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Abstract. Forage offtake, leaf biomass and soil organic car-
bon storage are important ecosystem services of permanent
grasslands, which are determined by climatic conditions,
management and functional diversity. However, functional
diversity is not independent of climate and management, and
it is important to understand the role of functional diversity
and these dependencies for ecosystem services of perma-
nent grasslands, since functional diversity may play a key
role in mediating impacts of changing conditions. Large-
scale ecosystem models are used to assess ecosystem func-
tions within a consistent framework for multiple climate and
management scenarios. However, large-scale models of per-
manent grasslands rarely consider functional diversity. We
implemented a representation of functional diversity based
on the competitor, stress-tolerator and ruderal (CSR) the-
ory and the global spectrum of plant form and function
into the Lund Potsdam Jena managed Land (LPJmL) dy-
namic global vegetation model (DGVM) forming LPJmL-
CSR. Using a Bayesian calibration method, we parame-
terised new plant functional types (PFTs) and used these to
assess forage offtake, leaf biomass, soil organic carbon stor-

age and community composition of three permanent grass-
land sites. These are a temperate grassland and a hot and
a cold steppe for which we simulated several management
scenarios with different defoliation intensities and resource
limitations. LPJmL-CSR captured the grassland dynamics
well under observed conditions and showed improved results
for forage offtake, leaf biomass and/or soil organic carbon
(SOC) compared to the original LPJmL 5 version at the three
grassland sites. Furthermore, LPJmL-CSR was able to repro-
duce the trade-offs associated with the global spectrum of
plant form and function, and similar strategies emerged in-
dependent of the site-specific conditions (e.g. the C and R
PFTs were more resource exploitative than the S PFT). Un-
der different resource limitations, we observed a shift in the
community composition. At the hot steppe, for example, irri-
gation led to a more balanced community composition with
similar C, S and R PFT shares of aboveground biomass. Our
results show that LPJmL-CSR allows for explicit analysis
of the adaptation of grassland vegetation to changing con-
ditions while explicitly considering functional diversity. The
implemented mechanisms and trade-offs are universally ap-
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plicable, paving the way for large-scale application. Apply-
ing LPJmL-CSR for different climate change and functional
diversity scenarios may generate a range of future grassland
productivities.

1 Introduction

Permanent grasslands deliver multiple ecosystem services,
one of which is their role as a source of feed for livestock
across the globe (White et al., 2000). Another service is their
soil organic carbon (SOC) storage, which has the potential
to contribute to climate change mitigation (e.g. Godde et al.,
2020; Yang et al., 2019). These two important ecosystem ser-
vices depend on the climatic conditions, soil properties, man-
agement and functional diversity. The climatic conditions
and soil properties determine the availability of important re-
sources for photosynthesis and plant growth. While irrigation
and fertiliser management are applied to increase the avail-
ability of specific resources and thereby productivity, graz-
ing or mowing removes biomass, which can affect leaf and
root growth and SOC stocks (Bai and Cotrufo, 2022; Conant
et al., 2017). Even though functional diversity of the vege-
tation is not an independent factor but depends on environ-
mental conditions (Fei et al., 2018; Grime, 2001) and man-
agement (Guo, 2007), it also affects forage supply and SOC
(Yang et al., 2019; Chen et al., 2018). Furthermore, func-
tional diversity plays an important role for the resistance and
resilience of an ecosystem towards the impacts of changing
conditions and might be essential to maintain the ecosystem
functioning and ecosystem service provision of permanent
grasslands under climate change (Isbell et al., 2015; Guuroh
et al., 2018). Therefore, it is important to understand the role
of functional diversity in permanent grasslands and its role
for ecosystem services such as the amount of biomass re-
moved through mowing or grazing (in the following referred
to as forage offtake), aboveground biomass, and SOC stor-
age.

1.1 The role of environmental conditions and
management for grassland vegetation and SOC
storage

Forage offtake, leaf biomass, SOC and plant community
composition are dependent on environmental conditions and
management. Important factors for plant growth are atmo-
spheric CO2 concentration, radiation, temperature, water and
nutrient supply. Atmospheric CO2 constitutes the basic re-
source for photosynthesis, and its rising concentration as well
as rainfall patterns can shift the competitive balance between
C3 and C4 grassland species (Schimel et al., 2015). Provided
with sufficient water and nutrients, grasslands can produce
large amounts of biomass, while drought and nutrient stress
lead to lower productivity. Since large amounts of biomass

can lead to high carbon sequestration, this highlights the
importance of temperature and precipitation for SOC stor-
age (Wiesmeier et al., 2019). High precipitation also favours
the formation of SOC-stabilising mineral surfaces (Doetterl
et al., 2016; Chaplot et al., 2010) and affects decomposition
rates (Meier and Leuschner, 2010). On the other hand, high
temperatures can lead to an increase in microbial decompo-
sition and a decrease in SOC stock (e.g. Koven et al., 2017;
Sleutel et al., 2007) if soil moisture levels are sufficient to
permit the formation of active microbial communities. High-
est SOC stocks are generally found in cool humid climates
but decrease towards warmer and drier climates (Jobbágy
and Jackson, 2000). Additionally, removal of aboveground
biomass through grazing or mowing may be beneficial for
grassland productivity depending on its intensity (Ruppert
et al., 2015) by removing moribund plant material and trig-
gering growth (over-)compensation. However, mowing and
grazing also affect the belowground biomass, and highly
intensive management may lead to overgrazing and cause
SOC loss (McSherry and Ritchie, 2013). Still, global meta-
analyses of grazing effects on SOC did not find consistent
trends (McSherry and Ritchie, 2013; Piñeiro et al., 2010).

Together, the environmental factors and the management
act as filters for the plant functional types (PFTs) represen-
tative of species that are best suited for the specific condi-
tions. Changes in management or climatic and soil condi-
tions may alter this filtering process and lead to the selection
of different strategies either indirectly through alterations of
the resource limitations that can cause shifts in the compet-
itive balance between functional types (e.g. Yu et al., 2015;
Tilman and El Haddi, 1992) or directly in the case of man-
agement by manipulating the species pool through reseeding
and weeding (Weisser et al., 2017) or selective grazing (e.g.
Wan et al., 2015).

1.2 Functional diversity and ecological strategies

Functionally diverse ecosystems contain species that follow
different ecological strategies and can be described through a
representation of these strategies. We define ecological strat-
egy as the traits a plant or species uses to occupy a certain
habitat. Plants have evolved a range of different ecological
strategies that influence the performance of different species
in different habitats. Functional diversity which underpins ro-
bustness against environmental and management change of
certain ecosystem functions is related to the presence or ab-
sence of specific strategies. For example, a community in
which multiple strategies are present is less vulnerable to
fluctuations or changes in environmental conditions or man-
agement (Buzhdygan et al., 2020). To distinguish between
different ecological strategies, several classification schemes
have been developed. The competitor, stress-tolerator and
ruderal (CSR) theory (Grime, 2001, 1977; Campbell and
Grime, 1992) distinguishes three main strategies: competi-
tive (C), stress-tolerant (S) and ruderal (R) strategies can be
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placed at the nodes of a triangle, while intermediate strategies
are placed in between. This scheme can be used to classify
the average strategy of a community (e.g. Caccianiga et al.,
2006) as well as the strategies of single species (e.g. Grime,
1974). The main strategies are associated with different plant
behaviours. C species are efficient resource users and grow
fast but do not deal well with resource limitations or frequent
disturbances. Opposite are S species which invest resources
into more robust tissue that grows slower but enables them to
cope with resource limitations. While both C and S species
are vulnerable towards disturbance, R species use periods be-
tween disturbances to complete their life cycle and have an
advantage in disturbance-prone environments. This different
behaviour is expressed through different trait values which
in turn can be used to classify plants according to the CSR
theory. A prominent example is the “global spectrum of plant
form and function” which explains differences in ecosystem
function using traits related to growth economics, stature and
life cycle (Díaz et al., 2016) and has been combined with the
CSR theory and applied to single-species communities but
also multi-species communities (Pierce et al., 2017, 2013).
Additionally, several other CSR analysis methods have been
developed (Hodgson et al., 1999; Grime et al., 1988) and ap-
plied to compare vegetation function (e.g. Schmidtlein et al.,
2012; Hunt et al., 2004) and to assess various community
processes (Pierce et al., 2017), e.g. resistance, resilience, and
coexistence (Lepš et al., 1982); succession (Caccianiga et al.,
2006); and the biodiversity–productivity relationship (Cer-
abolini et al., 2016). Pierce et al. (2017) provided a method to
classify and compare the CSR strategies of different vascular
plants at the global scale, which is useful to assess commu-
nity assembly in different environments. However, additional
methods are needed to also predict ecosystem functioning
and ecosystem service provision of the assembled commu-
nities.

1.3 Modelling ecosystem functions of permanent
grasslands

To assess forage offtake or leaf biomass and SOC storage
of permanent grasslands under different environmental con-
ditions and management, models of grassland dynamics can
be useful tools (e.g. Jebari et al., 2022; Chang et al., 2021;
Rolinski et al., 2018). Models at the community and plot
scale that incorporate very detailed approaches to simulate
functional diversity in a specific context already exist (e.g.
Schmid et al., 2021; May et al., 2009). In contrast, large-
scale vegetation models generally use a very simple repre-
sentation of the community and do not consider the trade-offs
described by the global spectrum of plant form and func-
tion (Díaz et al., 2016) at all or only partially (e.g. Pfeif-
fer et al., 2019; Sakschewski et al., 2015). However, large-
scale models provide the means to assess functional diver-
sity in a wide range of environmental conditions and man-
agement interventions to improve projections of ecosystems

functions under future climate change (e.g. Herzfeld et al.,
2021; Sitch et al., 2008). In addition, such models could be
useful to improve knowledge on the mechanisms underlying
the global spectrum of plant form and function and help bet-
ter distinguish local variability from large-scale patterns. To
overcome current limitations of large-scale models, simpli-
fications such as the CSR theory provide the opportunity to
incorporate ecological strategies and functional diversity into
large-scale models.

The dynamic global vegetation model (DGVM) Lund
Potsdam Jena managed Land (LPJmL) is able to simulate
different grazing or mowing management (Rolinski et al.,
2018), irrigation (Schaphoff et al., 2018), application of ma-
nure and synthetic fertiliser (von Bloh et al., 2018), and
tillage (Lutz et al., 2019). The CSR strategies and their rela-
tionship to specific plant traits provide a simple way to incor-
porate functional diversity into the LPJmL model to include
its effects in the assessment of forage offtake or leaf biomass
and SOC storage of grasslands for different environmental
conditions and management scenarios. To this end, we imple-
mented the trade-off associated with the three main strategies
of the CSR theory (Grime, 1977) for managed grasslands in
LPJmL using the global spectrum of plant form and function
(Díaz et al., 2016) to assess

– how important functional diversity is for forage offtake
or leaf biomass and SOC dynamics in different climates
and under different management regimes;

– how changing resource limitations affect forage offtake
or leaf biomass, SOC, and community composition.

2 Methods

We conducted our assessment at three permanent grassland
sites in different climates: a temperate meadow in northern
Germany with favourable climatic conditions for grassland
productivity, as well as a savanna rangeland in South Africa
and a cold steppe pasture in Inner Mongolia (China) with
less favourable climatic conditions. Throughout the rest of
the paper, we refer to the sites as temperate grassland, hot
steppe, and cold steppe, respectively, following the Köppen–
Geiger climate classification (Kottek et al., 2006). At each
site, we assessed two levels of management intensity which
either differed with respect to the amount of fertiliser ap-
plied (temperate grassland) or the defoliation intensity (hot
and cold steppe).

We extended LPJmL to account for trade-offs between C,
S and R plant species as described by the CSR theory (Grime,
1977) using functional traits. We used two strategy axes to
distinguish these three strategies. First, we distinguished be-
tween acquisitive (C and R) and conservative (S) strategies
using resource economics. Second, we used reproduction
strategies and stature to distinguish between plant species
with large investments in reproduction but a small stature (R)
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from plant species with small investments in reproduction
with a wide range of statures (C and S). Both strategy axes
are expressed through several model parameters (Sect. 2.4).

To represent the different strategies, we parameterised
three herbaceous PFTs – one competitive (C PFT), one
stress-tolerant (S PFT) and one ruderal (R PFT) – for each
site and management intensity (see Sect. 2.3 for details).
Strategies that are in between these three main strategies (e.g.
competitive ruderal or stress-tolerant ruderal) were not re-
flected by additional PFTs but should be reflected in the frac-
tional cover of the main strategy (e.g. if a competitive rud-
eral strategy is advantageous in an environment, this results
in a higher share of the competitive and the ruderal PFT). We
evaluated the new implementation in the following, referred
to as LPJmL-CSR, against forage offtake or leaf biomass and
SOC observations for the different sites.

2.1 Overview of managed grassland representations in
LPJmL

We extended the LPJmL model version 5 (LPJmL 5), which
already included the representation of managed grasslands
using a daily allocation scheme (Schaphoff et al., 2018), four
different management options (Rolinski et al., 2018) and the
nitrogen cycle (von Bloh et al., 2018). In this model ver-
sion, the dynamics of a grassland were simulated using three
herbaceous PFTs that do not distinguish between forbs and
graminoids: one polar C3, one temperate C3 and one tropical
C4 herbaceous PFT, which were constrained to the respective
climatic regions by bio-climatic limits. Tree PFTs, which are
also part of LPJmL, were not allowed to establish on man-
aged grasslands, and all further descriptions provided here
of or related to PFTs only concern herbaceous PFTs. As a
consequence, all grasslands that are not located at the bor-
der between climatic regions were simulated using only one
of these PFTs to represent herbaceous vegetation. In theory,
however, the number of PFTs that could coexist within a grid
cell is not limited. In LPJmL, each PFT represents an entire
population of adult plants using the concept of average indi-
viduals. The PFT describes the carbon and nitrogen stocks of
the leaves and roots of an average individual and the number
of average individuals in a population. It follows that the car-
bon and nitrogen stocks of the population can be determined
by multiplying the average individual stocks with the number
of average individuals. Carbon and nitrogen stocks as well as
the number of average individuals are dynamically calculated
each day from the simulated processes: (1) establishment of
new PFTs and reproduction of established PFTs (Sect. 2.3.3),
(2) biomass accumulation calculated from gross primary pro-
duction (GPP) and autotrophic respiration limited by envi-
ronmental conditions, and (3) plant turnover. LPJmL repre-
sents the response of the vegetation to temperature, water and
nitrogen stress but disregards additional causes of stress such
as other nutrient deficiencies, salt, heavy metals, ozone or
UV radiation. At the core of the model is the representation

of growth dynamics including the assimilation and alloca-
tion of new biomass through photosynthesis and turnover of
senescent tissue. Each day, the GPP is calculated dependent
on radiation, temperature, water and nitrogen limitations for
each PFT. Subsequently, net primary productivity (NPP) is
computed by subtracting growth and maintenance respira-
tion from GPP. In a third step, the assimilated carbon is dis-
tributed between leaves and roots to approach the prescribed
optimal leaf mass to root mass ratio. Finally, senescent leaf
and root tissue is transferred to the litter layer.

In LPJmL 5, each herbaceous PFT is represented by one
average plant individual. The initial community composition
is not prescribed. Instead, upon initialisation, each PFT is es-
tablished based on the PFT-specific establishment rate and
offspring biomass (Sect. 2.3.3 and 2.4.1). The community
composition during each time step emerges from the com-
petition for resources, dependent on the processes described
above. Different management options are available for irri-
gation, fertilisation, and grazing or mowing. In this study, we
use the mowing and the daily grazing option to determine
forage offtake. While mowing removes all biomass above a
threshold of 50 gC m−2, the forage offtake from daily grazing
depends on the livestock unit’s feed demand (details in Ap-
pendix A5 and Rolinski et al., 2018). The daily grazing op-
tion does not account for animal preferences (Rolinski et al.,
2018). Irrigation options used here are no irrigation (rainfed)
or potential irrigation (no water limitation; Jägermeyr et al.,
2015). Manure fertilisation options were adapted from the
crop module (see the Supplement) and include the amount
and timing of manure application. Manure application can
be split over several treatments. In grazed grasslands, 25 %
of the grazed carbon (Rolinski et al., 2018) and 50 % of the
nitrogen are returned to the soil as dung or urine of the graz-
ing animals (Huhtanen et al., 2008).

2.2 Site description

We conducted our assessment at three different sites (Fig. S1)
which are located in different biomes with substantial differ-
ences in precipitation and temperature, covering the warm
temperate fully humid (temperate grassland), the arid hot
steppe (hot steppe) and the arid cold steppe climates (cold
steppe) (Kottek et al., 2006), and are subject to different man-
agement intensities (Table 1).

The temperate grassland is located in favourable climatic
conditions and provides high forage supply. The vegetation
is dominated by C strategists with marginal shares of S and
R. It is cut four times each year in May, July, August and
September. Data on two experiments were available: an un-
fertilised (N0) control and a fertilised (N1) treatment with
240 kg N ha−1 yr−1 in the form of cattle manure split over
four applications at the beginning of the growing season and
after the first three cuts (Reinsch et al., 2018a, b).
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Arid conditions lead to a lower forage supply for the
hot steppe. S strategists dominate the vegetation, while
the R strategy is subordinate and the C strategy is only
marginally present. Data for an ungrazed (C0) control and
a rotationally (C1) grazed experiment with a livestock den-
sity of 0.1 cows per hectare with a body weight of around
450 kg were available (Munjonji et al., 2020).

As a result of the low precipitation and temperatures, the
cold steppe is least productive. Similar to the hot steppe,
the S strategy is dominant and C as well as R strategists
have marginal shares. We used data of experiments with
two different livestock densities of grazing sheep with a
body weight of around 35 kg: the low grazing intensity (S1)
of 1.5 sheep ha−1 and the high grazing intensity (S6) with
9 sheep ha−1 (Hoffmann et al., 2016).

2.3 Model development

To extend the LPJmL model to simulate different commu-
nities in which different ecological strategies are dominant,
we focused on three aspects. First, we adapted resource up-
take and distribution (Sect. 2.3.1) to improve niche differ-
entiation (see Hardin, 1960). Second, we implemented the
trade-off between fast tissue growth at low construction cost
and longevity versus slow tissue growth at high construction
cost and longevity described by the leaf economics spectrum
(LES) (Sect. 2.3.2; Wright et al., 2004). Third, we altered the
representation of the plants’ lifecycle (Sect. 2.3.3) to distin-
guish different reproductive strategies. We provide a qualita-
tive description of the aspects of recent model development
that are important for LPJmL-CSR in the main text and re-
fer to Appendix A and the Supplement for the technical de-
tails and other minor improvements compared to the original
code.

2.3.1 Resource uptake and distribution

In the LPJmL model, the different PFTs compete for space/-
light, water and nitrogen. In past model versions, these re-
sources were distributed between PFTs based on foliage pro-
jective cover (FPC). The FPC is used as a proxy for actual
cover, which would require the explicit simulation of the
plant geometries. Distributing these different resources based
on one variable neglected the importance of different traits
for the uptake of different resources. In particular, water up-
take should also be dependent on root traits such as the ex-
tent of the root network and the amount of fine root biomass
(Tron et al., 2015). Using root traits to determine access to
water enables the model to simulate different strategies for
water-resource use. Therefore, we adapted the implementa-
tion of water supply to make it dependent on root biomass in-
stead of FPC to provide a distinction between the criteria for
aboveground and belowground resource uptake and distribu-
tion. Based on the concept of the FPC, we implemented a be-
lowground equivalent based on root instead of leaf biomass

(Appendix A1). First, the PFT’s access to water from differ-
ent soil layers is calculated as described in Schaphoff et al.
(2018). Second, the amount of water available for the PFT
is determined by considering its root biomass and the new
parameter (kroot), which is a proxy for root properties associ-
ated with morphological properties of the root network (e.g.
branching and spread).

2.3.2 The leaf economic spectrum

The LES describes correlations between several plant func-
tional traits. Among these are the specific leaf area (SLA) and
the leaf longevity, which can be used to express the differ-
ences between resource acquisitive vs. resource conservative
growth strategies (Wright et al., 2004). The resource acquis-
itive strategy is associated with fast growth of leaves at low
construction costs with a high SLA and a short longevity.
In contrast, the resource conservative strategy promotes slow
growth of long-lived leaves with low SLA. Therefore, to rep-
resent the trade-offs associated with the differences between
these strategies, a functional relationship between SLA and
leaf longevity can be used.

Despite the importance of SLA and leaf longevity for sev-
eral processes within LPJmL, the SLA vs. leaf longevity
trade-off has not been implemented for managed grasslands
in LPJmL before. SLA is used to calculate the leaf area in-
dex (LAI) of a given grassland area from the dynamically
computed leaf biomass, which is important for the intercep-
tion of light energy and thus for photosynthesis. The leaf
longevity was represented through turnover rates, which de-
termine the amount of leaf biomass transferred to the litter
layer (Schaphoff et al., 2018). As long as differences be-
tween ecological strategies were not considered and only
one PFT was used to simulate a managed grassland, this ap-
proach was sufficient. However, this means that grasslands
along a resource stress gradient only differed in their pro-
ductivity but not in other aspects of the community. Yet in
reality, slow-growing, resource-conservative plants in stress-
prone ecosystems are not only less productive but also supply
less forage with a lower nutrient content (Lee, 2018; Onoda
et al., 2017). Such ecosystems are also more vulnerable to
overgrazing (Liu et al., 2013) and recover more slowly from
disturbances (Teng et al., 2020). Incorporating the SLA vs.
leaf longevity trade-off is essential to account for the differ-
ences between ecological strategies, which are important to
adequately represent ecosystem functions of managed grass-
lands under different climatic conditions and management.

The SLA vs. leaf longevity trade-off has already been
implemented in the related LPJmL-FIT model and applied
to tropical (Sakschewski et al., 2015) and European forests
(Thonicke et al., 2020). For this study, we implemented the
SLA vs. leaf longevity trade-off for managed grasslands us-
ing a functional relationship between the two based on trait
observations. Similar to Sakschewski et al. (2015), we de-
rived a power law for SLA and leaf longevity from trait
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Table 1. Overview of the environmental conditions and management of the investigated grasslands.

Site Temperate grassland Hot steppe Cold steppe

Location Lindhof, Germany Syferkuil, South Africa Xilin, China
Coordinates 54◦27′ N, 9◦57′ E 23◦85′ S, 29◦7′ E 43◦38′ N, 116◦42′ E
Mean annual temperature [◦C] 9.4 20.5 0.9
Mean annual precipitation [mm] 746 432 329
Köppen–Geiger class Cfb BSh BSk
Soil type Sandy loam Loamy sand Sandy clay loam

Management Fertilisation Cattle grazing Sheep grazing

Experiment unfertilised fertilised ungrazed grazed low intensity high intensity
Forage offtake [Mg DM ha−1 yr−1] 7.9± 1.6 9.2± 2.0 – – 0.4± 0.3 0.6± 0.2
Leaf biomass [Mg DM ha−1 yr−1] – – 1.1± 0.6 1.5± 0.6 – –
SOC depth [m] 0.3 0.3 1
SOC value [Mg C ha−1] 69.7± 3.7 71.9± 3.4 36± 20 273± 60

Literature DWD (2021), Munjonji et al. (2020), Hoffmann et al. (2016),
Reinsch et al. (2018a, b) Scheiter et al. (2023) Ren et al. (2017),

Wiesmeier et al. (2011)

data retrieved from the TRY database (Boenisch and Kattge,
2018). This power law provides a functional relationship be-
tween SLA and leaf longevity, which is used to calculate
the PFT-specific leaf longevity from predefined SLA values
within LPJmL-CSR (Appendix A2). Based on the alignment
of the resource conservation axis of the root economic space
(Bergmann et al., 2020) and the LES (Weigelt et al., 2021),
we assume that leaf and root longevity are not independent
from each other and maintain a fixed ratio of the two in
LPJmL-CSR.

2.3.3 Reproduction and mortality

Herbaceous plants are adapted to different growing condi-
tions and therefore have different reproduction strategies and
whole plant – or for graminoids phytomere – longevity. In
LPJmL, each herbaceous PFT was simulated using only one
average individual with specified properties. Age mortality
was implicitly included in the representation of turnover of
leaves and roots and not as a separate process. The only
additional cause of mortality was negative leaf and/or root
biomass after allocation as a result of prolonged stress. While
this may be caused by water stress, additional causes of mor-
tality from water stress such as embolism (Jacobsen et al.,
2019) or heat stress were not considered.

LPJmL does not simulate seed bank formation, and repro-
duction is not limited by the amount of seeds available in
a seed bank. Instead, the establishment depends on the bare-
ground area and the PFT-specific establishment rate. Further-
more, in LPJmL 5, reproduction was simulated as a biomass
increase of the average individual. We argue that this was not
sufficient to simulate different reproduction strategies, which
differ in the amount of seeds, seed survival and germina-

tion rates, and germination requirements (Thompson, 1987;
Brown and Venable, 1986).

In the representation of CSR strategies in LPJmL-CSR,
we retained the approach of establishing seedlings instead
of seeds but allowed PFTs to establish different numbers of
seedlings in agreement with their reproductive strategy. To
achieve this, we abandoned the approach of using only one
average individual to simulate each PFT and introduced a
dynamic number of average individuals assuming a homo-
geneous population (i.e. individuals of the same PFT share
the same properties) but form the community together. Based
on the existing implementation, we modified the reproduc-
tion so that additional individuals are established and thereby
increase the number of average individuals simulated. Each
day, the number of average individuals of each PFT is in-
creased if there was bare-ground area available. The bare-
ground area is distributed between established PFTs depend-
ing on their establishment rate kest. The total amount of
seedlings established is calculated based on kest, accounting
for the bare-ground area. Subsequently, the number of aver-
age individuals is increased and the individual-specific car-
bon and nitrogen stocks are adjusted. LPJmL-CSR does not
consider trait plasticity or evolutionary processes and there-
fore does not account for phenotypic adaptation. This also
means that already established and newly established aver-
age individuals share the same traits. Since space for plant
establishment is limited and age-related mortality is common
in natural grasslands (Zimmermann et al., 2010), we prohibit
an infinite increase in the number of average individuals by
adding an age mortality based on the growth efficiency to re-
duce the number of average individuals (Appendix A3). The
growth efficiency is the ratio of the net change in the indi-
vidual carbon stocks (the result of net photosynthesis and
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turnover) and the individual carbon stocks. Assuming that
old plants grow more slowly, this is used as a proxy for pop-
ulation age and resulting age mortality. We did not imple-
ment additional causes of mortality such as drought or fire
(Zimmermann et al., 2010). While the new approach does
not simulate individual or phytomere morphology explicitly,
it provides some implicit information on community struc-
ture and plant size through the number of average individ-
uals, the area covered by them and their biomass. It can be
assumed that few individuals that maintain a high cover and
biomass must be larger than more individuals that provide a
similar cover and biomass.

2.4 Defining the C, S and R PFTs

We based our new PFTs on the already existing herbaceous
PFTs (Schaphoff et al., 2018), from which we retained the
majority of parameter values. We used the temperate herba-
ceous PFT for the temperate grassland, we used the tropical
herbaceous PFT for the hot steppe, and we used the polar
herbaceous PFT for the cold steppe. To design the new C, S
and R PFTs for each of these environments and given man-
agement scenarios, we assessed a subset of parameters that
represent functional traits inspired by the global spectrum of
plant form and function (Díaz et al., 2016) and define our
trait space using the stress and disturbance gradient to distin-
guish the CSR strategies. Based on past sensitivity analyses
(Forkel et al., 2019; Zaehle et al., 2005) and expected be-
haviour of newly implemented trade-offs, we selected four
parameters for each dimension to distinguish the CSR strate-
gies (Table 2).

2.4.1 The stress and disturbance gradients

We assumed that the position of a PFT within the CSR tri-
angle can be determined through trade-offs between plant
functional traits along the stress and the disturbance gradi-
ents according to the relations described below. Names, de-
scriptions and usage of the model parameters are based on
the model versions LPJmL 4 (Schaphoff et al., 2018) and 5
(von Bloh et al., 2018).

According to CSR theory, stress is defined as constrained
metabolic efficiency limiting biomass production and can be
caused by a variety of factors (Grime, 1977). The stress gra-
dient expresses the intensity of stress a species is exposed
to in a certain habitat. It ranges from unstressed to severely
stressed and can include the combined impacts of several
stressors. Different traits and their values are associated with
the ability of a plant to cope with the different stress levels.
The traits of the LES (Wright et al., 2004) together with dif-
ferent strategies for resource use can be used to distinguish
C and R strategists (low stress tolerance) from S strategists
(high stress tolerance).

Since the LPJmL model only represents a subset of possi-
ble stress factors (Sect. 2.1), only stress arising from temper-

ature and water as well as nitrogen availability can be consid-
ered. Within LPJmL-CSR, some traits are linked to a general
response to stress independent of the stressor, while others
are used to represent adaptation to specific stressors. Since
the grassland steppe sites simulated by us are predominantly
limited by water, we decided to focus on water stress. This
allows for a better understanding of the underlying processes
and the resulting patterns. To represent the stress gradient,
we used functional traits associated with the growth rate
and water-resource use. We selected the maximum transpi-
ration rate (Emax), the minimum canopy conductance (gmin),
the specific leaf area (SLA) and the leaf-to-root mass ratio
(lmro).

SLA The specific leaf area is the ratio of leaf area to leaf dry
mass and a measure of the amount of biomass required
to produce a unit of leaf area. It is predominantly asso-
ciated with the stress gradient in the CSR theory. SLA is
used in four processes of LPJmL-CSR. First, it is used
to calculate the LAI, which controls light interception
and thus productivity determining the area occupied by
a PFT in competition with other PFTs. Second, SLA is
used to determine the aboveground biomass of newly
established seedlings from the seedling LAI (see expla-
nation of LAIsapl). Third, it is used to determine the ac-
tual mortality rate (Appendix A3). Fourth, it is used to
calculate the leaf longevity controlling tissue turnover
and litterfall (Sect. 2.3.2). The SLA can be used to deter-
mine the trade-off between short-lived, acquisitive (high
SLA) and long-lived, conservative (low SLA) leaves. In
contrast, in LPJmL 5 it was only used in the first and
second processes.

lmro The leaf mass to root mass ratio (lmro) is the tar-
get ratio of aboveground and belowground biomass. It
is predominantly associated with the CSR stress gradi-
ent, but since it controls investments into above vs. be-
lowground biomass, it also affects the PFTs response
to the removal of aboveground biomass. lmro is used
within two processes of LPJmL 5 and LPJmL-CSR.
First, it is used to determine the allocation of the current
day’s productivity to aboveground and belowground
biomass pools to approach lmro. Second, it is used to
calculate the belowground biomass of newly established
seedlings from the aboveground biomass of newly es-
tablished seedlings (Appendix A3). The lmro can be
used to differentiate between strategies on investing as-
similates for aboveground (high lmro) or belowground
(low lmro) growth and the resulting access to resources.

Emax The maximum transpiration rate defines the upper
limit of transpiration per day. It is predominantly as-
sociated with the CSR stress gradient. In LPJmL 5 and
LPJmL-CSR,Emax is used to calculate the water supply.
Here,Emax presents the upper limit and actual transpira-
tion is reduced depending on the PFT-specific root dis-
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tribution and the soil water content. Emax can be used to
distinguish more (lowEmax) and less (highEmax) water-
saving strategies.

gmin This defines the minimum canopy conductance (in mm
per second) that is independent of photosynthesis and
a result of other processes controlling the lower limit
of transpiration. It is predominantly associated with the
stress gradient. In LPJmL 5 and LPJmL-CSR, gmin is
used in the calculation of the total canopy conductance
as a part of the photosynthesis routine. gmin can be
used to distinguish more (low gmin) and less (high gmin)
water-saving strategies.

Similar to the stress gradient, the disturbance gradient
ranges from undisturbed to severely disturbed. Reproductive
traits and plant stature (Westoby et al., 1996; Grime, 1974;
Salisbury, 1943) can be used to distinguish C and S strate-
gists (low disturbance tolerance) from R strategists (high
disturbance tolerance). Functional traits associated with re-
production and plant geometry can be used to represent the
trade-off associated with the disturbance gradient. We se-
lected the following functional traits involved in the direct
interaction of the different PFTs: the root efficiency coeffi-
cient (kroot), the light extinction coefficient (kbeer), the es-
tablishment rate (kest) and the leaf area index of a seedling
(LAIsapl). While seedling is the more intuitive term for herba-
ceous plants and we will use it throughout the paper, the sub-
script in the parameter name refers to saplings because it was
adopted from the tree PFTs in the past.

kbeer The light extinction coefficient is a parameter describ-
ing the amount of light absorbed by a vegetation layer.
It is predominantly associated with the CSR disturbance
gradient, but since it is used in the calculation of the
FPC, which also determines resource access, it is also
associated with the CSR stress gradient. In LPJmL 5 and
LPJmL-CSR, kbeer is used to determine FPC controlling
the PFT-specific area share and its access to light. kbeer
can be used as a proxy to distinguish large (high kbeer
– rarely shaded by competitors and have high light ab-
sorption capacity) from small (low kbeer – potentially
shaded by competitors and have high light absorption
capacity only if dominant) stature plants and is essen-
tial for the competition for light and space.

kroot The root efficiency coefficient is a parameter used as
a proxy for root functional traits such as branching and
density of the root network. It is predominantly associ-
ated with the CSR disturbance gradient, but it also af-
fects PFT-specific water access. kroot was introduced in
LPJmL-CSR and is used to represent the belowground
morphology controlling the PFT-specific share of the
belowground and its access to respective resources. kroot
can be used as a proxy to distinguish sparse and con-
strained (low kroot) from dense and spread root networks

(high kroot) and is important for the competition for wa-
ter.

kest The establishment rate describes the maximum amount
of seedlings established per day. It is predominantly as-
sociated with the CSR disturbance gradient. While in
LPJmL 5 kest was used to determine the increase of the
biomass of the average individual, in LPJmL-CSR kest
is used to calculate the increase of the number of aver-
age individuals per square metre (Ind. m−2) from estab-
lishment on bare-ground area. kest can be used to distin-
guish the number of offspring and thus strategies with
low (low kest) and high (high kest) reproductive capac-
ity.

LAIsapl The seedling LAI is the leaf area index of a newly
established seedling. It is predominantly associated with
the CSR disturbance gradient. In LPJmL 5 and LPJmL-
CSR, it is used to calculate the aboveground biomass of
a seedling using the PFT-specific SLA. It can be used to
distinguish the biomass of offspring (low/high LAIsapl
lead to low/high offspring biomass) which we use as a
proxy for the competitive strength of the offspring of
different strategies.

In total, we used eight parameters to distinguish the PFTs
and defined plausible ranges for their parameterisation so that
different CSR strategies can be represented by the extended
set of PFTs. The selected traits affect a variety of processes
within the model and differentiate the C, S and R PFTs along
the stress and disturbance gradients. We assumed all param-
eters to be independent from each other. While we are aware
that SLA and the light extinction coefficient kbeer are corre-
lated in reality because the transmissivity of leaves increases
with SLA we have to treat them as independent because in
LPJmL, the light extinction coefficient does not describe the
transmissivity of a single leaf but of the entire vegetation
layer. Stacking a high number of high transmissivity leaves
may result in the same light extinction compared to a lower
number of low transmissivity leaves. In LPJmL-CSR, a sim-
ilar kbeer would be assigned for both cases because it repre-
sents the light extinction coefficient of the entire vegetation
layer.

2.4.2 Parameterisation and evaluation of new PFTs

To parameterise the new PFTs, we had to assess the model
performance for different parameter sets. We included sev-
eral variables in the calculation of a likelihood (logLI): for-
age offtake or leaf biomass; SOC, and C, S, and R strat-
egy covers (Table 3). Data on forage offtake, leaf biomass
and SOC were available from several field experiments con-
ducted at the respective sites. For C, S and R PFT covers,
data were only available for the hot steppe and we defined
values based on our knowledge of the site-specific conditions
to agree with CSR theory for the other sites.
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Table 2. Parameter names, units, ranges, associated CSR gradient(s) and the hierarchy of the parameters for the C, S and R PFTs.

Parameter Abbreviation Unit Min Max Predominant Subsidiary Hierarchy
gradient gradient

Specific leaf area SLA [m2 gC−1] 0.01 0.1 stress – S<C<R
Light extinction coefficient kbeer [–] 0.2 0.8 disturbance stress R<C & S
Establishment rate kest [Ind. m−2 d−1] 3000 6000 disturbance – R>C & S
Root efficiency coefficient kroot [–] 0.005 0.025 disturbance stress R<S<C
Leaf to root mass ratio lmro [–] 0.6 1 stress disturbance S< R<C
Maximum transpiration rate Emax [mm d−1] 4 12 stress – S<R<C
Seedling leaf area index LAIsapl [–] 0.01 0.15 disturbance – R<S<C
Minimum canopy conductance gmin [mm s−1] 0.3 2 stress – S<R<C

Table 3. Variables used for parameterisation (para) and evaluation (eval) of the new PFTs at the study sites

Site Variable Resolution Usage Source Literature

Temp. grassland Dry matter yield per cut para/eval field observations Reinsch et al. (2018b)
Temp. grassland Soil carbon annual para/eval field observations Reinsch et al. (2018b)
Temp. grassland Cover of C, S and R PFTs constant para expert estimate –

Hot steppe Leaf biomass annual para/eval field observations Munjonji et al. (2020)
Hot steppe Soil carbon monthly eval field observations Munjonji et al. (2020)
Hot steppe Cover of C, S and R PFTs constant para expert estimate –

Cold steppe Leaf biomass monthly para field observations Schönbach et al. (2012)
Cold steppe Grazing offtake monthly eval field observations Schönbach et al. (2012)
Cold steppe Soil carbon constant para field observations Wiesmeier et al. (2011)
Cold steppe Cover of C, S and R PFTs constant para expert estimate –

Figure 1. Stress (blue) and disturbance (red) gradient and associ-
ated traits and their hierarchy (low, in between and high).

We optimised the logLI using a Markov chain Monte Carlo
(MCMC) method with a Metropolis algorithm (Wirth et al.,
2021; Van Oijen et al., 2005). This method evaluates the per-
formance of a sequence of sampled parameter sets. In the

following, we refer to a sequence as a chain and to an itera-
tion as a link. At the beginning of the chain, a first parameter
set is drawn from a multivariate Gaussian distribution with its
modes at the centre of the parameter ranges for each param-
eter and its variances as a fraction of the parameter ranges. A
fraction of the ranges is used to limit the difference between
parameter sets of subsequent links which improves the per-
formance of the algorithm. The width of this fraction is con-
trolled through a tuning parameter and is fixed for the entire
chain, while the modes of the Gaussian distribution are up-
dated throughout the chain if the model performance calcu-
lated as the total likelihood (logLI, Eq. 1) improves.

logLIi = logPriori + logLinki (1)

The total likelihood logLI is calculated for each link i. It con-
sists of a prior likelihood (logPriori , Eq. 2) and the likelihood
of the current link (logLinki , Eq. 3).

logPriori =
∑
j

B(θi,j ,p,q) (2)

The prior likelihood, logPrior, is calculated from the prior
distribution, which represents an initial guess on the result-
ing posterior distribution. We chose a geometrical prior dis-
tribution (B) with the shape parameters p = 1+ 4 · (θ̂centre−

θ̂min/θ̂max− θ̂min) and q = 6−p. Here, θi,j represents the
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parameter values of each parameter j of the current link i,
θ̂centre represents the values at the centre of the parameter
space, and θ̂min and θ̂max are the lower and upper limits of
the parameter space, respectively.

logLinki =
∑
k

− 0.5 ·
ysim,i,k − yobs,k

σobs,k

2
−

0.5· log(2π)− log(σobs,k) (3)

The likelihood of the current link, logLinki , is a measure
of the model performance of a simulation using θi,j . The
logLinki incorporates the difference between simulation re-
sults (ysim) and observations (yobs) for all variables k, also
including the uncertainty of the observations (σobs). The
overall likelihood (logLIi) is compared to the highest like-
lihood that was achieved so far (logLI) to decide about the
acceptance of the current parameter set. If the difference
between the current likelihood and the highest likelihood
(1logLI= logLImax− logLIi) is positive, the parameter set
is always accepted. For negative 1logLI, it is only accepted
if it exceeds the natural logarithm of a random number be-
tween 0 and 1. This mechanism prohibits the outcome that
the algorithm is trapped in local optima. At the end of the
chain, the algorithm returns a posterior parameter distribu-
tions whose modes are the parameter values with the best
model performance.

We used the same parameter space for all three new PFTs
but ensured that we select parameter values consistent with
the traits associated with CSR theory. We prescribed a hierar-
chy based on our expertise (Table 2) for each parameter that
defines whether a PFT has to obtain a higher or lower value
compared to the other PFTs. For example, S PFTs must have
a lower SLA than C and R PFTs, because the S strategy is
associated with slower growth and longer-living tissue than
the C and R strategies.

Our approach included two steps represented by two sub-
sequent chains. The first chain was short and used a large
tuning parameter so that the sampling covered the entire pa-
rameter space and an area of good model performance could
be identified. The second chain started in the area discovered
by the first chain, was longer and used a smaller tuning pa-
rameter to find the optimal parameter values within the area.

We evaluated the new PFTs using the mean square error
(MSE) and its components (see Appendix A6). For the eval-
uation, we either used a different data set or split the data into
different sets for parameterisation and evaluation if the num-
ber of replicates was at least eight for the majority of obser-
vations (Table 3). Observations with less than eight replicates
were only used for the parameterisation. For the hot steppe,
we used the difference in SOC between the ungrazed and
grazed scenario for the evaluation because the current repre-
sentation of the processes listed in Sect. 4.1.2 made it impos-
sible to simulate the overall SOC level adequately. For the
cold steppe, SOC data were only available for 1 year and the
common management for the examined region (Wiesmeier

et al., 2011). While this is comparable to our extensive graz-
ing intensity, for the intensive grazing intensity we assumed
a 25 % lower SOC level. We based this assumption on Kölbl
et al. (2011) who reported around 25 % lower SOC content
of the topsoil under heavy grazing compared to areas without
or with periods of moderate grazing.

2.5 Modelling protocol

Simulations with LPJmL are driven by data on climate vari-
ables and management. If available, we used climate data ob-
tained at the sites (see the Supplement). For missing climate
variables, we supplemented data from the GSWP3-ERA5
data set for the temperate grassland and bias-adjusted data
from the MRI-ESM2-0 (Lange and Büchner, 2022) for the
hot and cold steppe. To design the new PFTs and evaluate
the model development, we reproduced the management un-
der which the experiments were conducted (Sect. 2.2 and Ta-
ble 1).

LPJmL-CSR simulates all processes and provides all out-
puts with a daily resolution. If necessary, outputs are aggre-
gated to a monthly or annual resolution in the postprocessing.
Before simulating managed grasslands, the model was run
for 30 000 years with natural vegetation to obtain an equi-
librium of the carbon and nitrogen cycle during a spin-up
simulation. Afterwards, a second spin-up of 390 years was
conducted to account for the effects of historical land-use
change on soil conditions. For none of the sites, data on the
land use history were available, and we assumed livestock
grazing with a moderate density for the second spin-up pe-
riod to account for the transition from natural vegetation to
managed land. A detailed list of all inputs and settings to
reproduce the conditions of the sites and experiments is pro-
vided in the Supplement.

In addition to the simulations done for the parameterisa-
tion of the new PFTs, we simulated several scenarios to anal-
yse forage offtake, leaf biomass and SOC for different water
or nitrogen limitation levels. For each site, we simulated the
two management schemes also used to derive the new PFTs.
To evaluate the changes of forage offtake, leaf biomass, SOC
and community composition in response to different resource
limitations, we simulated our three sites additionally without
the prevailing site-specific limitations. For this, we removed
water limitation for the hot steppe and water and nitrogen
limitation separately for the cold steppe (Table 4).

Pre- and postprocessing of the data and figure creation
were conducted using R (R Core Team, 2019). A list of all R
packages used is provided in the Supplement.

3 Results

We evaluated LPJmL-CSR for the selected variables
(Sect. 3.1) – results of the parameterisation are shown in the
Supplement. Afterwards, we assessed the effect of removing
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Table 4. Scenario names and management (mowing/grazing intensity, irrigation, fertilisation) used for the simulations at the Lindhof (tem-
perate grassland), Syferkuil (hot steppe) and Xilin (cold steppe) sites.

Name Mowing/grazing Irrigation Fertiliser application

Temperate grassland N0 Mowing (4 cuts) rainfed unfertilised
Temperate grassland N1 Mowing (4 cuts) rainfed fertilised 240 kg N ha−1 yr−1

Hot steppe C0 R U Grazing (0.0 cows ha−1) rainfed unfertilised
Hot steppe C1 R U Grazing (0.1 cows ha−1) rainfed unfertilised
Hot steppe C0 I U Grazing (0.0 cows ha−1) irrigated unfertilised
Hot steppe C1 I U Grazing (0.1 cows ha−1) irrigated unfertilised
Cold steppe S1 R U Grazing (1.5 sheep ha−1) rainfed unfertilised
Cold steppe S6 R U Grazing (9 sheep ha−1) rainfed unfertilised
Cold steppe S1 I U Grazing (1.5 sheep ha−1) irrigated unfertilised
Cold steppe S6 I U Grazing (9 sheep ha−1) irrigated unfertilised
Cold steppe S1 I F Grazing (1.5 sheep ha−1) irrigated fertilised
Cold steppe S6 I F Grazing (9 sheep ha−1) irrigated fertilised

the resource limitations (Sect. 3.3), compared the traits and
trade-offs within and across sites (Sect. 3.2) and analysed the
community composition (Sect. 3.4).

3.1 Evaluation of new PFTs

For each site and management scenario, the new PFTs led to
improved model results for forage offtake/leaf biomass and a
reduced mean square error (MSE) compared to a simulation
using LPJmL 5 (Fig. 2a, d and g), which did not include the
changes described in Sect. 2.3. A major improvement was
the capability of LPJmL-CSR to distinguish between CSR
strategies using different PFTs. For all sites and strategies,
we were able to find parameter sets for the new PFTs that
enable LPJmL-CSR to represent the community well. An-
nual averages of the C, S and R PFT covers simulated by
LPJmL-CSR compared well to the expected cover which we
used for the parameterisation. MSEs for the FPC were below
0.02 (Fig. 2c, f and g) across sites and scenarios. Simulation
results for forage offtake/leaf biomass improved at all sites
(Fig. 2a, d and g). For the temperate grassland and the ex-
tensive grazing scenario in the cold steppe, the MSE of SOC
was lower in LPJmL-CSR (Fig. 2b and h) but similar for the
hot steppe and moderately higher for the intensively grazed
cold steppe (Fig. 2e and h).

3.1.1 Temperate grassland

Forage offtake of the temperate grassland for the unfer-
tilised scenario was strongly underestimated by LPJmL
5 (Fig. S2a), and the MSE improved from 431.7 to
112.2 (Mg DM ha−1)2 in LPJmL-CSR (Fig. 2a). For the fer-
tilised scenario, LPJmL 5 underestimated forage offtake
less severely (Fig. S2b), and the MSE was similar with
96.4 (Mg DM ha−1)2 in LPJmL 5 to 105.3 (Mg DM ha−1)2

in LPJmL-CSR. For the unfertilised scenario, the representa-
tion of SOC improved as well. For the unfertilised scenario,

LPJmL 5 strongly underestimated SOC stocks (Fig. S3a),
and the MSE was reduced from 1262 to 21.4 (Mg C ha−1)2.
However, it remained similar with 11 and 37.9 (Mg C ha−1)2

for the fertilised scenario (Figs. 2b and S3b).

3.1.2 Hot steppe

Simulation results for the hot steppe presented a mixed pic-
ture showing lower MSEs for leaf biomass but higher MSEs
for SOC in LPJmL-CSR compared to LPJmL 5. For the un-
grazed (C0) scenario, the MSE of leaf biomass improved
from 10154.1 to 1.9 (Mg DM ha−1)2 (Fig. 2d). Similarly,
for the grazed (C1) scenario, the MSE of leaf biomass im-
proved from 9522.5 to 40.1 (Mg DM ha−1)2. The MSE for
the difference in SOC between the ungrazed and grazed
scenario was lower in LPJmL 5 and increased from 6.3 to
251.2 (Mg C ha−1)2 (Fig. 2e). LPJmL 5 already simulated
the SOC difference between the scenarios well impeding
improvements through LPJmL-CSR. Furthermore, improve-
ments in leaf biomass outweighed degradation in SOC stocks
and LPJmL-CSR fits the observations better overall. How-
ever, compared to observations, LPJmL 5 severely overes-
timated leaf biomass and LPJmL-CSR underestimated leaf
biomass (Fig. S4) and both model versions overestimated
SOC in the ungrazed and grazed scenario (Fig. S5).

3.1.3 Cold steppe

For the cold steppe, animal feed demand was met in
both model versions for the low grazing intensity (S1).
Still, the MSE for forage offtake improved from 9.5 to
8.4 (Mg DM ha−1)2 (Fig. 2g). For the high grazing intensity
(S6), the feed demand was not always met in both models
versions. Here, the MSE improved from 4.5 in LPJmL 5 to
3.8 (Mg DM ha−1)2. Both LPJmL 5 and CSR underestimated
observed forage offtake for both grazing intensities but the
dynamics at the high grazing intensity were captured better
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Figure 2. Mean square error (MSE) for the different management scenarios (x axis) for forage offtake/leaf biomass in Mg DM ha−1 yr−1,
SOC in Mg DM ha−1 yr−1 and FPC (columns, left to right) for the temperate grassland, hot steppe and cold steppe (rows, top to bottom).
For forage offtake/leaf biomass and SOC, MSEs for the old (LPJmL 5) and new (LPJmL-CSR) model version are shown. For FPC, MSEs
are shown for each PFT separately for LPJmL-CSR before and after the calibration. The colours separate the MSE into three components:
the bias (grey) showing the systematic error for each variable; the phase (yellow), showing the temporal shift against observations; and the
variance (blue), which is the random error not attributable to bias and phase compared to observations.

by LPJmL-CSR (Fig. S6). Unfortunately, replicates for for-
age offtake were not sufficient to split the data and no addi-
tional data were available for evaluation. Similarly, only data
on SOC for 1 year, which did not distinguish between areas
of different grazing intensity, were available. Since these data
were already used for the parameterisation, we were not able
to properly evaluate SOC. While LPJmL 5 strongly underes-
timated SOC for the low grazing intensity (S1), LPJmL-CSR
captured the observations better but still underestimated ob-
servations (Fig. S7). Values were within the standard devi-
ation of the observations for the low grazing intensity. For
the high grazing intensity (S6), we assumed that 75 % of
the observed SOC to be an appropriate estimate for calibra-
tion (Sect. 2.4.2). However, both LPJmL 5 and LPJmL-CSR
overestimate this reduced calibration estimate (Sect. 4.1.3).
The MSE was reduced from 2157.5 to 60.5 (Mg C ha−1)2

for the low grazing intensity and increased from 456.7 to
2741.5 (Mg C ha−1)2 for the high grazing intensity (Fig. 2h).

3.2 Comparison of parameterisations between sites
and different management intensities

The environmental conditions, the management and the com-
munities at the examined sites were different, and each site
and management could be placed at a different location
within the CSR triangle. Therefore, we expected different
parameterisations across and within the sites for our new
PFTs reflected through the PFT positions along the stress
and disturbance gradients. Throughout this study, we focus
on the two dimensions and discuss parameters in the context
of these dimensions.

3.2.1 Management intensities

At all sites, the different management scenarios resulted in
different parameter values for the three PFTs. For the tem-
perate grassland, the calibration selected a less resource-
exploitative strategy for the C and R PFT in the fertilised
scenario indicated by the lower value for the stress gradient
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Figure 3. Spiderplots of normalised parameter values after calibration for each site (columns) and management scenario (rows). The centre
and the edge represent the low and high ends of the stress (black labels) and disturbance (grey labels) gradients. The colours of the points
distinguish the three PFTs. The tables show the mean of normalised parameter values for each PFT and the two trade-off dimensions.

which resulted from higher leaf longevity (lower SLA), while
the S PFT’s strategy remained similar (Fig. 3). Additionally,
all PFTs showed a lower maximum transpiration rate (Emax)
and higher investments into aboveground biomass (higher
lmro). For the disturbance gradient, the C and S PFTs had
a higher value in the fertilised scenario. For the C and S
PFTs, this indicated that the calibration selected a strategy
with less offspring (lower kest) and a more efficient root net-
work (higher kroot). The R PFT had a lower value caused by
an increase in number of offspring (higher kest).

For the hot steppe, the S and R PFTs showed a lower
value for the stress gradient for the grazed scenario (C1),
and the calibration selected a more water-saving (lower Emax
and/or gmin) strategy. These differences were counteracted
to some extent by an increased investment in aboveground
biomass (higher lmro) and a more resource-exploitative strat-
egy (higher SLA). The C PFT showed similar differences ex-
cept for the reduction of the minimum canopy conductance
(gmin). However, this is likely an artefact of the parameteri-

sation. As stated in Sect. 2.4.1, both SLA and lmro not only
underpin the compensation of defoliation but also play a role
for resource uptake and distribution. In the ungrazed sce-
nario (C0), no defoliation has to be compensated and both
parameters only play a role for resource uptake and distribu-
tion, which likely affected the selection of gmin. In contrast
in the grazed scenario (C1), gmin and Emax become more
important for resource uptake and distribution. For the dis-
turbance gradient, all PFTs had higher values from different
causes: the C PFT established less offspring (lower kest), the
S PFT increased its stature (higher kbeer) and seedling size
(higher LAIsapl), and the R PFT only increased its seedling
size (higher LAIsapl).

Consistent with the findings for the other sites, for the cold
steppe all PFTs showed different strategies for the different
management intensities. While the value for the stress gradi-
ent was the same for the R PFT and only differed for the C
and S PFTs, the calibration selected different trait values for
all PFTs. For the C PFT, the calibration selected a less water-
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saving strategy (higher Emax and gmin) and for the S PFT
a more water-saving strategy (lower Emax and gmin). For the
disturbance gradient, the C and S PFT showed a higher value,
and the R PFT showed a lower value in the intensively grazed
scenario (S6). While for the C PFT this was the result of an
increase in the efficiency of its root network (higher kroot), for
the S PFT this was a result of an increase in stature (higher
kbeer; Sect. 2.4.1). In contrast, the R PFT had a smaller stature
(lower kbeer) and seedling size (lower LAIsapl).

3.2.2 Site-specific conditions

Across sites, we found a large variation within both dimen-
sions which ranged from 0.30 to 0.64 for the stress and from
0.18 to 0.68 for the disturbance gradient (Fig. 3). As a con-
sequence of our assumptions for the parameterisation, the
sorting of the parameter values for the three PFTs had to
match the hierarchy defined in Table 2 (Sect. 2.4.2) for each
site. Between sites however, we did not make any assump-
tions that would predetermine an order, meaning that each
site could occupy a different area of the two dimensions. For
example, an R PFT had to have a higher value for the stress
gradient compared to the S PFT for the same site, but could
have a lower value compared to the S PFT of another site,
as is the case when comparing the temperate grassland to the
hot steppe. For the disturbance gradient, the same case can
be made.

However, if averaged over all sites and management sce-
narios, the C PFT still was the most resource exploitative
with a value of 0.55 for the stress gradient, while the R and
S PFT were more resource conservative with values of 0.48
and 0.25. Similarly, the R PFT produced most offspring and
had the smallest stature with a value of 0.29 compared to 0.57
and 0.58 for the C and S PFTs. While this general pattern
emerged clearly for the two dimensions, there were substan-
tial differences between the sites when comparing the con-
tributing parameters. Most similar was the lmro determining
investments into aboveground versus belowground biomass,
which contributed to high values of the C and R PFTs for
the stress gradient for several scenarios. For the steppe sites,
there was some alignment within the S PFTs, which all had a
larger stature (higher kbeer). The remaining parameters were
not discernibly aligned across sites.

3.3 Effects of resource limitation

To assess the effect of resource limitation, we compared dif-
ferent scenarios with LPJmL-CSR. In addition to the sce-
narios using the prevailing climatic conditions (resource lim-
ited), we simulated scenarios where we removed the limita-
tion of water or nitrogen supply. For the temperate grassland
and the hot steppe, the different management scenarios of
the unfertilised and fertilised as well as ungrazed and grazed
scenario led to differences in soil carbon before the first year
shown in Fig. 3.

Figure 4. Simulated forage offtake/leaf biomass (a, b, c) and SOC
(d, e, f) for all sites, management levels and resource limitation sce-
narios. Bars show the annual forage offtake and coloured segments
the forage offtake for each cut/month. Line colours differ between
rainfed (prevailing conditions, black), rainfed fertilised (red) and
irrigated unfertilised (blue), while line types show the grazing man-
agement intensity as low (ungrazed/C0 or extensively grazed/S1,
solid) and high (grazed/C1 or intensively grazed/S6, dashed).

3.3.1 Temperate grassland

The temperate grassland already is a productive site where
water and nitrogen are not limiting productivity, and we did
not simulate any additional scenarios but focused on com-
paring the two fertilisation levels (N0 and N1). For both
scenarios, total annual forage offtake was similar and be-
tween 5.3 and 7.4 Mg DM ha−1 yr−1 for the unfertilised and
between 4.7 and 8.9 Mg DM ha−1 yr−1 for the fertilised sce-
nario (Fig. 4a). The first cut was the most productive, yield-
ing between 1.8 and 2.8 Mg DM ha−1 yr−1 for the unfer-
tilised and between 2.5 and 3.9 Mg DM ha−1 yr−1 for the
fertilised scenario. The subsequent cuts contributed substan-
tially to the overall forage offtake except in 2018, which
was a drought year. Here, the forage offtake from all cuts
was reduced. In all cuts, the dominant C PFT contributed
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the majority of the forage offtake. In both scenarios, the S
and R PFTs barely contributed (2 % and 8 % share of forage
offtake on average) in all cuts (Fig. S8). Overall, dry matter
yield (DMY) was more stable between years (except 2018)
in the fertilised scenario because of higher yields during the
regrowth stages (cuts 2 to 4). These compensated the slightly
lower DMY of the first cut compared to the unfertilised sce-
nario.

The SOC showed no significant trend for the unfer-
tilised scenario, where the annual average decreased by
0.02 Mg C ha−1 yr−1 on average (τ = 0.09, p value 0.1).
In contrast, SOC in the fertilised scenario increased by
0.96 Mg C ha−1 yr−1 on average (τ = 0.56, p value< 0.001),
respectively (Fig. 4d). Intra-annual SOC dynamics, which
are driven by the litter production and C input from manure,
were stronger in the fertilised scenario.

3.3.2 Hot steppe

For the hot steppe, we simulated an irrigated (I) scenario
in addition to the rainfed (R) scenario which was used
for the calibration of our PFTs for the ungrazed (C0)
and grazed (C1) management. Annual forage offtake was
0.26 Mg DM ha−1 yr−1 in the rainfed scenario (Fig. 4b), and
animal feed demand was always met (Fig. S9a). Similarly,
the feed demand was always met in the irrigated scenario
(Fig. S9b). However, between the two scenarios the com-
position of forage offtake strongly differed. In the rainfed
scenario, the S PFT contributed the majority in most years,
whereas in the irrigated scenario the community composition
changed, and all PFTs contributed to forage offtake similarly.
A shift also occurred in the ungrazed scenario, which was
still dominated by the S PFT but showed a higher share of
the C and R PFTs after several years as well. This change was
related to the changing community composition (Sect. 3.4.2)
and increased leaf biomass in the irrigated scenario. In the
ungrazed scenario, 55 % of the leaf biomass increase from
irrigation resulted from elevated growth of the S PFT, 21 %
from the C PFT and 23 % from the R PFT. This was different
in the grazed scenario, with −18 % (S PFT), 82 % (C PFT)
and 37 % (R PFT), respectively.

The SOC of the rainfed scenarios did not show strong
trends (Fig. 4e). However, the negative trend in the un-
grazed scenario (C0) was still significant (τ =−0.27,
p value< 0.001). In the irrigated scenario, SOC increased
strongly with little differences between the grazing scenar-
ios – on average by 4.9 Mg C ha−1 yr−1 in the ungrazed and
4.2 Mg C ha−1 yr−1 in the grazed scenario. However, SOC
did not increase linearly but showed a much stronger increase
which was unrealistically high in the first 1 to 2 years after
the start of irrigation (10.4 Mg C ha−1 yr−1 in the ungrazed
and 10.6 Mg C ha−1 yr−1 in the grazed scenario) than in the
remaining time series (2.1 Mg C ha−1 yr−1 in the ungrazed
and 1.0 Mg C ha−1 yr−1 in the grazed scenario).

3.3.3 Cold steppe

For the cold steppe, we simulated an irrigated (I) and a
fertilised (F) scenario in addition to the rainfed (R) sce-
nario used for the parameterisation for both the low (S1)
and high (S6) grazing intensities. Total forage offtake was
0.17 Mg DM ha−1 yr−1 for all scenarios with low grazing in-
tensity because the feed demand of the animals was always
met (Fig. 4c). In all scenarios, the forage offtake was al-
most entirely attributed to the dominant S PFT, (Fig. S10a–
c). For the high grazing intensity, total forage offtake was
1.03 Mg DM ha−1 yr−1 if the feed demand was met. This was
always the case in the irrigated scenario but not in the rain-
fed and fertilised scenarios. In the latter two, the model sim-
ulated very similar forage offtake, indicating that nitrogen
addition was not sufficient to increase productivity because
water was the main limiting factor. In all three scenarios, the
S PFT was dominant (Fig. S10d–f). However, in the rainfed
and fertilised scenarios the share of the S PFT decreased in
months when the feed demand could not be met and mainly
the share of the C PFT increased. In the irrigated scenario,
only the S PFT contributed to the forage offtake (for an ex-
planation, see Sect. 4.1.3).

SOC was similar for the rainfed and fertilised but dif-
fered for the irrigated low- and high-grazing-intensity sce-
narios (Fig. 4f). Both the rainfed and fertilised scenar-
ios showed a significant negative trend for SOC, which
was similar between the high grazing intensity where SOC
decreased by roughly 4 Mg C ha−1 yr−1 on average (τ =
−0.99, p value< 0.001) and the low grazing intensity with
SOC losses of 3 Mg C ha−1 yr−1 on average (τ =−0.87, p
value< 0.001). For the irrigated scenarios, SOC increased by
2.5 Mg C ha−1 yr−1 on average (τ = 0.79, p value< 0.001)
for low grazing intensity and 0.4 Mg C ha−1 yr−1 on average
(τ = 0.47, p value< 0.001) for high grazing intensity.

3.4 Community composition

We compared expected and realised shares of the C, S and
R PFTs for the three sites using leaf biomass and explored
seasonal and inter-annual dynamics, and we analysed shifts
under different resource limitations.

As already evidenced by the low MSE values for the FPCs
of all PFTs after calibration (Fig. 2), LPJmL-CSR captured
our expert estimates on C, S and R PFT covers, which defined
the position of the ecosystem within the CSR triangle well.
However, these were annual averages and did not prescribe
any intra-annual variability. Since aboveground biomass and
FPC are directly related and aboveground biomass is the less
abstract variable to interpret, we present results based on
aboveground biomass from here on.
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Figure 5. Ternary plots of the share of standing aboveground
biomass of the C, S and R PFTs for the temperate grassland (a),
the ungrazed (b) and grazed hot steppe (c), and the extensively (d)
and intensively (e) grazed cold steppe. Colours differ between the
rainfed (red), irrigated (blue) and fertilised (green) scenarios. Points
with a black border show the mean composition of the time series.

3.4.1 Intra-annual variability

Each site showed substantial intra-annual dynamics of total
aboveground biomass (Fig. S11a, b, S12a, c, S13a, g) and the
monthly average of the aboveground biomass share of the C,
S and R PFTs (Fig. 5). However, the intra-annual dynamics
were different between sites. In the temperate grassland, the
C PFT was dominant throughout the year; however, after the
end of a growing season, the marginal PFTs had an increas-
ing share until after the first cut (Fig. S11c, d). While in the
unfertilised (N0) scenario the share of the S PFT increased,
the share of the S and R PFTs increased in the fertilised (N1)
scenario (Fig. 5a).

In the hot steppe, the community was dominated by the
S PFT in both management scenarios (Fig. 5b and d). In the
ungrazed (C0) scenario, the C PFT made up almost the en-
tire remainder of the aboveground biomass (Fig. S12a). How-

ever, the C PFT was replaced by the R PFT in the grazed (C1)
scenario (Fig. S12c).

For the cold steppe, PFT shares of aboveground biomass
did not show strong intra-annual variation for the extensive
(S1) grazing scenario (Fig. 5c). However, for the intensive
(S6) grazing scenario, the C and R PFTs strongly contributed
to the overall leaf biomass, and the C PFT was even dominant
during and after the grazing period (Fig. S13h).

3.4.2 Effects of irrigation and fertilisation

Removing resource limitations led to a shift in the commu-
nity composition for the hot and cold steppe.

The hot steppe transitioned from an S-dominated commu-
nity to a community with more balanced CSR shares that
was still dominated by the S PFT (Fig. 5b and d). This transi-
tion occurred within the first 1 to 2 years after the beginning
of irrigation for both scenarios (Fig. S12e–g), which was re-
flected through the shift in the community average in Fig. 5b
and d. Whether or not this is the new equilibrium state or the
community is still transitioning is crucial (Sect. 4.1.2).

While removing the nitrogen limitation did not alter the
community composition of the cold steppe under exten-
sive (S1) and intensive (S6) grazing, irrigation had an effect
(Fig. 5c and e). The S PFT out-competed the other PFTs en-
tirely in the both grazing scenarios throughout the time series
(Figs. 5c and e and S13e, f, k, l).

4 Discussion

4.1 Forage offtake, SOC and community composition
under different management and resource
limitations

At all sites, forage offtake, SOC and community composition
differed between the different management intensity and re-
source limitation scenarios. The implemented model exten-
sion enabled the model to successfully simulate differences
between C, S and R strategists (Sect. 4.2). We were able to
define new PFTs using a Bayesian calibration method that led
to improved simulation of forage offtake and/or SOC at three
sites under different environmental conditions and manage-
ment. Our implementation is a major advancement because
of the following:

1. It allows for explicit analyses of the adaptation of
the vegetation to changing conditions compared to the
model version in which only productivity changed.

2. Changes in the productivity of the community caused by
changing conditions are the result of a changing com-
munity composition and should therefore not only be
quantitatively different to those in LPJmL 5 but also
more reliable.
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3. This allows for assessment of the adaptive capacity un-
der different levels of functional diversity by adding or
removing specific strategies.

Furthermore, in LPJmL-CSR the initial community compo-
sition is not dependent on additional data, which facilitates
the application at different sites or at larger scales.

4.1.1 Temperate grassland

While the fertilised scenario for the temperate grassland was
already well simulated in LPJmL 5, the unfertilised scenario
underestimated forage offtake (Sect. 3.1.1). In LPJmL-CSR,
growth of the vegetation was faster than in LPJmL 5 which
led to higher yields for all cuts. We identified two reasons for
the faster growth. First, the new implementation for biologi-
cal nitrogen fixation (Appendix A4) reduced nitrogen stress
and promoted higher photosynthesis rates. Second, while
the parameters used for LPJmL-CSR were tuned for perfor-
mance under the site-specific environmental conditions and
management, the parameters used in LPJmL 5 were defined
for large-scale simulations with different management sce-
narios.

The temperate grassland is neither water nor nutrient lim-
ited, and since we only assessed scenarios with reduced re-
source limitations, we only compared the fertilised and un-
fertilised scenarios. Despite the additional nitrogen input
in the fertilised scenario, the unfertilised scenario achieved
a similar forage offtake. Missing nutrients were acquired
through biological nitrogen fixation, which was much higher
in the unfertilised scenario, which is in line with the higher
share of legumes observed in the field experiments (Rein-
sch et al., 2020). Despite the higher share of legumes in the
unfertilised experiments, the share of C, S and R strategists
was similar, and both fertilisation levels were dominated by
C species, which was well-represented by the model.

The simulated SOC was strongly dependent on the land
use history for which available data were limited. For sim-
plicity, we did not simulate crop rotations for the land use
history but selected a livestock density of 1.0 LSUs ha−1

(where LSU represents livestock unit) for the land use spin-
up simulation (see Sect. 2.5 and the Supplement) to pre-
scribe a fixed grazing pressure, which led to an underestima-
tion of observations in the unfertilised scenario in LPJmL 5.
This indicated that carbon inputs into the soil were too low
in LPJmL 5. LPJmL-CSR showed smaller deviations from
observations and an adequate representation of the trends
(Sect. 3.1.1). The increased soil carbon input had three rea-
sons. First, the trade-off between SLA and leaf longevity led
to higher turnover rates and in turn higher litterfall compared
to LPJmL 5. Second, accounting for mortality explicitly con-
stituted an additional input into the litter layer. Third, our
simulation included manure application which provided an
additional carbon input into the system.

The community composition showed some intra-annual
variability, and higher shares of the marginal PFTs at the end

and the beginning of a growing season in the unfertilised and
fertilised scenarios (Sect. 3.4.1). The S PFT gained higher
shares in the unfertilised scenario, showing an advantage of
the S over the R PFT despite the fact that strong nitrogen
stress was avoided through biological nitrogen fixation. In
contrast, if nitrogen stress was removed entirely, the S PFT
lost its advantage and the R PFT could increase its share. Af-
ter the first cut, these shares of the S and R PFTs became
smaller, because a cut is a disturbance that directly removes
part of the aboveground biomass. One strategy to cope with
this is grazing (or in this case mowing) tolerance (Briske,
1986; Stuart-Hill and Mentis, 1982), which requires fast re-
growth of the leaves to compensate for the removed biomass
as is typical for a C strategist (Grime, 1977, and Sect. 4.2.2).

4.1.2 Hot steppe

For the hot steppe, LPJmL 5 performed better for SOC,
while LPJmL-CSR performed better for forage offtake. We
identified several reasons for these inconsistent results. First,
LPJmL does not distinguish between leaves of different age
classes and therefore not between alive, senescent or mori-
bund tissue (Schaphoff et al., 2018). All tissue is either alive
and associated with the plant or moribund and part of the
litter layer. However, observed forage offtake also included
senescent biomass (Munjonji et al., 2020). This predisposed
the model to underestimate forage offtake when account-
ing for realistic turnover rates, which was observed in the
low biomass values simulated in LPJmL-CSR. Second, lit-
ter decomposition is a function of soil moisture, temperature
and litter composition (Schaphoff et al., 2018). However, the
PFTs do not differ in their persistence of the litter, which
is the case for different plant species and across ecological
strategies (Brovkin et al., 2012). Considering this may help
to improve the simulation of SOC dynamics in the future.
Third, the vegetation was described as an open thornbush sa-
vanna (Acocks, 1988; Scheiter et al., 2023) which includes a
woody component. However, in LPJmL managed grassland
vegetation does not include bushes or trees and therefore only
partially represents the observed community.

The S PFT was dominant in the grazed and ungrazed
scenarios, while the remainder of the aboveground biomass
was contributed by different PFTs depending on the scenario
(Sect. 3.2.1). The dominance of the S PFT independent of
grazing is plausible considering the pronounced dry vs. wet
season dynamics at the site that impose water stress (Scheiter
et al., 2023) and potentially also nitrogen stress. The R PFT
was more tolerant towards grazing disturbances and gained
dominance in the grazed scenario, replacing the C PFT which
had a lower ability to deal with disturbance. Removing the
water limitation led to an increase in forage offtake and SOC,
which can be expected when removing the main resource
limitation. However, the majority of the SOC increase oc-
curred in the first 2 years after the start of irrigation, which is
not realistic. This can be explained by the missing representa-
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tion of senescent tissue in combination with the adaptation of
the community composition: removing the water limitation
led to a strong increase in leaf biomass, which was substan-
tially higher than the feed demand of the simulated grazing
intensity and increased the input to the litter layer. Further-
more, the share of the R and C PFTs which have a lower leaf
longevity than the S PFT increased, leading to faster inputs
into the litter layer. After 1 to 2 years, the community com-
position reached a new equilibrium, and inputs into the litter
layer decreased. Introducing senescent tissue would increase
the competition for light due to self-shading effects (Zimmer-
mann et al., 2010) and likely slow down this transition.

In addition, irrigation led to a shift in the community
composition (Sect. 3.4.2) and an increase in leaf biomass to
which the C and R PFT together contributed more than the
S PFT (Sect. 3.3.2). We cannot determine whether or not in-
creases under irrigation would be lower for an S-PFT mono-
culture, which does not contain other ecological strategies,
but we strongly suspect so.

In both the ungrazed and the grazed scenario, the commu-
nity transitioned from strongly S-dominated to a community
with higher shares of the C and R PFTs that were still S-
dominated. According to the CSR theory, this type of com-
munity emerges in somewhat stressed and disturbed habitats
(Grime, 1977). While this case can easily be made for the
grazed scenario, where the disturbance is caused by the an-
imals, the ungrazed scenario does not include such a clear
disturbance. The success of both the C and the R PFTs is
likely determined by the similarity of their SLA, kbeer and
lmro, which become more important compared to Emax and
gmin if there is no water limitation. Potentially larger differ-
ences in these parameter would lead to the success of one of
the two instead.

Less than 2 years is a very fast transition, and while the
shares of the leaf biomass seem to have reached a new equi-
librium after 1 or 2 years of irrigation, it is likely that the soil
carbon and nitrogen pools are not in equilibrium yet. This is
especially interesting when considering that the overall in-
crease in leaf biomass may promote litterfall and the forma-
tion of inorganic nitrogen. This in turn may lead to reduced
nitrogen limitation and additional changes in the community
composition. Furthermore, biological nitrogen fixation is de-
pendent on soil moisture and may therefore also contribute to
decreasing nitrogen stress under irrigation. However, irriga-
tion also leads to increased leaching and could therefore also
decrease inorganic nitrogen availability. Future analysis con-
sidering longer timescales may help to identify intermediate
and final transition states.

Regardless of the equilibrium state of the transition, its
velocity is likely overestimated by LPJmL for two rea-
sons. First, the C and R PFTs can establish quickly despite
their limited presence before the onset of irrigation because
LPJmL does not simulate a seed bank which would in real-
ity be small at least for the C PFT limiting its establishment.
Second, in reality growth of established individuals is limited

and a transition as simulated is strongly controlled by repro-
duction and dispersal, which slow down population biomass
increase. In LPJmL, already established individuals continue
to grow and the population biomass increases even without
additional establishment.

4.1.3 Cold steppe

LPJmL 5 underestimated the observed forage offtake of the
cold steppe, because the feed demand, which was originally
designed to represent large cattle (Rolinski et al., 2018), was
scaled down linearly with animal body weight. This led to
an unrealistically low feed demand because the feed demand
body weight relationship is not linear but follows a power
law (Cordova et al., 1978). Our new calculation of feed de-
mand (Appendix A5) led to a higher feed demand and forage
offtake simulations were improved for low and high grazing
intensities.

Under observed conditions, the high grazing intensity
severely reduced aboveground biomass, and feed demand
was not met in all years except the year directly after the
increase in stocking density, indicating overgrazing. The re-
duced biomass availability was also observed by Schönbach
et al. (2012) in their field experiment. Additionally, LPJmL
simulates a different community composition compared to
the low grazing intensity. The relative share of the C and to
some extent also the R PFT is higher for the high grazing
intensity (Figs. S10b and S13h) because such strategies are
better suited to tolerate grazing.

During and after the grazing period, the C and R PFTs had
a higher share of the community aboveground biomass. Both
these PFTs can regrow faster and invest more into above-
ground biomass, which gave them an advantage over the
S PFT under grazing. In addition to the observed environ-
mental conditions, we simulated two scenarios where we re-
moved the water and nitrogen limitations separately. Remov-
ing the nitrogen limitation barely affected biomass availabil-
ity, and forage offtake was similar compared to the rainfed
scenario (Sect. 3.3.3). The additional soil nitrogen could not
be utilised by the plants, because water was the main limiting
factor (Li et al., 2011; Bai et al., 2004). In contrast, remov-
ing the water limitation led to an increase in leaf biomass,
and forage offtake met the demand in all years even for the
high grazing intensity. This is in line with irrigation and fer-
tilisation experiments conducted in the cold steppe (Li et al.,
2011) and other sites with similar conditions (e.g. Shi et al.,
2022). Contrary to the results of Li et al. (2011), who re-
ported a lower share of annuals and bi-annuals – that are
more likely C than S strategists – in the rainfed treatments,
the S PFT was dominant in the irrigated scenarios. One rea-
son for this could be that LPJmL does not simulate seed
banks, which play a major role for the establishment and suc-
cess of the annuals and bi-annuals (Thompson, 1987; Brown
and Venable, 1986). Instead, LPJmL simulates establishment
of additional seedlings dependent on available space, assum-
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ing that resources for reproduction are available at any time
and not dependent on past investments into seed production.

Despite the fact that we did not have separate data on SOC
under the two grazing intensities, our results showed a lower
SOC storage for the high grazing intensity typical for over-
grazed steppes (e.g. Wiesmeier et al., 2012) compared to the
low grazing intensity which constituted the typical livestock
density for the region (Hoffmann et al., 2016). Wiesmeier
et al. (2012) investigated the effect of high grazing inten-
sities on the SOC, observing significant SOC losses within
3 years of increased grazing, which is in line with our sim-
ulation results. Fertilisation had no effect on SOC, because
leaf biomass and in turn carbon inputs into the soil did not
increase. In contrast, irrigation led to an increase of SOC,
which was stronger for the low grazing intensity. This is
likely because more biomass was produced, and the surplus
of the feed demand was not removed but contributes to the
litter layer. However, these gains would not justify the effort
that would be necessary to irrigate large areas.

Removing the water limitation led to a transition from S-
dominated to an S-monoculture community under both graz-
ing intensities (Sect. 3.4.2). Since the site was still severely
nutrient-limited and exposed to low temperatures, it seems
that an S strategy remained advantageous. Furthermore, the
S PFT showed trait values associated with large investments
in roots and more persistent root tissue (Sect. 3.2.1), which
provides a likely explanation for its increased dominance: it
had an advantage in the competition for the additional water.
Similar to the hot steppe, it is possible that our time frame is
too short for the soil pools to have reached a new equilibrium.
As described in Sect. 4.1.2, irrigation alone already affects
processes that could increase nitrogen supply by biological
nitrogen fixation and litterfall, but it could also decrease it
by leaching. Both biological nitrogen fixation and minerali-
sation are dependent on soil moisture as well as on tempera-
ture, which is low in the cold steppe limiting the increase of
inorganic nitrogen. Therefore, it is possible that only an in-
termediate state emerges during our simulation period. Espe-
cially when also considering the increased leaching, we ex-
pect that the cold steppe is still nitrogen limited under irriga-
tion; therefore, combining irrigation with fertilisation could
further reduce nitrogen limitation, leading to increased pro-
ductivity and changes in the community composition. How-
ever, the leaf biomass increase may also be limited by higher
maintenance respiration which is connected to leaf nitrogen
content. Additional analysis is needed to enhance the under-
standing of these complex interactions.

4.2 Stress and disturbance gradients across sites and
management

4.2.1 Across sites

We used a Bayesian calibration method to find suitable pa-
rameter values of eight parameters assigned to two trade-off

dimensions for the new PFTs. Due to lacking data on starting
values and ranges for the three new PFTs, we used the same
ranges and starting values for each PFT but prescribed an
order of the parameters. Within a site and management sce-
nario, the prescribed hierarchy for specific parameters also
predefined the ranking of the PFTs along the stress and dis-
turbance gradients. Across sites and management, we did not
constrain the PFTs to positions within the two dimensions.
Theoretically, all PFTs of the temperate grassland could have
been associated with a more conservative strategy for the
stress gradient compared to the PFTs of the hot steppe. How-
ever, while there were some differences between the sites and
management; on average, the C and R PFTs occupied a more
resource-exploitative position for the stress gradient and the
S PFTs a more conservative one (Sect. 3.2.2). Similarly, for
the disturbance gradient the C and S PFTs occupied a po-
sition associated with less but larger offspring and a larger
stature compared to the R PFT. It is an emergent property of
the model that not only the relative position of the PFTs of a
site and management scenario determined community com-
position but also the overall positions along the stress and dis-
turbance gradients (which we derived from the global spec-
trum of plant form and function Díaz et al., 2016) were im-
portant. Our experiences from these three sites showed sim-
ilar strategies that are independent of environmental condi-
tions, indicating that LPJmL-CSR is capable of reproducing
the empirically derived trade-offs associated with the global
spectrum of plant form and function (Díaz et al., 2016). How-
ever, LPJmL-CSR will benefit from additional testing on
larger scales in the future.

4.2.2 Across management

While missing processes such as the representation of
seed banks as at the hot steppe (Sect. 4.1.2) and poor data
as at the cold steppe (Sect. 4.1.3) may have led to biased
model dynamics to some extent, we clearly demonstrated the
importance of representing different ecological strategies.

The calibration selected different strategies along the
stress and disturbance gradients for the different manage-
ment intensities (Sect. 3.2.1), which were related to changes
in resource limitations or disturbance level: in LPJmL-CSR,
a change in resource availability only changes the conditions
for the establishment of a community but does not directly
affect the established vegetation (changes in environmental
filters; Bazzaz, 1991; Woodward and Diament, 1991). In re-
ality, however, a change in resource availability may also in-
crease the mortality for specific strategy types, affecting the
already established community as well. In temperate grass-
lands, manure application increases N supply and reduces
the number of available niches that can be occupied by dif-
ferent ecological strategies. In the unfertilised experiment,
species could satisfy their N demand through two different
strategies: competition for the limited resource in the soil
or biological N fixation (BNF). In the fertilised experiment,
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only the first strategy was advantageous as BNF creates ad-
ditional costs. In the field experiment, this was evidenced
through the substantially different amounts of legumes be-
tween the two experiments (Reinsch et al., 2020). In the
model, N-fixing and non-N-fixing species are both collated
within each PFT. Therefore, in the unfertilised scenario, a
PFT had to apply a strategy combining N uptake and fixation,
whereas it could focus on N uptake in the fertilised scenario.
Since we calibrated the unfertilised and fertilised scenarios
separately using the same data for C, S and R PFT covers,
the difference in strategy between the two scenarios is ex-
pressed through the different positions of the PFTs along the
stress and disturbance gradients: higher investments into be-
lowground biomass (lmro) provide an advantage in the com-
petition for plant-available nitrogen (Johnson and Biondini,
2001). In the model, this led to a reduced need of fixing addi-
tional nitrogen and in turn a reduction of the investment costs
associated with biological nitrogen fixation (Sect. 3.2.1).

In contrast to resource availability, a disturbance directly
affects the vegetation. In the case of grazing, it also in-
fluences resource availability indirectly through removal of
nutrients from and spatial redistribution within the system
(Liu et al., 2023; Chuan et al., 2018; Wan et al., 2015). In
LPJmL, the grazing of the animals at the steppe sites consti-
tuted a direct reduction of leaf biomass proportional to the
cover of each PFT (Rolinski et al., 2018). Under intensive
grazing, strategies of grazing tolerance or avoidance are es-
sential (Briske, 1986; Stuart-Hill and Mentis, 1982). While
grazing tolerance is mainly associated with fast regrowth
(Briske, 1986; Hyder, 1972, stress gradient), grazing avoid-
ance strategies can operate in time and space. Grazing avoid-
ance in time is possible through the completion of the lifecy-
cle between grazing intervals (Noy-Meir, 1990, disturbance
gradient). Grazing avoidance in space is contingent on reduc-
ing plant size (Rechenthin, 1956; Branson, 1953). However,
since plant size is not explicitly represented in LPJmL, we
do not discuss this strategy further (Sect. 2.3.3). In the hot
steppe, we simulated a daily grazing system, which makes
grazing avoidance through the lifecycle impossible, and the
PFTs had to follow a grazing-tolerance strategy. This was ex-
pressed through changes in the stress gradient: all PFTs in-
creased their investment into aboveground biomass and faster
tissue growth (Sect. 3.2.1). Because LPJmL does not account
for differences in the palatability of different strategy types
the parameterisation could not select for such likely suc-
cessful strategies, leading to a potentially biased community
composition.

At the cold steppe site, grazing only happened during the
growing season, and both grazing tolerance and avoidance
could be useful strategies. However, grazing avoidance in
time, which is the only type simulated by LPJmL, will not
be successful as it would mean shifting biomass production
to the non-growing season where the environmental condi-
tions do not allow growth. Still, between the extensive and
intensive grazing scenarios, the differences between the PFTs

in both dimensions do support different strategy adjustments
(Sect. 3.2.1). The C PFT increased its investment into above-
ground biomass to tolerate grazing, while the S and R PFTs
did not show any adjustment. However, since the high graz-
ing pressure caused degradation of the aboveground biomass,
differences between the two management scenarios not only
reflect different strategies to deal with the disturbance but
also reflect different strategies for survival outside the grazed
period. As such, all PFTs constructed long-living tissue to
survive unproductive conditions outside the growing season
in the intensive grazing scenario. This was not necessary in
the extensive grazing scenario, because the PFTs retained
substantial aboveground biomass at the end of the growing
season and did not need to be as resource conservative.

4.3 Limitations and further need for research

The representation of different CSR strategies is a new fea-
ture in LPJmL, a model which is mainly used at large to
global spatial scales. Past explorations have pointed out the
difficulties of adding new PFTs to DGVMs in general (Yang
et al., 2015) and also to LPJmL (Wirth et al., 2021). We
therefore decided to only add a small number of PFTs which
should represent the three main CSR strategies and no sub-
strategies. We used expert estimates to determine the shares
of the three strategies. These three strategy shares sum up to
100 % and also encompass species that would be added to
a sub-strategy in a less coarse approach. Consequently, our
results show a very simplified representation of the different
strategies within a community and across sites, which might
be better represented using a small-scale model such as IBC
GRASS (May et al., 2009) or GRASSMIND (Taubert et al.,
2020a, b, 2012). However, large-scale applications also ben-
efit from the inclusion of universally applicable trade-offs be-
tween different ecological strategies and the improved repre-
sentation of productivity changes.

Furthermore, we reduced the trade-offs between C, S and
R strategists to fit into two dimensions and used a limited
amount of parameters to express these. While this simplifica-
tion was necessary, this also means that we do not represent
all effects, advantages or trade-offs of functional diversity.
However, as LPJmL is a global model, our aim was not to op-
timise performance for specific sites, but to evaluate and test
an approach which can easily be applied at the global scale
without the need of a global data set on community composi-
tion of grasslands. Keeping this in mind, and considering the
difficulties of adding PFTs to a DGVM as well as the global
heritage of the model, we find that representing even just the
three main CSR strategies constitutes a major improvement
of LPJmL.

Generally, the approach of using a small number of PFTs
with a fixed set of parameters has been criticised (Quillet
et al., 2010), leading to the development of next-generation
DGVMs that apply an individual-based approach such as
LPJmL-FIT (Sakschewski et al., 2015) or aDGVM (Scheiter
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et al., 2013). These models simulate the competition between
individual plants for which parameter values are drawn from
predefined ranges upon establishment. Given sufficient time,
only successful strategies will survive. Such models provide
a much more nuanced representation of functional diversity
compared to classic DGVMs with their coarse division into
fixed PFTs but are also computationally substantially more
expensive because of the high number of individuals for
which all processes have to be calculated. Past studies have
therefore often focused on specific regions such as the Ama-
zon rainforest (Sakschewski et al., 2015), European forests
(Thonicke et al., 2020) or South African semi-arid range-
lands (Pfeiffer et al., 2019). In contrast, classic DGVMs are
still widely applied on the global scale, e.g. to calculate the
global carbon budget (Friedlingstein et al., 2022), and we see
the need to continue their development for the foreseeable
future. Combining our approach of distinguishing between
PFTs that follow the main strategies of the CSR theory with
an individual-based approach, making use of the full param-
eter range instead of single points, provides an interesting
opportunity for future research of diverse grasslands.

For this study, we only assessed three sites at which our
approach worked well. We did not include a site dominated
by R strategists since this is not common for managed grass-
lands, but we also did not include CS and CSR habitats which
are typical for unfertilised and fertilised pastures, respec-
tively (Grime, 1974). Additional research including these
intermediate habitats might provide more insight into the
newly implemented strategies and trade-offs. While separate
calibrations are feasible for a small number of sites and sce-
narios, for large-scale or global assessments the lack of data
and the computational requirement for the calibration make
a site-specific calibration infeasible. However, using a more
efficient calibration method and remote sensing data instead
of on-site experiments can be used to derive a set of PFTs
which are representative of the entire globe or at least cli-
matic regions. For LPJmL, a genetic optimisation algorithm
has been used to successfully calibrate the phenology (Forkel
et al., 2014) and vegetation dynamics (Forkel et al., 2019) of
natural ecosystems. Following this approach, we believe it is
possible to identify C, S and R PFTs for the tropical, temper-
ate and polar regions, ending up with nine PFTs in total.

In LPJmL, herbaceous plants are represented as average
individuals of a number of different PFTs, without an ex-
plicit representation of geometry. Therefore, we used the
light extinction coefficient as a proxy for stature, assuming
that small-stature plants would be less competitive for light.
We here deviate from the common interpretation of the light
extinction coefficient, which is usually defined as the light
absorption of a layer of leaves. However, as explained in
Sect. 2.4, LPJmL represents the entire vegetation as a sin-
gle layer, and we therefore define the light extinction co-
efficient not for a single leaf but a stack of leaves. Taller
plants likely produce more layers of leaves, corresponding
to a larger stack and a thicker vegetation layer with a higher

light extinction. However, thickness of the vegetation layer
is not explicitly represented in LPJmL, and we represent the
described differences by using lower light extinction coeffi-
cients for small-stature plants for which we assume a lower
thickness of the vegetation layer and higher light extinction
coefficients for large-stature plants. However, this is not suf-
ficient to simulate grazing avoidance in space (Sect. 4.2.2),
and an explicit representation of plant height and area could
further improve the representation of ecological strategies
(Wirth et al., 2021). Furthermore, the coexistence of trees and
grass species, which is typical for savanna sites, is not imple-
mented in the LPJmL model. However, this is crucial to ade-
quately represent such ecosystems (Rolinski et al., 2021) and
should be a focus of future model development. Another im-
portant aspect in savanna and other dryland ecosystems is the
distinction between annual and perennial plants. In LPJmL,
this distinction is not explicitly made. While the R PFT has a
higher replacement rate of average individuals, it is not con-
strained to a specific growing season, after which it is com-
pletely killed to be re-established the following growing sea-
son. Incorporating this distinction into the model is an option
to add additional functional diversity and will likely improve
model results.

LPJmL-CSR only represents age mortality; that is, the ef-
fects of mortality from other causes such as frost, heat and
embolism are not represented. Especially under changing cli-
matic conditions, specific strategy types may show increased
mortality and lose their advantage to the advantage of other
strategy types. Including additional causes of mortality may
introduce additional trade-offs and enhance the differentia-
tion between strategy types.

Plant species have adapted to grazers in many ways, one of
which is grazing avoidance by being less or even unpalatable.
This is a successful strategy in grazing systems because, in
contrast to mowing, which is indiscriminate, grazing animals
show preferences for plants with a higher palatability (Tribe
and Gordon, 1950; Deg, 1954). Selective grazing and grazing
avoidance through palatability are currently not represented
in LPJmL but can have a strong effect on the community
composition (Parsons et al., 1994; Newman et al., 1995). In-
cluding preferences, e.g. for high SLA PFTs, may improve
simulation results further. Additionally, LPJmL-CSR does
not consider mechanical stress caused by trampling of ani-
mals and potential strategy dependent damage. Incorporat-
ing this may add another dimension of stress to distinguish
different PFTs.

Data coverage for the temperate grassland site was good,
and observations were available for multiple years and with
sufficient replicates. For the two steppe sites, data on SOC
were scarce. Especially additional data on trends and equi-
libria under specific management conditions might promote
further improvement of the model and help with the param-
eterisation of new PFTs. We based our parameterisation of
the new PFTs on expert estimates for the C, S, and R PFT
covers. While we are confident that these estimates were ad-
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equate, data on a small number of traits would be sufficient
to calculate the shares for each PFT following Pierce et al.
(2013), and we would like to encourage including such data
as a standard in sampling procedures for future experiments.

The scenarios we examined here only involved the reduc-
tion of stress by removing either water or nitrogen limita-
tions. Additional insight might be gained from doing the op-
posite and imposing additional limitations or looking into
gradual changes in environmental conditions.

5 Conclusions

We presented a new approach for large-scale models and
DGVMs to simulate the three main CSR strategies of man-
aged grassland PFTs. In addition to improving the simulation
of forage offtake or leaf biomass and SOC at three different
sites, the approach successfully simulated the dynamic com-
munity composition at these sites and reproduced the spec-
trum of plant form and function (Díaz et al., 2016). This is a
major improvement, allowing researchers to explicitly assess
how the presence or absence of specific plant strategies af-
fects ecosystem functioning and thus ecosystem service pro-
vision of managed grasslands. Using this new feature, sce-
narios for projections of forage offtake, leaf biomass and
SOC under climate change can be complemented with dif-
ferent constraints on the adaptive capacity of the vegetation.
Such projections can provide a range of future grassland pro-
ductivity as decision-support for policy-makers. To further
improve these projections, extending the sites by consider-
ing habitats with intermediate environmental conditions as
well as the scenarios by including additional resource lim-
itations (e.g. droughts) or gradual changes of environmental
conditions (e.g. temperature increase) could be useful to gain
additional insights into the model and to study the complex
interactions of climate change, management and functional
diversity.

Appendix A: Model description

We provided a qualitative description of the new model de-
velopment in the main text (Sect. 2.3), for which we supple-
ment the underlying equations and additional minor develop-
ments here.

A1 Water uptake

To make resource uptake of different resources dependent on
different plant traits, we adapted the water uptake routine of
the LPJmL model. Available soil water is now distributed be-
tween PFTs dependent on their root carbon (Croot,PFT) and a
PFT-specific parameter (kroot,PFT), which is used as a substi-
tute for information on root functional traits (e.g. branching
of the root network, amount of fine roots, number of root
tips). These traits cannot directly be incorporated, because

either the simplified representation of belowground plant or-
gans hinders their representation or data are not sufficiently
available.

froot,PFT = wPFT · (1− exp(−kroot,PFT ·Croot,PFT)) (A1)

Equations (A1)–(A3) describe an exponential function which
follows the approach used for the calculation of the foliage
projective cover (FPC; see Schaphoff et al., 2018), which was
used to distribute water between PFTs in previous model ver-
sions.

wPFT =

(
1− exp

(
−kroot,PFT ·

Number of PFTs∑
i

Croot,i

))
·f−1

root,sum (A2)

Each PFT’s access to plant-available soil water (froot,PFT)
is weighted using Eq. (A2). Here wPFT is calculated as
the fraction of the respective PFT’s potential access to the
plant-available soil water if the entire community root car-
bon would belong to it and the sum of all PFTs’ access to
plant-available soil water if now weighting would be applied
(Eq. A3).

froot,sum =

Number of PFTs∑
i

1− exp(−kroot,i ·Croot,i) (A3)

A2 The leaf economic spectrum

To incorporate the trade-offs associated with the LES, we im-
plemented a power law relationship between SLA and leaf
longevity (LL) described by Eq. (A4)

LL = a ·SLAb · 12−1, (A4)

where a = 36.3753 and b =−0.85384. Parameters a and b
were derived from a regression (Fig. A1) using trait data for
SLA and LL retrieved from the TRY database (Boenisch and
Kattge, 2018; Kattge et al., 2011). A detailed listing of the
data sets used is provided in Table S1 in the Supplement.

The leaf turnover rate is calculated as the inverse of the
leaf longevity (τleaf = 1/LL) and is linearly related to root
turnover (τroot = k · τleaf with k = 2) assuming that the LES
and the conservation gradient (Bergmann et al., 2020) of the
root economic space are aligned (Weigelt et al., 2021). Plant
biomass is transferred to the litter pools each day only if one
of two conditions is met: under grazing, we assume that,
depending on the stocking density, leaf tissue is grazed be-
fore it becomes senescent, and we define a threshold (ξleaf =

5 gC m−2) for leaf biomass below which no senescent tis-
sue for turnover is available; for mowing, we assume that
senescent leaf biomass has to build up again after a mowing
event, and we define a threshold for the leaf-to-root mass ra-
tio (ξlmtorm = 0.7 · lmtormopt) beyond which senescent tissue
is built up again.
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Figure A1. Linear regression of log SLA and log LL using trait data
for herbaceous species from the TRY database.

A3 Reproduction and mortality

To improve the representation of different reproduction
strategies and lifecycles, we adapted the establishment and
mortality routine of the model. Both establishment and mor-
tality are executed daily. In the new establishment routine,
the number of average individuals (nind) and the carbon
(Cind,pool) and nitrogen (Nind,pool) pools of the leaves and
roots for the average individuals are increased following
Eqs. (A5)–(A7).

1nind,PFT =kest,PFT · 365−2

·(1− exp(−5 · (1−FPCsum)))

·(1−FPCsum) ·
(
kest,PFT

·

(
Number of PFTs∑

i

kest,i

)−1
 , (A5)

1Cind,PFT =(Cseedling,leaf,PFT+Cseedling,root,PFT)

·1nind,PFT, (A6)
1Nind,PFT =1Cind,PFT ·NCratio,leaf,PFT. (A7)

Here, kest is the PFT-specific establishment rate, FPCsum =∑Number of PFTs
i FPCi is the sum of the FPC of all PFTs,

Cseedling,pool is the PFT-specific leaf and root pool size of
a seedling and NCratio,leaf,PFT is the PFT-specific nitrogen-
to-carbon ratio. The new individual properties are calculated

following Eqs. (A8) and (A9).

Cind,pool,PFT =(Cind,pool,PFT · nind,PFT

+Cseedling,pool,PFT ·1nind,PFT)

·(nind,PFT ·1nind,PFT)
−1, (A8)

Nind,pool,PFT =(Nind,pool,PFT · nind,PFT

+Cseedling,pool,PFT ·NCratio,pool,PFT

·1nind,PFT) · (nind,PFT ·1nind,PFT)
−1. (A9)

Mortality was implemented as an age mortality using the
concept of growth efficiencies (Waring and Schlesinger,
1985; Waring, 1983) using Eq. (A10)

mortPFT =mortmax,PFT · 365−1

·(1+ kmort ·1bm ·C−1
ind,leaf,PFT

·SLA−1
PFT)

−1, (A10)

with

1bm= Cinc,PFT · n
−1
ind,PFT−Cturn,PFT, (A11)

where Cturn,PFT is the amount of carbon that was transferred
to the litter pool since the last allocation, and Cinc,PFT is the
biomass increment from photosynthesis since the last allo-
cation. The growth efficiency 1bm ·C−1

ind,leaf,PFT is the ratio
of the net carbon change and the carbon stock of the leaves,
which is lower for old plants. The SLA influences the maxi-
mum age of the different strategies assuming that plants with
a low SLA and faster metabolism reach a lower age com-
pared to high SLA plants. The number of average individuals
is decreased following Eq. (A12).

nind,PFT = nind,PFT · (1−mortPFT) (A12)

In grasslands with a high growth efficiency and frequent de-
foliation, establishment may lead to a continuous increase of
the number of average individuals. To avoid numerical errors
that could results from this, we prohibit the number of aver-
age individuals to exceed 250 Ind.m−2.

A4 Biological nitrogen fixation

Symbiotic biological nitrogen fixation (BNF) is an impor-
tant source, especially in unfertilised grassland systems. We
implemented an approach adapted from published models
of grain legumes (e.g. LPJ-GUESS, CROPGRO, EPIC, AP-
SIM; see Ma et al., 2022; Liu et al., 2011), which considers
the potential N fixation rate (Nfix,pot), the soil temperature
(fT ) and the soil water (fW) status. The consideration of the
growth stage had to be omitted, because LPJmL represents
herbaceous vegetation using only leaves and roots, not al-
lowing for a determination of growth stages. The nitrogen
fixation rate Nfix is calculated using Eq. (A13).

Nfix =Nfix,pot · fT · fW, (A13)
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with Nfix,pot = 0.1 gNm−2 d−1 (Yu and Zhuang, 2020). The
soil temperature limitation is modelled linearly outside the
optimal temperature range (Eq. A14):

fT =


0, if Tsoil < Tmin or Tsoil > Tmax
Tsoil−Tmin
Topt,low−Tmin

, if Tmin ≤ Tsoil <Topt,low

1, if Topt,low ≤ Tsoil ≤ Topt,high
Tmax−Tsoil

Tmax−Topt,high
, if Topt,high <Tsoil ≤ Tmax

(A14)

with Tmin = 0.5, Top,low = 18.0, Topt,high = 35.0 and Tmax =

45.0 (Yu and Zhuang, 2020). The soil water limitation is
linearly dependent on the relative soil water content (SWC)
(Eq. A15):

fW =


0, if SWC≤ SWCmin
ϕ1+SWC ·ϕ2, if SWClow <SWC<SWChigh
1, if SWC≥ SWChigh

(A15)

with SWClow = 0, SWChigh = 0.5, ϕ1 = 0 and ϕ2 = 2.0 (Yu
and Zhuang, 2020). BNF only happens if the nitrogen uptake
from other sources is insufficient and the net primary produc-
tivity (NPP) is larger than zero. The costs of BNF are set at
a moderate constant value of 6 gC gN−1 (Boote et al., 2009;
Kaschuk et al., 2009; Patterson and Larue, 1983; Ryle et al.,
1979). If the costs exceed the maximum costs which are set
at 50 % of the NPP (Kull, 2002), the nitrogen fixation is re-
duced to the amount achievable with the maximum costs. A
full description of the original approach is provided in Ma
et al. (2022). While in reality biological nitrogen fixation is a
feature restricted to legume species, in LPJmL we decided to
not distinguish between fixing and non-fixing PFTs to keep
the number of PFTs as small as possible. This is reasonable
because a PFT can be representative of multiple species and
will only fix additional nitrogen if its demand cannot be ful-
filled by other sources of nitrogen uptake and if its NPP is
sufficient. One could say that the PFT has the ability to fix
nitrogen only if needed comparable to a community contain-
ing legumes only if they are advantageous.

A5 Feed demand

We implemented a relationship between metabolic body
weight (MBW) and feed demand following (Cordova et al.,
1978). This is the same relationship used to calculate the feed
demand in LPJmL 5, but we replaced the constant 650 kg
per animal with a parameter BW (Eq. A16) while preserving
intakeMBW = 31.07 (Rolinski et al., 2018).

feed demand= BW0.75
· intakeMBW. (A16)

A6 MSE components

We calculated the mean square error and it components (the
bias, phase and variances) following Eqs. (A17) to (A20).
Parameters x and y are the time series of simulated and ob-
served values of a variable; x and y are the time series mean,
σx ; y is the time series standard deviation; and N is the num-
ber of values in the time series.

MSE= (x− y)2, (A17)

MSEBias = (x− y)
2, (A18)

MSEPhase = 2 ·
(
N − 1
N

)
· σx · σy · (1− corr(x,y))2, (A19)

MSEVariance =

((
N − 1
N

)
·
(
σx − σy

))2

. (A20)

Code and data availability. The source code is publicly available
under the GNU AGPL version 3 licence. An exact version of the
code described here and the data used to create the figures is
archived under https://zenodo.org/records/10217244 (Wirth et al.,
2023).
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