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Key Points:

e The dynamic response of vegetation to nitrogen limitation is critical for projecting the
terrestrial carbon sink with land models

e Upregulated biological nitrogen fixation driven by stronger nitrogen limitation under
elevated CO; alleviates nitrogen limitation

e This determines the response of terrestrial carbon and nitrogen cycling to COg, nitrogen
deposition, and other global change drivers
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Abstract

Despite its pivotal feedback to carbon cycling, representing the dynamic response of vegetation
to nitrogen limitation is a key challenge for simulating the terrestrial carbon sink in land models.
Here, we explore a representation of this dynamic response of vegetation to nitrogen limitation
with a novel representation of biological nitrogen fixation and nitrogen cycling in the Canadian
Land Surface Scheme Including Biogeochemical Cycles (CLASSIC) model. First, we assess
how incorporating this dynamic response of vegetation to nitrogen limitation via biological
nitrogen fixation influences carbon sequestration for CO> and nitrogen fertilisation experiments,
comparing simulations against observation-based estimates from meta-analyses. This evaluates
whether underlying mechanisms are realistically represented. Second, we assess how
incorporating the dynamic response of vegetation to nitrogen limitation via biological nitrogen
fixation affects carbon sequestration over the late 20" and early 21% century, examining the
effects of global change drivers (CO., nitrogen deposition, climate, and land use change) acting
both individually and concurrently. Including nitrogen cycling reduces the terrestrial carbon sink
driven by elevated atmospheric CO> concentration over the historical period. Representing the
dynamic response of vegetation to nitrogen limitation via biological nitrogen fixation increases
the present-day terrestrial carbon sink by 0.2 Pg C yr because the upregulation of biological
nitrogen fixation driven by stronger nitrogen limitation under elevated atmospheric CO>
concentration alleviates nitrogen limitation. Our results highlight the importance of the dynamic
response of vegetation to nitrogen limitation for realistically projecting the future terrestrial
carbon sink under global change with land models.

1 Introduction

Terrestrial ecosystems sequester approximately a quarter of anthropogenic CO2 emissions
(Friedlingstein et al., 2019; Le Quéré et al., 2018). However, the persistence of the terrestrial
carbon (C) sink is dependent on the availability of nitrogen (N), which is an essential limiting
nutrient to plant growth across terrestrial ecosystems (Elser et al., 2007; LeBauer & Treseder,
2008; Wright et al., 2018). Land models are widely applied within the framework of Earth
System Models to simulate the terrestrial C sink and inform climate change mitigation policy
(Arora et al., 2020). Coupled C and N cycling is a recent progression in land models and there
are a multitude of uncertainties in its representation due to the complexity of terrestrial N cycle
processes (Davies-Barnard et al., 2020). As a result, the influence of N limitation of plant growth
on the terrestrial C sink remains uncertain in land models (Thomas et al., 2015).

A key challenge is representing the capacity of vegetation to dynamically respond to N
limitation. In particular, the representation of biological N fixation (BNF), which is the
conversion of atmospheric nitrogen gas (N2) to a plant-available form of N by bacteria, is a
central focus (Meyerholt et al., 2020; Peng et al., 2020; Stocker et al., 2016; Thomas et al., 2015;
Wieder et al., 2015). BNF is the primary natural input of N to terrestrial ecosystems (Fowler et
al., 2013; Vitousek et al., 2013). Symbiotic BNF, which occurs via symbioses between plants
and N-fixing bacteria occupying plant root nodules, can respond dynamically to N limitation:
plants can upregulate and downregulate symbiotic BNF when N-limited and non-N limited
respectively (Menge et al., 2015). Most C-N coupled land models represent BNF
phenomenologically using the empirical relationship of BNF with either net primary production
or evapotranspiration (Davies-Barnard et al., 2020), which cannot represent the regulation of
BNF by N limitation. A small number of recent C-N coupled land models incorporate a
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mechanistic BNF representation, in which C allocation to symbiotic BNF is optimized to
maximize plant growth, capturing the dynamic response of symbiotic BNF to N limitation, such
as CABLE (Haverd et al., 2018; Peng et al., 2020; Wang et al., 2010), CLM5 (Lawrence et al.,
2019), E3SM (Zhu et al., 2019), GFDL LM3-SNAP (Kou-Giesbrecht et al., 2021; Sulman et al.,
2019), and O-CN (Meyerholt et al., 2020). In addition to regulating symbiotic BNF, plants can
respond dynamically to N limitation by increasing C:N ratios (Elser et al., 2010; Meyerholt &
Zaehle, 2015; Sistla & Schimel, 2012), by allocating C to mycorrhizae which secrete enzymes
that accelerate the decomposition of soil organic matter (Phillips et al., 2013), and rhizosphere
priming (primarily through root C exudation which stimulates the decomposition of soil organic
matter; Cheng et al., 2014; Finzi et al., 2015), among others. These strategies modulate the extent
to which N limitation constrains terrestrial C sequestration and their representation in land
models would enable more realistic projections of the terrestrial C sink.

Global change drivers influence N limitation of plant growth and consequently
representing the dynamic response of vegetation to N limitation is necessary to simulate the
terrestrial C sink under global change. As the dominant natural input of N to terrestrial
ecosystems, BNF plays an important role in regulating the response of vegetation to global
change drivers (Terrer et al., 2018; Zheng et al., 2019, 2020): Symbiotic BNF has been observed
to increase in response to elevated atmospheric CO> concentration (which intensifies N limitation
; Luo et al., 2004; Terrer et al., 2019) but decrease in response to elevated N deposition (which
relieves N limitation ; Zheng et al., 2019, 2020). As global change drivers interact and amplify,
projecting the terrestrial C sink under future global change requires a representation of the
dynamic response of vegetation to N limitation in land models.

Here we present an analysis of terrestrial C and N cycling as regulated by the dynamic
response of vegetation to N limitation over the historical period. We include a novel
representation of BNF in the Canadian Land Surface Scheme Including Biogeochemical Cycles
(CLASSIC) model (Melton et al., 2020; Seiler et al., 2021), which is the land component in the
family of the Canadian Earth System Models (CanESM; Arora et al., 2009; Swart et al., 2019).
CLASSIC recently adopted a representation of N cycling (Asaadi & Arora, 2021). We improve
the previous static representation of BNF that is unresponsive to N limitation by implementing a
representation of symbiotic BNF that is regulated by N limitation and thus responds to elevated
atmospheric CO- concentration and elevated N deposition. In addition, we implement an
independent representation of free-living BNF. We use CLASSIC to address the following
questions: How do experimental manipulations of global change drivers (specifically, elevated
CO2 and N fertilisation) influence N limitation of plant growth, symbiotic BNF, and the dynamic
response of vegetation to N limitation in comparison to observation-based estimates from meta-
analyses? How have global change drivers (i.e., atmospheric CO2 concentration, N deposition,
climate, and land use change) over the historical period, individually and concurrently,
influenced the dynamic response of vegetation to N limitation and the terrestrial C sink?

2 CLASSIC model structure and C-N cycle interactions

CLASSIC simulates land-atmosphere fluxes of energy, momentum, water, C, and N, and
it can be run at a point, regional or global scale and at any spatial resolution. Here, a spatial
resolution of 2.81°C is used. A brief overview of physical processes and C biogeochemical
processes in CLASSIC is provided in Section 2.1, and is described in detail in Melton et al.,
2020; Seiler et al., 2021. An overview of N biogeochemical processes in CLASSIC is provided
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in Section 2.2. These are described in detail in Asaadi & Arora, 2021. The new representation of
the dynamic response of vegetation to N limitation of plant growth in CLASSIC, including BNF,
is introduced in Section 2.3.

2.1 Overview of CLASSIC

2.1.1 Physical processes

The physical component of CLASSIC simulates fluxes of energy, momentum, and water
at a 30 minute time step and evolved from the Canadian Land Surface Scheme (CLASS,;
Verseghy, 1991; Verseghy et al., 1993). The soil profile is represented by 20 soil layers, starting
with 10 soil layers of 0.1 m thickness followed by soil layers of increasing thickness up to a soil
layer of 30 m thickness for a total depth of over 61 m. The depth of permeable soil layers and
thus the depth to bedrock soil layers varies geographically and is specified based on the
SoilGrids250m data set (Hengl et al., 2017). Each grid cell is considered independent and there
are no lateral transfers of energy, momentum, and water between grid cells.

2.1.2 Carbon biogeochemical processes

The biogeochemical component of CLASSIC simulates the land-atmosphere exchange of
C via photosynthesis, autotrophic respiration and heterotrophic respiration, land use change, and
fire and evolved from the Canadian Terrestrial Ecosystem Model (CTEM; Arora & Boer,
2005a). CLASSIC’s photosynthesis equations are based on the standard biochemical model of
photosynthesis in Collatz et al., 1991, 1992; Farquhar et al., 1980. Photosynthesis is simulated at
a 30 minute time step similarly to the physical component of CLASSIC while all other
biogeochemical processes are simulated at a daily time step. For biogeochemical processes,
vegetation is partitioned into nine PFTs: needleleaf evergreen trees, needleleaf deciduous trees,
broadleaf evergreen trees, broadleaf cold deciduous trees, broadleaf drought deciduous trees, Cs
crops, Cs crops, Cs grasses, and Cs grasses. Figure S1 is a schematic illustration of the structure
of the biogeochemical component of CLASSIC.

CLASSIC prognostically simulates the C pool in vegetation, litter, and soil organic
matter for each PFT and over the bare soil fraction in each grid cell. Vegetation C is represented
by three C pools: leaf, stem, and root (C;, Cs, and Cx, respectively; kg C m2), each of which
consists of structural and non-structural C pools. Litter and soil organic matter are represented by
the litter C pool (Cp; kg C m) and the soil organic C pool (Cy; kg C m) respectively.

Photosynthesis generates non-structural carbohydrates which are allocated between the
non-structural leaf, stem, and root C pools. Autotrophic respiration occurs from the non-
structural leaf, stem, and root C pools (Arora & Boer, 2005a). Non-structural carbohydrates are
converted to structural carbohydrates as C is transferred from the non-structural C pools to the
structural C pools for each vegetation component (Asaadi et al., 2018).

Leaf, stem, and root turnover transfer C from the vegetation C pool to the to the litter C
pool. In addition to normal leaf turnover, leaf turnover also occurs due to drought stress, cold
stress, and shorter day lengths, affecting leaf phenology (Arora & Boer, 2005a). Land use change
transfers C from the vegetation C pool to the litter C pool as well as the vegetation product pools,
whereas fire emits C to the atmosphere and also transfers C from the vegetation C pool to the
litter C pool (Arora & Boer, 2005b, 2010; Arora & Melton, 2018). C associated with
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decomposing litter is transferred from the litter to the soil organic C pool. Finally, heterotrophic
respiration occurs from both the litter and soil organic C pools (Melton et al., 2015).

2.2 Nitrogen biogeochemical processes in CLASSIC

CLASSIC simulates the land-atmosphere exchange of N via BNF (free-living and
symbiotic), specified atmospheric N deposition and N fertiliser application, nitric oxide (NO)
emissions, nitrous oxide (N20) emissions, N2 emissions, ammonia (NHs) volatilisation, N
leaching, and land use change (Asaadi & Arora, 2021). Similar to C cycling, CLASSIC
prognostically simulates the N pool in vegetation, litter, soil organic matter, and inorganic soil N
for each PFT and over the bare soil fraction in each grid cell. Vegetation N is represented by
three N pools: leaf, stem, and root (N, Ns, and Ny, respectively; g N m), each of which
consists of structural and non-structural N pools. Litter and soil organic matter are represented by
the litter N pool (Np; g N m) and the soil organic N pool (N; g N m). Inorganic soil N is
represented by the soil NHs* pool (Ny,; 9 N m?), and the soil NOs™ pool (Nyo,; 9 N m?). N
budget equations are described Text S1. Parameter values for new parameterisations are given in
Table S1.

N enters the soil-vegetation system via BNF, atmospheric N deposition, and N fertiliser
application. Atmospheric N deposition and N fertiliser application enter the soil NH4" and NOs
pools. In the previous static representation of BNF in CLASSIC, BNF was not separated into its
free-living and symbiotic components — it was represented as a function of soil temperature and
soil moisture that contributed to the soil NH4™ pool (Asaadi & Arora, 2021). In the new dynamic
representation of BNF in CLASSIC presented here, free-living and symbiotic BNF are calculated
separately. Free-living BNF contributes to the soil organic N pool and symbiotic BNF
contributes to the vegetation N pool. Root uptake of the soil NH4* and NO3™ pools occurs through
both the passive and active pathway. Together, root uptake of the soil NH4* and NO3™ pools and
symbiotic BNF are allocated between the non-structural leaf, stem, and root N pools. Similar to
C cycling, N is moved from the non-structural N pools to the structural N pools for each
vegetation component.

N demand of a given vegetation component is determined based on the fraction of net
primary productivity (NPP) allocated to that vegetation component divided by the minimum
prescribed C:N ratio for that vegetation component:
max(0,a;NPP)

Ai:
C:Nimin

,i=LSR 1)
where A; is N demand of vegetation component i (g N m= day™), NPP is net primary
productivity (kg C m? day™), a; is the fraction of NPP allocated to vegetation component i
(unitless), and C: N; i, is the minimum prescribed C:N ratio for vegetation component i (kg C g
N7). This assumes that vegetation attempts to achieve the minimum prescribed C:N ratio for all
vegetation components. N demand of vegetation (Ay; g N m2 day™) is the sum of the N demand
of its components:

AV: AL + AS + AR (2)

N allocation to a given vegetation component depends both on plant uptake of N and the
N demand of that vegetation component:
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AA—i(U +B)) NPP > 0

Vv

A =3 Yew,m i=LSR 3
—CNimin_ (7 L By NPP <0
Zi /C:N,:,m,:n

where 4; is N allocation to vegetation component i (g N m* day?), U is root uptake of soil NH4*
and NOs™ through both the passive and active pathway (g N m? day?) and B; is symbiotic BNF
(g N m?day™). When NPP is negative, such as for broadleaf cold deciduous trees during the
winter, N allocation to a given vegetation component is determined based on its prescribed
minimum C:N ratio. Because the C and N pools of each vegetation component are determined
prognostically and independently, the C:N ratios for each vegetation component and thus the
C:N ratio for vegetation evolve freely.

N processes associated with turnover and land use change follow the corresponding C
processes. Leaf, stem, and root turnover transfer N from the vegetation N pool to the litter N
pool. Land use change also transfers N from the vegetation N pool to the litter N pool, vegetation
product pools, and atmosphere. N associated with decomposing litter is transferred from the litter
to the soil organic N pool. The litter C:N ratio evolves freely driven by the C:N ratio for
vegetation components. N mineralisation occurs from both the litter and soil matter N pools and
contributes to the NH4" pool. Opposing N mineralisation, N immobilization occurs from the
NH4* and NOs™ pools and contributes to the soil organic N pool to maintain a prescribed C:N
ratio of 13. Soil organic matter is the only pool in CLASSIC with a constant C:N ratio.
Nitrification transfers N from the NH4* pool to the NOs™ pool and emits NO and N2O.
Denitrification transfers N from the NOs™ pool to the atmosphere as N2 and emits NO and N2O as
well. NH3 volatilization transfers N from the NH4* pool to the atmosphere as NHs. N is leached
from the NOs™ pool.

Free-living BNF is represented as a function of temperature and soil organic C (which
serves as a proxy for microbial biomass):

By = rgnpsf (T)Cu (4)

Tanr,r IS @ rate parameter for free-living BNF (g N kg C* day™), f(Ty) = exp (—2.6 +

— 0.5T
0217, (1 - 2
where Ty is average soil temperature across the soil layers in the top 50 cm (in which free-living
BNF is assumed to occur) (°C). Note that free-living BNF can also occur in other ecosystem
niches, such as in bryophytes and lichens (Reed et al., 2011), which are not represented.

)) is the temperature dependence function from Houlton et al., 2008 (unitless),

2.3 Dynamic response of vegetation to nitrogen limitation of plant growth in CLASSIC

Vegetation exhibits a dynamic response to N limitation of plant growth via three
strategies in CLASSIC. First, vegetation upregulates and downregulates symbiotic BNF in
response to weak N limitation and strong weak N limitation respectively. Second, vegetation
modulates the C:N ratios for each vegetation component and thus the C:N ratio of vegetation in
response to changing C and N supply. Finally, photosynthesis carboxylation capacity is
dependent on leaf N such that, when leaf N is low, photosynthetic capacity is downregulated and,
when leaf N is high, photosynthetic capacity is upregulated.
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2.3.1 Symbiotic BNF
Symbiotic BNF is represented as a function of temperature and N stress of vegetation:

B = TBNF,s max(O, Nstress — bBNF,s) f(T) (5)

B, is symbiotic BNF (g N m? day™), Ny:-ss iS N stress of vegetation (unitless, varies between 0
and 1), rgyps is @ PFT-dependent BNF rate (g N m2 day™), and bgyr s is a parameter describing
the threshold N stress of vegetation above which symbiotic BNF occurs (unitless). gy s for
crops is set greater than rzyr s for natural PFTs and bgyp s = 0 for crops whereas bgyr s > 0 for
natural PFTs to account for the artificial selection of N-fixing crops over 4,000 years (O’Hara,

32.72—-1.3

1998). f(T) = max (O( o )( — )44'83_32'72> is the temperature dependence

44.83-32.72 32.72—-1.3
function from (Bytnerowicz et al., 2022) (unitless), where T is soil temperature of the top soil
layer (°C). By as a function of varying Ny;,..ss (assuming constant T') is illustrated in Figure S2a.

N stress of vegetation is determined by N demand of vegetation relative to root uptake of
soil NH4" and NOs:

Ngtress = Max (0, min (A‘;_U, 1)) (6)

v

Nsiress Varies between 0 and 1. When root uptake of soil NH4" and NO3™ (U) meets or exceeds N
demand of vegetation (Ay), then Ng;,..ss = 0 indicating no N stress. When root uptake of soil
NH4* and NOs" is zero, then Ny;.ss = 1 indicating maximum N stress. When 0 < U < Ay, then
0 < Ngiress < 1. Ngiress as @ function of varying Ay, (assuming constant U) is illustrated in
Figure S2b.

Finally, the C cost of symbiotic BNF is a component of autotrophic respiration and is
added to maintenance respiration from the root C pool:

1
Cenr = Bsk [W] (7
Cgyr is the C cost of symbiotic BNF (kg C m™ day™?), x is the per unit C cost of symbiotic BNF
(assumed to be 6.5 g C g N** (Minchin & Witty, 2005)), and [ﬁ] converts the units from g C to
kg C.

Note that, in the previous static representation of BNF in CLASSIC, BNF was not
separated into its free-living and symbiotic components — it was represented as a function of soil
temperature and soil moisture that contributed to the soil NH4* pool (Asaadi & Arora, 2021).

2.3.2 Vegetation C:N ratio

The C:N ratios for each vegetation component and thus the C:N ratio of vegetation
evolve freely in response to changing C and N supply. N demand of a given vegetation
component depends on its prescribed minimum C:N ratio (Equations 1 and 3). When C supply is
high relative to N supply, vegetation component C:N ratios increase, whereas, when C supply is
low relative to N supply, vegetation component C:N ratios decrease. Additionally, prescribed
maximum vegetation component C:N ratios as well as the leaf N pool are used to calculate
photosynthetic capacity (Section 2.3.3).
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The prescribed minimum and maximum leaf C:N ratios are based on Kerkhoff et al.,
2006; McGroddy et al., 2004, minimum and maximum stem C:N ratios are based on Weedon et
al., 2009, and minimum and maximum root C:N ratios are based on Yuan et al., 2011.

2.3.3 Photosynthetic capacity downregulation
Maximum rate of carboxylation is a function of leaf N:

N
Vemax = A(Ty 2= +T;) (8)

Vemax is the maximum rate of carboxylation (umol CO2 m sec?), A describes the reduction in
V..max When current vegetation component C:N ratios exceed prescribed maximum C:N ratios
(unitless), I is a PFT-dependent parameter from Kattge et al., 2009 (umol CO2 g Nt sec?), LAI
is leaf area index (m? m), and T, is a PFT-dependent parameter from Kattge et al., 2009 (umol
CO2 m? sect). Note that, previously in Asaadi & Arora, 2021, Iy, T,, and LAI were assumed to
be global constants. Here, T; and I, are PFT-dependent parameters and LAI is simulated
prognostically for each PFT.

The reduction in V., When current vegetation component C:N ratios exceed prescribed
maximum C:N ratios is determined by the difference in current C:N ratio to prescribed maximum
C:N ratio for all vegetation components:

1
A =exp (—kA (Zizi{j:%max(o, C:N;,—C: Ni,max)>> 9
k, is a parameter describing the strength of the reduction in V.4, when C: N; exceeds C: N; 1qx
(unitless), C: N; is the current C:N ratio of vegetation component i (kg C g N%), and C: N; s iS
the maximum C:N ratio of vegetation component i (kg C g N). A varies between 0 and 1. When
C: N; do not exceed C: N; 4, for all vegetation components, A = 1 indicating no reduction in
Vemax- When C: N; exceeds C: N; .4, Tor some or all vegetation components, 0 < A < 1 and
V.max 1S reduced. This provides a feedback that reduces photosynthetic capacity further than
would be obtained from only the reduction in N in Equation 8 when the current vegetation C:N
ratio is high.

3 Methodology

3.1 CLASSIC simulations and forcing data sets

The simulations performed for this study used atmospheric CO2 concentration,
meteorological, population density, land use change, N deposition, and N fertilisation forcings
based on the TRENDY protocol for 2019 and are described in Text S2. Annual TRENDY
simulations contribute to the Global Carbon Project (Friedlingstein et al., 2019). We first
performed a pre-industrial spin up using atmospheric CO2 concentration, population density,
land cover, N deposition, and N fertilisation forcings corresponding to the year 1700. In the
absence of meteorological forcing before 1901, we used meteorological forcing from 1901 to
1925 repeatedly until the C and N pools came into equilibrium. Thresholds of 0.05 Pg C yr for
the global net atmosphere-land CO2 flux and 0.5 Tg N yr™* for the global net atmosphere-land N
flux were used to assess if equilibrium was achieved.
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We launched two sets of simulations with initial conditions from the pre-industrial spin
up. The first set of simulations consist of elevated CO2 and N fertilisation experiments. For these
simulations, we followed the protocol outlined in Davies-Barnard et al., 2020, allowing the
comparison of our simulations to their results. First, we simulated the period from 1701 to 1995
(using meteorological forcing from 1901 to 1925 repeated eight times for the period from 1701
to 1900). Then, for the period from 1996 to 2015, we simulated an instantaneous 200 ppm
increase in CO; relative to normal historical CO» values. Similarly, we simulated an
instantaneous 50 kg N ha* yrt increase in N deposition relative to normal historical N deposition
values. Finally, we simulated the period from 1996 to 2015 with normal historical CO2 and N
deposition values. All other forcings (meteorological, population density, land cover, and N
fertilisation) for the period from 1996 to 2015 follow their normal historical values. The effects
of elevated CO- and N fertilisation were calculated by differencing the results from the elevated
CO2 and N fertilisation experiments over the period from 1996 to 2015 with the results from the
simulation with normal historical CO2 and N deposition values over the period from 1996 to
2015.

The second set of simulations consist of historical simulations for the period from 1701 to
2018 in which we examined the effect of global change drivers concurrently and individually.
The global change drivers that we examined are atmospheric CO> concentration, N deposition,
climate, and land use change (which is characterized by changing crop area and N fertiliser
application) (Figure 1). Table S2 describes the forcings for each simulation. Note that, because
population density only affects fire and the overall effect of fire on C cycling is much smaller
than those of other global change drivers, we do not evaluate the population density forcing
individually and it follows its normal historical values in all simulations.
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Figure 1. Globally-averaged values of the studied global change drivers over the period from
1701 to 2018. (a) Atmospheric COz concentration. (b) N deposition. (c) Temperature. (d)
Precipitation. (e) Global land area covered by natural vegetation and crops. (f) N fertiliser
application.
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We conducted all simulations with three versions of CLASSIC. The first version,
CLASSIC, is the standard land model with coupled C and N cycling. The second version,
CLASSIC-statN, is a modification of CLASSIC in which the regulation of BNF by N limitation
is turned off. While in CLASSIC symbiotic BNF is a function of time-evolving Ny;,..ss (Equation
5), in CLASSIC-statN symbiotic BNF is represented as a function of temperature and the
globally-averaged Ng,.ss Over the pre-industrial spin up (0.1):

Bs = rgnpsf (T)(0.1) (10)

As a result, symbiotic BNF in CLASSIC-statN is unresponsive to changes in Ny, that are
associated with changing N limitation.

The third version, CLASSIC-C, has N cycling turned off and the downregulation of
photosynthetic capacity due to N limitation under elevated atmospheric CO2 concentration is
controlled by an empirical parameter as explained in Arora et al., 2009; Asaadi & Arora, 2021.
Briefly, this empirical parameter, which ranges between 0 and 0.9, determines the rate of
increase of photosynthesis with increasing atmospheric CO2 concentration. When it is set to 0,
photosynthesis does not increase with increasing atmospheric CO concentration. When it is set
to 0.9, photosynthesis increases with increasing atmospheric CO2 concentration at an
unconstrained rate that is determined by CLASSIC’s photosynthesis equations which are based
on the standard biochemical model of photosynthesis in Collatz et al., 1991, 1992; Farquhar et
al., 1980. Here, we set this empirical parameter to 0.35 to yield a global net atmosphere-land
CO:- flux that lies within the uncertainty range of estimates from the Global Carbon Project
(Friedlingstein et al., 2019). The uncertainty associated with this empirical parameter and this
representation of the downregulation of photosynthetic capacity due to N limitation under
elevated atmospheric CO2 concentration motivated the implementation of coupled C and N
cycling in CLASSIC (Asaadi & Arora, 2021).

3.2 Evaluation

We compared simulated C and N pools and fluxes to observation-based estimates (Beer
et al., 2010; Davies-Barnard & Friedlingstein, 2020; Fowler et al., 2013; Friedlingstein et al.,
2019; Herridge et al., 2008; Kochy et al., 2015; Martens et al., 2017; Vitousek et al., 2013; Xu et
al., 2021). We compared the globally-averaged response of simulated NPP to elevated CO>
(+200 ppm) and N fertilisation (+50 kg N ha* yr!) against estimates from (Song et al., 2019),
which is a meta-analysis of manipulative experiments that recorded how NPP responds to global
change drivers. We compared the globally-averaged response of simulated BNF to elevated CO>
(+200 ppm) against estimates from (Liang et al., 2016), a meta-analysis of manipulative
experiments that recorded how BNF responds to elevated CO.. We compared the globally-
averaged response of simulated BNF to N fertilisation (+50 kg N ha* yr) against estimates from
(Zheng et al., 2019), a meta-analysis of manipulative experiments that recorded how BNF
responds to N fertilisation. We used results for natural ecosystems from the dataset in (Liang et
al., 2016), whereas (Song et al., 2019) and (Zheng et al., 2019) report results for natural
ecosystems exclusively. We also compared the response of NPP and BNF to elevated CO; and N
fertilisation in CLASSIC simulations to results from five CMIP6 (Coupled Model
Intercomparison Project Phase 6; Eyring et al., 2016) land models described in (Davies-Barnard
et al., 2020) — the Community Land Model version 4.5 (CLM4.5), the Community Land Model
version 5 (CLM5), the JSBACH version 3.20 model, the Joint UK Land Environment Simulator
version 5.4 (JULES-ES), and the Lund-Potsdam-Jena General Ecosystem Simulator version 4.0
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(LPJ-GUESS). These land models represent coupled C and N cycling and implement different
representations of key N cycling processes, including their representation of BNF (Table S3).

Note that, among these land models, CLMS5 is the only land model that distinguishes between

free-living and symbiotic BNF and that captures the regulation of BNF by N limitation.

4 Results and discussion

4.1 BNF evaluation

CLASSIC reproduces global pre-industrial total BNF (free-living and symbiotic),
present-day free-living BNF, present-day natural symbiotic BNF, and present-day crop BNF
reasonably well in comparison to observation-based estimates and other CMIP6 land models
(Figure 2). CLASSIC simulates 64 Tg N yr* for pre-industrial total BNF, which is comparable to
estimates of 58 Tg N yr* (40 — 100 Tg N yr) from (Vitousek et al., 2013). Simulated present-
day free-living BNF (23 Tg N yr!) and present-day natural symbiotic BNF (47 Tg N yr?) are
also comparable to estimates of 31 Tg N yr! (21 —-66 Tg N yr?) and 57 Tg N yr! (31 -66 Tg N
yr1), respectively, from (Davies-Barnard & Friedlingstein, 2020). As such, CLASSIC simulates
70 Tg N yr? for present-day natural BNF (combined free-living and natural symbiotic). This is
similar to estimates from CLM4.5, CLM5, JSBACH, JULES-ES, and LPJ-GUESS, which range
from 46 to 107 Tg N yr (Table S4), as well as to other CMIP6 land models, such as 73 — 122 Tg
N yr! by CABLE (Peng et al., 2020) and 37 — 117 Tg N yr'! by O-CN (Meyerholt et al., 2020).
Simulated present-day crop symbiotic BNF (74 Tg N yr?) is comparable to estimates of 50 — 70
Tg N yr from (Herridge et al., 2008).

Free-living BNF is greatest in tropical biomes (Figure 2d) due to higher temperatures.
Natural symbiotic BNF is greatest in tropical biomes (Figure 2e), as expected (Hedin et al.,
2009). Natural symbiotic BNF is higher in tropical America than in tropical Africa and Asia,
corresponding to higher N deposition in tropical Africa and Asia (Figure S3) which relieves N
limitation. Crop symbiotic BNF is greatest in regions with high crop area (Figure 2f, Figure S4).
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Few land models incorporate an explicit representation of free-living BNF, combining it
with natural symbiotic BNF. However, observations suggest that free-living BNF may be a
substantial N input to terrestrial ecosystems. Reed et al., 2011 suggests that free-living BNF rates
are comparable to natural symbiotic BNF rates in some terrestrial ecosystems. Elbert et al., 2012
suggests that cryptogamic covers (N-fixing photoautotrophic communities that cover terrestrial
surfaces) account for 49 Tg N yr?, while Davies-Barnard & Friedlingstein, 2020 suggests that
global free-living BNF is 31 Tg N yr (21 — 66 Tg N yr!) and contributes ~35% of natural BNF.
Because free-living BNF is not directly influenced by N limitation, its distinction from natural
symbiotic BNF is important for representing the dynamic response of vegetation to N limitation.

4.2 Elevated COz and N fertilisation experiments

4.2.1 NPP response to elevated CO, and N fertilisation

The NPP response to elevated CO- (+200 ppm) simulated by CLASSIC was +11.3%,
which is consistent with observation-based estimates (+15.6%; Song et al., 2019) (Figure 3a).
This estimate also lies in the range of other CMIP6 land models (+5 to +20%; Davies-Barnard et
al., 2020). The NPP response to N fertilisation (+50 kg N ha* yr?) simulated by CLASSIC was
+16.1%, which is higher than observation-based estimates (+6.5%; Song et al., 2019) (Figure
3c). Other CMIP6 land models overestimated (CLM4.5, CLM5, and LPJ-GUESS) or
underestimated (JSBACH and JULES) the NPP response to N fertilisation (Davies-Barnard et
al., 2020).

CLASSIC-statN had a lower NPP response to elevated CO; (+7.5%) than that of
CLASSIC because BNF is not upregulated in response to stronger N limitation due to elevated
CO2 in CLASSIC-statN. Similarly, CLASSIC-statN had a higher NPP response to N fertilisation
(+20.8%) than that of CLASSIC because BNF is not downregulated in response to weaker N
limitation due to N fertilisation in CLASSIC-statN. CLASSIC-C had a higher NPP response to
elevated CO; (+22.7%) than that of CLASSIC. CLASSIC-C had no response to N fertilisation
because there is no N limitation.
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Figure 3. Response of (a) net primary productivity to elevated CO2 (+200 ppm), (b) biological
nitrogen fixation to elevated CO, (+200 ppm), () net primary productivity to nitrogen
fertilisation (+50 kg N hatyr?), and (d) biological nitrogen fixation to nitrogen fertilisation (+50
kg N hayr?) simulated by CLASSIC, CLASSIC without the regulation of BNF by N limitation
(CLASSIC-statN), and CLASSIC without N cycling (CLASSIC-C). These estimates are
compared to estimates from other CMIP6 land models (CLM4.5, CLM5, JSBACH, JULES, and
LPJ-GUESS) and observation-based estimates from meta-analyses (indicated by the gray
horizontal lines where the solid line indicates the mean and the dashed lines indicate the 95%
confidence intervals). Observation-based estimates for the response of net primary productivity
are from (Song et al., 2019), observation-based estimates for the response of biological nitrogen
fixation to elevated CO> are from (Liang et al., 2016), and observation-based estimates for the
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441 response of biological nitrogen fixation to nitrogen fertilisation (+50 kg N ha* yr?) are from
442 (Zheng et al., 2019). Results are averaged over 1996 to 2015.
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The response of NPP to elevated CO- decreases with increasing absolute latitude.
Individual grid cells exhibit a lower NPP response to elevated CO- with increasing absolute
latitude (Figure 4a; P < 0.001). This is due to the temperature dependence of photosynthesis
which implies that the response of NPP to elevated CO: is stronger at higher temperatures
consistent with observations (Baig et al., 2015; Long, 1991). Additionally, because the growing
season is longer at lower latitudes than at higher latitudes, the response of NPP to elevated CO>
is realised over a longer period at lower latitudes than at higher latitudes.

In contrast, the response of NPP to N fertilisation increases with increasing absolute
latitude. Individual grid cells exhibit a higher NPP response to N fertilisation with increasing
absolute latitude (Figure 4b; P < 0.001). Examining the response of NPP to N fertilisation allows
for the assessment of N limitation (Sullivan et al., 2014). Higher latitude vegetation is suggested
to be more N-limited than lower latitude vegetation (Brookshire et al., 2012; Du et al., 2020;
LeBauer & Treseder, 2008). CLASSIC simulates a significantly stronger response to N
fertilisation at high latitudes than at low latitudes, suggesting stronger N limitation at high
latitudes than at low latitudes (Figure 4b). Thus, the stronger response to elevated CO; at low
latitudes than at high latitudes is not only driven by the temperature dependence of
photosynthesis (as described above) but also occurs because low latitudes are less N-limited than
high latitudes. This causes the bimodality of the response of NPP at the grid cell scale, i.e., that
NPP of a given grid cell tends to respond to either elevated CO> or to N fertilisation but not to
both elevated CO, and N fertilisation (Figure 4c). This behaviour is consistent with that of other
CMIP6 land models (Davies-Barnard et al., 2020).
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Figure 4. Responses of net primary productivity to elevated CO, (+200 ppm) and nitrogen
fertilisation (+50 kg N hatyr?) at the grid cell scale. (a) Response of net primary productivity to
elevated CO; simulated by CLASSIC as a function of absolute latitude. (b) Response of net
primary productivity to nitrogen fertilisation simulated by CLASSIC as a function of absolute
latitude. (c) Net primary productivity response to both elevated CO, and nitrogen fertilisation
simulated by CLASSIC. Each point represents an individual grid cell. Lighter colours represent
lower latitudes and darker colours represent higher latitudes. Results are averaged over 1996 to
2015.
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4.2.2 BNF response to elevated CO; and N fertilisation

The BNF response to elevated CO> (+200 ppm) simulated by CLASSIC was +41.4%,
which is consistent with observation-based estimates (+56.2%; Liang et al., 2016) (Figure 3b).
This is a more accurate response than other CMIP6 land models, which all lie outside this range:
CLMS5 overestimated the BNF response to elevated CO, and CLM4.5, JSBACH, JULES-ES and
LPJ-GUESS underestimated the BNF response to elevated CO-. (Davies-Barnard et al., 2020).
The BNF response to N fertilisation (+50 kg N ha* yr!) simulated by CLASSIC was —19.7%,
which is consistent with observation-based estimates (—19%; Zheng et al., 2019) (Figure 3d).
Other CMIP6 land models either overestimated (CLMD5, and LPJ-GUESS) or underestimated
(CLM4.5, JSBACH, and JULES) the BNF response to N fertilisation (Davies-Barnard et al.,
2020).

The BNF response in CLASSIC is regulated by N limitation (represented as N stress in
Equations 5 and 6), which increases under elevated CO- and decreases under N fertilisation in
comparison to estimates from under normal historical CO2 and N deposition values (Figure 5a).
This follows observations that elevated CO: intensifies N limitation (Luo et al., 2004), whereas
N fertilisation relieves N limitation (LeBauer & Treseder, 2008).

4.2.3 Overall response to elevated CO2 and N fertilisation

In comparison to other CMIP6 land models (Davies-Barnard et al., 2020), CLM5 is the
sole other land model represented BNF regulation by N limitation (Table S3); CLM4.5,
JSBACH, JULES-ES and LPJ-GUESS represent BNF with empirical relationships between BNF
and NPP (CLM4.5, JSBACH, and JULES-ES) or BNF and ET (LPJ-GUESS). Similar to
CLASSIC, CLMS5 estimated the expected directions of the BNF response to elevated CO; and N
fertilisation (i.e., increase and decrease) but overestimated BNF change under both elevated CO»
and N fertilisation, whereas CLASSIC underestimated BNF change under N fertilisation (Figure
3).

In addition to regulating symbiotic BNF, plants can respond dynamically to N limitation
by increasing vegetation component C:N ratios (Elser et al., 2010; Sistla & Schimel, 2012).
Elevated CO> can increase the vegetation C:N ratio due to stimulated photosynthesis. N
fertilisation can decrease the vegetation C:N ratio due to “luxury” uptake of N. As such,
representing a flexible vegetation C:N ratio in land models results in the greatest agreement with
observations (Meyerholt & Zaehle, 2015). In CLASSIC, vegetation C:N ratio increases under
elevated CO; and decreases under N fertilisation in comparison to estimates from under normal
historical CO2 and N deposition values (Figure 5b).

Having established confidence in CLASSIC’s response to elevated CO2 and N
fertilisation experiments we now evaluate CLASSIC’s response to global change drivers over the
historical period.
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Figure 5. (a) Nitrogen stress and (b) vegetation carbon to nitrogen ratio under elevated CO>
(+200 ppm) and under nitrogen fertilisation (+50 kg N ha* yr1) simulated by CLASSIC. These
estimates are compared to estimates under normal historical CO2 and nitrogen deposition values
(control) simulated by CLASSIC. Results are averaged over 1996 to 2015.
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4.3 Historical simulations

4.3.1 Individual global change drivers over the historical period

Similar to their responses in the elevated CO2 experiment (+200 ppm COz2), NPP and
natural symbiotic BNF increase in the simulation driven with atmospheric CO concentration
acting in isolation over the historical period (Figure 6ab). NPP increases because elevated
atmospheric CO2 concentration stimulates photosynthesis (Collatz et al., 1991, 1992; Farquhar et
al., 1980), i.e., CO; fertilisation (Walker et al., 2020). The increase in natural symbiotic BNF is
due to an increase in N stress (Figure 6d). This follows observations that increased atmospheric
CO- concentration intensifies N limitation (Luo et al., 2004; Terrer et al., 2019). Vegetation C:N
ratio also increases due to increased C supply (Figure 6e) consistent with observations (Elser et
al., 2010; Sistla & Schimel, 2012). Including N cycling reduces the NPP change when
atmospheric CO; concentration is acting in isolation over the historical period: the NPP change
for CLASSIC (5.6 Pg C yr?) is 45% that of CLASSIC-C (12.4 Pg C yr1). Furthermore, when
BNF is not regulated by N limitation, the NPP change when atmospheric CO> concentration is
acting in isolation over the historical period is even lower: the NPP change for CLASSIC-statN
(3.5 Pg C yr?) is 28% that of CLASSIC-C (12.4 Pg C yr?).

Similar to their responses in the N fertilisation experiment (+50 kg N ha* yrt), NPP
increases slightly and natural symbiotic BNF decreases slightly in the simulation driven with N
deposition acting in isolation over the historical period (Figure 6ab). NPP increases because
elevated N deposition stimulates photosynthesis by increasing leaf N (Equations 8 and 9). The
decrease in natural symbiotic BNF is due to a decrease in N stress (Figure 6d). This follows
observations that increased N deposition relieves N limitation (LeBauer & Treseder, 2008). The
changes in NPP and natural symbiotic BNF are low in comparison to those from the N
fertilisation experiment because the globally-averaged change in N deposition over the historical
period (+1.6 kg N ha! yr between pre-industrial and present-day values) is much lower than the
N fertilisation treatment (+50 kg N ha* yr?).

Both NPP and natural symbiotic BNF increase slightly in the simulation driven with
climate acting in isolation over the historical period (Figure 6ab). NPP increases, first, because
elevated temperature stimulates photosynthesis and increases the length of the growing season
and, second, because elevated precipitation relieves water limitation (although change in
precipitation over the historical period is geographically variable with some regions experiencing
increased precipitation and other regions experiencing decreased precipitation (Lau et al., 2013)).
Additionally, elevated temperature and precipitation stimulate N mineralisation (Figure S5)
which stimulates photosynthesis by increasing leaf N (Equations 8 and 9). The increase in
natural symbiotic BNF occurs despite a slight decrease in N stress (Figure 6d). This slight
decrease in N stress is likely due to elevated N mineralisation which overcomes the influence of
elevated temperature and precipitation on stimulating photosynthesis, increasing the length of the
growing season, and relieving water limitation which would all cause an increase in N stress.
Given these counteracting drivers, the change in N stress is minimal. The increase in natural
symbiotic BNF is thus due to elevated temperature because symbiotic BNF is a function of
temperature as well as N stress (Equation 6).

In the simulation driven with land use change acting in isolation over the historical period
(which includes both changing crop area and N fertiliser application), NPP increases and crop
symbiotic BNF increases but natural symbiotic BNF decreases (Figure 6ac). This is due to higher
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photosynthetic capacity of crops than of natural vegetation (Table S1; Kattge et al., 2009),
increasing crop area, and decreasing natural vegetation area, respectively. Note that the increase
in crop symbiotic BNF occurs because increasing crop area more than compensates for
increasing N fertiliser application which decreases N stress of crops.
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Figure 6. Net primary productivity, symbiotic biological nitrogen fixation, nitrogen stress, and
vegetation carbon to nitrogen ratio over the historical period simulated by CLASSIC, CLASSIC
without the regulation of BNF by N limitation (CLASSIC-statN), and CLASSIC without N
cycling (CLASSIC-C) for all global change drivers concurrently and individually. (a), (c), (e)
and (g). Time series simulated by CLASSIC. (b), (d), (f), and (h). Change from pre-industrial
(averaged over 1701 to 1721) to present-day (1998 to 2018) estimates simulated by CLASSIC,
CLASSIC-statN, and CLASSIC-C (where the solid line indicates the median and the box extends
from the first quartile to the third quartile).
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4.3.2 All global change driver concurrently over the historical period

CLASSIC reproduces observation-based estimates for global C and N pools and fluxes in
the historical simulation when all global change drivers are acting concurrently, similarly to
CLASSIC-C. CLASSIC reproduces the latitudinal patterns of GPP, vegetation C, soil organic C,
and evapotranspiration (Figure 7). CLASSIC reproduces observation-based estimates of global N
inputs, i.e., BNF, (as described in Section 4.1) as well as observation-based estimates of global N
losses (Table S4, Figure S6). Furthermore, CLASSIC estimates agree with other CMIP6 land
models (Table S4).

The global net atmosphere-land CO> flux or net biome productivity (NBP) is the critical
determinant of the performance of a land model because it ultimately affects atmospheric CO>
concentration. Estimates of NBP from CLASSIC, CLASSIC-statN, and CLASSIC-C all lie
within the uncertainty range of estimates from the Global Carbon Project (Friedlingstein et al.,
2019) and thus all three versions of CLASSIC successfully reproduce the terrestrial C sink over
the late 20" century and early 21 century (Figure 8a). NBP estimates for the present day (1998
to 2018) when all global change drivers are acting concurrently are similar for all three versions
of CLASSIC. The difference between these three versions of CLASSIC is in how each responds
to individual global change drivers and, in particular, to atmospheric CO2 concentration (Figure
8c). Present-day NBP for CLASSIC-C when atmospheric CO2 concentration is acting in
isolation is the highest (3.9 Pg C yrY). Including N cycling reduces NBP: present-day NBP for
CLASSIC (1.4 Pg C yr?) is 44% lower than CLASSIC-C (i.e., a decrease of 2.5 Pg C yrY).
Furthermore, when BNF is not regulated by N limitation, NBP is even lower: present-day NBP
for CLASSIC-statN (0.9 Pg C yr?) is 64% lower than CLASSIC-C (i.e., a decrease of 3.0 Pg C
yr'Y). When all global change drivers are acting concurrently, the difference in present-day NBP
between CLASSIC and CLASSIC-statN is 0.2 Pg C yr! (1.3 Pg C yrtvs. 1.1 Pg C yr!) and is
the direct result of upregulated BNF driven by stronger N limitation under elevated atmospheric
CO2 concentration which alleviates N limitation to some extent.

Historical NBP estimates of CLASSIC-C, which is the original version of CLASSIC, lie
within the uncertainty range of estimates from the Global Carbon Project (Friedlingstein et al.,
2019) because the strength of its CO> fertilisation effect has been adjusted to do so. Present-day
NBP when atmospheric CO2 concentration is acting in isolation is higher for CLASSIC-C than
for CLASSIC and CLASSIC-statN (Figure 8c). This is because CLASSIC-C has been adjusted
to compensate for the effects of N deposition and elevated N mineralisation (due to elevated
temperature) over the historical period on NBP. Both these processes should stimulate NPP by
alleviating N limitation to some extent but they are not explicitly represented in CLASSIC-C.
While the absence of interactions between C and N cycling can be “accounted for” in historical
simulations by adjusting the strength of the CO- fertilisation effect, it has critical consequences
for future simulations which will encompass interacting and amplifying global change drivers.
This emphasises the importance of explicitly representing N cycling and the dynamic response of
vegetation to N limitation in land models.



610

611
612
613
614
615
616
617

Global Biogeochemical Cycles

—_
)
-

(b)

1
20
1

CLASSIC
CLASSIC-statN A
CLASSIC-C

Observation

15

GPP (gCm2yr)

500 1000 1500 2000 2500 3000
Vegetation C (kg C m)
10
1

0
L

-60 -30 0 30 60 90 -60 -30 0 30 60 90

Latitude Latitude

(c) (d)

40
|
1500

30

1000
1

Soil organic C (kg C m‘z)
20
1
500
1

Evapotranspiration (mm yr™)

10

r T T T T 1 r T T T T 1
-60 -30 0 30 60 90 -60 -30 0 30 60 90

Latitude Latitude

Figure 7. Latitudinal distributions of (a) gross primary productivity, (b) vegetation carbon, (c)
soil organic carbon, and (d) evapotranspiration (averaged over 1998 to 2018) simulated by
CLASSIC, CLASSIC without the regulation of BNF by N limitation (CLASSIC-statN), and
CLASSIC without N cycling (CLASSIC-C). Observation-based estimates are from (Beer et al.,
2010) for gross primary productivity, (Xu et al., 2021) for vegetation carbon, (Kdchy et al.,
2015) for soil organic carbon, and (Martens et al., 2017) for evapotranspiration. Time series are
shown in Figure S7.
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Figure 8. Net biome productivity over the historical period simulated by CLASSIC, CLASSIC
without the regulation of BNF by N limitation (CLASSIC-statN), and CLASSIC without N
cycling (CLASSIC-C). (a) Time series of net biome productivity simulated by CLASSIC,
CLASSIC-statN, and CLASSIC-C over the historical period from 1701 to 2018 for all global
change drivers concurrently. Boxes show the decadal mean and one standard deviation of
observation-based estimates from the Global Carbon Project (Friedlingstein et al., 2019). (b)
Time series of net biome productivity simulated by CLASSIC over the historical period from
1701 to 2018 for all global change drivers concurrently and individually. (c) Present-day (1998
to 2018) net biome productivity estimates simulated by CLASSIC, CLASSIC-statN, and
CLASSIC-C (where the solid line indicates the median and the box extends from the first
quartile to the third quartile).
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5 Conclusions

Representing coupled C and N cycling in land models is a key challenge for projecting
the terrestrial C sink. Although BNF is central to representing N cycling in land models given its
key role in the dynamic response of vegetation to N limitation (Meyerholt et al., 2020; Peng et
al., 2020; Wieder et al., 2015), it is challenging to evaluate simulated BNF against observation-
based constraints due to the paucity of available data (Davies-Barnard & Friedlingstein, 2020).
Simulating experimental manipulations of global change drivers and subsequently analysing the
direction and magnitude of the response of BNF are an effective method for testing whether
underlying mechanisms and thus the dynamic response of vegetation to N limitation via BNF are
realistically represented. Our study shows that, without the regulation of BNF by N limitation,
CLASSIC underestimates BNF increase under elevated CO, and simulates a BNF increase rather
than a BNF decrease under N fertilisation. This leads to an underestimation of the NPP increase
under elevated CO, and an overestimation of the NPP increase under N fertilisation,
respectively. Without N cycling, CLASSIC overestimates NPP increase under elevated CO, and
simulates no NPP change under N fertilisation.

Importantly, our study suggests that explicitly representing N cycling and the dynamic
response of vegetation to N limitation of plant growth in land models is pivotal for realistically
simulating the terrestrial C sink under global change. When the dynamic response of vegetation
to N limitation via BNF is represented in CLASSIC, the present-day global net atmosphere-land
CO: flux is decreased by 0.2 Pg C yr in comparison to CLASSIC without N cycling. However,
when the regulation of BNF by N limitation is not represented, the present-day global net
atmosphere-land CO; flux is decreased by 0.4 Pg C yrtin comparison to CLASSIC without N
cycling. The upregulation of BNF driven by stronger N limitation under elevated atmospheric
CO. concentration thus alleviates N limitation. As such, representing the dynamic response of
vegetation to N limitation via BNF increases the present-day terrestrial C sink by 0.2 Pg C yr™,
Furthermore, while CLASSIC reproduces observations of the terrestrial C sink over the late 20"
century and early 21% century regardless of whether N cycling is represented, CLASSIC without
N cycling is only successful at doing so because the strength of the CO- fertilisation effect has
been adjusted and thus compensates for the stimulatory influences of elevated N deposition and
elevated N mineralisation (due to elevated temperature) on terrestrial C sequestration which are
not represented. This has critical implications for projecting the future terrestrial C sink under
interacting and amplifying global change drivers. Indeed, a former version of CLASSIC without
N cycling (the coupled CLASS-CTEM framework) implemented within the 5" generation
Canadian Earth System Model (CanESMD5) yields one of the highest global net atmosphere-land
CO; flux among CMIP6 Earth System Models under a high atmospheric CO2 concentration
scenario for the 21% century (Arora et al., 2020; Koven et al., 2021; Liddicoat et al., 2021). Thus,
a mechanistic representation of N cycling and the dynamic response of vegetation to N limitation
of plant growth in land models enables a more realistic representation of the response of the
terrestrial C sink to global change drivers, providing confidence in projections of the future
terrestrial C sink.
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