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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 CO; concentration, radiation, temperature, water and
nutrient supply. Atmospheric CO; constitutes the basic re-
source for photosynthesis, and its rising concentration as well
as rainfall patterns can shift the competitive balance between
C;3 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
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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 (Jobbagy
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; Pifieiro 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 (Diaz 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 (Leps 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 (Diaz 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
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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
(Diaz 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 Koppen—
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
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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 AS 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; Jagermeyr 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 (NO) control and a fertilised (N1) treatment with
240kgNha~!' yr~! 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 (CO) 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 1.5sheepha™! and the high grazing intensity (S6) with
9 sheep ha~! (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
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(Appendix Al). 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 (kyoot), 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 LPImL, 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.
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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
Koppen—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 [MgDMha~!yr=1]  7.9+1.6 92420 | - - 0.4+0.3 0.6+0.2
Leaf biomass [Mg DM ha~! yr_l] - - 1.1£06 15406 - -

SOC depth [m] 0.3 0.3 1

SOC value [MgCha~!] 69.7+£37 719+34 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-
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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 keg. The total amount of
seedlings established is calculated based on keg, 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