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Abstract. The balance between the supply of reactive nitrogen to plants and their nitrogen demand determines the extent to
which plant growth, and the associated terrestrial carbon and water cycles, are limited by nitrogen (N). While developing recent
versions of the Lund-Potsdam-Jena managed land (LPJmL) model, we identified a legacy scaling error in the nitrogen demand
formulation that artificially inflated plant leaf N demand by a factor of approximately two. Correcting this structural inconsis-
tency fundamentally altered the modeled terrestrial N balance and effectively eliminated N limitation on simulated vegetation
growth. To restore process realism, we present LPJmL version 5.10, which resolves this legacy formulation by implementing a
comprehensive re-evaluation of plant uptake, recycling, and phenological dynamics. Specifically, this model update introduces:
(1) a corrected leaf N demand calculation that removes inappropriate daylength scaling; (2) updated root uptake kinetics for
separate nitrate (NO3 ') and ammonium (NHI) uptake based on experimental data; (3) changes to N recovery and turnover
in plants; and (4) revised tree phenology to improve seasonal canopy dynamics. We evaluated the resulting model behavior
using the International Land Model Benchmarking (ILAMB) tool, spatial vegetation patterns against satellite observations, and
comparisons with global literature values for N cycle components. LPJmL 5.10 preserves aggregate land-surface performance
for energy and hydrological diagnostics while establishing a more self-consistent and realistic internal N cycle. Relative to its
predecessor, global vegetation N stocks and N uptake decreased by 35%. This reduction in plant demand shifted mineral soil
nitrogen toward a larger nitrate pool, which subsequently increased immobilization, leaching, and denitrification fluxes. These
altered pathways bring global N losses into closer agreement with absolute empirical literature estimates. As the final release
of the LPJmL 5 series, version 5.10 documents the exact model configuration used for the TRENDY simulations in the Global

Carbon Budget 2025 and provides a structurally sound foundation for future model development in the LPJmL 6 series.
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1 Introduction

The balance between the supply of reactive nitrogen (Nr) to plants and their nitrogen demand determine the extent to which
plant growth and the associated terrestrial carbon and water cycles are limited and controlled by nitrogen (N). At the same
time, other growth-regulating mechanisms, such as plant phenology, interact with the seasonal and overall N demand by
plants, so that representing the N cycle in models also depends on other mechanisms explicitly and implicitly represented in
these. While DGVMs and ESMs have increasingly implemented the N cycle to account for this important control mechanism,
the representation of the complexity of the N cycle differs substantially and so do estimates for N stocks and fluxes (Kou-
Giesbrecht et al., 2023). Models are often developed over longer time periods, adding additional features (such as an explicit
representation of the N dynamics) that may require revisiting existing model components and their parameterization.

The Lund-Potsdam-Jena managed land (LPJmL) model is a dynamic global vegetation, hydrology, and agriculture model
originally developed to study the terrestrial carbon cycle of natural and managed ecosystems (Schaphoff et al., 2018b). It was
later extended to include the N cycle by von Bloh et al. (2018), including much of the N functionality that was developed for
the companion model LPJ-GUESS (Smith et al., 2014). Subsequent model development efforts affecting the representation of
the N dynamics include a more explicit representation of biological N fixation (BNF) (Wirth et al., 2024) but also different
agricultural management options that affect the N dynamics on managed land (Heinke et al., 2023; Porwollik et al., 2022; Lutz
etal., 2019).

When further improving the model, we discovered a bug in the way N demand was computed, which overestimated plant
N demand by a factor of approximately two. Correcting that error substantially disturbed the N balance between demand and
supply and effectively eliminated N limitation in simulated vegetation growth. Further scrutiny of N uptake, N recycling and
plant phenology helped to re-establish a more plausible level of N limitation in LPJmL, version 5.10. These follow-up revisions
were developed together as a package, several of them specifically to compensate for the corrected N demand. We therefore
present and evaluate them collectively, rather than attributing individual effects to each change. We here describe the changes
for documentation and reference and evaluate the resulting model behaviour, making use of the ILAMB (International Land
Model Benchmarking) tool, additional variables with substantial changes and a comparison against global literature values
for N cycle components. We also discuss two specific limitations that warrant further work: the loosely constrained N uptake
kinetics parameters, and the lack of a relationship linking carboxylation capacity back to leaf nitrogen content.

This is the last model update of LPJmL version 5 (von Bloh et al., 2018) before updating to a substantially changed model
version (6.0.0, Schaphoff et al., 2026). The LPJmL model version 5.10 was also used for the latest TRENDY simulations for
the Global Carbon Budget 2025 (Friedlingstein et al., 2026) and we thus document the final release of the LPJmL 5 series here.

2 Methods

The overall structure and process representation of LPJmL, including vegetation dynamics, phenology, hydrology, crop growth
and management, are described in detail by Schaphoff et al. (2018b), and the nitrogen cycle extension of LPJmLS5 is docu-

mented by von Bloh et al. (2018). In the following, we therefore only summarize those components that have been modified
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or newly introduced in LPJmL 5.10, including the coupling between leaf nitrogen and V4, the calculation of plant-scale ni-
trogen demand and uptake, and selected updates to phenology, carbon allocation and management. These targeted descriptions
are intended to provide the context needed to understand the model behaviour in this study and to interpret differences relative

to previous LPJmL applications.
2.1 Description of the LPJmL model

The Lund-Potsdam-Jena managed land (LPJmL) model is based on the Lund-Potsdam-Jena model (LPJ) that was originally
developed for studying vegetation dynamics and the associated carbon cycle under climate change (Sitch et al., 2003) and later
extended by hydrological modules (Rost et al., 2008; Gerten et al., 2004) and an representation of agricultural modules for
better accounting for human modifications of the terrestrial carbon balance (Bondeau et al., 2007), forming the original LPJmL
model that then also represented managed land. Up to version 4 (Schaphoff et al., 2018b, a), biomass stocks and fluxes were
only represented as carbon and only climate, atmospheric carbon dioxide concentrations ([COz]), soil texture, and soil water
(managed through irrigation Jagermeyr et al. (2015) and rainwater harvesting Jigermeyr et al. (2016)) determined vegetation
patterns and associated carbon stocks in soils and vegetation. The nitrogen cycle was later introduced to the LPJmL model
(von Bloh et al., 2018), establishing version 5, in which N availability and plants’ demand and uptake capacity effectively limit
photosynthesis and growth. Version 5 was the basis for developing different modules for agricultural management (Heinke
et al., 2023; Porwollik et al., 2022; Lutz et al., 2019) and further improvements of the core model, including an updated BNF
scheme (Wirth et al., 2024).

At the core of the LPJmL model is a photosynthesis module (Haxeltine and Prentice, 1996) that couples the carbon, nitrogen,
and water cycles through stomatal exchange with the atmosphere. Assimilated carbon is used to build up biomass in different
plant organs (leaves, roots, etc.), which again affects their light interception and subsequent photosynthesis. Natural vegetation
is represented as eleven plant functional types (PFTs), of which eight are trees and three are herbaceous. Natural vegetation
PFTs compete with each other for resources (light, water, nitrogen) and are assumed to grow in mixed plots. PFTs are pa-
rameterized to represent their different life forms (herbaceous vs. trees) and functional types (broadleaved vs. needleleaved,
evergreen vs. deciduous) and climatic zones (tropical, temperate, boreal) as well as the corresponding phenology. Vegetation
dynamics are represented through establishment, growth, competition, mortality, and wildfires.

Managed vegetation is represented as cropland and managed grasslands. Crops are grown in monocultures, i.e. only one
crop at a time, but after harvest, soils of different fields within one grid cell (spatial simulation unit) are mixed to represent
rotational management. Crops can be managed differently with tillage (Lutz et al., 2019), irrigation (Jdgermeyr et al., 2015),
fertilization (von Bloh et al., 2018), manure application (Herzfeld et al., 2021), residue removal (Herzfeld et al., 2021), cover
crops (Porwollik et al., 2022), or growing seasons (Minoli et al., 2022). Grasslands are assumed to be perennial grasslands and
can be simulated as regularly mowed grassland or with varying livestock densities (Heinke et al., 2023). Land-use patterns,
including water reservoirs that can be tapped for irrigation, are prescribed at an annual basis and land pools (soil water, carbon,
nitrogen) are adequately transferred across land-use types. Precipitation, irrigation water and snow melt, either infiltrate into

the soil column, which is represented in 5 hydrologically active layers (0.2, 0.3, 0.5, 1.0, 1.0 m thick, respectively), where it
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percolates through the layers and is available for plant respiration through root uptake, or forms surface runoff. After percolation
through the soil column, excess water forms seepage and seepage and runoff are jointly traced through a prescribed river
network, from which irrigation water can be extracted (Rost et al., 2008).

A detailed description of the fundamentals of LPJmL is provided by Schaphoff et al. (2018b).

2.2 Updated N processes
2.2.1 Nitrogen demand

Nitrogen of leaves (N, f) is related to the maximum carboxylation rate of photosynthesis at 25 °C (V.25 ) following Haxeltine

and Prentice (1996):

Nleaf:p'V25 +NO (1)

cmax

The parameter p represents the specific leaf nitrogen per unit of V2> and is estimated as 0.025 g(N) s umol(C) ! based on the
regression provided in Field and Mooney (1986). The term Ny denotes the intercept of the regression and can be interpreted as
the structural nitrogen content of leaves. In LPJmL, Ny is derived from the PFT-specific minimum leaf nitrogen concentration

(NCieaf.iows in g(N) g(C)~1) and the leaf carbon content (Ceqf, in g(C) m™2) as
NO = NCleaf,low : Clea,f . (2)

This choice aligns the structural nitrogen requirement in the demand formulation with the minimum leaf C:N ratio that con-
strains leaf stoichiometry in the model (see Section 2.2.2 and Table 2).
V25 s calculated from the optimal maximum carboxylation rate V,,,, at ambient temperature 7 using an exponential

cmax

function with a temperature sensitivity parameter (k¢emp) of 0.0693 K~! (Haxeltine and Prentice, 1996):

25 —ktemp (T —25
char = Vemaa - € P ( ) . (3)

Vemas 18 calculated by the photosynthesis module of LPJmL to maximize daily net photosynthesis rate (Haxeltine and Prentice,
1996; von Bloh et al., 2018; Schaphoff et al., 2018b). It is internally obtained from fluxes in g(C) m~2 day~! and multiplied
by 0.9645 to convert to umol(C) m~2s~1, assuming an atomic mass of carbon of 12 gmol 1.

This implementation differs in three aspects from the previous version of LPJmL (von Bloh et al., 2018):

1. In von Bloh et al. (2018), V4., entering the nitrogen demand calculation was scaled with 24 /daylength following Smith
et al. (2014), who introduced this scaling to convert a daily average V.4, to an effective ‘daytime’ value, by analogy to
radiation fluxes. However, V4. is a leaf-level biochemical capacity per unit leaf area and time, not a daily carbon flux,
and the impact of daylength and absorbed photosynthetically active radiation on the optimal V4, is already accounted
for in the photosynthesis routine of LPJmL through the daily optimisation of assimilation (Schaphoff et al., 2018b;
Haxeltine and Prentice, 1996). The additional 24 /daylength factor therefore amounts to a misinterpretation of Vip,qz
as a flux quantity and effectively inflates leaf nitrogen demand. Due to the removal of this scaling, Ny is on average

lower by a factor of approximately two compared to von Bloh et al. (2018).
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2. The implementation by von Bloh et al. (2018) included a scaling function f1, 47 (L AI) applied to V.42, which increases
with leaf area index and was originally introduced by Smith et al. (2014) to account for the empirical observation that leaf
nitrogen content declines less sharply with canopy depth than intercepted sunlight. While this mismatch between vertical
profiles of leaf nitrogen and absorbed irradiance can be explained by gradients in, for example, hydraulic conductivity
or the fraction of diffuse radiation (Peltoniemi et al., 2012; De Pury and Farquhar, 1997), it remains inconsistent with
the “big-leaf” assumption commonly used for scaling from leaf to canopy (De Pury and Farquhar, 1997). In the big-leaf
framework, V.. represents an effective canopy-average capacity, and introducing an explicit f7,4;(LAT) factor on
Vemae interacts in a non-transparent way with leaf stoichiometry, light-use efficiency, transpiration, and other processes
that depend on aggregating leaf-level properties to the canopy scale. As such, the observed discrepancy highlights struc-
tural shortcomings of the big-leaf assumption rather than supporting the notion of a non-optimal nitrogen distribution
per se. After careful consideration, we concluded that this issue should be addressed more fundamentally in future work

and therefore decided to remove the scaling function in the current implementation.

3. The implementation by von Bloh et al. (2018) used a lower value for kicpmp of 0.02 K~!, which results in a much
weaker temperature dependence of V2> and is not consistent with Haxeltine and Prentice (1996) and other studies (e.g.
Bernacchi et al., 2001). In the current implementation, we revert to the original value of 0.0693 K~ from Haxeltine and
Prentice (1996) and apply this parameter consistently in both the nitrogen demand calculation and the V,,4,-limitation

routine.

Total plant nitrogen demand Ngemang is calculated as in von Bloh et al. (2018) from leaf nitrogen demand and the structural
nitrogen requirements of roots, sapwood and, for crops, storage organs. Cumulative carbon allocated to each organ since
the beginning of the year is multiplied by prescribed organ-specific C:N ratios to obtain the additional nitrogen required for
growth, which is then added to the current leaf nitrogen demand derived from V.23 . When actual plant nitrogen falls short

of this demand, the achievable V22

25 . is obtained by inverting Eq. (1): V.23 is scaled proportionally to the non-structural

fraction of Njeqp (i.€. Nicqy — Np) that can actually be supplied, so that N limitation acts directly on photosynthetic capacity.
In LPJmL 5.10 this allocation-based scheme is unchanged; only the leaf nitrogen demand is updated according to the revised

Nieas-V2 .. relationship described above.

2.2.2 Nitrogen uptake

Nitrogen uptake in LPJmL 5.10 follows the root uptake concept of Smith et al. (2014) as implemented in LPJmL5 by von Bloh
et al. (2018), but is extended to treat nitrate (NO3 ) and ammonium (NHZ) separately with substrate-specific uptake kinetics.
- +
For each soil layer [, substrate-specific potential uptake rates VZNO3 and V}NH4 in g(N) g(C)~1d~1 are first calculated by a

Michaelis—Menten-type saturation function:

NO; VNO?’_ k’NO; NOS,Z
— Vmax * min _ NO;
NO3,l +Kn Qmax,l ' dl

7 ) “)
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and analogously for ammonium,

+
NH; NH4,1

NH NH;
* :Vma)? ’ kmirAl1 +

Vi ®)

2
NH{, + K - O - di

Where NO; , and NHL are the amounts (or concentrations) of nitrate and ammonium in soil layer { in g(IN) m~2, Omax, 18
. ' . . . . NO; NH . ..
the fractional pore space, and d; is the thickness of soil layer [ in m. Vinay and Vipay are the maximum uptake capacities per

. . . NO3 NH; . .
unit root carbon for nitrate and ammonium, and K,, ® and K, * are half-saturation parameters for the respective substrates,

NO; NH;
k.3 and k_.*

min min

are dimensionless basal uptake coefficients not associated with Michaelis—Menten kinetics. Estimates for these

parameters are summarized in Table 1.

Table 1. Root nitrogen uptake parameters. Values from Craig et al. (2025) represent the sample median adapted to match LPJmL units and

conventions. kmin is retained from Zaehle et al. (2010), as Craig et al. (2025) does not constrain this term.

Parameter  Description NO3 NH} Units Source

Vinax Maximum uptake capacity per unit root carbon 1.5 x 107%  4.7x107%  g(N)g(C)™'d™" Craig et al. (2025)
K Half-saturation concentration 0.70 0.45 g(N)m™3 Craig et al. (2025)
Kmin Non-Michaelis—Menten uptake rate fraction 0.05 0.05 - Zaehle et al. (2010)

Total mineral nitrogen uptake is then obtained as

TNsoillayer

- +
Nuptake = Z (‘/INOB' + VleH4 ) . Croot,l ' fT(T1s0il,l) : fNC (NCplant) ) (6)
=1

where ngoiiayer 1S the number of soil layers, Crqor,; is root carbon in layer [ in g(C) m~2, Tsoit,1 s soil temperature, and NCpjay is
the whole-plant nitrogen-to-carbon ratio. The function fr (T, ) describes the dependence of uptake on soil temperature and

remains the same as in the original LPJmL5 implementation by von Bloh et al. (2018) following Thornley (1991):

)

J1r(Tsoir,) = max (O (Taoir s = To) (2 T —To — TSOiLl> >
T\4Lsoil,l) — s

(Tr - TO) (2Tm - TO - Tr)
For the parameterisation Ty = —25 °C, T;. = 15 °C, and T},, = 15 °C used in LPJmLS5, the function is zero below —25 °C,
increases to unity at 15 °C, and declines again towards zero at higher temperatures (reaching zero at 55 °C).
The function fnc(NCpiant) describes the dependence of uptake on plant nitrogen status, and retains the same role as in the
original LPJmL5 implementation. However, its formulation has been changed from the version of Zaehle et al. (2010) used in

the original LPJmLS5 implementation to the formulation given by Smith et al. (2014):

NCpjant — 1/CN
f(NCplant) =min | 1, max | 0, 2plant / leaf,low 7 "

-1 / CNleaf,low

CNicathigh + CNicaf low
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where CNicaghigh and CNigat1ow are the PFT-specific maximum and minimum leaf C:N ratios, respectively. We use newly
derived PFT-specific estimates for CNjcatjow and CNicarpigh based on TRY leaf C:N ranges (Table 2), which are also used
consistently in the nitrogen demand formulation. Unlike in the original LPJmL5 implementation, which reaches unity only
at CNicafpigh, this formulation results in f(INCpant) = 1 when the whole-plant N:C ratio reaches the midpoint between the

minimum and maximum leaf C:N ratios, i.e. when leaf C:N is halfway between its prescribed limits.

Table 2. Natural PFT CNe,r ranges derived from TRY database (Kattge et al., 2011) and fx,wmover informed by Sophia et al. (2024).

PFT CNicatlow  CNicatmed  CNicathigh SN, wrnover
Tropical broadleaved evergreen tree 14.8 24.8 41.6 0.50
Tropical broadleaved raingreen tree 13.5 22.1 32.8 0.50
Temperate needleleaved evergreen tree 28.9 43.4 65.1 0.70
Temperate broadleaved evergreen tree 14.8 24.8 41.6 0.30
Temperate broadleaved summergreen tree 13.5 22.1 32.8 0.30
Boreal needleleaved evergreen tree 28.9 43.4 65.1 0.70
Boreal broadleaved summergreen tree 13.5 22.1 32.8 0.30
Boreal needleleaved summergreen tree 18.6 26.0 36.3 0.30
Tropical C4 grass 13.1 28.4 61.2 0.35
Temperate C3 grass 9.9 24.8 41.6 0.35
Polar C3 grass 9.9 24.8 41.6 0.28
Bioenergy tropical tree 14.8 24.8 41.6 0.48
Bioenergy temperate tree 13.5 22.1 32.8 0.37
Bioenergy C4 grass 34.0 90.0 132.0 0.69
Crops 14.3 25.0 58.8 0.30

2.2.3 Nitrogen turnover and recovery in plants

LPJmL applies daily turnover rates for plant tissues such that, over the course of a year, they match a PFT-specific annual
turnover rate for each tissue type. While all carbon associated with tissue turnover enters the litter pool, only part of the nitrogen
associated with tissue turnover is lost to litter; the remainder is recovered by the plant. In the original LPJmLS5 implementation,
this recovered N was not made available to the plant immediately, but only accounted for during annual bookkeeping at the end
of each year. In LPJmL5.10, the recovered N is instead added directly to the biomass increment N pool and enters the daily N
budget. This daily allocation of recovered N directly increases nitrogen content of plant tissues and can relax N limitation on
growth and photosynthesis.

The revised handling of N recovery is accompanied by an updated parameterisation of the recoverable fraction of leaf N
at turnover. For each PFT, the parameter fy wmover defines the fraction of senescent leaf N that is irreversibly lost to litter;

the remainder is assumed to be translocated before leaf shedding. We re-parameterized fy wmover against the global synthesis
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of leaf N resorption efficiencies compiled by Sophia et al. (2024), assigning the same fx wmover to both tropical tree PFTs,
reducing the value for needleleaved PFTs, and increasing the value for grass PFTs (Table 2). However, we retain low fx wmover

for all non-tropical deciduous tree PFTs to maintain their competitiveness in N-limited ecosystems.
2.3 Tree phenology and other changes

Tree leaf phenology is represented by the scalar variable phen, which scales active leaf area between 0 and 1 and is controlled
by multiplicative limiting functions for cold- and heat-temperature stress, light availability, and soil water availability, follow-
ing the growing season index (GSI) approach of Forkel et al. (2014). In the previous implementation, phen continued to be
recalculated daily from these limiting functions even after leaf shedding, so that favourable conditions could let leaf area grow
back within the same phenological cycle — an effect most pronounced for raingreen trees in the inner tropics, where the GSI
product remains high year-round. In contrast, LPJmL 5.10 sets phen to zero at shedding and holds it there until the next cycle
begins: deciduous tree PFTs now reach a true end of the growing season.

For both summergreen and raingreen trees, leaf shedding is triggered as a discrete event when the active phenological period
exceeds a prescribed maximum duration, or when phen falls below 0.1 after a minimum active period. For summergreen
trees, the minimum active period was increased from 60 to 90 days and the maximum active period was reduced from 245
to 180 days. For raingreen trees, shedding is additionally triggered just before the onset of the next rainy season, which also
marks the start of the following phenological cycle and is defined as the first month of the six-month period with the highest
mean precipitation. Leaves were previously lost only through continuous daily turnover rather than through this discrete event.
Tropical evergreen trees are exempted from this cycle altogether and are kept fully leaf-active throughout the year by fixing
phen at 1.

Additional parameter changes were introduced to restore plausible aggregate model behaviour after the correction to nitrogen
demand. Several of these, including the temperature boundary below and «, and 6, are recalibrations of existing parameters
rather than corrections grounded in new data; others, such as n fizpot and the dark-respiration parameter b, are updated based
on independent literature estimates. The temperature boundary separating temperate from boreal tree PFTs was shifted from
—2°C to —5°C, which affects the climatic domain in which temperate and boreal trees can establish. The potential biological
nitrogen fixation rate n fixpot was raised from 0.01 to 0.5, corresponding to the midpoint of the range proposed by Yu and
Zhuang (2020a). Leaf and root turnover parameters were set to 2 for temperate needleleaved evergreen trees and 3 for boreal
needleleaved evergreen trees. For natural vegetation, o, (the scaling factor from leaf to ecosystem level) was increased from
0.5 to 0.7 and 6 (the co-limitation parameter) from 0.90 to 0.95 (for more information see Schaphoff et al. (2018b)). The
parameter b, the ratio of dark respiration R4 to Vi,ax, was set to 0.031 for both C3 and C4 plants at 25 °C (Wang et al., 2020),

and now acclimates to the mean temperature of the vegetation period following Wang et al. (2020).



215

220

225

230

235

240

245

https://doi.org/10.5194/egusphere-2026-4549
Preprint. Discussion started: 28 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

3 Model evaluation

For evaluating LPJmL 5.10, we conducted a standard simulation and compared it with a corresponding simulation using the
predecessor model version LPJmL 5.9.27 and with observational and observation-derived reference data. The evaluation fo-
cuses on whether the bug fix and subsequent process updates preserve the broader behaviour of LPJmL while producing a
more coherent internal N cycle. As noted above, these revisions were developed as a single package; we therefore evalu-
ate LPJmL 5.10 as a whole rather than attributing individual effects to specific process updates. Within this evaluation, we
distinguish between several levels of evidence: aggregate benchmark skill against observational products (Sect. 3.2), spatial
vegetation patterns (Sect. 3.3), crop model performance (Sect. 3.4), global C—N balance components relative to the predeces-
sor version (Sect. 3.5), absolute agreement with published literature estimates (Sect. 3.6), and the transient nitrogen balance

(Sect. 3.7).
3.1 Modeling protocol

Each standard simulation consists of a sequence of three simulations: a) a spinup simulation (PN'V spinup) with natural veg-
etation only of 3500 years to bring soil and vegetation pools into a hypothetical, dynamic equilibrium in the absence of
anthropogenic disturbances or trends in drivers; b) a land-use spinup (LU spinup), in which land-use patterns are gradually
introduced, starting in the year 1481, ending in 1900; c) a transient simulation from 1901 to 2019 with dynamic changes in
climate, [CO-], land-use patterns, and land management.

Climatic data from 1901-1930 are repeatedly used in shuffled form during the two spinup simulations PNV spinup and
LU spinup. All other data are read in for the periods for which they are available and the first available value is used for all
simulation years before and the last available value is used to all simulation years after the period for which data are available.

The standard simulations were driven with the GSWP3-WS5ES climate data (Lange et al., 2023), a combination of W5ES
v2.0 (Cucchi et al., 2020; Lange et al., 2021) for the period 1979-2019 and GSWP3 v1.09 (Kim, 2017) for the period 1901-
1978. GSWP3 data have been bias-adjusted towards W5ES5 to reduce discontinuities at the 1978/1979 transition (Mengel et al.,
2021). Annual, global [CO2] values are from the TRENDY project (Friedlingstein et al., 2023). Data on land-use and land
management are harmonized from different data sources, making use of the LandInG toolbox (Ostberg et al., 2023). Data
processed with LandInG include gridded datasets including cropland and pasture extent from HYDE v3.2.1 (Klein Goldewijk
et al., 2017), multiple-cropping suitability from GAEZ v3 (IIASA/FAO, 2012), and crop-specific harvested areas for the year
2000 (Monfreda et al., 2008) as well as census data at national scale from FAOSTAT (FAO, 2020b), AQUASTAT (FAO,
2020a), and MIRCA2000 (Portmann et al., 2010a, b). Crop-specific fertilizer application patterns for the year 2000 (Mueller
et al., 2012; Mueller, 2012) are combined with national-scale fertilizer application trends (Hurtt et al., 2020) to derive gridded
time series of crop-specific nitrogen fertilizer application rates. Manure application rates (Zhang et al., 2017; Zhang et al.,
2017) are assumed to be applied uniformly to all fields within one grid cell. Crop-specific growing periods are based on the
GGCMI phase 3 crop calendar (Jagermeyr et al., 2021). On managed grassland livestock densities are prescribed based on

Heinke (2025). Soil texture and soil acidity (pH) are assumed static throughout the simulation and values are based on HWSD
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v1.21 (FAO/ITASA/ISRIC/ISSCAS/IRC, 2012; Ostberg et al., 2023). The river network is based on STN-30 (Vorosmarty et al.,
2000), while lake surface areas are taken from GLWD (Lehner and Doll, 2004). Dam and reservoirs are parameterized based
on the GRanD database (Lehner et al., 2011; Biemans et al., 2011). Water use for households, industry and livestock in each
grid cell is taken from Florke et al. (2013, prioritized over irrigation; accounting for 201 km? in the year 2000).

3.2 ILAMB benchmark against observational data

We used ILAMB to test whether the process changes in LPJmL 5.10 altered standard land-surface diagnostics relative to
LPJmL 5.9.27. The full ILAMB report, including maps, time series, spatial integrals, and score components for each benchmark
data set, is provided in the Zenodo archive (Heinke et al., 2026). Here, we summarize the main benchmark scores for the surface
energy balance, carbon cycle, and terrestrial hydrology (Table 3).

Across the evaluated variables, LPJmL 5.10 performs similarly to LPJmL 5.9.27, but the response differs among diagnostic
groups. The overall scores change only modestly for energy and hydrological diagnostics. For the radiation and energy cycle,
albedo improves slightly in the multi-data-set mean (0.586 compared with 0.579), whereas latent heat flux remains nearly
unchanged (0.691 compared with 0.696). Hydrological scores are also close to the previous version, although runoff (0.676
compared with 0.681) and evapotranspiration (0.665 compared with 0.687) both decrease slightly.

For carbon-cycle variables, the response is more mixed. Net ecosystem exchange changes little in the overall mean (0.431
compared with 0.430), with improved RMSE and seasonal-cycle scores partly offset by the low spatial-distribution score
against FLUXCOM. Gross primary productivity (GPP) shows improved RMSE and seasonal-cycle scores, but its overall mean
is slightly lower in LPJmL 5.10 (0.597 compared with 0.611), mainly because of reduced bias scores. Biomass scores decrease
moderately in the mean (0.615 compared with 0.639), although LPImL 5.10 performs slightly better for the tropical and Xu—
Saatchi data sets. The largest decline occurs for soil carbon, where the overall mean decreases from 0.446 to 0.383, mainly
through lower spatial-distribution scores against both HWSD and NCSCDV22.

ILAMB relationship diagnostics provide an additional test of whether simulated variables covary realistically with climatic
drivers (Table 4). These scores also remain broadly similar between the two model versions, but again show no systematic
improvement. LPJmL 5.10 slightly improves the GPP—precipitation relationship against FLUXCOM, but relationship scores

for biomass and evapotranspiration decrease modestly.
3.3 Vegetation distribution

The spatial comparison of natural vegetation fractions shows that LPJmL 5.10 preserves the main global vegetation gradients
simulated by LPJmL 5.9.27, but redistributes cover among tree PFTs in several regions (Fig. 1). Broadleaved evergreen trees
remain concentrated in Amazonia, central Africa, and Southeast Asia, consistent with ESA CCI LC4. An important improve-
ment relative to LPJmL 5.9.27 is the reduction of raingreen (broadleaved deciduous) trees in the inner tropics, accompanied
by stronger evergreen dominance in the humid rainforest regions; discrepancies remain in the placement of forest—savanna
transition zones. Needleleaved evergreen cover remains concentrated in the boreal zone, while needleleaved deciduous cover

is mainly simulated over eastern Siberia, broadly matching the observed larch-dominated region but with a smoother and more
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extensive distribution than in ESA CCI LC4, and boreal-temperate transitions remain insufficiently sharp. Grass cover changes
complement these tree-cover shifts and highlight remaining biases in semi-arid, open vegetation, especially where the model

simulates too much tree cover in transition regions.
3.4 Crop model performance

We evaluated crop model performance by comparing interannual yield anomalies from LPJmL 5.9.27 and LPJmL 5.10 against
FAOstat national yield statistics and the GGCMI Phase 1 model ensemble (Miiller et al., 2017), using the GGCMI crop model
evaluation tool. This comparison assesses how well the model captures climate-driven interannual yield variability at the global
aggregate scale; absolute yield levels are not evaluated here, as LPJmL is not calibrated to match FAOstat yield levels. The
time series for maize, wheat, soybean, and rice are provided in Appendix B (Figs. B1-B4).

Maize shows the strongest agreement with FAOstat in both versions (r = 0.802 and r = 0.825 for LPJmL 5.10 and 5.9.27, re-
spectively, both p < 0.001), broadly competitive with the better-performing members of the GGCMI ensemble. Wheat and soy-
bean show moderate but significant correlations (r /= 0.47, p < 0.01), while rice interannual correlations remain non-significant
in both versions (r ~ 0.27), consistent with the finding of Miiller et al. (2017) that rice yield variability cannot be well repro-
duced by most global gridded crop models. Interannual correlations with FAOstat differ only marginally between the two

model versions across all four crops, consistent with the unchanged crop phenology and harvest routines in LPJmL 5.10.
3.5 Benchmark comparison with LPJmL 5.9.27

We compared LPJmL 5.10 with LPJmL 5.9.27 for a set of global carbon, nitrogen, fire, and water-balance variables. The main-
text comparison focuses on the transient land-use (LU) simulation because it includes natural vegetation, managed grasslands,
cropland, fertilization, manure application, and land-use change (Table 5). The corresponding potential natural vegetation
(PNV) comparison is provided in Appendix A; most changes have the same sign as in the LU simulation. Full benchmark
PDFs for all compared variables are provided in the Zenodo archive (Heinke et al., 2026).

The largest changes occur in nitrogen variables. Vegetation N decreases by 35% and N uptake by 36%, consistent with the
revised, lower N demand for photosynthesis and growth. At the same time, total mineral soil N increases, with a strong shift
from NHI to NO; : soil NHZ decreases by 28%, whereas soil NO3 more than doubles. The larger mineral N pool is associated
with higher immobilization, leaching, and denitrification losses, while mineralization decreases by 8%. N volatilization changes
little in the LU simulation, and BNF remains almost unchanged.

Despite lower N uptake, GPP and net primary production (NPP) increase by about 7-8%, indicating that the reduction
in plant N demand more than offsets the lower simulated uptake. GPP increases by about 7%, but since autotrophic and
heterotrophic respiration increase proportionally less, NPP and net ecosystem production (NEP = NPP — heterotrophic res-
piration) show progressively larger relative gains of about 8 and 9%, respectively. Harvest C is nearly unchanged between

1

versions, and the 13% increase in fire C emissions amounts to only 0.25 GtC yr™" in absolute terms, so the NEP gain is only

1

marginally reduced. The resulting net biome production (NBP) increase of 0.44 GtC yr~" is therefore large in relative terms

(54%), reflecting NBP’s small absolute baseline. Vegetation C decreases slightly, whereas soil C and soil N increase. The
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Figure 1. Spatial distribution of vegetation fractions in LPJmL 5.10 compared with ESA CCI LC4 land-cover data (Harper et al., 2023). The
figure contrasts simulated and observation-based PFT fractions and highlights regions where the updated model changes tropical evergreen—

raingreen partitioning, boreal tree composition, and open vegetation cover.
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water-balance response is smaller than the C—N response: transpiration decreases by 5%, while evaporation, interception, and

runoff increase by less than 3%.
3.6 Comparison with literature estimates

315 We compared selected N losses and BNF from LPJmL 5.9.27 and LPJmL 5.10 with published global estimates to assess
whether the revised N cycle produces plausible absolute fluxes (Table 6). The comparison suggests an improvement in LPJmL 5.10

for the two largest gaseous and hydrological N loss pathways. Leaching increases from 67 to 88 TgN yr—!

, moving from be-
low the literature range into agreement with the higher estimate, and Ny emissions increase from 48 to 64 TgN yr—1, closely
matching the lower end of the literature range. NoO emissions remain within the broad literature range in both versions.

320 Volatilization is overestimated relative to literature in both versions, though slightly less so in LPJmL 5.10. BNF is similar in

both versions and somewhat above the upper end of the broad literature range.
3.7 Transient nitrogen balance

Following the N-balance analysis of Wirth et al. (2024), we interpret the transient simulations as a balance over vegetation

and soil N pools, including organic and mineral forms of N. Inputs comprise atmospheric deposition, BNF, manure, synthetic

325 fertilizer, and establishment fluxes, whereas losses comprise leaching, volatilization, N2 and N5O emissions, fire, harvest, and

land-use-change emissions. This balance perspective is useful because the net N balance can remain relatively small even when
individual input and loss pathways change.

Figure 2 shows that LPJmL 5.10 establishes a different internal partitioning of the N cycle than LPJmL 5.9.27. The lower

plant N uptake is not a short-term adjustment after spinup, but persists throughout the transient period, consistent with the

330 reduced vegetation N stocks in Table 5. At the same time, mineral soil N shifts towards a larger NO5™ pool, which increases the

potential for leaching and denitrification losses. The land-use simulation further combines these internal changes with rising

anthropogenic N inputs after the mid-20th century, so that fertilizer and manure inputs are partly balanced by larger harvest

removals and N losses. These transient balance patterns therefore indicate that the revised demand and uptake formulations

do not merely change the 2001-2010 mean fluxes in Table 6; they alter the transient N-cycle state by reducing vegetation N

335 accumulation and increasing the availability of mineral N in soils.
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Figure 2. Transient global terrestrial nitrogen-balance components in LPJmL 5.9.27 and LPImL 5.10, following the balance structure of
Wirth et al. (2024). Inputs include deposition, biological nitrogen fixation, manure, synthetic fertilizer, and establishment fluxes; losses

include leaching, volatilization, N2 and N2O emissions, fire, harvest, and land-use-change emissions. Black line denotes the net balance.
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Table 3. ILAMB scores for model versions 5.9.27 and 5.10. Scores range from O to 1, with higher values indicating better agreement with

the reference data. Blank cells indicate score components not provided for the corresponding benchmark data set.

Bias RMSE Seasonal Cyc. Spatial Dist. Overall
5.9.27 5.10 5.9.27 5.10 5.9.27 5.10 5.9.27 5.10 5.9.27 5.10
Ecosystem and Carbon Cycle
Biomass
ESACCI 0.574  0.579 0.608 0.587 0.591 0.583
GEOCARBON 0.547  0.542 0.528 0.513 0.538  0.527
NBCD2000 0.621  0.581 0.769  0.607 0.695 0.594
Thurner 0.598 0.584 0.884 0.836 0.741  0.710
Tropical 0.667  0.670 0.926 0.927 0.797  0.798
XuSaatchi 0.040 0.041 0.904  0.909 0472 0475
Mean 0.508  0.499 0.770  0.730 0.639  0.615
Gross Primary Productivity
FLUXCOM 0.507  0.492 0431 0.382 0.791  0.798 0914 0931 0.614  0.597
FLUXNET2015 0.613  0.605 0.439  0.431 0.837  0.865 0.582  0.583
WECANN 0.574  0.559 0.439  0.390 0.771  0.774 0.960 0.946 0.637 0.612
Mean 0.565 0.552 0436  0.401 0.800 0.812 0.937  0.939 0.611  0.597
Net Ecosystem Exchange
FLUXCOM 0.323  0.332 0.329  0.305 0.751  0.799 0.131  0.148 0.373  0.378
FLUXNET2015 0.490 0483 0.379 0376 0.699  0.705 0.487  0.485
Mean 0.406  0.407 0.354 0.341 0.725 0.752 0.131  0.148 0.430 0431
Soil Carbon
HWSD 0.481 0.462 0.295 0.215 0.388  0.339
NCSCDV22 0.453  0.408 0.555 0.446 0.504  0.427
Mean 0.467 0435 0425 0.331 0.446  0.383
Hydrology Cycle
Evapotranspiration
GLEAMV3.3a 0.633  0.599 0.594 0574 0.854 0.804 0.964  0.955 0.728  0.701
MOD16A2 0.564  0.541 0512  0.488 0.765  0.746 0975 0971 0.666  0.647
MODIS 0.565 0.542 0.513  0.488 0.764  0.743 0975 0971 0.666  0.647
Mean 0.587 0.561 0.540 0.517 0.794  0.764 0971  0.966 0.687  0.665
Runoff
Dai 0.769  0.747 0.960  0.960 0.769  0.759
LORA 0.471  0.466 0.363  0.365 0.848  0.849 0923 0922 0.594  0.593
Mean 0.620  0.607 0.363  0.365 0.848  0.849 0.942 0941 0.681 0.676
Radiation and Energy Cycle
Albedo
CERES 0.376  0.377 0.468  0.469 0.651 0.651 0.933  0.934 0.579  0.580
CERESed4.2 0.348 0.355 0.455 0.462 0.612  0.631 0915 0917 0.557  0.566
GEWEX.SRB 0.398  0.402 0.529  0.536 0.586 0.613 0.968  0.968 0.602 0.611
Mean 0374 0.378 0.484  0.489 0.616  0.632 0.939  0.940 0.579  0.586
Latent Heat Flux
FLUXCOM 0.586  0.568 0.597  0.585 0.893  0.886 0.984 0.979 0.732  0.721
FLUXNET2015 0.669 0.653 0475 0478 0.887  0.895 0.627  0.626
WECANN 0.640  0.633 0.588  0.582 0.847  0.855 0.984 0.984 0.730  0.727
Mean 0.632 0.618 0.553  0.548 0.876  0.879 0.984 0.982 0.696  0.691
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Table 4. ILAMB scores for relationships with precipitation and temperature for model versions 5.9.27 and 5.10. Scores range from O to 1,
with higher values indicating a closer match to the reference relationship. Blank cells indicate relationship diagnostics not provided for the

corresponding benchmark data set.

Precipitation Temperature Overall
5.9.27 5.10 5.9.27 5.10 5.9.27 5.10

Ecosystem and Carbon Cycle

Biomass
ESACCI 0.715  0.698 0.614 0.611 0.665 0.655
GEOCARBON 0.584 0.575 0.495 0483 0.539  0.529
NBCD2000 0.637 0.618 0.611 0.545 0.624  0.582
Thurner 0.690 0.675 0.594  0.549 0.642 0.612
XuSaatchi 0.745  0.757 0.731 0.742 0.738  0.749
Mean 0.674  0.665 0.609 0.586 0.642  0.625

Gross Primary Productivity
FLUXCOM 0.838  0.863 0.713  0.692 0.775  0.777
WECANN 0.792  0.742 0.792  0.742
Mean 0.838  0.863 0.752  0.717 0.784  0.760

Hydrology Cycle

Evapotranspiration
GLEAMv3.3a 0.848  0.826 0.819  0.804 0.834 0.815
MOD16A2 0.890  0.867 0.769  0.760 0.830 0.813
MODIS 0.892  0.868 0.769  0.760 0.830 0.814
Mean 0.877 0.854 0.786  0.775 0.831 0.814
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Table 5. Global benchmark variables for the transient land-use (LU) simulation, comparing LPJmL 5.9.27 and LPJmL 5.10. Values are

averages over 1991-2000.

variable unit LPJmL 5.9.27 LPJmL 5.10 difference % difference
Vegetation C [GtC] 423.7 418.1 -5.636 -1.33
Soil C [GtC] 2558 2789 230.7 9.019
Litter C [GtC] 162.6 165.7 3.053 1.877
GPP [GtCyr™!] 128.4 137.5 9.062 7.058
NPP [GtCyr~!] 62.82 67.56 4.744 7.552
NEP [GtCyr~] 6.633 7.231 0.598 9.018
NBP [GtCyr~!] 0.8198 1.261 0.441 53.79
Harvest C [GtCyr ] 3.872 3.819 -0.05287 -1.366
Fire C [GtCyr™!] 1.896 2.142 0.2455 12.95
Vegetation N [GtN] 3.64 2.374 -1.265 -34.77
Soil N [GtN] 158 165.7 7.718 4.884
Soil NH} [GtN] 3.674 2.66 -1.014 -27.6
Soil NO3 [GtN] 2.066 4.868 2.803 135.7
N leaching [GtNyr—'] 0.06242 0.08384 0.02142 34.31
N immobilization [GtNyr—'] 1.014 1.203 0.1889 18.63
N mineralization [GtN yr’l] 2.046 1.884 -0.1618 -7.907
N volatilization [GtNyr—'] 0.03252 0.03107 -0.001443 -4.439
N2 emissions [GtNyr—'] 0.04694 0.06004 0.0131 27.9
N2O emissions (denitrification) [GtN yr_l] 0.005802 0.007421 0.001619 279
N2O emissions (nitrification) [GtNyr—'] 0.003899 0.003241 -0.0006581 -16.88
N uptake [GtNyr~'] 1.071 0.6856 -0.3858 -36.01
BNF [GtN yr~!] 0.1187 0.1191 0.0004446 0.3746
Evaporation [km?® yr—*] 12646 12968 322.7 2.552
Transpiration [km?® yr='] 38750 36788 -1962 -5.062
Interception [km?® yr='] 10540 10771 231 2.192
Runoff [km? yr—!] 50350 51715 1365 2711
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Table 6. Comparison of 2001 to 2010 average global N fluxes from LPJmL 5.9.27 and LPJmL 5.10 (land-use simulation) against published

literature estimates. Literature estimates are available only for selected fluxes.

LPJmL 5.927 LU  LPJmL 5.10 LU Literature
N losses (TgN yr—1)
Leaching 67.1 88.1 93!, 68>
Volatilization 36.1 34.2 21.4%4
N emissions 484 64.2 68", 64.22
N3O emissions 9.9 11.2 10.9%,13%, 107, 7.4-12.3%, 12.9°
BNF 126 125 19.8-107.9%°

' Bouwman et al. (2013), 2Zaehle et al. (2010), % volatilization from natural soils (2.4 TgN yr ') from Bouwman et al. (2002),

4volatilization from manure and synthetic fertiliser on crop- and grasslands (19 TgN yr— 1) from Bouwman et al. (1997),
5Galloway et al. (2004), ®Sutton et al. (2013), " Tian et al. (2019), 8Tian et al. (2020), °Scheer et al. (2020), *°Yu and Zhuang

(2020b)
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4 Discussion

The update from version 5.9.27 to version 5.10 corrects the computation of N demand, which is a fundamentally important
component of the terrestrial N balance and N limitation of plant growth and consequently, the terrestrial carbon cycle. The
reduced N demand introduced by this correction is counterbalanced by the improved representation of N uptake and recovery.
Although the updated uptake formulation is grounded in literature and empirical data (Craig et al., 2025), the underlying
parameters remain loosely constrained. They are largely derived from controlled, artificial experimental setups that do not
necessarily reflect N uptake dynamics under natural conditions. While the bug fix and its associated counterbalancing changes
do not fundamentally alter overall model performance with respect to the global carbon cycle, N stocks and subsequent loss
pathways are modified in version 5.10. Lower N stocks in vegetation pools lead to reduced N recycling. Concurrently, larger
mineral soil N pools lead to increased N losses via leaching and gaseous emissions, bringing LPJmL-based estimates into
closer agreement with absolute literature values (Table 6). Biological nitrogen fixation (BNF) also responds strongly to the
reduced plant N demand. This allows the BNF parameterization in version 5.10 to be less restrictive than in earlier versions
(Wirth et al., 2024) while maintaining global BNF estimates within the range reported by Davies-Barnard and Friedlingstein
(2020), which we consider a notable conceptual improvement. In contrast to vegetation pools and mineral soil N, soil organic
N (SON) is strongly determined by soil organic C pools and target soil C-N ratios. Consequently, reduced organic N input
through litterfall is compensated through higher immobilization rates leaving total SON pools largely unchanged. We note an
increase in global soil C stocks, driven by an SOC increase in permafrost regions in 5.10 compared to 5.9.27; this heightens
disagreement with observational data in ILAMB (Table 3). However, permafrost region soil C stocks tend to be systematically
underestimated in those reference data (Tarnocai et al., 2009; Schaphoff et al., 2013), suggesting the model’s response may be
more realistic than the benchmarks imply.

Beyond improving individual N flux estimates, version 5.10 improves the conceptual basis for N demand in photosynthesis
and growth, as well as plant nitrogen acquisition. This establishes a more realistic basis for future model development (e.g.,
Schaphoff et al., 2026) and applications, as N limitation is an important driver of future vegetation dynamics and the terrestrial
C cycle(e.g., Kou-Giesbrecht, 2025; Meyerholt et al., 2020). Similarly, the simulated vegetation distribution improves against
reference data (Harper et al., 2023) (Sect. 3.2), reflecting the phenology timing and other parameter revisions described in
Sect. 2.3.

While the implemented changes and parameterisation for version 5.10 improve the realism of the represented processes in
LPJmL and associated N stocks, there is room for further improvement and better process understanding. N uptake rates as
reported by Craig et al. (2025) show great variability and are based on artificial growth conditions that may fail to represent
other environmental controls on N uptake. We thus target these parameters as primary candidates for future calibration and
model improvement efforts. Similarly, the relationship of carboxylation capacity and leaf N content as reported by Dong et al.
(2022) only predicts the N content per leaf area but not the dependence of the carboxylation capacity on available N in the
leaves. For simulating N controls on photosynthesis and growth, a relationship in both directions is needed.

LPJmL development has since moved on to version 6.0.0 (Schaphoff et al., 2026), which builds directly on this release.
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5 Conclusions

We identified and corrected a structural error in the nitrogen demand formulation of LPJmL that had inflated leaf nitrogen
demand by a factor of approximately two, caused by an inappropriate daylength scaling of V., inherited from Smith et al.
(2014). Correcting this error alone effectively eliminated nitrogen limitation on simulated vegetation growth. Restoring a
plausible level of nitrogen limitation therefore required a coordinated package of further revisions to nitrogen uptake kinetics,
nitrogen recovery and turnover, and tree phenology; we present this package as LPJmL version 5.10.

Relative to its predecessor, LPJmL 5.9.27, global vegetation nitrogen stocks and nitrogen uptake decrease by around 35%
in LPJmL 5.10. Gross and net primary production nonetheless increase by 7-8%: the corrected, lower nitrogen demand more
than offsets the reduction in simulated uptake. Mineral soil nitrogen shifts towards a larger nitrate pool, and immobilisation,
leaching, and denitrification losses increase accordingly; simulated nitrogen losses move into closer agreement with published
estimates as a result. Aggregate land-surface performance for energy and hydrological diagnostics is preserved, and the simu-
lated vegetation distribution improves against satellite-derived land cover.

These results show that other components of the model had effectively been tuned around the presence of the scaling error,
so that correcting it in isolation was insufficient. Restoring a coherent nitrogen and carbon balance, together with a plausible
vegetation distribution, instead required a coordinated revision of nitrogen supply and demand, carbon allocation, and tree
phenology, not a single parameter correction. As the final release of the LPJmL 5 series, version 5.10 documents the exact
model configuration used for the TRENDY simulations contributing to the Global Carbon Budget 2025 (Friedlingstein et al.,
2026). It also establishes a structurally consistent nitrogen cycle as the basis for the forthcoming LPJmL 6 series (Schaphoff
et al., 2026).

Code and data availability. The LPJmL 5.10 code is hosted at github.com under https://github.com/PIK-LPJmL/LPJmL/, and an exact copy
of code version 5.10 as described here is archived in the associated Zenodo archive: https://zenodo.org/records/17911585 (Schaphoff et al.,
2025). The LPJmL benchmark PDF reports, the full ILAMB report, the ILAMB configuration and output underlying the results in Sect. 3,
and the raw LPJmL 5.9.27 and 5.10 model output, together with the model code, are jointly archived on Zenodo: https://doi.org/10.5281/
zenodo.21624306 (Heinke et al., 2026). Third-party observational and benchmark data sets used for model evaluation are not redistributed

here and must be obtained from the original providers cited in the main text.
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395 Appendix A: Potential natural vegetation benchmark

Table Al. Global benchmark variables for the potential natural vegetation (PNV) simulation, comparing LPJmL 5.9.27 and LPJmL 5.10.

Values are averages over 1991-2000.

variable unit LPImL 5.9.27 LPJmL 5.10 difference % difference
Vegetation C [GtC] 619.9 594.1 -25.8 -4.162
Soil C [GtC] 2643 2870 226.7 8.577
Litter C [GtC] 232.6 224.7 -7.88 -3.388
GPP [GtCyr~!] 142.5 153 10.57 7.422
NPP [GtCyr] 66.86 71.32 4.457 6.666
NEP [GtCyr] 5.649 6.433 0.783 13.87
NBP [GtCyr™!] 2.602 3.108 0.506 19.45
Fire C [GtCyr~!] 3.047 3.324 0.2773 9.099
Vegetation N [GtN] 4.611 2.894 -1.718 -37.25
Soil N [GtN] 163.9 170.3 6.402 3.907
Soil NHf [GtN] 3.695 2.664 -1.031 -27.9
Soil NO5 [GtN] 2.089 4.434 2.346 112.3
N leaching [GtN yr ] 0.04722 0.04797 0.0007495 1.587
N immobilization [GtNyr~'] 1.066 1.27 0.2044 19.17
N mineralization [GtNyr—!] 2.31 2.05 -0.2598 -11.25
N volatilization [GtNyr—'] 0.01336 0.01326 -0.0001041 -0.779
N2 emissions [GtNyr—'] 0.04051 0.04432 0.00381 9.406
N3O emissions (denitrification) [GtN yr’l] 0.005007 0.005478 0.0004709 9.406
N2O emissions (nitrification) [GtNyr—'] 0.003698 0.002804 -0.0008942 -24.18
N uptake [GtNyr—'] 1.216 0.7573 -0.4584 -37.71
BNF [GtNyr—'] 0.1097 0.1099 0.0001722 0.157
Evaporation [km? yr—1] 8394 8905 510.7 6.084
Transpiration [km?® yr—*] 40467 37608 -2860 -7.067
Interception [km? yr—!] 11668 11471 -196.4 -1.683
Runoff [km?® yr—*] 49745 52299 2553 5.133
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Appendix B: Crop modeling performance

Global interannual yield anomaly time series for LPJmL 5.9.27 and LPJmL 5.10, compared against FAOstat and the GGCMI

Phase 1 model ensemble (Miiller et al., 2017, 2019), are shown below for maize, wheat, rice, and soybean.
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Figure B1. The LPJmL 5.9.27 (left) and 5.10 (right) crop model performance compared against the GGCMI Phase 1 crop model ensemble
(Miiller et al., 2017, 2019) for maize.
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Figure B2. The LPJmL 5.9.27 (left) and 5.10 (right) crop model performance compared against the GGCMI Phase 1 crop model ensemble
(Miiller et al., 2017, 2019) for wheat.
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Figure B3. The LPJmL 5.9.27 (left) and 5.10 (right) crop model performance compared against the GGCMI Phase 1 crop model ensemble
(Miiller et al., 2017, 2019) for rice.
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Figure B4. The LPImL 5.9.27 (left) and 5.10 (right) crop model performance compared against the GGCMI Phase 1 crop model ensemble
(Miiller et al., 2017, 2019) for soybean.
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