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Abstract. Biological nitrogen fixation (BNF) by symbiotic
and free-living bacteria is an important source of plant-
available nitrogen (N) in terrestrial ecosystems supporting
carbon (C) sequestration and food production worldwide.
Dynamic global vegetation models (DGVMs) are frequently
used to assess the N and C cycles under dynamic land use
and climate. BNF plays an important role in the components
of both these cycles, making a robust representation of the
processes and variables that BNF depends on important to
reduce uncertainty within the C and N cycles and improve
the ability of DGVMs to project future ecosystem productiv-
ity, vegetation patterns or the land C sink. Still, BNF is often
modelled as a function of net primary productivity or evap-
otranspiration, and the actual drivers are neglected. We im-
plemented plant-functional-type-specific limitations for BNF
dependent on soil temperature and soil water content, as well
as a cost of BNF, in the Lund-Potsdam—Jena managed Land
(LPJmL) DGVM and compared the new (“C-costly”) against
the previous (“Original”) approach and data from the sci-
entific literature. For our comparison, we simulated a po-
tential natural vegetation scenario and one including anthro-
pogenic land use for the period from 1901 to 2016 for which
we evaluate BNF and legume crop yields. Our results show
stronger agreement with BNF observations for the C-costly
than the Original approach for natural vegetation and agri-
cultural areas. The C-costly approach reduced the overesti-
mation of BNF, especially in hot spots of legume crop pro-
duction. Despite the reduced BNF in the C-costly approach,
yields of legume crops were similar to the Original approach.

While the net C and N balances were similar between the
two approaches, the reduced BNF in the C-costly approach
results in a slight underestimation of N losses from leaching,
emissions and harvest compared to the values in the litera-
ture, supporting further investigation of the underlying rea-
sons, such as processes represented in DGVMs and scenario
assumptions. While we see the potential for further model
development, for example, to separate symbiotic and free-
living BNF, the C-costly approach is a major improvement
over the simple Original approach because of the separate
representation of important drivers and limiting factors of
BNF, and the C-costly approach also improves the ability of
LPJmL to project future C and N cycle dynamics.

1 Introduction

Biological nitrogen fixation (BNF) is an important source
of plant-available nitrogen (N) in terrestrial ecosystems
(Galloway et al., 1995). It can be separated into symbi-
otic (Granhall, 1981) and free-living (Reed et al., 2011)
BNF, which account for the total BNF with different shares
in different ecosystems (Davies-Barnard and Friedlingstein,
2020b). In natural terrestrial ecosystems, N deposition, N
fixation through lightning, and BNF are the only processes
that introduce additional reactive N into the system (Yu and
Zhuang, 2020). In agricultural systems, increased N inputs
are — together with extensive manure recycling — a major
source of nitrous oxide (N,O) and ammonium (NH,4 ) emis-
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sions (Reay et al., 2012; Tian et al., 2020) and nitrate (NO3 ™)
pollution (Moss, 2007). These inputs result from increased
BNF and the deposition of additional anthropogenic N in-
puts, which originate mainly from synthetic fertiliser appli-
cation (Lu and Tian, 2017). Promoting N-fixing crops such
as forage and grain legumes for usage as green manure has
been discussed (Becker et al., 1995; Fageria, 2007; Northup
and Rao, 2016) to reduce N losses from nitrification, volatili-
sation, denitrification and leaching on agricultural land. Gen-
erally, symbiotic BNF, as well as free-living BNF, can be im-
portant for plant growth in N-limited ecosystems, and this
supports carbon (C) sequestration and food production across
the globe.

Briefly, BNF describes the transformation of atmospheric
N, to ammonia (NH4T) by a variety of soil microorganisms
providing a source of mineral N for plants at the expense
of C (Yu and Zhuang, 2020). The underlying mechanisms
of BNF, as well as its role within the C and N cycles and for
ecosystem productivity, have been described in detail in mul-
tiple studies (e.g. Yu and Zhuang, 2020; Davies-Barnard and
Friedlingstein, 2020b; Cleveland et al., 1999). Here, we fo-
cus on the representation of BNF in the Lund-Potsdam—Jena
managed Land (LPJmL) dynamic global vegetation model
(DGVM) (Schaphoff et al., 2018b; von Bloh et al., 2018;
Lutz et al., 2019; Herzfeld et al., 2021; Porwollik et al., 2022;
Heinke et al., 2023). We do not distinguish between symbi-
otic and free-living BNF throughout this study but only con-
sider the total BNF as the sum of both forms.

DGVMs such as LPJmL can be used to assess the role of
BNF for the productivity of natural and agricultural ecosys-
tems and its effects on the N and C cycles under dynamic
land use and climate. A solid representation of the processes
behind BNF is important to reduce uncertainty and improve
the model results of DGVMs, which are frequently used in
impact assessments and to inform policy-makers. A variety
of approaches of different complexity to model BNF have
been developed. A key difference between approaches is the
selection of variables that control BNF and the accounting
of the C cost of BNF. For example, Cleveland et al. (1999)
use actual evapotranspiration as a single explanatory vari-
able, while Yu and Zhuang (2020) consider soil temperature,
soil water content, soil mineral N and soil C content. Both of
these approaches do not consider the cost of BNF neglecting
the reduced C assimilation (Cleveland et al., 1999; Yu and
Zhuang, 2020), while others explicitly consider a cost per
amount of N fixed and a maximum amount of C that can be
invested in BNF (e.g. Ma et al., 2022). Even more complex
approaches consider the different pathways of N uptake that
are associated with a cost (active N uptake, retranslocation
and BNF) and optimise for the minimum cost (e.g. Fisher et
al., 2010). Depending on the considered variables, the sim-
ulated BNF and how it is affected by climate change may
strongly differ, which in turn can have strong effects on the
simulated C and N fluxes and pools.
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A comparison to data published by Davies-Barnard and
Friedlingstein (2020a) suggests that the approach that was
implemented in LPJmL (von Bloh et al., 2018) based on
Cleveland et al. (1999) — in the following defined as the
“Original” approach — overestimates global BNF. In addition,
we identified several shortcomings of the Original approach
in LPJmL. In the Original approach, BNF is a function of
actual evapotranspiration, which leads to an overestimation
of BNF in moist but not necessarily N-limited ecosystems
and an underestimation in dry but N-limited ecosystems. In
this simplified implementation, BNF is not constrained by
the availability of reactive forms of N, and additional N is
fixed even if the reactive soil N is sufficient to fulfil the N
demand, which potentially leads to an overestimation of the
ammonia pool and N losses. For cultivated grain legumes,
the approach assumes no limitation of BNF at all but sim-
ply supplies all N requested by the plant that cannot be ful-
filled through N uptake from mineral N pools in the soil. This
leads to an overestimation of cropland BNF. In order to over-
come these deficiencies, here we describe a revision of the
Original approach in LPJmL with a more complex approach,
referred to as “C-costly” approach in the following. The C-
costly approach is inspired by Ma et al. (2022) and Yu and
Zhuang (2020) and introduces plant-functional-type (PFT)-
specific limitations for BNF dependent on soil temperature
and soil water content, as well as a C cost of BNF. In the
following, we present the C-costly BNF approach and evalu-
ate its performance against global and site-specific data. We
discuss the differences between the Original and the C-costly
BNF approach for the N cycle and plant productivity.

2 Methods
2.1 Model description

LPJmL is a dynamic global vegetation model (DGVM) with
the full terrestrial hydrology and explicit representation of
agricultural management systems for cropland and pastures.
We have implemented the BNF module in the most recent
development branch, which is based on a consolidated ver-
sion of the carbon-only model (LPJmL4, Schaphoftf et al.,
2018b, a), the N cycle (LPJmLS, von Bloh et al., 2018),
tillage (Lutz et al., 2019), manure (Herzfeld et al., 2021),
cover crop (Porwollik et al., 2022) and grazing management
(Heinke et al., 2023) modules. There have been further model
improvements that have not been described in publications
elsewhere, including improved online coupling options with
other models such as IMAGE (Miiller et al., 2016) or co-
pan:CORE (Donges et al., 2020). For a better representation
of crops that are not explicitly represented (referred to as
“others”), these are no longer assumed to be identical to man-
aged grassland (Bondeau et al., 2007) but can be simulated
as separate stands with distinct management inputs (e.g. fer-
tiliser amounts).
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The original spin-up protocol for LPJmL4, described in
Schaphoff et al. (2013), was modified to account for the inter-
action between soils and plants through N supply in LPJmLS5.
The principal technique to accelerate the spin-up by calculat-
ing the equilibrium soil C stocks from litter decomposition
(i.e. the flux of C into the soil C pools) and soil C turnover
rates (or residence time) remains the same as in Schaphoff et
al. (2013). However, the original code was refactored to im-
prove the accuracy of estimates of equilibrium stocks and to
apply the technique to soil C and N pools simultaneously.

In LPJmLS5, an adjustment of N pools can lead to a change
in plant productivity through a change in N supply from min-
eralisation. To account for this feedback, the C and N stock
adjustments need to be repeated multiple times until the soil
and the vegetation reach equilibria. The revised spin-up pro-
cedure starts with an initial period of 300 years, during which
vegetation is allowed to establish. This is followed by a 2400-
year period, during which soil C and N pools are updated ev-
ery 15 years based on the litter decomposition and soil pool
turnover rates of the preceding 10 years. This long period
with repeated adjustment (160 times) of C and N pools is
required to reach an equilibrium in regions with very low
turnover rates (e.g. in the boreal zone). To reduce the effect
of inter-annual variability on estimates of equilibrium stocks,
a final adjustment is applied after 300 simulation years, using
the litter decomposition and soil pool turnover rates over that
period. Finally, the model is allowed to adjust to the new C
and N stocks for another 500 simulation years.

To assess the effectiveness of the spin-up procedure, we
conducted a 1000-year model run under the same conditions
as during the spin-up period (i.e. stable pre-industrial atmo-
spheric CO; concentration, atmospheric N deposition and
climate) for which we present results in Appendix C.

Further changes to the code since the last published ver-
sion (see Porwollik et al., 2022) include various bug fixes
concerning fertiliser and manure application, data output, en-
vironmental flow requirements (Jigermeyr et al., 2017), soil
temperature (Schaphoff et al., 2013) and bioenergy planta-
tions (Beringer et al., 2011). The latest code changes are now
also documented in a CHANGELOG.md file as part of the
code repository (Wirth et al., 2024).

2.2 BNF-relevant nitrogen cycle components in LPJmL

While we refer to von Bloh et al. (2018) for a detailed de-
scription and evaluation of the N cycle in LPImL, we briefly
describe the main processes that determine N deficit — which
is the prerequisite for N fixation in the C-costly approach
— and the Original approach here and provide the full equa-
tions in Appendix A. An N deficit is defined as the difference
between the plant N demand (Eq. A4) and the active and pas-
sive N-uptake (Eq. A5) and labile-N reserves (Eq. Al11).

Ndeﬁcit,t = Ndemand,t - (Nuptake,t + Nlabile,t) (1)
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The N demand accounts for N required to produce Ru-
BisCo, depending on the maximum carboxylation capacity
and the leaf area index (LAI) of the respective PFT (Eq. A1,
first summand) and the structural N demand, depending on
the current N content of the different plant compartments
(Eq. A1, second summand, and Eq. A4). N reserves are in-
cluded using a PFT-specific parameter (Eq. A4).

The N uptake is calculated as a combination of passive and
active N uptake from the soil and is a function of the poten-
tial N uptake of the root system (Eq. A5), which is reduced
to account for soil mineral N availability (Eq. A8), soil tem-
perature (Eq. A9) and plant N starvation (Eq. A10). Labile
N reserves represent the N currently available from past N
uptake, BNF or retranslocation (Eq. A11).

In the Original approach, BNF was calculated from the 20-
year average of annual evapotranspiration (etp) for tree and
herbaceous PFTs, following the function from Cleveland et
al. (1999):

max (0, (0.0234 -etp — 0.172) /10/365)
if Croot >20gCm~2  (2)
0 otherwise.

BNF =

The resulting BNF is added to the NH4+ pool of the first
soil layer. For crop PFTs, BNF equals Ngefici¢ and is directly
added to Nyabile-

2.3 The C-costly approach

A key feature is the connection of BNF to an associated
cost represented as a reduction in the net primary produc-
tion (NPP). The C-costly approach calculates actual BNF
(Nfx) from the potential BNF (N pot) using several reduc-
tion factors. First, the N fixation rate for the environmental
conditions Nfix eny is calculated from Nfix pot for the first two
soil layers, / = 1, 2, accounting for reductions by dimension-
less soil temperature and soil water content (SWC) limitation
functions ( f7, fw) and the root distribution rootdist in the in-
terval [0, 1] (Ma et al., 2022):

2

Niixenv = Y Niixpot - f1 (Taoit.1) - fw(SWC) - rootdisty. (3)
=1

The soil temperature limitation is increasing linearly outside
the optimal temperature interval, [Toptlow, Topthigh] (Eq. 4;
Fig. 1a), and it prohibits BNF if outside the tolerable tem-
perature interval, [ Tinin, Tmax ], While the soil water limitation
is linearly dependent on the relative soil water content, SWC
(Eq. 5; Fig. 1b).

f T (Tsoil) =
0, if Tsoil < Tmin OF Tsoil > Tiax
Tyit—Tini :
%’ if Tiin < Tsoil < Topt,low 4
1, if Topt,low < Tsoil < Topt,high

Tmax—Tsoil

Trnax— Topthigh if Topthigh < Tsoil < Tmax-
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Sw(SWC) =
0, if SWC < SWClow &
91 +SWC- @y, if SWCjoy < SWC < SWChign
1, if SWC > SWChigh.

The root distribution is calculated as in Eq. (A7). Since only
the fraction of roots in the first two soil layers is used for
BNF, shallow root profiles lead to a higher BNF compared
to deep root profiles. Nfixpots Tmin> Toptlow> Topthigh> Tmaxs
SWCow, SWChigh, 1 and ¢, are PFT-specific parameters
(Table 1), and their values are adopted from Yu and Zhuang
(2020) for the natural vegetation PFTs and from Ma et al.
(2022) for soybean and pulses.

If Nfixenv €xceeds the amount of N missing to fulfil the
N demand of the current day (the N deficit Ngeficit), the N
fixation is reduced as follows:

Nﬁx,need = min(Neficit Nﬁx,env)~ 6)

Finally, if the cost of the N fixation exceeds the NPP available
for BNF, then the N fixation is further reduced to match the
maximum amount that can be fixed with the current day’s
NPP share available for BNF.

Niix(NPP) =

N; ﬁx,n.eed 5 (7)
if coStBNF - Nfix,need < ffixer - JNpP - NPP
ffixer - fnpp - NPP/costgnF, otherwise,

where fnpp is the maximum share (dimensionless) of NPP
available for BNF, which is set to 0.14 (Kull, 2002) for the
natural PFTs and to 0.25 for soybean and pulses. The aver-
age N fixer fraction (ffixer) is set to 0.05 for the tropical, to
0.01 for the temperate and to 0.03 for the boreal zone (Yu
and Zhuang, 2020). PFTs only fix additional N if the N up-
take from other sources is insufficient and the net primary
productivity (NPP) is larger than zero. The costs of BNF are
set at a moderate constant value of 6 gCgN~! (Boote et al.,
2009; Ryle et al., 1979; Patterson and Larue, 1983; Kaschuk
et al., 2009).

2.4 Modelling protocol

To compare the two BNF approaches, we simulated two sce-
narios. The first is a potential natural vegetation (PNV) sce-
nario, which does not include anthropogenic land use or agri-
cultural production systems. The second is a scenario that
includes agricultural land use (LU). The same input data
sets were used for all scenarios. We used the climate data
from the GSWP3-WS5ES data set (Kim, 2017; Cucchi et al.,
2020; Lange et al., 2022), historical atmospheric N deposi-
tion (Yang and Tian, 2020), historical atmospheric CO, con-
centrations (Biichner and Reyer, 2022), historical land-use
patterns (Ostberg et al., 2023) and grazing management data

Geosci. Model Dev., 17, 7889-7914, 2024

(Stenzel et al., 2024). For both BNF approaches, we con-
ducted spin-up simulations of 3500 years using a random
permutation of the climate data from 1901 to 1930. These
spin-up simulations ensure that the C and N balances are in
equilibrium. Afterwards, land use is introduced, and a sec-
ond spin-up period of 390 years is run to capture the effects
of historical land-use change on the C and N cycle. Follow-
ing the two spin-up simulations, the model is run from 1901
until 2016 using the transient input data.

2.5 Model evaluation

We compared simulated total global BNF for both ap-
proaches against several estimates which were derived em-
pirically or reported in other modelling studies. Data on these
estimates are available from Davies-Barnard and Friedling-
stein (2020a). The global BNF is calculated as the sum of
BNF per area times grid cell area over all grid cells:

Neell
BNFgjop = ZBNFcell - arédcel] - 3)

cell

For the evaluation we calculate the median, minimum and
maximum between 2001 and 2010 and qualitatively compare
these values against past estimates. We calculated the overlap
between our results and the reported data if minimum and
maximum values were available.

Overlap =
0 if Xmin > Ymax OF Xmax < Ymin 9)
(min(Xmax, Ymax) — Max(Xmin, Ymin))/ (Ymax — Ymin)

otherwise,

where xmin and xmax are the simulated minimum and max-
imum, and Ymin and ymax are the minimum and maximum
values from the literature.

In addition, we compared our results to data obtained at
several sites for the natural vegetation (Davies-Barnard and
Friedlingstein, 2020a) and legume crops (Ma et al., 2022).
To evaluate legume crop BNF and yields, we conducted ad-
ditional local simulations matching the coordinates of the ex-
periments following the protocol described in Sect. 2.4 but
ensured that the respective crops (soybean or pulses) were
grown under the reported water management (rainfed or irri-
gated). We calculated the root mean square error (RMSE) as
follows:

N
RMSE= | > (i —yu)?/N. (10)

where N is the number of observations, and x, and y,, are the
simulated and observed values.
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Figure 1. Dimensionless temperature limitation function f7 (7") (a) and soil water limitation function fyw(SWC) (b).

Table 1. BNF-related PFT-specific parameter values for the tropical broadleaved evergreen tree (TrBE), tropical broadleaved raingreen tree
(TrBR), temperate needleleaved evergreen tree (TeNE), temperate broadleaved evergreen tree (TeBE), temperate broadleaved summergreen
tree (TeBS), boreal needleleaved evergreen tree (BoNE), boreal broadleaved summergreen tree (BoBS), boreal needleleaved summergreen
tree (BoNS), tropical herbaceous (TrH), temperate herbaceous (TeH), polar herbaceous (PoH), soybean and pulses.

PFT Nfixpot  Tmin  Toptlow  Topthigh Tmax SWCow  SWChigh ?1 @2 NPP  COSLBNF  ffixer

gan2 d-! °C °C °C °C mPm3 m3m=3 - - - gCg71 N -
TrBE 0.01 0.5 20 35 45 0 0.5 0 20 0.14 6 0.05
TrBR 0.01 0.5 20 35 45 0 0.5 0 2.0 0.14 6 0.05
TeNE 0.01 0.5 16 35 45 0 0.5 0 20 0.14 6 0.01
TeBE 0.01 0.5 18 35 45 0 0.5 0 20 0.14 6 0.01
TeBS 0.01 0.5 18 35 45 0 0.5 0 2.0 0.14 6 0.01
BoNE 0.01 0.5 12 25 45 0 0.5 0 20 014 6 0.03
BoBS 0.01 0.5 12 25 45 0 0.5 0 2.0 0.14 6 0.03
BoNS 0.01 0.5 12 25 45 0 0.5 0 2.0 0.14 6 0.03
TrH 0.01 0.5 20 35 45 0 0.5 0 20 0.14 6 0.05
TeH 0.01 0.5 18 35 45 0 0.5 0 2.0 0.14 6 0.01
PoH 0.01 0.5 12 25 45 0 0.5 0 20 0.14 6 0.03
Soybean 0.1 5 20 35 44 0.2 0.8 —0.33 1.67 0.25 6 1
Pulses 0.1 1 16 25 40 0 0.5 0 2.0 0.25 6 1

3 Results data sources, while the Original approach overestimates most

3.1 Comparison of the BNF approaches

Comparing the simulated BNF of both approaches to data
from the literature and experiments showed a substantial im-
provement of the global BNF (Sect. 3.1.1), as well as the
latitudinal and spatial patterns (Sect. 3.1.2).

3.1.1 Comparison to data and other models

The two approaches show large differences in the simu-
lated BNF. While the median global BNF between 2001 and
2010 was 191 TgNyr~! for the Original approach, for the
C-costly approach it was substantially lower, with a value
of 109 TgNyr~! (Fig. 2a). Comparing the global BNF of
both approaches to estimates from the scientific literature
shows the agreement of the C-costly values with several other

https://doi.org/10.5194/gmd-17-7889-2024

of the literature values. In particular, the recent estimate
by Davies-Barnard and Friedlingstein (2020a) was closely
matched by the C-costly approach, and 60 % of the simu-
lated data were within the range of the Davies-Barnard and
Friedlingstein (2020a) data (Fig. 2a). Despite the fact that
the Original approach was not derived from the empirical re-
lationship of Cleveland et al. (1999) for the legume crops,
the data from Cleveland et al. (1999) are well matched by the
Original approach, and only the spread of the Cleveland et al.
(1999) data is underestimated. In comparison to the data of
Xu-Ri and Prentice (2017), who reported much higher val-
ues compared to the other studies, BNF is underestimated by
both approaches implemented in LPJmL. However, large dif-
ferences are to be expected, considering that their approach
does not calculate the actual BNF but rather the BNF needed
to sustain global NPP (Xu-Ri and Prentice, 2017).

Geosci. Model Dev., 17, 7889-7914, 2024
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Figure 2. Evaluation against global (a) and site-specific data (b, ¢). Global evaluation plot inspired by Davies-Barnard and Friedlingstein
(2020a) showing global BNF (in TgNyr_l) from different studies (black) compared to the Original (red) and C-costly (blue) BNF approach
implemented in LPJmL. Studies are labelled by author names and whether they consider potential natural vegetation (PNV), actual natural
vegetation (NV) or actual land use (LU). We assigned the Davies-Barnard and Friedlingstein (2020a) data to the LU category because they
consider cropland area as grasslands and not as potential forest areas. Percentage values give the overlap between the ranges of the simulation
results and the literature estimates derived using Eq. (9). Simulated values are the median between 2001 and 2010, and the ranges show the
minimum and maximum. Site-specific evaluation (b, ¢) comparing data from observations for soybean (green) and pulses (blue) for rainfed
(RF) (circle) and irrigated (IR) (triangle) experiment and simulation results is shown using the Original (b) and C-costly (¢) BNF approaches.

Labels show the RMSE of the two approaches.

Comparing the spatial patterns of the two approaches to
those of Davies-Barnard and Friedlingstein (2020a) shows
that the Original approach generally overestimated BNF in
large areas of the tropics and temperate zones (Fig. C4c). The
C-costly approach still overestimates BNF in the tropics and
the production areas of soybean and/or pulses in India and
the United States of America (USA), but the values are sub-
stantially smaller than in the Original approach (Fig. C4f). In
both approaches, observed BNF is slightly underestimated in
the central to western part of the USA, Canada, China, Kaza-
khstan, Russia and Mongolia.

On croplands, BNF was 21 TgNyr~! with the C-costly
approach, which is within the range of 17 to 31 TgNyr~!
reported by a recent review (Zhang et al., 2021) and other
studies (Bodirsky et al., 2012; Chang et al., 2021). This con-
trasts with the overestimation of cropland BNF in the Orig-
inal approach, which was 68 TgNyr~!. For the two legume
crop functional types representing soybean and pulses, we

Geosci. Model Dev., 17, 7889-7914, 2024

compared the simulation results to BNF and yield data from
experiments (Figs. 2b and ¢ and Cla and b). For all except
two experiments, the Original approach strongly overesti-
mated BNF independent of the crop and the irrigation man-
agement. Using the C-costly approach, the cropland BNF
was strongly reduced by a factor of approximately 2, lead-
ing to substantially lower RMSEs. While simulation results
were closer to observations, some deviations remain. Pulses
generally showed lower BNF for both approaches compared
to soybean, while irrigated simulations generally showed a
higher BNF and overestimated BNF compared to observa-
tions for all experiments in the Original approach and for the
vast majority in the C-costly approach. Crop yields barely
differed between the two approaches and were comparable
to observations (Fig. Cla and b).
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3.1.2 Global variation in BNF

Generally, BNF decreases from low to high latitudes with
similar gradients but from different levels for the two ap-
proaches (Fig. 3). In latitudes with a high share of crop
legumes (e.g. 30 to 40°S), the reduction in the BNF in the
C-costly approach is especially large. Both the Original and
the C-costly approaches underestimate BNF at high lati-
tudes (the Original more strongly so) compared to Davies-
Barnard and Friedlingstein (2020a). The C-costly approach
shows a good performance in the mid-latitudes, but both
approaches overestimate BNF compared to observations in
the tropics (Fig. 3). In the Original approach, especially the
high BNF of cropland contributes to the overestimation. For
the low latitudes, both approaches exceed the values from
Davies-Barnard and Friedlingstein (2020b). However, the
higher BNF in the tropics is comparable to the median of
the TRENDY-N ensemble (see Sect. 4 and Kou-Giesbrecht
et al., 2023).

With the Original approach, mineral N was added to the
first soil layer and subsequently incorporated by the PFTs via
the passive and active N-uptake pathway. This did not allow
a separate identification of N to be taken up via BNF from the
total N uptake, except for the legume crops which fixed their
entire N deficit. Using the C-costly BNF, the model separates
N uptake by BNF from passive and active N uptake against
N concentration gradients (Marschner et al., 1991; Fisher et
al., 2010), facilitating the analysis of the share of BNF in
total N uptake subsequently referred to as % Ngfa, Which is
commonly used to refer to this variable in the empirical lit-
erature (e.g. Herridge et al., 2008). In the PNV simulation,
values for % Ng4s, were between 0 % and 20 % for most of the
grid cells (Figs. C7 and C8b). The distribution is bimodal,
showing a peak below 5 % and one at approximately 10 %.
For the dynamic land-use simulation, the values for % Ngs,
are similar, but the second peak is barely distinguishable be-
cause of a higher share of %Ny, values between 5 % and
10 % (Figs. C7 and C8a). For the crop legumes, %Ny, is
substantially higher, with the peak at around 80 % (Fig. C7d).
The highest values are simulated at low latitudes, especially
in India, sub-Saharan Africa and South America, while the
lowest values are simulated in Canada, Russia and southern
China (Fig. C8d). In the Original approach, % Nyr, of legume
crops was almost exclusively 100 % (Fig. C7e).

In both approaches, BNF per area is higher for agricultural
land than for natural vegetation (Fig. C3d and f). BNF is es-
pecially high in hot spots of legume crop production such as
Argentina, Brazil, India and the USA (Fig. 3a and b). While
the spatial pattern is similar between the two approaches, in
the Original approach, the cropland BNF leads to prominent
peaks in the latitudinal distribution (Fig. 3c). These peaks
correspond to hot spots of legume crop production, where the
C-costly approach is up to 15 gNm~2yr~! lower (Fig. C4).

For natural vegetation, the differences are smaller. Here,
the BNF in the Original approach is up to 4gNm™2yr~!
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higher compared to the C-costly approach (Fig. C4). Here,
the spatial patterns differ and show a stronger reduction in
the BNF in dry regions (e.g. central Australia, the Eurasian
steppe regions, southeast China and parts of Africa).

The various natural PFTs contribute differently to the
lower overall BNF in the C-costly approach (Figs. C5
and C6). To some extent, this reflects changes in the PFT
distribution (Figs. S1 and S2 in the Supplement). For the
tropical PFTs, BNF is lower for the broadleaved raingreen
tree (A5.25TgNyr~!; Fig. C5b) and the herbaceous PFT
(A14.1 TgNyr~!; Fig. C5i) and higher for the broadleaved
evergreen tree (A7.3 TgNyr~!; Fig. C5a). While the tem-
perate needleleaved evergreen tree PFT contributed to BNF
in low latitudes outside its expected habitat (e.g. in India
and Brazil) in the Original approach, this issue was re-
solved with the C-costly approach (Fig. C5c). The temper-
ate PFTs all fix less N in the C-costly approach than in
the Original approach. The reductions are smaller for the
broadleaved evergreen (A3.6 TgNyr~!; Fig. C5d) and sum-
mergreen (A3.8 TgNyr~!; Fig. CSe) tree and the herbaceous
PFT (A4.7TgNyr~!; Fig. C5j) compared to the needle-
leaved evergreen tree (A9.1 TeNyr~!; Fig. C5c). The BNF
of boreal PFTs is similar (A around 0.5 TgNyr~!; Fig. C5f,
g, and k) for all PFTs, except the needleleaved summergreen
tree (A1.2TgNyr~!; Fig. C5h), which fixes less N in the
C-costly approach. In the Original approach, the temperate
herbaceous PFT contributed twice as much as in the C-costly
approach to the biological N fixation of the polar vegetation
(Fig. C5j). For pulses, the BNF was 14.6 TgNyr~!, and for
soybean,the BNF was 6.4 TgNyr~! lower with the C-costly
approach.

3.2 Effects on the nitrogen and carbon cycle and
productivity

In LPJmL the C and N cycles are coupled via, for example,
the N limitation of gross primary productivity (GPP), which
controls the amount of assimilated C, the role of plant organ
carbon-to-nitrogen (C : N) ratios for maintenance respiration
and the availability of the resulting NPP for BNF. Addition-
ally, the N content of the different plant organs (leaves, roots,
sapwood, heartwood and storage organs) is derived depen-
dent on the respective C content ensuring that their C: N
ratios remain within a prescribed range. As a result, the N
balance components presented in the following section are
strongly shaped by their C cycle counterparts as the over-
all C and N balances represented by LPJmL are intimately
linked.

We describe the N balance as the sum over in- and out-
fluxes of the vegetation and the soil. Therefore, the overall
balance contains a change in vegetation and soil N stocks,
including organic and mineral forms of N.

Geosci. Model Dev., 17, 7889-7914, 2024



7896

(a) Original LU

S. B. Wirth et al.: Biological nitrogen fixation simulated with LPJmL 5.7.9

(c) LU

501

BNF [gN m™2yr™]

0 5 =10

(b) C-costly LU

Latitude [°]

-50

0 1 2 3 4
BNF [gN m™2yr™*]

BNF [gN m™2yr ]

0 5 =10

Original — DBF
Approach
— C-costly

Figure 3. Simulated average annual BNF (in gNm72 yrfl) for the years 2001 to 2010 using the Original (a) and C-costly (b) approaches.
The average (line) and Sth to 95th percentiles (shading) of simulated and observed BNF per latitude (in gNm_2 yr_l), using the Original
(red) and C-costly (blue) approaches and data from Davies-Barnard and Friedlingstein (2020a) (DBF), are shown (c).

3.2.1 Potential natural vegetation

Simulating only natural vegetation resulted in a positive ter-
restrial N balance with an average sink of 52 TgNyr~! for
the Original approach and 54 TgNyr~! for the C-costly ap-
proach between 2001 and 2010 (Fig. 4a and b and Table 2).
In 1901, N in- and outputs were almost balanced, and the
sink remained small until the 1950s when N inputs from de-
position increased, resulting in an increased sink. While the
overall N balance was similar for both BNF approaches, the
size of several components was different. The total BNF sim-
ulated with the Original approach was approximately double
that of the C-costly BNF, leading to higher soil mineral N
and organic C and N stocks. However, mineral N stocks were
not utilised by the vegetation but instead lost to the atmo-
sphere and waterbodies, leading to higher N emissions and
leaching using the Original approach. Here, 112 TgNyr~!
were emitted and 56 TgNyr~! were leached on average be-
tween 2001 and 2010, while for the C-costly approach, only
79 TgNyr~! were emitted and 39 TeNyr~! were leached
(Table 2). All types of emissions are lower with the C-
costly approach. NH3 emissions from volatilisation decrease
by 14 TgNyr~—!, N, emissions by 12TgNyr~!, N,O emis-
sions by 3 TgNyr~! and fire emissions by 5 TgNyr~!. Syn-
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chronised with the increase in deposition over time, emis-
sions and leaching also increase in both approaches, with
stronger increases in the C-costly approach. Overall, N in-
puts increased by 35 TgN in total from 1950 to 2000 in the
Original approach and by 42 TgN in the C-costly approach,
while N losses from emissions and leaching increased by 1
and 4 TgN, respectively (Table 2).

In addition to the changes in several N cycle components,
we excepted changes in C cycle components. Overall, the C
balance was similar for both approaches (Fig. C9a and b).
For the PNV simulations, the only C input into the system
was the NPP. The NPP was 2.2 PgCyr~! lower with the C-
costly approach compared to the Original approach. How-
ever, C losses from heterotrophic respiration and fire were
also lower by 1.9 and 0.3 PgCyr~!, respectively.

3.2.2 Dynamic land use

The simulations with dynamic land use include agricultural
production and related additional N in- and outputs. Ad-
ditional inputs are N from the application of manure and
synthetic fertilisers, and additional outputs are N removed
through crop harvesting, grazing and emissions from land-
use change. The differences in the total BNF, soil mineral N
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Figure 4. Global terrestrial N balance. Scenarios include the Original approach, the C-costly approach for natural vegetation and actual land
use. Net balance is denoted by the black line. N inputs include N from manure, synthetic fertiliser deposition, PFT establishment (Estab)
and BNF. N losses include leaching, volatilisation, N, emissions, fire N, harvested N, land-use change emissions (deforestation and product

turnover) and N> O emissions from nitrification and denitrification.

Table 2. N balance values for 2001 to 2010 shown in the figures. LUC (land-use change) includes deforestation emissions, product turnover

and negative N fluxes.

Original  C-costly  Literature Original PNV C-costly PNV  Literature
N losses (TgNyr—1) 344 263 168 118
Leaching 74 55 932 68D 56 39 28.6°
Volatilisation 43 32 2144 31 17 -
Ny emissions 60 47 6823, 64.2° _ _ 52 40 -
N»O emissions 13 10 10.9, 138, 100, 7.4-12.31, 12.9J 12 9 -
Fire 10 8 - 17 13 -
Harvest 142 108 - 0 0 -
LUC 2 2 - 0 0 -
N gains (TgNyr_l) 388 307 - 220 172 -
BNF 191 110 See Fig. 2 153 104  19.8-107.9%
Establishment fluxes 12 12 - 0 0 -
Deposition 67 67 - 67 67 -
Fertilisation 99 9 - 0 0 -
Manure 19 19 - 0 0 -
Net balance (TgNyr™ by 44 45 52 54

2 Bouwman et al. (2013). b Zaehle et al. (2010). € Braakhekke et al. (2017). d Volatilisation from natural soils 2.4 TgNyr_l) from Bouwman et al. (2002). ¢ Volatilisation from
manure and synthetic fertiliser on croplands and grasslands (19 TgNyr— ]) from Bouwman et al. (1997). f Galloway et al. (2004). & Sutton et al. (2013). N Tian et al. (2019).

I Tian et al. (2020).J Scheer et al. (2020). ¥ Yu and Zhuang (2020).

and organic C and N stocks are similar to the PNV simu- for the C-costly approach (Fig. 4c and d and Table 2). Al-
lations. Between 2001 and 2010, LPJmL simulated an aver- ready in 1901, the N balances of the PNV and dynamic
age N sink of 44 TgNyr~! for the Original and 45 TgNyr~! land-use simulations diverge. Since there are no synthetic
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fertiliser inputs in 1901, only the relatively small additional
inputs from establishment and manure were counteracted
by N removal through crop harvesting and land use change
emissions, shifting the total N balance towards a smaller
source. This persists even after inputs from manure and fer-
tiliser were increased from the 1950s onwards, which not
only resulted in higher crop yields, and therefore N removed
through harvesting, but also increased N losses from emis-
sions and leaching. As was shown for the PNV simulations,
the overall N balance is similar for both approaches but with
different in- and output terms driven by the higher BNF in the
Original approach. N emissions and leaching for the Original
approach (128 and 74 TgNyr~!, respectively) were higher
than for the C-costly approach (99 and 55 TgNyr~!, respec-
tively) (Table 2). Similar to the PNV scenario, all types of
emissions are lower with the C-costly approach. NH3 emis-
sions from volatilisation decrease by 11 TgNyr~—!, N, emis-
sions by 13 TgNyr~!, N>O emissions by 3 TgNyr~! and
fire emissions by 2TgNyr~'. N removal from harvesting
was 142 TgNyr~! on average between 2001 and 2010 for
the Original approach and 108 TgNyr~! for the C-costly ap-
proach. This indicates a stronger N limitation of agricultural
areas in the C-costly approach. The majority of this reduc-
tion can be attributed to managed grassland and not crop-
lands (Figs. S3 and S4).

Similar to the PNV simulations, the overall C balance
barely differed between the two approaches (Fig. C9c and d).
While the C input from manure and establishment was simi-
lar for both approaches, NPP was 1.8 PgCyr~! lower in the
C-costly approach. C lost from land-use change was similar.
Fire emissions and C removed through harvesting only dif-
fered by 0.1 PgCyr~!, while heterotrophic respiration was
1.4 PgCyr~! lower in the C-costly approach than in the Orig-
inal approach.

4 Discussion

While the Original approach only indirectly accounts for
temperature and water limitation, as these also limit evapo-
transpiration and NPP, the C-costly approach explicitly con-
siders the limitation of BNF from soil temperature, water
content and NPP separately. These have long been estab-
lished as limiting factors for BNF. Depending on the prevail-
ing conditions, BNF may be limited more strongly by tem-
perature or soil moisture or a combination of both. The role
of temperature was explored early on by Meyer and Ander-
son (1959) and was followed by numerous studies for differ-
ent plant species or legume crop varieties and temperature
ranges (e.g. Montafiez et al., 1995). Such studies allowed
the quantification of optimal temperature ranges and limits
facilitating the development of functions such as f7(Tsoi1),
which are based on empirically derived temperature curves
(e.g. Halliday and Pate, 1976). A similarly large literature
body exists on the role of soil moisture (e.g. Serraj et al.,
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1999; Rousk et al., 2018). Valentine et al. (2018), describ-
ing the different pathways with respect to how drought stress
inhibits BNF, with an important aspect being the change
in nodule water potential that indicates a strong connection
to soil water content. While flooding of soils can also in-
hibit BNF through O limitation, nitrogenase was shown to
be more active in waterlogged environments (Jiang et al.,
2021). Therefore, we are confident that our linear function
for fw(SWC), assuming that only soil moisture levels that
are too low limit BNF (McGechan, 1999), reflects empirical
observations well. As BNF is associated with a respiratory
loss of C, the net amount of C assimilated via photosynthesis
(NPP) available for BNF, as well as the fixation efficiency
(respiratory loss of C per gained N), forms an additional im-
portant controlling factor. A recent meta-analysis by Yao et
al. (2024) highlights the importance of plant taxa for BNF in
addition to abiotic factors. This is in line with early experi-
mental work that quantified the respiratory loss of C per N
fixed (Reed et al., 2011; Patterson and Larue, 1983; Voisin
et al., 2003) and the total amount of NPP spent on fixation
(Kaschuk et al., 2009) for different N-fixing plants and al-
ready showed that functional traits have to be considered
when assessing BNF. Therefore, including NPP and a cost
of fixation, as we did with the C-costly approach, is an im-
portant conceptual improvement.

The C-costly approach is not only conceptually superior
to the simplistic Original approach in LPJmL, it also per-
forms better in comparison to external data. Still, some mis-
matches with reference data remain, such as an overestima-
tion of BNF in the tropics (Fig. 3c). However, the ensemble
mean of a recent study evaluating the N cycle of 11 DGVMs
shows a similar overestimation in the tropics and a large bias,
indicating little agreement between models (Kou-Giesbrecht
et al., 2023). They attributed this to the fact that BNF is typi-
cally modelled as a function of vegetation activity expressed
either through NPP or evapotranspiration. Our results show
that the overestimation of tropical BNF is reduced if tem-
perature and water availability are considered separate limi-
tations, which supports their interpretation. Furthermore, the
NPP that can be used for BNF depends on the overall produc-
tivity, which certainly is higher in the tropics. It is likely that
additional variables not considered in our approach constrain
BNF there, such as phosphorus limitation (Vitousek, 1984;
Lee et al., 2019). However, it has also been suggested that
as a result of higher N losses, tropical BNF should be higher
than observations imply (Hedin et al., 2009). This could be a
result of uncertainties inherent to BNF measurements (Soper
et al., 2021) or the limited amount of data available from
tropical ecosystems.

Furthermore, simulated BNF was at the higher end of the
range reported by Davies-Barnard and Friedlingstein (2020b)
for the C-costly approach. One explanation is that Davies-
Barnard and Friedlingstein (2020b) aggregate cropland and
grassland areas, assuming that their BNF rates are identi-
cal. However, a recent study provides evidence that the BNF
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of crop legumes might actually be substantially higher than
that of forage legumes (Herridge et al., 2022; Peoples et al.,
2021), and therefore, the BNF of croplands and grassland
cannot be assumed to be similar. Consistent with this, we
also had to select much higher potential N fixation rates for
the crop PFTs compared to the other PFTs to achieve suffi-
cient cropland BNF (Table 1).

We expected that limiting BNF of legume crops would
result in stronger N stress and reduced yields. However,
yields for the legume crops were similar between the two
approaches. One explanation is the direct link that the main-
tenance respiration of a plant organ has to its N content. Re-
ducing the N that is taken up via BNF results in a lower or-
gan N content and maintenance respiration and thus simi-
lar NPP. Indeed, C : N ratios are higher for the C-costly ap-
proach compared to the Original approach, indicating a lower
plant N content (Fig. C2).

The average %Ngs, of legume crops was between ap-
proximately 30 % and 100 % for the C-costly approach and
100 % for the Original approach. Comparing the distribution
(Fig. C7d) to % Ngg, observations shows that the values of
the C-costly approach are possible but at the upper end of
observations, while those of the Original approach are not
supported by observations. For soybean, experimental val-
ues range from 0% to 98 %, with an average of 52 % (Sal-
vagiotti et al., 2008). Herridge et al. (2008) report average
values between 40 % and 75 % on average and up to 97 %
for experiments but only 36 % and 68 % for farmers’ fields,
depending on the cultivated legume crop. % Ngr, is strongly
related to soil mineral N content and thus fertilisation levels.
The high %Ng4s, may be an indication that either fertiliser
levels or active and passive N uptake and retranslocation of
N at leaf senescence are underestimated by LPJmL, and re-
spective processes should be re-evaluated. We found a higher
9% Ngra for both the natural vegetation and the cropland in
warm and dry areas (Fig. C8) where mineralisation of or-
ganic N is limited (Dessureault-Rompré et al., 2010).

We expected that the differences in the BNF between the
two approaches would be reflected by differences in the C
stocks and fluxes due to the close link of the C and N cycles
in LPJmL. Both the C inflow into terrestrial C stocks from
NPP and outflows from harvest, heterotrophic respiration and
fire were lower in the C-costly approach, leading to a simi-
lar net C balance for the two approaches (Figs. C9 and S5).
Accounting for the cost of BNF in the form of respiratory
losses of NPP leads to lower NPP, which limited biomass ac-
cumulation and in turn harvest, as well as biomass available
for burning and heterotrophic respiration via reduced litter
accumulation. Because of the close link of the C and N cy-
cles, the net N balance is also similar for the two approaches.
The lower BNF in the C-costly approach results in lower N
outfluxes, i.e. leaching, emissions and harvests. The Original
approach added mineral N to the soils of the natural vege-
tation and managed grassland even if the vegetation was not
N limited. Legume crops that received all the N that they
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demanded, as in the Original approach, returned high N con-
tent residues to the soil, increasing N inputs and mineral N
stocks. As a result, the mineral N content of soils was higher
in the Original approach, explaining the differences in yields
and leaching. Similarly, soil mineral N content influences N
emissions except fire emissions, which are controlled by the
N content of the burned vegetation and litter. Since this also
decreased, fire emissions were lower with the C-costly ap-
proach. In contrast to the lower BNF, which is in line with
observations, N losses from leaching and emissions (from
volatilisation, denitrification, nitrification, fire and land-use
change) are underestimated by LPJmL simulations compared
to observational data (see Table 2) in both approaches. The
overestimation of emissions from volatilisation of soil NH4
is strongly reduced with the C-costly approach because the
soil NH4 T pool is lower in the C-costly approach compared
to the Original approach, where BNF is directly added to the
soil NH4" (see Sect. 2.2). While N,O emissions compare
well to literature estimates, N emissions are more strongly
underestimated with the C-costly approach. Similar to the
soil NH4 T pool, the soil NO3 ™ is reduced because less NH, ™
is available for nitrification, resulting in reduced N, emis-
sions. Overall, the reduction shifts emissions from an over- to
an underestimation of the literature values. While one source
of differences is the missing representation of NO, emissions
in LPJmL, this is not sufficient to fully explain the difference.
Howeyver, the models of the TRENDY-N ensemble also un-
derestimated N losses from emissions of NH3z, N>O, NO,,
and Ny, as well as leaching (Kou-Giesbrecht et al., 2023),
suggesting that processes within DGVMs and scenario as-
sumptions need to be revised. For LPJmL, we identified sev-
eral potential causes. First, the manure input accounts only
for manure applied to cropland, and the total amount is in line
with other sources reporting cropland manure (Zhang et al.,
2021), but does not account for manure added to grasslands
other than the internal recycling by grazing animals (Heinke
et al., 2023). Second, N losses and emissions strongly vary
between different agricultural production systems whose rep-
resentation would require not only the implementation of
more detailed management options but also data sets on the
spatial patterns of the application of different management
specifics of these systems. Third, we conducted our simula-
tions assuming cover cropping outside the growing season on
all croplands, which overestimates the extent of cover crop-
ping and reduces N losses. However, data on cover cropping
systems are not available (e.g. Porwollik et al., 2022).

While the C-costly approach improved simulation results
for BNF, as well as other components of the N balance, and
model results are in line with other DGVMs that represent
the N cycle, we see potential for further improvement. The
C-costly approach depends on multiple parameters, some of
which are not well constrained. Values for the potential N
fixation rate vary between species and across sites (Ma et al.,
2022), and selecting one value to be representative of one
PFT or even all PFTs of an entire climate zone is a strong
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simplification. Furthermore, experiments have shown a large
variation in the respiratory cost of BNF (Reed et al., 2011;
Patterson and Larue, 1983; Voisin et al., 2003), as well as the
amount of NPP that different plant species invest (Kaschuk
et al., 2009), which is not well reflected by the current pa-
rameterisation.

In addition, we assume a constant fraction of N fixers
present in a community. However, the number of N fixers
changes over time, dependent on N stress (Herben et al.,
2017; Taylor et al., 2019). N fixation, the share of fixers
and/or nodule abundance is low in undisturbed N-rich envi-
ronments, and nodules need to be produced to increase N fix-
ation if N availability decreases (Fisher et al., 2010; Crews,
1999). Similarly, N fixation does not cease instantaneously
when N becomes more abundant but is only reduced after
the share of fixers and/or nodule abundance has decreased
(Thornley et al., 1995; Herben et al., 2017). In contrast, fix-
ers are always present in LPIJmL and can instantly fix N if
necessary. Therefore, LPJmL likely simulates an adaptation
response that is too quick for the changing N availability and
overestimates the short-term capability of the community to
buffer changes in N availability.

While our approach simulates the total amount of BNF
well, it does not distinguish the symbiotic from free-living
or heterotrophic N fixation. However, these are two different
sources of N, and their share of total BNF shows large spatial
heterogeneity (Davies-Barnard and Friedlingstein, 2020b).
In contrast to symbiotic BNF, free-living BNF does not re-
quire NPP expenditures, and separating the two may further
improve simulation results for NPP and its dependent vari-
ables.

In the following, we qualitatively compare our approach
to common approaches used in crop models and DGVMs.
A synthesis of nine crop models by Liu et al. (2011) showed
that soil water status and N supply were the most widely con-
sidered control variables. Soil temperature was only consid-
ered by four models and plant C supply only by two mod-
els, despite their importance for limiting BNF. The C-costly
approach also uses empirical factors to account for soil tem-
perature and soil water status, whereas the role of N supply,
plant C supply and plant growth stage are simulated mech-
anistically in LPJmL, which is a clear distinction from the
models assessed by Liu et al. (2011).

Our approach is at the higher end of the complexity when
compared to 11 TRENDY-N DGVMs that include the N cy-
cle. As shown in Kou-Giesbrecht et al. (2023), five DGVMs
follow an approach similar to the Original approach, calcu-
lating BNF based on evapotranspiration or NPP; three mod-
els calculate BNF as a function of N limitation; two mod-
els assume a constant BNF; and in one model BNF is de-
rived in post-processing to close the N cycle. The remaining
three models use more complex approaches which can be
compared to the C-costly approach. The Community Land
Model (CLM) version 5.0 (Lawrence et al., 2019) uses an
approach based on Fisher et al. (2010), explicitly minimis-
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ing the cost of active N uptake, retranslocation and BNF
and distinguishes asymbiotic from symbiotic N fixation. In
the Canadian Terrestrial Ecosystem Model (CTEM), BNF is
a function of temperature, vegetation cover, soil nitrate and
plant structural C pools (Arain et al., 2006; Dickinson et al.,
2002). The Dynamic Land Ecosystem Model (DLEM) con-
siders soil temperature, soil moisture status, soil C and soil
N (Tian et al., 2015). While the approach used in CLM5.0
is more complex compared to the C-costly approach and ad-
dresses some of the conceptual shortcomings of the C-costly
approach discussed earlier, the approach used in CTEM is of
similar complexity and simulates values at the upper end of
the recent literature estimates (Kou-Giesbrecht et al., 2023).
However, global BNF values and latitudinal distribution sim-
ulated by CLMS5.0, as shown by Kou-Giesbrecht et al. (2023)
in Figs. 3 and A6, are comparable to those simulated with
C-costly approach. To fully assess the advantages of such
a complex approach over the C-costly approach or that of
CTEM or DLEM, a comparison of the spatial patterns or of
simulations at higher spatial resolution could be a worthwhile
future endeavour.

5 Conclusions

Compared to the simplistic Original BNF implementation in
LPJmL, the more complex C-costly approach, as described
here, presents a substantial improvement of the representa-
tion of BNF in LPJmL. While the Original approach led to
an overestimation of BNF and was insensitive to soil temper-
ature and soil water conditions, the C-costly approach over-
comes these issues and can help to better project future BNF
and its effects on N limitation of the terrestrial biosphere,
as well as losses of reactive N to the environment, including
the greenhouse gas nitrous oxide (NO). Further research is
needed, especially with respect to balancing different in- and
outfluxes and internal recycling rates. The current improve-
ment of BNF simulations with LPJmL and the associated
underestimation of loss terms exemplifies the scope of this
problem. Our study highlights the importance of a detailed
implementation of the processes controlling BNF for N cy-
cling in DGVMs. While the C-costly approach already im-
proved simulation results, we think that additional benefits
would be gained by explicitly separating BNF by symbiotic
and free-living bacteria and from accounting for the costs of
other N-uptake sources, except passive N uptake.
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Appendix A: Nitrogen demand and uptake

The total N demand (Ngemand in gNm_z) at any time ¢ is
the sum of the leaf N demand for RuBisCo and structural
components (Ndemand leaf 1N gNm’z) and the N demand for
structural components of the other plant compartments.

Neemand.leaf =25 - 0.02314815/daylength - Vinax
-exp(—0.02 - (T —25)) - fuar(LAID) (A1)
+N Cleaf,median . Cleaf,tv

where Vinax (ng’z) is the PFT-specific maximum car-
boxylation capacity computed based on absorbed photosyn-
thetically active radiation (APAR) and canopy conductance
(Schaphoff et al., 2018b; Sitch et al., 2003). T is the average
temperature (°C) of the current day, and daylength is the du-
ration of daylight (h). fLar(LAI) is a dimensionless modifier
to account for the current leaf area index (von Bloh et al.,
2018), and Cjeaf (gCm~2) is the current leaf C content.

fLar(LAI) =
max (0.1, LAI) for LAl < 1 (A2)
exp(0.08 - min(LAI, 7)) otherwise,
t
Cleat,s = Cieat + fiear - )_ NPy — Alittery. (A3)

t'=1

LAl s the current leaf area index, and Z;,: {NPP; — Alitter,/
is the difference between the accumulated biomass increment
and litterfall.

N, demand,t =

M M
<Ndemand,leaf+ Zmlem +NCt . Zmzl(fm/Rm) (A4)

’ Z;/:1NPPZ’ - Alittert’) - (1 + kstore) s

where M is one for grasses, two for trees and
three for crops, equalling the number of the respec-
tive PFT plant compartments and excluding leaves,
NC; = min(max(Nieaf,r / Cleat,r» N Cleaflow) NCleaf,high)~ Sm
is the fraction of biomass allocated to the compartment m,
R, is the C: N ratio of compartment m relative to the leaf
C : N ratio, and ke is a PFT-specific parameter to maintain
the PFT labile N storage. Passive and active N uptake
(Nuptake) from each soil layer [ (nsojlayer = 6) is calculated
as a function of the potential N uptake of the root system.

ji’inayerZ + Nup root * Croot, - Tootdist;
- N (Navair,1) - fr (Tsoir1) (AS)
i\ (NCplant)7
where Nyp root 18 the PFT-specific maximum N-uptake rate
per unit of fine root mass in each layer, Croor s is the current

N uptake =

https://doi.org/10.5194/gmd-17-7889-2024

root C, rootdist; is the fraction of roots in layer /. fy, fr and
fnc are dimensionless modifiers for the availability of min-
eral N, soil temperature and plant N : C ratio (von Bloh et al.,
2018). Croot,; 1s calculated as Cieat,r in Eq. (A3). The root dis-
tribution can be calculated from the proportion of roots from
the surface to soil depth z, following Jackson et al. (1996):

z
11— /sroot
1— Zbottom
root

rootdist, = (A6)
where Zpottom 1S the lower boundary of the last soil layer and
Broot 1 a PFT-specific parameter (Table A1). The root pro-
portion of one soil layer can be calculated as

rootdist; = rootdist,(;) — rootdist; ;1. (A7)

fn follows Michaelis—Menten kinetics,

N, avail,/

. (A8)
Navail,l + KN,min . ®max . dsoil

fN(Navail,[) = kN,min+

where Nyyail,1 = NO3 soit 1~ +NHa soits T, kN, min and Ky min
are the PFT-specific parameters describing the Michaelis—
Menten kinetics. ®Onax i the soil-type-specific fractional
pore space, and dyoi,; (dimensionless) is the soil layer depth
(m).

St 1s the temperature function given by Thornley (1991)

S (Toir) =

((Tsoil,l —To0)- 2Ty — To — Tsoi,1) ) (A9)
max 0],
(Tr_TO)’(z'Tm _TO_Tr)

where Ty < T, < 2- T, — T has to be fulfilled. von Bloh et
al. (2018) defined 7,, = 15°C, T, = 15°C and Tp = —25°C,
which leads to the maximum of one at temperatures of 15 °C
and higher and non-zero values above —25 °C.

Jnc was taken from Zaehle and Friend (2010),

NCyjant — NCieaf hi
fxne = min <max ( plant leaf high ,0) , 1) . (A10)
NCleaf,low - NCleaf,high

Where NCplant _ Niear+Nroot

7 Cleaf+Croot NCieafmin and NCieaf,max are

PFT-specific parameters extracted from the TRY database
(Kattge et al., 2020) (Table Al).

The labile-N values Nigpile,; are the current reserves which

have accumulated via N uptake and retranslocation.

t
Nlabile,t = Nlabile + Z Nuptake,t/ - Nresorb,t’ (Al 1)

=1
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Table A1. PFT-specific parameters used in N-demand and N-uptake calculations.

PFT NC]eaf ‘ R kstore Nup,root ﬁroot kN,min Kn,min
Low Median High | Root Sapwood Storage organ Pool
- - - - - - - - gNgC_ld_1 - - gNm_2

TrBE 15.6 268 462 | 1.16 135 - - 01 28 0952 0.5 1.48
TrBR 15.4 23.1 346 | 1.16 13.5 - - 0.1 2.8 0981 0.05 1.48
TeNE 318 450 638 | 1.16 13.5 - - ol 28 0976  0.05 1.48
TeBE 15.6 26.8 462 | 1.16 13.5 - - 0.1 2.8  0.964 0.05 1.48
TeBS 15.4 23.1 346 | 1.16 135 - - 01 2.8 0.966 0.05 1.48
BoNE 31.8 450 638 | 1.16 13.5 - - 0.1 2.8 0955 0.05 1.48
BoBS 154 231 346 | 1.16 135 - - ol 28  0.955 0.05 1.48
BoNS 18.4 260 369 | 1.16 13.5 - - 0.1 2.8 0955 0.05 1.48
TrH 17.4 340 669 | 1.16 - - - 0.05 5.51 0973 0.05 1.19
TeH 10.5 199 379 | 1.16 - - - 0.05 5.51  0.943 0.05 1.19
PoH 10.5 199 379 | 1.16 - - - 0.05 551 0943 0.05 1.19
Soybean  14.3 250 588 | 1.16 - 0.42 3 01 551  0.969 0.05 1.48
Pulses 14.3 250 58.8 | 1.16 - 0.42 3 0.1 5.51  0.969 0.05 1.48

Appendix B: Spin-up simulation carbon stocks

With constant forcing (i.e. stable pre-industrial atmo-

spheric CO; concentration, atmospheric N deposition

and climate), the global C stocks showed a residual

trend of —0.0106 PgCyr~! for the Original approach and

—0.0121 PgCyr~! for the C-costly approach. This is 8—

10 times lower than the steady-state criterion of the

0.1PgCyr~! residual trend after spin-up, which is used by

the Global Carbon Project to validate DGVMs for inclu-

sion in their global C budget analysis (Friedlingstein et al.,

2022). At the grid cell level, the vast majority of cells (94 %

for the Original approach and 95 % for the C-costly ap-

proach) exhibited residual trends in total C stocks of less

than +1gCm?yr~!. The corresponding maps are shown in

Fig. B1.

(a) Original (b) C-costly

Residual trend in carbon stocks after spinup [gC m= yr’1]

Figure B1. Residual trends in C stocks after the spin-up simulation averaged over 1000 years for the Original approach (a) and the C-
costly (b) approach.
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Appendix C: Additional figures and tables

7903

(a) - (b)
Original pulses & soybean C-costly pulses & soybean

. RMSE [gC m%yr ] . RMSE [gC m%yr 1]

- Soybean RF 2.15 - Soybean RF 1.73

‘; Soybean IR 1.98 ‘; Soybean IR 1.87

o Pulses RF 1.73 o Pulses RF 1.78

I_ 754 I 7.54

= Pulses IR 4.95 = Pulses IR 5.21

S %

T 50+ T 50+

Q2 A A A an Q Ad

> ‘AA M, 44 2 > A A

A 2 “ ok, o4

8 551 e 4 5 3,5l AL A M A

= A s IS

> A A > 4 A

E r E S EE

@ 0.04 L » 0.04 4 & A AR

0.0 25 50 75 0.0 25 50 75
Observed Yield [gC m™yr™"] Observed Yield [gC m2yr™"]
Irrigation e Irrigated 4  Rainfed Crop Pulses © Soybean
(c) - (d)
Original C-costly
RMSE [gN m2yr ] RMSE [gN m2yr ]

~—"_' vV 1.98 '\_—' NV 1.13
<\‘1>' ° ° (\‘,>~

£ 41 £ 44

=z =z

=2 =2

s | s il

e o .

@ o @ oo

° L] L] el

L . . ® L . .

o . 2z o o

3 =] o, o ()
E | e s E|¥
7] o oo 7} o o o 'o. .

0 2 4 0 2 4

Observed BNF [gN m2yr™']

Observed BNF [gN m™2yr™]

Figure C1. Simulated and observed crop yields (a, b) for soybean (green) and pulses (blue) and BNF in natural vegetation (c, d).
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Figure C2. Vegetation C : N ratio for the years 2001 to 2010 for rainfed (RF) and irrigated (IR) soybean (red) and pulses (blue) for the
Original approach and C-costly approach.
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(a) PNV Original (b) PNV C-costly
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Figure C3. The 2001 to 2010 average BNF (in gNm_2 yr_l) of the potential natural vegetation (PNV) simulations (a, b), of the natural
vegetation (NV) (¢, d) and of the managed land (AG) (e, f) area fractions of the dynamic land-use (LU) simulations.
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(a) LU Original - C-costly (b) PNV Original - C-costly

J
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-101 3 5 =27

(c) LU NV Original - C-costly (d) LU CL Original - C-costly

-1 0 1 =2 0 20 40 60 =80

ABNF [gN m~2yr™'] ABNF [gN m~2yr™] -

Figure C4. Difference between 2001 to 2010 average BNF (in gNm72 yrfl) between the two approaches (a—d) for the dynamic land-
use (LU) simulations (a), for the potential natural vegetation (PNV) simulations (b), for the area fractions of natural vegetation (NV) (c)
and for the managed land (AG) (e) of the dynamic land-use simulations and the difference compared to the data from Davies-Barnard and
Friedlingstein (2020a) (DBF) (e, f).
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Figure CS. Latitudinal distribution of BNF for each PFT for the dynamic land-use simulations for the Original approach (red) and C-costly
approach (blue).
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Figure C6. Latitudinal distribution of BNF for each PFT for the potential natural vegetation simulations for the Original approach (red) and
C-costly approach (blue).
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Figure C7. Density distribution of the fraction of BNF of the total N uptake for the dynamic land-use simulations (a), for the potential
natural vegetation (b) and for the area fractions of natural vegetation (NV) (¢) and cropland (CL), using the C-costly approach (d) and the

Original (e) approach for the dynamic land-use simulations.
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Figure C8. Global distribution of the fraction of % Ngs, for the dynamic land-use (a), for the potential natural vegetation simulations (b) and
the natural vegetation (c) and cropland (d) fraction of the dynamic land-use simulation.
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Figure C9. Global terrestrial C balance. Scenarios include the Original approach and the C-costly approach for natural vegetation and actual
land use. The net balance is denoted by the black line. C inputs include C from manure, PFT establishment (Estab) and NPP. C losses include
heterotrophic respiration, fire emissions, harvested C and land-use change emissions (from deforestation and product turnover).

Code availability. The  source code of LPImL in
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and at https://github.com/PIK-LPJmL/LPJmL (last access:
30 October 2024).
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