitrification‐supported decomposition rates for C and N,
respectively. NO3

− demand due to denitrification was calculated using a stoichiometry‐determined ratio of
0.93 g N/g C decomposed (fden) (Heinen, 2006) and denitrification‐supported decomposition was limited by
nitrate availability:

DC;i;denit ¼ DC;i;denit;pot·NO3= NO3 þ kdenit∑iDC;i;denit;pot·f den
� �

(24)

DN ;i;denit ¼ DN ;i;denit;pot·NO3= NO3 þ kdenit∑iDC;i;denit;pot·f den
� �

(25)

Denit ¼ DC;i;denit·f den (26)

Leaching transfers of OM, NO3
−, and NH4

+ between soil layers were calculated using water flows provided
by the LM3 hydrology model (Milly et al., 2014). A solubility parameter specific to each OM or inorganic N
type determined the fraction of the pool that could be transferred in each time step, and the dissolved frac-
tion was transported between soil layers along with water flow. Water flow out of the soil column due to ver-
tical divergence of the flow pattern carried dissolved material out of the column as belowground runoff.
2.1.3. Plant N Uptake Strategies
Plant N acquisition in the model occurred through four pathways: (1) root uptake of inorganic N in the rhi-
zosphere; (2) scavenging of inorganic N by AM, (3) mining of N via decomposition of OM by ericoid or ecto-
mycorrhizae, and (4) symbiotic N2 fixation.
2.1.3.1. Direct N Uptake by Roots
Direct N uptake by roots in the model occurred through two processes: First, as roots took up soil water they
also absorbed the dissolved N contained in the soil water (passive N uptake). The flux of passive inorganic N
uptake was the concentration of N in soil water multiplied by the root water uptake flux:

NO3;passive kð Þ ¼ U kð Þ· NO3 kð Þ
H2O kð Þ (27)

NH4;passive kð Þ ¼ U kð Þ·NH4 kð Þ
H2O kð Þ (28)

where k is the soil layer, NO3,passive and NH4,passive are passive N uptake fluxes (kg N·m−2·s−1), U is the root
water uptake flux (kg·m−2·s−1), NO3

− and NH4
+ are the pools of nitrate and ammonium in the soil layer,

respectively (kg N·m−2), and H2O is the water content of the layer (kg/m2).

Roots also absorbed soil N using active transport mechanisms. This N uptake process was limited by the rhi-
zosphere volume accessible to fine roots, but did not depend on the rate of water movement from the soil
into roots:

NO3;active kð Þ ¼ f rhiz kð Þ·rNO3 ·
NO3 kð Þ=Δz kð Þ

NO3 kð Þ=Δz kð Þ þ kM;NO3

(29)

NH4;active kð Þ ¼ f rhiz kð Þ·rNH4 ·
NH4 kð Þ=Δz kð Þ

NH4 kð Þ=Δz kð Þ þ kMNH4
(30)

where Δz is the layer thickness, NO3,active and NH4,active are active root N uptake rates, frhiz is rhizosphere
fraction of the soil layer, and rNH4 and rNO3 are rate constants for ammonium and nitrate, respectively.
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frhiz was calculated using volumetric root length and mean root and rhizosphere radius (Finzi et al., 2015)
and therefore directly depended on root biomass and morphology:

f rhiz kð Þ ¼ π rrhiz þ rrootð Þ2−r2root
� �

·VRL kð Þ (31)

where rrhiz is the radius of the rhizosphere around the root, rroot is the radius of the root, and VRL is volu-
metric root length in the soil layer.
2.1.3.2. Inorganic N Scavenging by Mycorrhizal Fungi
Compared to root uptake, AMmycorrhizal scavenging accessed a larger soil volume and had a higher poten-
tial uptake rate. Mycorrhizal scavenging of N occurred in all soil layers as well as the litter layer. The rate of
N uptake in each layer had a Michaelis–Menten type saturating dependence on both inorganic N concentra-
tion and mycorrhizal biomass concentration in the layer:

Nscav;NO3 kð Þ ¼ V scav·
NO3 kð Þ
Δz kð Þ

NO3 kð Þ
Δz kð Þ þ kscav;N inorg

·
Bscav kð Þ
Δz kð Þ

Bscav kð Þ
Δz kð Þ þ kscav

(32)

N scav;NH4 kð Þ ¼ V scav·
NH4 kð Þ
Δz kð Þ

NH4 kð Þ
Δz kð Þ þ kscav;N inorg

·
Bscav kð Þ
Δz kð Þ

Bscav kð Þ
Δz kð Þ þ kscav

(33)

where Nscav is the rate of nitrogen uptake by mycorrhizal scavengers, Vscav is a rate constant, Bscav is scaven-
ger mycorrhizal biomass in the layer, and kscav and kscav,Ninorg are the half‐saturation constants for mycor-
rhizal biomass and inorganic N concentration, respectively. The model partitioned mycorrhizal biomass
among layers using the vertical root biomass profile, assuming that roots and mycorrhizae had the same ver-
tical profiles.
2.1.3.3. Organic N Mining by Mycorrhizal Fungi
Mining (ECM and ericoid) mycorrhizae decomposed SOM at a rate depending on the mycorrhizal biomass
pool, using similar relationships to those used for OM decomposition in the CORPSE‐N model. As with
scavengingmycorrhizae, the model simulated total miningmycorrhizal biomass and divided it among layers
based on the root profile. Mining mycorrhizae took up both C and N from the organic matter that they
decomposed:

DC;i;mine kð Þ ¼ V max;i;mine Tð Þ· θ
θsat

� �3

1−
θ
θsat

� �2:5 1
f θ;max

·CU;i kð Þ Bmine kð Þ=CU;i kð Þ
Bmine kð Þ=CU;i kð Þ þ kM;mine

(34)

DN ;i;mine kð Þ ¼ V max;i;mine Tð Þ· θ
θsat

� �3

1−
θ
θsat

� �2:5 1
f θ;max

·NU;i kð Þ Bmine kð Þ=CU;i kð Þ
Bmine kð Þ=CU;i kð Þ þ kM;mine

(35)

CO2mine kð Þ ¼ ∑iDC;i;mine kð Þ· 1−ϵC;i;mine
� �

(36)

Nmine kð Þ ¼ ∑iDN;i;mine kð Þ·ϵN ;i;mine (37)

Cmine kð Þ ¼ ∑iDC;i;mine kð Þ·ϵC;i;mine (38)

where Cmine is C uptake by miners, Nmine is N uptake by miners, CO2mine is carbon dioxide produced in the
mining process, Bmine is miner mycorrhizal biomass in the layer, T is soil temperature, θ is soil moisture, θsat
is saturation soil moisture, and ϵC,i,mine and ϵN,i,mine are the C and N uptake efficiency of miner mycorrhizae,
respectively.
2.1.3.4. Symbiotic N2 Fixation
The symbiotic N fixation rate was directly proportional to the biomass of N2 fixers, and had a temperature
dependence function based on Houlton et al. (2008):

N fix ¼ rfix·Bfixe
−3:4þ0:27 Ts 1−0:02Tsð Þð Þ (39)

where Nfix is nitrogen fixation rate, rfix is a rate constant, Ts is soil temperature in C, and Bfix is biomass of
nitrogen fixing microbes. Note that this temperature dependence was not developed in the specific context
of symbiotic N fixation, and may require revision in the future.
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2.1.4. Growth and Turnover of Symbiotic Biomass
C and N acquired bymycorrhizae and N2 fixing bacteria as well as plant C and N allocated to symbionts were
transferred to intermediate C and N pools. Symbiont biomass accumulation and N transfers to plants were
both calculated using the intermediate pools. Because symbiont growth depleted this N pool, under N‐
limited conditions transfers to plants could be reduced due to mycorrhizal immobilization of nitrogen.
Symbionts converted C into biomass with a fixed efficiency specific to each symbiont type. The remaining
carbon was converted to CO2. Strategies with higher C costs (such as N2 fixation) had lower efficiencies.
The C:N ratio of symbiont biomass was fixed and biomass accumulation of scavenging and mining mycor-
rhizae was limited when not enough N was available, here defined as depleting more than 90% of the inter-
mediate N pool within a single 30‐min time step (dt):

Gj ¼ min
rgrowthC int;j

C int;j þ kG
� �ϵj;N int;j

dt
·0:9·C:Nj þ Bj

τj
1−et; sym
� � !

(40)

where Gj is symbiotic biomass growth rate for strategy j (scavenging, mining, or N2 fixation), Bj is symbiotic
biomass, rgrowth is the maximum symbiont growth rate (assumed to be the same for all strategies), kG is the
half‐saturation constant for symbiont growth, ϵj is the growth efficiency, τj is the turnover time for symbiotic
biomass, et,sym is the fraction of symbiotic biomass turnover not used for maintenance respiration, and Cint,j

and Nint,j are the intermediate C and N pools, respectively. N fixing bacteria were assumed to fix the N they
needed for their own biomass and their growth was therefore not N limited. Symbiont biomass turned over
at a fixed, first‐order rate, returning a fraction of biomass N to the intermediate pool:

dBj

dt
¼ Gj−

Bj

τj
(41)

Intermediate pools supported symbiont growth as well as transfers to plants, and lost C to root exudate leak-
age at a fixed time scale τint:

dC int;mine

dt
¼ Ctransfer;mine þ Cmine−

Gmine

ϵmine
−
C int;mine

τint
(42)

dC int;scav

dt
¼ Ctransfer;scav−

Gscav

ϵscav
−
C int;scav

τint
(43)

dC int;fix

dt
¼ Ctransfer;fix−rgrowth

C int;fix

Cint;fix þ kG
−
C int;fix

τint
(44)

dN int;mine

dt
¼ N transfer;mine þ Nmine−

1
C:Nmine

Gmine

ϵmine
−N int;minerup;veg þ Bmine

C:Nmineτmine
1−et; sym
� �

(45)

dN int;scav

dt
¼ N transfer;scav þ N scav−

1
C:Nscav

Gscav

ϵscav
−N int;scavrup;veg þ Bscav

C:N scavτscav
1−et; sym
� �

(46)

dN int;fix

dt
¼ N fix−N int;fixrup;veg (47)

where rup,veg is the rate of plant N uptake from the intermediate pool. C and N from turnover of symbiont bio-
masswas added to the soil asmicrobial necromass carbon,with a vertical profile determined by the root profile.

2.2. Site Comparisons and Model Simulations

To evaluate the model against contrasting responses of AM‐ and ECM‐dominated ecosystems to elevated
CO2 (Objective 1), we ran simulations for two forest FACE experiments that differed in mycorrhizal associa-
tion: Duke (Drake et al., 2011; Finzi et al., 2001) and Oak Ridge National Laboratory (Norby et al., 2002). The
Duke experiment was conducted in a loblolly pine (Pinus taeda L.) forest initiated in 1983 in North Carolina,
USA. The soils are classified as low‐fertility Ustic Hapludalfs of the Enon series, the mean annual tempera-
ture is 15.5 °C and the mean annual precipitation is 1,140 mm (Schlesinger et al., 2006). The Oak Ridge
National Laboratory (ORNL) experiment was conducted in a sweetgum (Liquidambar styraciflua L.)
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plantation initiated in 1988 in Tennessee, USA. The soils are classified as Aquic Hapludults (Jastrow et al.,
2005), the mean annual temperature is 13.9 °C, and the mean annual precipitation is 1,371 mm (Warren
et al., 2011). Simulations used the published protocol and meteorological driving data from the Phase 1
FACE Model‐Data Synthesis (Norby et al., 2015). The model was spun up for 400 years using repeated
meteorology from the protocol. Site‐specific land use history was then used to conduct historical simulations
for each site from the year 1700 through the establishment of the FACE experiments (1996 for Duke and
1998 for ORNL). N acquisition strategies for each site were determined by the mycorrhizal association of
the dominant tree type. Duke, an ECM‐associated loblolly pine plantation, was simulated as an evergreen
forest that used the ECM Nmining strategy. ORNL, an AM‐associated sweetgum plantation, was simulated
as a deciduous forest using the AM N scavenging strategy. Along with different N acquisition strategies, the
forests differed in leaf and fine root C:N ratios, N retranslocation fractions, litter labile OM fraction, leaf
thickness, and partitioning of growth among wood, leaves, and roots. These parameters were all determined
using site‐specific data where possible, and data specific to tree species or functional type (evergreen
needleleaf vs. deciduous broadleaf) where site‐specific measurements were unavailable. Simulations with
ambient and elevated levels of CO2 using measured values from the published protocol were then conducted
for each site. Symbiotic N2 fixation was not active in simulations for either site following forest establish-
ment. See Table S2 for the full table of model parameters and Table S1 for differences in parameterization
between sites.

To estimate the sensitivity of the model and results to poorly constrained parameters, we conducted a sen-
sitivity analysis using ecosystem‐scale simulations targeted at key parameters controlling mycorrhizal
growth and N acquisition rates. Simulations to assess parameter sensitivity began at the initiation of forest
vegetation (as determined by site history for Duke and ORNL). For each parameter, we conducted two addi-
tional simulations in which the parameter value was increased and decreased by 25%, respectively. These
simulations were conducted for Vscav, Vmax,ref,mine (with the same percent change applied to the value for
each organic matter type), τscav, and τmine. τscav and τmine affected the relationship between Ctransfer and
mycorrhizal biomass in similar ways to ϵscav and ϵmine. We were unable to conduct sensitivity analyses at glo-
bal scales for this study due to the computational resources required.

Ecosystem‐scale simulations were compared with observations extracted from publications from the two
FACE experiments. Duke soil observations were taken from Table 4 and Figure 1b in Lichter et al. (2008)
and Table 3 in Lichter et al. (2005). ORNL soil observations were taken from Table 1 in Iversen et al.
(2012). Vegetation biomass measurements for both sites and N uptake estimates for Duke (Figure 1b) used
the synthesis data set of Finzi et al. (2007) as available at https://facedata.ornl.gov/synthesis/. N uptake esti-
mates for ORNL are from Norby et al. (2010). Error bars in Figures 2 and 3 show the reported error ranges
from the original publications.

We used global simulations to evaluate global patterns of N acquisition (Objective 2) and their responses to
an increase in CO2 levels (Objective 3). Global simulations were driven using years 1948–1978 of gridded his-
torical meteorological forcing (Sheffield et al., 2006), repeated to run simulations of arbitrary length. The
model was spun up until C and N pools reached approximate steady state (about 1,000 years). Spinup and
control simulations used atmospheric CO2 concentrations of 286 ppm. Atmospheric N deposition was
applied using the estimates of Green et al. (2004). Spinup used preindustrial N deposition estimates.
Modern N deposition was then applied for 100 years before starting the elevated CO2manipulations. For ele-
vated CO2 simulations, the atmospheric CO2 level was raised as a step change from 286 to 386 ppm and com-
pared to simulations in which CO2 concentration was held constant at 286 ppm. We chose to simulate a step
change rather than more gradual historical and projected CO2 concentrations to make the global simula-
tions more comparable to site‐scale experiments and to allow the analysis to focus on ecosystem dynamics
rather than historical patterns. All simulations used identical climate forcing. We simulated three scenarios
of vegetation N acquisition responses: One in which falloc and Ctransfer changed dynamically in response to
changing N demand (dynamic symbiotic allocations), one in which falloc,j and Ctransfer were held constant
but plant growth could be limited by N availability (static symbiotic allocations), and one in which plant
growth was not N limited and falloc and Ctransfer did not respond to changes in N availability or demand
(no N limitation). Static symbiotic allocations were simulated by applying a smoothing filter with a time
scale of 1,000 years to falloc,j for all strategies. A 1,000 year smoothing filter was also applied to N stress to
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prevent Ctransfer from changing. The no N limitation scenario was simulated by holding Nstress constant so
that Ctransfer was a constant fraction of NPP. In this scenario, Nstorage was allowed to be less than zero and
plant tissue growth was not limited by N availability.

2.3. Mycorrhizal Species Distribution Models

To determine if modeled AM and ECM distributions were congruous with observed distributions of these
fungal guilds we compared a novel, empirical niche‐based species distribution model of fungal guild distri-
butions with those generated by our global model. Empirical AM data points were obtained from the
MAARJAM database (Öpik et al., 2010, accessed 2 February 2018), and ECM data points were obtained from
Tedersoo et al. (2014). We compared modeled mycorrhizal biomass with empirical presence/absence obser-
vations using a cutoff of mean annual modeled mycorrhizal biomass greater than 5 g C/m2. Niche models
were created using theMaxent algorithm (Phillips et al., 2006) and validated against overfitting and accuracy
via the ENMEval R package (Muscarella et al., 2014) following Kivlin et al. (2017). We compared the niche
overlap of model‐based and empirical‐based AM or ECM distributions using the calc.niche.overlap function
in the ENMEval R package with the I similarity statistic (Warren et al., 2008).

3. Results
3.1. Ecosystem‐Scale Simulations

We first conducted and evaluated LM3‐SNAP simulations at the ecosystem scale using the rich data sets
from two forest FACE experiments that differed in mycorrhizal association: Duke (ECM‐dominated) and
ORNL (AM‐dominated). Soil and forest floor C and N stocks at the beginning of the elevated CO2 treatments
were generally consistent with available observations from both Duke (Lichter et al., 2005, 2008) and ORNL
(Iversen et al., 2012), although the model underestimated total soil N at ORNL and overestimated protected
soil N at Duke (Figure 2). Forest floor and unprotected C stocks were higher in the Duke simulation than in

Figure 2. Modeled and observed soil C and N pools for the two FACE experiments. Modeled values are averaged over
the year prior to initiation of the elevated CO2 treatment. Soil observations for Duke are from control plots with totals to
1 m measured in 2005, forest floor measured in 1996, and fractions to 15 cm measured in 1996 and 1999 (Lichter et al.,
2005, 2008). ORNL soil measurements were from control plots and were collected in 2009 (Iversen et al., 2012). Error bars
show reported error from observation source publications for observations and variability across the sensitivity analysis for
the model. Note that this is not a comprehensive estimate of model uncertainty. FACE = free air carbon enrichment;
ORNL = Oak Ridge National Laboratory.
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the ORNL simulation due to decomposition‐resistant litter properties associated with the Duke pine forest.
Protected C and N stocks were larger at ORNL than at Duke because ORNL litter had a higher labile fraction
(with a higher microbial carbon use efficiency converting more litter material to microbial necromass) and
ORNL soil had a higher clay content (driving more rapid protected SOM formation), but the model
underestimated the contrast between sites relative to observations.

Comparing differences in plant biomass and N uptake between control and elevated CO2 treatments, LM3‐
SNAPwas able to reproduce the contrasting responses to elevated CO2 observed at these sites (Figures 3a, 3c,
3e, and 3g). As an ECM‐dominated site, Duke could accelerate turnover of litter and SOM pools via
enhanced allocation of C to ECM under elevated CO2, allowing it to increase N uptake by 1–
2 g N·m−2·year−1 (Figure 3e, dashed lines). The increase in total N uptake was entirely due to mycorrhizal
N mining—N uptake from inorganic sources did not increase significantly, and in fact decreased relative to
control in some years. In contrast to Duke, vegetation at ORNL, an AM‐dominated site which relied on soil
inorganic N, rapidly became N limited because soil inorganic N availability did not increase in response to
higher plant N demand (Figure 3g). As a result, vegetation at ORNL accrued little additional biomass under
elevated CO2 (Figure 3c).

While the elevated CO2 manipulations at the experimental sites only lasted on the order of 10 years, we con-
tinued model simulations for an additional 75 years to investigate long‐term outcomes. In simulations with
the baseline parameters, the Duke site continued to accumulate vegetation biomass over approximately
40 years, peaking at almost 4 kg C/m2 more than control (Figure 3b). This growth was supported by a trans-
fer of 10–15 g/m2 of N from soil into vegetation (Figure 3f), which also reduced soil C by 1–2 kg C/m2

(Figure 3b). However, this accumulation of C under elevated CO2 was ultimately temporary except in simu-
lations with increased mycorrhizal decomposition rates (Vmax,ref,mine). The long‐term enhancement of root

Figure 3. Carbon and nitrogen responses to elevated CO2. (a): Modeled and measured annual differences in vegetation biomass C between elevated and ambient
CO2 in the Duke experiment. (b): Vegetation and soil C differences over long‐term simulations of the Duke experiment. Shading shows the range across the
sensitivity analysis. (c): Modeled and measured annual differences in vegetation biomass C between elevated and ambient CO2 in the Oak Ridge National
Laboratory (ORNL) experiment. (d): Vegetation and soil C differences over long‐term simulations of the ORNL experiment. (e): Modeled and measurement‐based
annual differences in N uptake between elevated and ambient CO2 in the Duke experiment. Dashed lines showN uptake via soil organic matter decomposition and
dotted lines show uptake of inorganic N. (f): Protected soil N, total soil N, and vegetation N differences over long‐term simulations of the Duke experiment.
Shading shows the range across the sensitivity analysis. (g): Modeled andmeasurement‐based annual differences in N uptake between elevated and ambient CO2 in
the ORNL experiment. (h): Protected soil N, total soil N, and vegetation N differences over long‐term simulations of the ORNL experiment.
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exudation and mycorrhizal subsidies at the Duke site also accelerated N immobilization in microbial bio-
mass, which trapped increasing amounts of N in protected SOM pools via physico‐chemical stabilization
of microbially processed material (Bingham & Cotrufo, 2016; Cotrufo et al., 2013) (Figure 3f, yellow line).
This increase in protected soil N reduced the amount of bioavailable soil N, ultimately limiting the ability
of vegetation to accumulate more N under elevated CO2 relative to control treatments (Figure 3f, green line).
Combined with soil C losses driven by priming of decomposition, the declining vegetation growth enhance-
ment caused the elevated CO2 treatment to lose C relative to the control treatment after 80 years in baseline
simulations and after 40 years in simulations with reduced Vmax,ref,mine, while simulations with increased
Vmax,ref,mine were able to maintain enhanced C accumulation for the length of the simulation (Figures 3b
and S1a).

In contrast to the changing trajectory of C and N pools at the Duke site, the long‐term response of the ORNL
site was substantially weaker, more steady over time, and less sensitive to mycorrhizal parameters
(Figures S1 and 3d). While vegetation C initially accumulated faster under elevated CO2, vegetation C even-
tually stabilized at a slightly lower value than control as N limitation became more important.
Approximately 15 g N/m2 was trapped in protected SOM pools over the first 20–30 years of elevated CO2,
leading to a slight decline in total vegetation N and a slight increase in total soil N (Figure 3h). After the
initial few years, simulated total C at the ORNL site decreased under elevated CO2 relative to
control (Figure 3d).

Sensitivity analysis simulations showed substantial differences in parameter sensitivity between the Duke
and ORNL sites. C and N stock responses to elevated CO2 at ORNL were insensitive to changes in mycorrhi-
zal N uptake and biomass turnover parameters, with C and N stocks changing by less than 0.1 kg C/m2 and
0.5 g N/m2, respectively (Figures 3d, 3h, and S1). This insensitivity to mycorrhizal parameters indicates that
ecosystem responses were driven by inorganic N availability rather than by mycorrhizal uptake rates. By
contrast, trajectories of both C and N pools at Duke were highly sensitive to Vmax,ref,mine and τmine

(Figures 3b, 3f, and S1). The 25% decreases in these parameters, which made mycorrhizal decomposition
and N acquisition less efficient, caused vegetation C accumulation under elevated CO2 to end up to 20 years
sooner, while tripling the accumulation of N in protected SOM pools. Increases in Vmax,ref,mine and τmine had
the opposite effect, prolonging vegetation C accumulation through the end of the simulations and reducing
protected N formation by over 50% (Figure S1).

3.2. Global Patterns of Plant N Acquisition and Soil N Cycling

Building upon the ecosystem‐scale results, we performed global simulations to estimate the spatial distribu-
tions of different N acquisition strategies and their potential responses to rising atmospheric CO2 levels.
These simulations focused on natural ecosystems and did not include land use or agricultural fertilization.

Because soil N mineralization rates approached annual plant N requirements at steady state, soil inorganic
N supplied the bulk of N requirements in most areas across the globe in control simulations, with a global
annual mean uptake of 662.5 Tg N/year (Figure 4a). Inorganic N uptake (Figure 4a) was relatively higher
in areas with higher atmospheric N deposition rates (Figure 6b). Global N uptake via mycorrhizal OM
decomposition (Figure 4b) was substantially lower (205.9 Tg N/year). Although it was widely distributed,
its relative contribution to total N acquisition was greatest in the boreal forest and tropics, areas with low
inorganic N availability relative to vegetation N demand (Figures 4b and S2). While ECM‐associated plants
are commonly associated with high latitudes, there are significant observed populations of ECM‐associated
trees in tropical forests (Corrales et al., 2018). Modeled spatial distributions of AM and ECM fungi agreed
with previous modeled estimates (Shi et al., 2016), and corresponded with observationally derived species
distribution models (SDMs) with an 88% niche overlap for AM and 85.0% overlap for ECM. The high degree
of overlap between model‐derived and observation‐derived SDMs suggests that our model accurately pre-
dicted these patterns. When converted to spatial maps (Figure 5), the model‐based and observation‐based
distribution models both indicated higher likelihood of ECM presence in Scandinavia and higher likelihood
of AM presence in most of Europe, China, and eastern North America. However, contrasts between AM and
ECM spatial distributions were stronger in the observation‐based SDM than in the model‐based SDM.

Due to its higher relative cost, symbiotic N2 fixation accounted for a smaller fraction of N uptake (46.1 Tg
N/year; Figure 4c). Symbiotic N2 fixation rates were within reported ranges of observation‐based
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estimates for the globe (less than 40 to over 100 Tg N/year; Cleveland et al., 1999; Vitousek et al., 2013) and
for most biomes, except that the model‐estimated N2 fixation was higher in the boreal forest and lower in
tundra than observation‐based estimates (Table 1). Simulated N2 fixation was near the mean observed
value for tropical forest and on the lower side of the ranges of reported observations for deciduous forest
and grassland.

Figure 4. Global patterns of simulated N uptake at steady state. Note that the color scale is nonlinear. (a) Inorganic N uptake. (b) N uptake via mycorrhizal decom-
position. (c) Symbiotic N2 fixation. (d) Total N uptake.

Figure 5. Differences between arbuscular mycorrhizal (AM) and Ectomycorrhiza (ECM) global distributions using spe-
cies distribution models based on empirical data (see section 2.3) (a) and LM3‐SNAP simulations (b). Species distribu-
tion models calculated a probability of presence in a grid cell between 0 and 1 for AM and ECM species. The maps show
the AM distribution subtracted from the ECM distribution.
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Differences in vegetation N acquisition strategies were associated with
variations in soil N cycling. N mineralization was highest in temperate
deciduous regions such as eastern North America and central Europe
due to annual recycling of leaf litter and lowest in high latitudes
(Figure 6a). These patterns were consistent with the higher contribution
of inorganic N to plant uptake in temperate regions (Figure 4a). In addi-
tion, inputs of atmospheric N deposition were highest in temperate
regions (Figure 6b), corresponding to areas with higher inorganic N
uptake by plants. In higher latitudes where mycorrhizal‐assisted decom-
position was relatively more important, SOM was characterized by a
higher C:N ratio (Figure 6c) and a higher unprotected fraction of soil
N (Figure 6d). In tropical and temperate regions, SOM had a lower
mean C:N ratio but the bulk of soil N stocks were trapped in
protected pools.

3.3. Global Response to an Increase in CO2

To evaluate the role of symbiotic N acquisition in global‐scale plant growth responses to rising atmospheric
CO2 levels, we simulated increased atmospheric CO2 concentrations while holding climate forcing
unchanged in a global manipulation that was analogous to the ecosystem‐scale FACE experiments. We
simulated three scenarios: One in which plant C allocations to different N acquisition symbioses changed
dynamically in response to changing N demand (dynamic symbiotic allocations), one in which C allocations
to symbioses were held constant but plant growth could be limited by N availability (static symbiotic alloca-
tions), and one in which plant growth was not N limited and symbiotic C allocations did not respond to
changes in N availability or demand (no N limitation). Under a 100 ppm step increase in CO2 concentration
from 286 to 386 ppm, changes in plant symbiotic C allocations allowed C storage in vegetation biomass to
increase by about 200 Pg C over 100 years (Figure 7d, blue lines). However, the increasing cost of N acquisi-
tion meant that enhancement of C uptake was lower than in a simulation with no N limitation (green lines).

In simulations with dynamic symbiotic allocations, inorganic N uptake increased by less than
1 g N·m−2·year−1 in most regions, and declined in many areas as N immobilization increased (Figure 7e).
Regions with substantial increases in inorganic N uptake coincided with higher rates of atmospheric N
deposition and soil Nmineralization (Figure 6b). The additional N demand from accelerated growth was lar-
gely met by a 100 Tg N/year increase in N uptake via mycorrhizal SOM decomposition and a 60 Tg N/year

Table 1
Biome‐Specific Symbiotic N Fixation Rates From Model and Literature

Biome Model values Literature values

Boreal forest 5.2 (0.4, 12.4) 1.5–2.0 (0.3)
Deciduous forest 3.7 (1.3, 8.3) 6.5–26.6 (1.1–10.8)
Tropical forest 5.6 (1.9, 9.4) 5.7 (1.2–14)
Grassland 1.3 (0.0, 3.8) 2.3–3.1 (0.2–0.9)
Tundra 0.58 (0.0, 2.5) 2.8–9.4 (1.6–8.2)

Note. All values are in kg N·ha−1·year−1. Model values outside parenth-
eses show the mean. Values in parentheses are 10th and 90th percentiles
(on a grid cell basis). Literature values are estimatedmean total N fixation
from Cleveland et al. (1999) except for tropical forest, which uses Sullivan
et al. (2014). Values in parentheses are reported ranges of observational
estimates.

Figure 6. Modeled N cycle factors at global scales. (a) Total soil N mineralization rate. (b) Atmospheric N deposition flux. (c) Mean C:N ratio of the whole soil col-
umn (including organic horizons). (d): Fraction of soil N in unprotected pools.
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increase in N2 fixation (Figure 7h). Over time, increasing soil N stocks andmineralization rates allowed inor-
ganic N uptake to gradually increase while N uptake from other sources declined. In contrast to our FACE
site simulations, which did not include plants with N‐fixing symbioses, enhanced vegetation growth in the
global simulations was sustained for at least 100 years because trapping of N in protected SOM was counter-
acted by increases in N2 fixation, which increased by about 1 g N·m−2·year−1 in tropical and subtropical
regions and by smaller amounts in higher latitudes (Figure 7g). Increases in N acquisition via mycorrhizal
SOM decomposition were greatest (1.5–2 g N·m−2·year−1) in deciduous and tropical regions (Figure 7f).
Smaller increases (0–1 g N·m−2·year−1) in the boreal forest reflected lower N requirements and greater long-
evity of roots and leaves.

Vegetation carbon gains with dynamic symbiotic allocations under elevated CO2 were globally distributed,
but highest in the tropics (Figure 7a). Enhanced mycorrhizal decomposition caused declines in soil C in
some regions, particularly in high latitude regions with larger unprotected SOM stocks and higher C:N ratios
(Figure 7b). This contributed to a slight decline in global soil C stocks over the first 60–70 years, after which
the increased C inputs from growing vegetation caused global soil C stocks to increase again.

Figure 7. Modeled changes due to a 100‐ppm increase in atmospheric CO2 concentration. All plots show differences between elevated CO2 and control simula-
tions. (a–c) Differences in (a) vegetation, (b) soil, and (c) total C pools after 20 years, for simulations with dynamic symbiotic C allocations. (d) Globally inte-
grated changes in C pools for simulations with dynamic symbiotic C allocations (blue), static symbiotic C allocations (orange), and no plant N limitation (green).
(e–g): Changes in N acquisition via (e) inorganic N uptake, (f) SOM decomposition, and (g) N2 fixation for simulations with dynamic symbiotic allocations.
(h) Globally integrated changes in N acquisition rates. No N limitation simulations are shown because those simulations ignored N constraints.
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Simulations with static symbiotic allocations highlighted the importance of shifts in these N acquisition stra-
tegies for supporting accelerated growth. N uptake in these simulations was less responsive to elevated CO2,
and inorganic N uptake was lower than control simulations following a transient 20‐year increase at the
beginning of the elevated CO2 manipulation (Figure 7h, orange lines). While vegetation biomass initially
increased by about 50 Pg C, it peaked after about 20 years and subsequently declined as N limitation wor-
sened (Figure 7d, orange lines). Soil C stocks increased because there was limited mycorrhizal enhancement
of SOM decomposition. However, total C accumulation under elevated CO2 was substantially less than in
simulations with dynamic symbiotic C allocations. In terms of land carbon sensitivity to CO2 (βL;
Friedlingstein et al., 2006), dynamic symbiotic allocations increased βL by a factor of 4 relative to static sym-
biotic allocations, from 0.5 to 2 Pg C/ppm CO2 after 100 years.

4. Discussion and Conclusions

By incorporating fully coupled plant‐mycorrhizal‐soil interactions into a global‐scale terrestrial C and N
cycle model, LM3‐SNAP represents a significant step forward in representing the extent to which coupled
plant‐microbial interactions influence whole ecosystem responses to changing environmental factors.
Previous coupled global C‐N cycle models have often treated vegetation and soil as somewhat disconnected
sets of processes, with turnover of SOM pools proceeding at quasi‐first‐order rates independent from plant N
demands (e.g., Gerber et al., 2010; Thomas et al., 2015; Zaehle, Friend, et al., 2010). Shi et al. (2016) imple-
mented mycorrhizal C allocations in a global land model, but while that model simulated the C costs of N
uptake it did not directly couple plant C acquisition to mycorrhizae with changes in soil C and N cycling.
Our results demonstrate the importance of the fully coupled approach, showing how diversity in N acquisi-
tion strategies can allow ecosystems to maintain faster growth under elevated CO2.

The model successfully reproduced key observed patterns from the two ecosystem‐scale experiments as well
as global distributions of AM and ECM fungi. Measured protected soil C and N pools were higher at ORNL
than at Duke, while unprotected and forest floor C and N were higher at Duke, and the model successfully
reproduced these contrasts (Figure 2). Under elevated CO2, the model reproduced strong observed contrasts
in plant growth and N uptake between the two sites (Figures 3a, 3c, 3e, and 3g) that have challenged models
in previous comparisons (Zaehle et al., 2014). Differences in mycorrhizal N uptake strategies in the model
could explain the strong growth response of the Duke experiment and the weak growth response of the
ORNL experiment, supporting a hypothesis raised in a previous observational synthesis (Terrer et al.,
2016). At global scales, species distribution models of ECM and AM fungal presence compared well between
the model simulations and an independent, observation‐based analysis, and rates of N fixation were consis-
tent with observed patterns in most biomes (Table 1). Previous maps of mycorrhizal fungal distributions
have been coarse (Allen et al., 1995), described continental‐scale patterns only (Swaty et al., 2016), or lacked
information on multiple mycorrhizal groups (e.g., Davison et al., 2015; Tedersoo et al., 2014). Thus, the
observation‐basedmaps represented here are a novel estimate of the spatial distributions of mycorrhizal fun-
gal guilds. The high rates of modeled N2 fixation in boreal forest suggest that the model may underestimate
N availability in that biome, although there is evidence for significant N fixation in boreal forest moss layers
(DeLuca et al., 2002).

The model simulations used in this study did omit some potentially important processes and reflected
assumptions that may need further evaluation in the future. First, the model and analysis focused on N,
and did not include other potentially important nutrients such as phosphorus (P). Recent studies have high-
lighted the role of P limitation in carbon cycle responses to elevated CO2 at both ecosystem (Ellsworth et al.,
2017) and global scales (Wieder et al., 2015). AM fungi play important roles in P acquisition (George et al.,
1995), suggesting that patterns of symbiotic P acquisition could differ significantly from the patterns of N
acquisition that were the focus of this manuscript. P limitation is likely to be particularly important in tro-
pical regions (Peñuelas et al., 2013). Second, the model represented combinations of N uptake strategies as
landscape‐scale averages and did not directly simulate competitive interactions and reproductive processes
that drive shifts in communities over time. We hope to combine the LM3‐SNAP model with ongoing efforts
to represent stand dynamics and interspecific competition in large‐scale land models (Weng et al., 2017) in
the future. Our simulations used step change increases in CO2 rather than emulating historical and pro-
jected future patterns. This choice allowed us to draw parallels between ecosystem‐scale and global
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simulations and facilitated analysis of dynamical contrasts rather than historical patterns. However, the sud-
den changes in CO2 concentration could have driven overestimates of N limitation compared to slower
changes that would have allowed plant growth rates and soil N stocks to adjust more gradually. Further
simulations using historical and projected rates of CO2 accumulation are an important next step for this
model framework. Finally, as with any complex ecosystemmodel parameterization of key processes remains
a challenge. Important parameters such as mycorrhizal growth efficiencies and costs of N acquisition asso-
ciated with different strategies could not be compared directly with measured quantities. While our model
simulations compared well with ecosystem‐scale measurements, the limitation of the ecosystem‐scale vali-
dation to two sites with multiple contrasting traits (including mycorrhizal associations, leaf habits, and soil
properties) leaves significant room for further model parameterization and validation. Our parameter sensi-
tivity analysis indicated that results in ECM ecosystems were particularly sensitive to mycorrhizal N acquisi-
tion capacity and biomass turnover rates, which are currently challenging to constrain. This highlights the
importance of continuing to develop measurement and model‐data synthesis strategies that can further con-
strain these parameters. The much lower parameter sensitivity in the AM site suggested that ecosystem
responses to elevated CO2 in N limited, AM systems would be dominated by N availability rather than
mycorrhizal N acquisition rates. We hope to further evaluate and constrain model parameters using more
field experiments including both elevated CO2 and N fertilization experiments in the future. Further model
evaluation using global data sets of soil, vegetation, and N cycling would also be beneficial.

The coupling of the plant‐mycorrhizal N acquisition model to a state‐of‐the‐art SOM model incorporating
microbial decomposition and mineral stabilization of SOM highlighted the importance of these mechanisms
for driving key trends in N cycling over long time scales. Because protected SOMwas primarily derived from
microbial biomass (Bingham & Cotrufo, 2016; Cotrufo et al., 2013), it had a lower C:N ratio than either
unprotected SOM or plant biomass. This meant that increasing accumulation of N in protected SOM pools
drove a decline in ecosystem C storage. Thus, SNAP identifies an important mechanism by which physico‐
chemical SOM stabilization and symbiotic N acquisition interact to determine the ecosystem response to ele-
vated CO2: The ability of ecosystems to delay N limitation and sustain terrestrial C uptake by decomposing
SOM to extract N is ultimately limited by trapping of immobilized N in protected SOM. However, the timing
of this effect was sensitive to rates of mycorrhizal‐driven SOM decomposition.

Global simulations using our model highlighted a broad latitudinal variation in the bioavailable fraction of
soil N. Soil N stocks were primarily protected via mineral associations in tropical and temperate regions, and
were primarily unprotected in high‐latitude regions. These contrasts resulted from three factors. First, leaf
and root litter from evergreen needleleaf plants that dominate high latitudes had a higher initial C:N ratio
than litter from temperate and tropical plant functional types, leading to a higher C:N ratio in organic matter
that had not beenmicrobially processed. Second, slower decomposition rates in high latitudes contributed to
the accumulation of large unprotected SOM stocks with properties more similar to plant material, while
rapid decomposition in tropical and temperate regions depleted unprotected SOM stocks and left most
organic matter in protected pools that were primarily composed of microbially processed material with
low C:N ratios close to that of microbial biomass. Third, tropical soils are likely to be highly weathered
and often contain high concentrations of clays and reactive minerals (Jackson, 1959). The simulated patterns
were consistent with observations showing that tropical soils contain relatively large stocks of mineral‐
associated organic matter and lower particulate SOM fractions (Bayer et al., 2002) while soils in higher lati-
tudes often contain thick organic horizons and higher particulate SOM stocks (Hobbie et al., 2000). The
structure of our model allows it to integrate a key consequence of these latitudinal contrasts for ecosystem
responses to rising CO2 levels: The higher unprotected fraction of high latitude SOM makes it particularly
vulnerable to mycorrhizal decomposition as N becomes more limiting, leading to losses of SOC as plant
growth increases. In tropical areas, there is less potential for SOC loss via these priming effects, but also a
greater need for symbiotic N fixation to meet increased N demands.

The importance of multiple N acquisition pathways in our results highlights a potential weakness of global
terrestrial C‐N models that represent only plant uptake of inorganic N. Our results suggest that inorganic N
has a limited capacity to support enhanced growth under elevated CO2. This is consistent with results from
AM sites in a synthesis of elevated CO2 experiments (Terrer et al., 2016) and with mechanisms included in
previous ESM and DGVM studies indicating that inorganic N availability could limit the future terrestrial C
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sink. For example, Thornton et al. (2009) found that inclusion of N limitation reduced βL by a factor of three
and Zaehle, Friedlingstein, et al. (2010) found that N limitation reduced terrestrial C uptake by a factor of
two. These effects were slightly lower than the factor of four difference in βL between dynamic and static
symbiotic allocations in our global simulations. Our results suggest that ecosystem‐level shifts toward
mycorrhizal SOM decomposition and/or symbiotic N2 fixation could mitigate such inorganic N limitation,
making the capacity for such shifts a transformative factor in responses of terrestrial C uptake to
elevated CO2.

The potential for long‐term enhancement of terrestrial ecosystem C sequestration in N‐limited systems thus
hinges on a key question: To what extent can N acquisition strategies change at the ecosystem scale to satisfy
increases in N demand? Plant species generally associate with a single mycorrhizal type (Lambers et al.,
2008), and only a small subset of plant species can form N2‐fixing symbioses (Huss‐Danell, 1997; Sprent,
2009). Our results therefore suggest that an increase in global NPP under elevated CO2 would require shifts
in plant community composition toward species with ECM associations and/or N2‐fixing symbioses. This
suggests that functional diversity in plant communities plays an important role: C sequestration in ecosys-
tems dominated by AM‐associated species would likely be strongly N limited, while ecosystems including
a mixture of AM, ECM and N2‐fixing species could increase C uptake via shifts in relative growth toward
species with more advantageous N acquisition symbioses. Temperate forests often encompass a diverse com-
munity of AM and ECM species (Fisher et al., 2016), suggesting that there is potential across large areas of
the globe for shifts like the ones predicted by our model, although most N2‐fixing tree species occur in tro-
pical forests (Menge et al., 2017; ter Steege et al., 2006). While constraining key parameters controlling plant
C allocations to symbioses and N acquisition rates of mycorrhizae remains a challenge, we believe that the
important roles of alternate N acquisition strategies in our results support the value of incorporating these
processes into models. Overall, incorporating diverse N acquisition symbioses and their ecosystem‐scale
plasticity into ESMs and DGVMs will improve representation of key terrestrial C and N cycle processes
and could support more confident projections of the terrestrial C sink.
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