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ARTICLE INFO ABSTRACT

Keywords: Gras-Sim model, through the environmental conditions and the dynamics of water and nitrogen in the soil,
Modg enables the prediction of the biomass yield in permanent grasslands. It was developed from existing models and
Functional group simulates the dynamics of several grass species grouped into plant functional types (PFTs) A and B. Model inputs

gir::i:d include weather data, fertilizer application, soil data, and cutting management. In contrast to previous models,
Nitrogen Gras-Sim proposes a complete nitrogen balance at the field scale as well as a new formalism to estimate actual
Water evapotranspiration based on the crop coefficient (Kc) for a better prediction of biomass production even under

moderate stress. Gras-Sim was evaluated in this paper on the basis of data from experiments conducted between
2010 and 2018, on 3 sites fairly representative of the soil and climate conditions in Wallonia (Belgium). The
relative root mean square error (RRMSE), normalized deviation (ND), and model efficiency (EF) across all cuts,
sites, and PFTs were 29 %, 2 %, and 71 % respectively, for biomass production. Gras-Sim is a simple and efficient
model that can be used as a starting point for the design of a decision support tool for better management of
permanent grasslands.

1. Introduction environmental (species diversity) use value of the grassland [7], while

such a diagnostic is a prerequisite for a better management. To over-

Grasslands provide many ecosystem services to mankind. They are of
environmental, cultural and economic interest. Herbage from grass-
lands, whether they are permanent or temporary, grazed or cut, mono or
multi-species, remains the cheapest and highest quality food source for
herbivores in temperate zones [1,2] providing them with an important
source of energy [3].

Permanent grasslands can present a wide diversity and richness in
species which will respond differently to weather conditions, manage-
ment practices [4], and soil physico-chemical properties [5,6]. For a
given plant community, the list of species present can be very long,
which sometimes makes it difficult to diagnose the agricultural (pro-
ductivity, nutritional value, flexibility, and precocity) and

come this difficulty, Cruz et al. [7] suggested to regroup the different
plants species present on a given grassland according to some key
functional traits. Functional traits are morphological, biochemical,
physiological, structural, phenological, or behavioral characteristics
that are expressed in phenotypes of individual organisms and are
considered relevant to the response of such organisms to the environ-
ment or their effects on ecosystem properties [8]. Particularly, in terms
of grassland diagnostics and decision-making, it allows to replace the
long list of species in the plant community by a series of plant functional
types (PFTs) to which the dominant species belong. The first classifica-
tion for permanent temperate grasslands was later extended to addi-
tional functional types and adapted to other pedoclimatic contexts [9,
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10]. This classification focused on 17 grass species and grouped them in
four PFTs, namely types A, B, C, and D. Plants were divided into these
PFTs according to their ability to capture and preserve resources, their
response to fertility, and the speediness of organs recycling. PFT A re-
groups species displaying and early development at the beginning of the
growing season with high growth rates but not allowing a high accu-
mulation of standing biomass (e.g.Lolium perenne); PFT B regroups
slightly later species allowing a high accumulation of standing biomass
(e.g. Dactylis glomerata); PFT C holds slower growing species of lesser
quality (e.g. Festuca rubra); and PFT D, species with late phenology and
low nutritional value (e.g. Briza media). This classification was later
extended from 4 to 6 PFTs to better classify 38 temperate grass species
[10]. The two additional PFTs regrouped on the one hand, species with
characteristics in between those of PFTs B and C (e.g. Trisetum fla-
vescens), and, on the other hand, annual grasses.

Since grasslands are quite complex ecosystems and future weather
conditions are difficult to reproduce under experimental conditions, it is
difficult to explore in vivo how grassland management strategies will
adapt to future climatic conditions. Moreover, farmers work in an ever-
changing environment due in particular to weather variability. Hence,
decision-making by farmers could be greatly improved if they could
project the impact of their operational choices on their grasslands.
Modeling work has already been done in this direction, using climate
scenarios to predict the effects of management on grasslands produc-
tivity and organic carbon sequestration [11-14]. For the future climate,
these models used site-specific data from the RCP (Representative
Climate Pathways) scenarios provided by the Intergovernmental Panel
on Climate Change (IPCC).

Mathematical mechanistic vegetation models allow the study of long
and short-term plant dynamics in the face of weather variability and
management strategies. Several models already address the grass
growth dynamics. Most of them simulate monospecific or species-
dominated grasslands, in particular that of the perennial ryegrass
(Lolium perenne), under cutting conditions [15-17] or grazing by taking
into account the impact of the grazing process on the sward [18-21].

Given the high specific diversity of grasslands, it is not possible for a
model to consider all species. Some models, such as ModVege [22,23]
and DynaGraM [24,25], simulate grassland dynamics not as a set of
species, but as a set of PFTs. ModVege is a mechanistic and deterministic
model that simulates the daily dynamics of biomass production, struc-
ture and digestibility in permanent grasslands. Criticisms of this model
are mainly related to the lack of a soil compartment and its tendency to
overestimate the impact of moderate water stress on production [26].

An extension of ModVege was proposed by Ruelle et al. [20] in the
Moorepark St Gilles grass growth model (MoSt GG) by integrating soil
nitrogen dynamics. However, MoSt GG remains limited to a single
functional type, namely PFT A, as it has been validated for Lolium per-
enne. The aim of this study is to complement this previous work by
developing a model capable of simulating the response of a large number
of grassland species to different management strategies at field scale
based not only on climatic conditions, but also on soil and plant nitrogen
dynamics. Therefore, a "soil" compartment based on CATIMO model
[27] was developed to close the water and nitrogen balance in the soil
and plant at the grassland scale. In addition to PFT A, Gras-Sim was
parameterized to simulate the dynamics of PFT B species. The model
also proposes a new formalism for estimating the actual evapotranspi-
ration from potential evapotranspiration based on the work of Liu et al.
[28] to allow good predictive performances even under moderate water
stress conditions. Gras-Sim can be used to simulate whole-farm pro-
duction, as its outputs can be used directly as inputs to a ruminant intake
model. The work involved (i) developing the model entirely in R Studio,
(ii) setting parameter values based on literature, field data, and simu-
lations, (iii) evaluating the model by comparing simulation results with
field data, and (iv) performing sensitivity analysis on some key model
parameters. This paper presents the formalism of the model and the
results of its validation under Walloon conditions in Belgium.
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2. Materials and methods

Gras-Sim is a mechanistic model that simulates the daily dynamics of
biomass production in managed grasslands. Its core is based on Mod-
Vege designed to be interoperable with the animal component, although
this was not considered in the present work. Conceptually, Gras-Sim is
based on a functional approach rather than a species-based approach to
account for the diversity of plant species. In other words, a grassland is
nothing more than the sum of the average biological properties (func-
tional traits) of its plant community. Interspecific competition for re-
sources and other interactions that may exist in a multi-species grassland
are not considered.

2.1. Model structure

As in ModVege, Gras-Sim simulates the dynamics of biomass divided
into four compartments (Fig. 1) that represent the structural compo-
nents of the grass. These are vegetative biomass (leaves and sheath)
green (GV) and dead (DV), and reproductive biomass (stems and
flowers) green (GR) and dead (DR). Each compartment is characterized
by its biomass (BM), its age (AGE), and the digestibility of its organic
matter (OMD). The model simulates the daily dynamics of the grassland
as a combination of the changes within and the fluxes between these
four compartments. The biomass growth, senescence, and abscission are
described as continuous fluxes. To keep the model relatively simple and
practical, with input data easily measured in the field, only aboveground
biomass is simulated, as in the previous CATIMO, ModVege, and MoSt
GG models. In Gras-Sim, soil and plant water and nitrogen dynamics
were adapted mainly from CATIMO model as detailed later.

Hence, the model works on the basis of 17 state variables that can be
grouped into two categories: those related to the state of the biomass ant
its N content and those related to the dynamics of water and nitrogen in
the soil (Table 1). These state variables evolve under the influence of the
input variables. The latter can also be grouped into two categories:
environmental variables and management variables (Table 1).

2.2. Biomass dynamics

Biomass accumulation is influenced by environmental conditions
and soil water and nitrogen dynamics (Fig. 1). The flow diagram of
biomass dynamics submodel for PFTs A and B is shown in Appendix B
(Fig. B1). Daily plant growth (GRO, kg DM ha™) is driven by potential
growth (PGRO) obtained under optimum conditions and limited by both
environmental factors (ENV) and seasonal effect (SEA) of the shoot
growth (Eq. (1)), conditioned by the storage and mobilization of re-
serves [22]:

GRO =PGRO x ENV x SEA (€D)]

PGRO (kg DM ha™1!) varies according to the incident photosynthet-
ically active radiation (MJ m_z), the maximum efficiency of use of this
radiation by the plant (g DM MJ 1), and the leaf area index. The full
equation is given in appendix A (Eq. (A.1)). SEA varies according to the
functional group ranging from 0.5 to 1.5 for the PFTs A and B considered
in this study. The formalism of SEA is also presented in appendix A (Eq.
(A.3)). SEA values below 1 indicate that the plant is building up un-
derground reserves. They are higher than 1 when the plant is using its
energy reserves. ENV holds environmental limitations to the potential
growth, ranging between 0, no growth, and 1, no limitation to the
growth. It combines four functions (Eq. (2)), related to plant nitrogen
nutrition status (fN), adapted from the CATIMO model, temperature fT,
photosynthetically active radiation (fPARi), and soil water (fW). All
these functions vary between 0 and 1 (Egs. (A.12), (A.13), (A.14),
(A.17), (A.18), (A.19)):

ENV =fPARi x fN x min(fT, fW) (2)
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Fig. 1. Structure of the Gras-Sim model. Rectangular boxes represent state variables (biomass, mineral and organic N pools, and soil water) and driving variables
(management, climate, and seasonal effects). Processes are represented by the rounded boxes on the sides. Solid arrows show direct and feedback effects of different

variables, and dotted arrows show limiting effects on growth.

2.3. Soil water and actual evapotranspiration

The water stress function (fW, Eq. (2)), which influences the daily
growth of the plant, is the ratio between soil water (Eq. (4)) and water
holding capacity. This factor is therefore 1 (no stress) when the soil
water content is at field capacity:

0.2576 — 0.002 x Sand+0.0036 x Clay+

WaterCapacity = ( 0.0299 x OM

) %1000 3)

where Sand, Clay, and OM stand respectively for the proportion (%) of
sand, clay, and organic matter in the soil. On a given day the soil water
(Water, mm) balance is calculated as the sum of the rainfall (PP, mm)
and the surplus of water from the previous day(notRunoff, mm), if any,
from which the water lost by evapotranspiration (AET, mm) and
leaching (WaterLeached, mm) is removed:

dWater
dt

The equations to calculate notRunoff and WaterLeached are presented
in Appendix A (Egs. (A.44), (A.45)). If the soil water content is above the
saturation point (WaterSaturation, mm (Eq. (A.42)), 20 % of the surplus
water (notRunoff) is kept on the plot and is be added to the water reserve
of the next day [20]. To avoid overestimating the impact of heat stress
on growth, especially in periods of moderate stress as was the case with
ModVege, Gras-Sim proposes a new formalism for estimating actual
evapotranspiration (AET, Eq. (5)). This formalism is widely used in
water management under crops but very little used for grasslands:

= PP + notRunoff — AET — WaterLeached (€))

AET =Kc x PET )

where PET (mm) denotes the potential evapotranspiration measured in
the field and Kc is crop coefficient whose monthly average value for
grassland is given by Liu et al. [28]. Kc is the crop coefficient from crop
models. Kc varies according to several factors including species, canopy

Table 1

Variables used in Gras-Sim model.
Variables Symbol Unit
Biomass variables
Standing green vegetative biomass BMGV kg DM ha™!
Standing green reproductive biomass BMGR kg DM ha™!
Standing dead vegetative biomass BMDV kg DM ha™!
Standing dead reproductive biomass BMDR kg DM ha™!
Mean age of biomass in GV compartment AGEGV °C.d
Mean age of biomass in GR compartment AGEGR °C.d
Mean age of biomass in DV compartment AGEDV °C.d
Mean age of biomass in DR compartment AGEDR °C.d
Organic matter digestibility of BMGV OMDGV gg !
Organic matter digestibility of BMGR OMDGR gg !
Green vegetative biomass N content NQGV kg N ha!
Green reproductive biomass N content NQGR kg N ha™!
Dead vegetative biomass N content NQDV kg N ha™!
Dead reproductive biomass N content NQDR kg Nha?!
Soil variables
Soil water content Water mm
Soil organic nitrogen Norg kg N ha™!
Soil mineral nitrogen Nmin kg N ha™!
Environmental variables
Mean daily temperature Temp °C
Incident photosynthetically active radiation PARi MJ m~2
Actual evapotranspiration AET mm

Rainfall PP mm
Management variables

Total quantity of mineral N applied NminFerti kg N ha™!
Total quantity of organic N applied NorgFerti kg N ha™!
Proportion of mineral N if organic PropNmin -

conductance, leaf area index, height, and soil characteristics. Kc values
for grasslands used in Gras-Sim, given in appendix B (Table B2), are
based on the measurements made over 8 years (2000-2007) on the
different sites of the FLUXNET network including those in France,
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Table 2

Number of cuts performed over the entire period for all varieties, sites, and plant
functional types (PFTs). Michamps (MCP), Louvain-la-Neuve (LLN), and Tinlot
(TLT).

Year Site PFT Cuts
2010 MCP A 3
2011 MCP A 4
2012 MCP A 3
2013 LLN B 4
2014 LLN, MCP, TLT B 15
2015 LLN, MCP, TLT B 10
2016 LLN, MCP, TLT A B 15
2017 LLN, MCP, TLT A 7
2018 LLN, TLT A 5

Belgium, and Germany [28]. In Gras-Sim, the water at wilting point and
field capacity is calculated according to the equations of MoSt GG
model. These different equations are presented in appendix A (Egs.
(A.40), (A.41)).

2.4. Organic matter digestibility

The organic matter digestibility in green vegetative (OMDGV, g g~ 1)
and reproductive (OMDGR, g g~ ') compartments evolves with the age of
the plant. The maximum digestibility (mnaxOMDGV, maxOMDGR, g g~ 1),
a theoretical value at zero age, will progressively decrease to reach its
minimum (minOMDGV, minOMDGR, g g~!) value at the maximum age,
which is the leaf life span (LLS,° C d) for the green vegetative (GV)
compartment and the duration of the reproductive period (ST2 — ST1,
°C d) for the green reproductive (GR) compartment [22]:

(maxOMDGV — minOMDGYV)

MD = MD — AGE
OMDGYV =maxOMDGV GEGV x LS

(6)

(maxOMDGR — minOMDGR)

OMDGR = maxOMDGR — AGEGR x
(ST2—ST1)

7

where AGEGV (°Cd) denotes the age of the biomass in the GV
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compartment and AGEGR (°C d), the age of the biomass in the GR
compartment. The daily dynamics of the age of green and dead vege-
tation is presented in appendix A (Egs. (A.25), (A.26)). The values of the
parameters maxOMDGV, maxOMDGR, minOMDGV, minOMDGR, ST1,
and ST2 are presented in appendix B (Table B1). As assumed in Mod-
Vege, the digestibility of the dead plant compartments (OMDDV,
OMDDR) is constant (Table B1).

2.5. N dynamics in soil and plant

The dynamics of N in the soil is essentially based on the CATIMO and
MoSt GG models. GASSQUAL provides a N balance at the grassland
scale. The flow diagram of the soil water and nitrogen dynamics sub-
model is shown in Appendix B (Fig. B2).

2.5.1. Soil N supply

The nitrogen supply (Nsupply, kg N ha™?) from the soil to the plant
depends not only on the available mineral N (Nmin, kg N ha'1) but also
on other factors such as the capacity of the root system to absorb it (Eq.
(8)). As the below-ground biomass is not considered in Gras-Sim, a Nmin
availability factor (FNA) is define as described by Bonesmo and Bélanger
[27].

Nsupply = Nmin x FNA 8)
where
Nomi
FNA = min | FNA,., FNA g X it )
NSC

Beyond NS¢ (kg N ha™1), a critical threshold of Nmin, FNA is assumed
to be constant. This threshold corresponds to the Nmin content for
maximum availability. Its value is given in Appendix B (Table B3).
FNA,.. is the maximum absorbable fraction of available Nmin
(Table B3).

2.5.2. N status in the plant
The state of nitrogen nutrition, designated in Gras-Sim by the relative

Soil water content (mm) Water stress function
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Fig. 2. Dynamics of above-ground biomass, soil water and nitrogen, and water stress function, simulated by Gras-Sim on the Louvain-la-Neuve (LLN) site for PFT A
over two consecutive years: 2017 ((a), (b), (c), and (d)) and 2018 ((e), (f), (g), and (h)). The grey dashed lines correspond to cutting dates and the black dashed lines

correspond to fertilization dates.
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Table 3

Weather data collected during the trial years on The Michamps (MCP), Louvain-
la-Neuve (LLN), and Tinlot (TLT) sites. T (temperature), Ra (radiation), PP
(precipitation), and PET (potential evapotranspiration). The values between
brackets are standard deviation.

T (°C) Ra (MJm~2d™}) PP (mm) PET (mm)

MCP

2010 6.89 (7.62) 11.64 (9.09) 829 572
2011 8.8 (6.03) 10.91(8.09) 777 338
2012 7.92 (6.8) 10.26(7.68) 1105 422
2014 9.38 (5.59) 10.54 (8.28) 731 556
2015 8.97 (6.5) 10.31 (8.09) 756 547
2016 8.54 (6.75) 10.18 (7.52) 699 521
2017 8.81 (6.86) 10.71 (8.03) 798 578
LLN

2013 10.16 (6.96) 11.15 (8.39) 608 665
2014 11.6 (5.38) 10.26 (7.14) 692 689
2015 10.83 (5.91) 10.82 (8.58) 640 725
2016 10.49 (6.51) 10.46 (7.21) 667 664
2017 10.92 (6.58) 10.37 (7.6) 605 724
2018 11.59 (7.35) 11.26 (8.11) 499 815
TLT

2014 11.87 (5.61) 10.38 (7.69) 808 661
2015 11.28 (6.32) 11.42 (8.69) 668 684
2016 10.64 (6.9) 10.88 (7.59) 712 637
2017 10.03 (6.75) 10.61 (7.93) 677 661
2018 10.9 (7.46) 11.53 (8.33) 600 755

N concentration (RNC) is an important factor influencing the growth of
the plant. It is the ratio between the actual N concentration Nact (g N
100 g~! DM) to the critical N concentration (Ncrit):

Nact

RNC = -
Ncrit

(10)

Nerit (%) is calculated on the basis of the exportable biomass, i.e. the
biomass above 5 cm (BMover5, kg DM ha™1). It is the same for the PFTs A
and B. Ncrit follows the critical N dilution curve described by Lemaire
et al. [29]:

Nerit =min(4.8,4.8 x (BMover5) °*) @an

The Nact calculation is also based on exportable biomass (Eq. (A.7)).

2.5.3. Plant N demand and actual uptake

The daily N demand of the plant (Ndemand, kg N ha™1) is the dif-
ference between the amount of N needed to increase the actual N con-
tent of the plant (Nact) under limited conditions to the maximum limit of
N absorption (Nmax,(%)) [271:

(BMGV + BMGR) x (Nmax — Nact)
FNH

Ndemand =

(12)

Nmax (Eq. (13)) follows the N dilution curve of the aboveground
biomass and varies with plant functional type (PFT) [30,31]. BMGV and
BMGR (kg DM ha™!) correspond to the biomass of the green compart-
ments (Eq. (A.31)).

Nmax = min (amx, Qo X (BM()V@VS)#}"’“‘> a3)

The values of the parameters apq. (%) and f,,,, (dimensionless) are
given in appendix B (Table B3) according to the PFT. BMover5 (t DM
ha™1) represents the total exportable biomass (above 5 cm of grass
height). The nitrogen actually absorbed by the plant is the minimum
between the mineral N supply of the soil and the N demand to meet its

dNorg
dt

#

= immobilization + (1 — PropNmin) x Norgfertilizer + Nplantlitter — mineralization
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needs:

Nuptake = min(Nsupply, Ndemand) 14)

2.5.4. N balance in the plant

As for the biomass, the N flux at the grassland scale is the combi-
nation of the flux in each of the compartments: NQGV,NQGR (kg N
ha™1), the N content of the green compartments (Eq. (17), (18)), and
NQDV,NQDR (kg N ha’l), the N content of the dead compartments (Eq.
(15), (16)). The daily variation of the plant N content corresponds to the
difference between the absorbed soil nitrogen (Nuptake, kg N ha™!, Eq.
(14)) that remains in the above-ground biomass [27] and nitrogen that is
lost through senescence (SEN, kg DM ha!) for green compartment or
abscission (ABS, kg DM ha!) for dead parts. These variations are
described by the following equations:

dNQDV
gf =((1—o0gv) X SENGV — ABSDV') x propND (15)
dNQDR
%: ((1 — ogr) x SENGR — ABSDR) x propND (16)
GROGV
dNQGV ) Nuptake x FNH x — SENGV x propND, if GRO> 0
dt —SENGV x propND, if GRO <0
a7
GROGR
dNQGR | Nuptake x FNH x GRO SENGR x propND, if GRO> 0
dt

—SENGR x propND, if GRO <0
18)

where o6y and o6y denote the rates of biomass loss by respiration during
senescence for the GV and GR compartments, respectively (Table B1).
The daily variation of SEN and ABS is detailed in appendix A (Egs.
(A.23), (A.24)). propND is the N content in the dead material that goes to
the soil by abscission. It is fixed at 8 g N kg~! DM [20]. The fraction of
absorbed N (FNH) that remains in the aboveground biomass increases
when the N status of the plant increases following a formalism proposed
in CATIMO. It varies with the PFT (Eq. (A.39)).

2.5.5. N balance in the soil

N dynamics in Gras-Sim is essentially based on CATIMO and MoSt
GG models. Soil N is divided into two pools, organic (Norg, kg N ha 1)
and mineral N (Nmin, kg N ha™!). In case of a mineral N supply
(Nminfertilizer, kg N ha™1), the whole supply is added to the mineral
pool. When organic fertilizer is applied (Norgfertilizer,kgN ha'l) the
amount of nitrogen added to the mineral pool will depend on the per-
centage of mineral N (PropNmin) in the fertilizer (Eq. (20)). The
mineralization process (mineralization) reduces N in the organic pool
(Eg. (19)) and increases N in the mineral pool, while immobilization
(immobilization) reduces N in the mineral pool and increases N in the
organic pool. The immobilization and mineralization equations are
presented in appendix A (Egs. (A.50), (A.51)). Although less important,
some N is brought by rain events (Nfromrain, kg N ha™!) to the mineral
pool, which can lose N through leaching (NLeached, kg N ha™!). The
potential N supply from symbiotic legume fixation (Nfromlegume) is
included in the N balance, although it is not currently modeled. The
global N balance in the soil is given by the following equations:

19)
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dNmi
t;;lm = mineralization + PropNmin x (1 — NH3volatfactor) x
Norgfertilizer + Nfromrain + Nminfertilizer + Nfromlegume— (20)

immobilization — Nuptake — NLeached

#

where Nplantlitter (kg N ha~1) denotes to the total amount of N that goes
from the plant to the soil through the dead material (Eq. (A.47)).
NH3pvolatfactor is a special factor that allows to consider the amount of N
that is lost by volatilization during the fertilizer application (Eq. (A.46)).
The formalisms of NLeached and Nfromrain are also given in appendix A
(Egs. (A.48), (A.49)). The Nfromlegume value is zero.

2.6. Management options

As Gras-Sim is under its present form designed for ungrazed grass-
lands, the management levers are limited to fertilization and cutting.
The management strategy will be different according to the functional
group and the objectives of simulation. The sward height is the key
factor that allows to calculate the biomass available before and after
cutting as well as the exported quantity. The N supplied at different
periods in mineral or organic form is allocated to the two soil N pools in
the proportions described above.

2.7. Model evaluation

2.7.1. Data base for model evaluation

The data used for the model evaluation originated from varietal trials
conducted on three sites across Wallonia by Fourrages Mieux (Marche-
en-Famenne, Belgium) from 2010 to 2018: Michamps (MCP, 50°03'N
5°80'E), Louvain-la-Neuve (LLN, 50°67'N 4°64'E), and Tinlot (TLT,
50°50'N 5°39'E). The experiments were conducted under controlled
agricultural conditions. The trials were performed on 2 m x 7 m
experimental plots. An average of 17 varieties were used per trial and
per site, with each variety occupying 4 plots. Several data were collected
from these different trials. The data used in this document are the yields
for 66 cuts performed during the experimental period (Table 2). The PFT
A is represented by perennial ryegrass (Lolium perenne) and PFT B by
orchard grass (Dactylis glomerata). To obtain the biomass yield for a
given cut, 4 replications were performed at the same date at different
locations on the experimental area. The average of the replications was
then used as the yield of the cut. The yields of the 4 replications per cut
were not available for all cuts. The cuts for which this data was available
are represented on the graphs with error bars.

Each experimental site had its own weather station whose data are
collected, managed and made available to the public by the Agriculture,
Land, and Technology Integration Unit of the Wollon Agricultural
Research Center (CRA-W). This data can be downloaded at different
time steps from the Agromet platform [32]. The meteorological data
used as input to the model were daily average temperature (T), radiation
(Ra), potential evapotranspiration (PET), and rainfall (PP) (Table 3).

Overall, LLN received the least amount of water during the experi-
mental period, 499 mm in 2018, in contrast to MCP which recorded the
maximum amount, 1105 mm in 2012. Potential water stress (PP-PET)
must have been more pronounced in 2018, which was the least rainy
year for all sites (Table 3). Only experiment years were considered for
each site.

The field trials were governed by one single protocol followed on all
sites. The management data used for the evaluation of the model were:
cutting dates, number of cuts, fertilization dates, and type of fertilizer
and quantities applied. Three cuts were made on average per season.
Fertilizer was applied in mineral form before the first cut. Second
application was made after the first cut. The third application was made
after the second cut if necessary. The amount of nitrogen in the form of
nitrate per application averaged 60 kg N ha~!. Phosphorus and
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potassium in the form of P,O0s5 and KoO were applied almost systemati-
cally at the beginning of each trial. On average, 100 kg of P05 and 200
kg of K20 were applied per hectare per trial.

Soil texture varied from site to site. Each site was characterized by its
organic matter (OM), clay, and sand content. These proportions being
difficult to obtain for the different sites, they were deduced from the type
of soil. The soil map of Wallonia was first consulted on the geoportal
website [33], then the texture diagram [34] was used to determine the
proportion of each element. Overall, the soils are silty with favorable
natural drainage at LLN, silty with moderate natural drainage at TLT,
and silty-stony with favorable natural drainage at MCP. The sward
height at the end of winter was 5 cm. All cuts were made at 5 cm from
the ground and each simulation covers 365 days.

2.7.2. Statistical analyses

Model outputs were compared to field data in order to evaluate the
ability of the model to predict biomass production. Three statistical in-
dicators were used: relative root mean square error (RRMSE), normal-
ized deviation (ND), and model efficiency (EF). The RRMSE was
obtained by dividing the RMSE by the mean of the observed data. The
model is considered good for values of RRMSE <0.20 [35], ND < 0.10,
and EF > 50 [36].

n . N2
RRMSE:L X M [©3))
(0] n
szizfﬂ;’,,_ oS! ©2)
i=1
o 2 (01 =0 — 3L (Si - 0i)° 23)
Z?:l (Oi - 5)2

where O denotes the mean of the observations, Oi the observed value,
and Si the simulated value. Since the comparison is done by cut, i rep-
resents the cut.

The sensitivity analysis of the model focused on the impact of three
key parameters on biomass production. These parameters were the crop
coefficient (Kc) which is used in the calculation of the actual evapo-
transpiration, the maximum absorbable fraction of available Nmin
(FNAmax) Which varies between 0 and 1 [27], and the soil Nmin content
(0-45 cm) for maximum availability (NS¢) which varies between 50 and
400 kg N ha~! [27]. These last two parameters are used to calculate the
actual amount of N that can be taken up by the plant from the soil.

3. Results
3.1. Model predictions by functional type

The behavior of the model according to functional type was evalu-
ated by monitoring the dynamics of biomass, mineral N, soil water, and
water stress function over two consecutive years.

3.1.1. Predictions for PFT A

The behavior of the model for PFT A was evaluated through a
simulation performed on the Louvain-la-Neuve (LLN) site between 2017
and 2018. Nitrogen was applied in mineral form three times and four
cuts were made per season (Fig. 2). The total biomass curve shows that
biomass accumulation stoped and restarted with each cut. Mineral N in
the soil also responded well to fertilization. Each application of mineral
N was added directly to the soil mineral N pool. The water stress func-
tion was aligned with the soil water content curve (Fig. 2).

Considering all these curves, biomass production in PFT A was
strongly linked to soil water and N dynamics. Spring production was
highest, over 5 t DM ha~!, under conditions that were not water or N
stressed. As summer progresses, water stress slowed biomass
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accumulation despite the availability of soil mineral N, resulting in
yields of less than 4 t DM ha™! for the second and third cuts (Fig. 2). The
last cut also remained low (below 2 t DM ha’l), this time not due to lack
of water but rather to lack of mineral N. Overall, PTF A was highly
sensitive to water stress, with third cut yields below 1 t DM ha~'in 2018,
when stress was at its peak. Stressed plants therefore absorbed less N,
resulting in higher soil mineral N levels at the end of the 2018 season
compared to the previous season.

3.1.2. Predictions for PFT B

A simulation performed on the Michamps site (MCP) between 2015
and 2016 was used to evaluate the behavior of the model for PFT B.
Nitrogen in mineral form was applied three times, with an average of
four cuts per season (Fig. 3). The model responded well to the cuttings
and N mineral inputs. The soil water and water stress curves remained
aligned.

PFT B was less precocious than PFT A, with lower early season
biomass accumulation than PFT A. There was more than a ton difference
in dry matter between the simulated first cut yields of these two PFTs.
Type B was relatively insensitive to small variations in soil water con-
tent, maintaining or increasing its production in Cuts 2 and 3 (Fig. 3).
Like PFT A, Type B was sensitive to variations in soil N, with a very low
yield in the fourth cut (less than 1.5 t DM ha’l) despite water
availability.

3.2. Model predictions against field data

The comparison of the simulated data against the observed data,
presented in Table 4, indicate an RRMSE and an overall EF of 29 % and
71 % for biomass. The overall ND was below 10 % for biomass. Organic
matter digestibility was not evaluated.

3.2.1. Biomass per cut

The average biomass simulated per cut was close to the field biomass,
with a maximum difference of 0.1 t DM ha™! observed at cut 1. Simu-
lated yields per cut were highly correlated with measured yields (Fig. 4).
The first cut, the most important of the season, was predicted with a

Total biomass (kg DM/ha) Mineral N (kg N/ha)
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RRMSE of 21 % and a ND lower than 10 %. The yield at cut 2, remained
relatively less well predicted compared to cut 1 with an RRMSE slightly
higher than 30 % (Table 4). Biomass at cut 3 also was less well predicted
compared to the first cut with an RRMSE value above 30 % (Table 4). As
with cut 2, the yield at cut 3 was predicted with ND values below 10 %
and EF above 60 % (Table 4). The fourth and fifth cuts were less well
predicted compared to the first three. However, the smaller number of
data available for the latter two cuts could explain the poorer
predictions.

3.2.2. Biomass production by PFT

The model predicted the yields of both PFTs with a strong correlation
between field and simulation data (Fig. 5). Biomass production of PFT A
was predicted with a difference between observed and simulated yields
of less than 0.05 t DM ha™'. The low ND, less than 3 %, confirms the
predictive quality of the model for each cut of TFP A taken separately.
Compared to PFT A, the model predicted PFT B biomass production
closer to that of the field, 0.1 t difference (Table 4). The RRMSE was less
than 30 % and the ND below 5 % with an EF above 70 %.

3.3. Model response to water and nitrogen stress

3.3.1. Nitrogen stress

The effect of N stress on yield was evaluated in the orchard-grass trial
(PFT B) conducted at LLN between 2014 and 2016, where no N appli-
cation was made. To avoid a combination of the effect of water stress
and N stress, the results of 2016 were presented. The year 2016 was one
of the three years with a positive average water balance (PP-PET), 3 mm
(Table 3).

Nitrogen application reduced the effect of N stress by shifting the N
stress function curve above the 0.5 threshold before each cut, whereas it
was almost zero before the first cut and practically below 0.5 before the
other cuts in unfertilized conditions (Fig. 6). The reduction in nitrogen
stress resulted in an increase in biomass production, which reached 5 t in
the first cut and 3 t in the second cut (Fig. 6). Biomass production was
less than 4 tons in the first cut and 2 tons in the second cut under trial
conditions.

Soil water content (mm) Water stress function
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Fig. 3. Dynamics of above-ground biomass, soil water and nitrogen, and water stress function, simulated by Gras-Sim on the Michamps (MCP) site for PFT B over two
consecutive years: 2015 ((a), (b), (¢), and (d)) and 2016 ((e), (), (g), and (h)). The grey dashed lines correspond to cutting dates and the black dashed lines

correspond to fertilization dates.
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Table 4
Comparison between field data and Gras-Sim predicted data for biomass. Mean values are presented with the standard deviation between brackets. C1, C2, C3, C4, and
C5 represent the first, second, third, fourth, and fifth cuts, respectively. A and B are PFTs.

Biomass (kg DM ha™ 1)

Total (n = 66) A(=27) B (n=39) Cl (n=21) C2(n=17) C3 (n=16) C4 (n =10) C5(n=2)
Observed 2643 (1463) 2606 (1341) 2668 (1558) 4006 (1365) 2278 (837) 2078 (1162) 1571 (946) 1303 (884)
Simulated 2600 (1469) 2652 (1310) 2564 (1586) 4124 (975) 2141 (945) 2198 (1267) 1196 (385) 749 (335)
RRMSE 0.29 0.3 0.29 0.21 0.34 0.33 0.5 0.52
ND 0.02 0.02 0.04 0.03 0.06 0.06 0.24 0.43
EF 0.71 0.66 0.74 0.59 0.08 0.64 0.24 -0.17
Biomass (kg DM/ha), C1 Biomass (kg DM/ha), C2
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Fig. 4. Comparison of observed and simulated biomass for the first 4 cuts (C1, C2, C3, and C4 represent the first, second, third, and fourth cuts, respectively). The
yields per cut for which replication data (4 measurements) are available, are presented with error bars.

Biomass (kg DM/ha), PFT A Biomass (kg DM/ha), PFT B
. .//'
6000 . / 6000 ¥y
8 . /‘t/ 8 ¢j/‘ °
54000 e %4000 ; g .
8 .’/"/‘l. -8 ° }%ﬁ
© 2000 RN Oo000 ¢ /-//# ..
0///{ ¢ o}/’?’?(.
0 2000 4000 6000 0 2000 4000 6000
Simulated Simulated

Fig. 5. Comparison of observed and simulated biomass per cut for plant functional types A and B. The yields per cut for which replication data (4 measurements) are
available, are presented with error bars.

3.3.2. Water stress function remained strictly equal to 1, reflecting an absence of stress
The response of the model to water stress was evaluated by consid- (Fig. 7).

ering four contrasting conditions in terms of water balance (PP-PET). Conversely, 2018, which recorded a water deficit of 316 mm on the

The year 2012, which recorded the largest water excess of 683 mm on LLN site (Table 3), showed a water stress curve almost below the

the MCP site (Table 3), was the one in which the curve of the water stress threshold of 0.5 between the second and third cuts. The water stress
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Total biomass (kg DM/ha)
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N stress function
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Fig. 6. Dynamics of aboveground biomass and N stress function, simulated by Gras-Sim for PFT B on the Louvain-la-Neuve (LLN) site in 2016 with 0 kg N ha-1 ((a)
and (b)) and 200 kg N ha-1 ((c) and (d)). The grey dashed lines correspond to cutting dates and the black dashed lines correspond to fertilization dates.
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Fig. 7. Dynamics of the water stress function, simulated by Gras-Sim at Michamps (MCP) in 2012 with a water balance (PP-PET) of 683 mm (a) and 2014 with a (PP-
PET) of 175 mm (b), Tinlot (TLT) in 2014 with a (PP-PET) of 147 mm (c) and Louvain-la-Neuve (LLN) in 2018 with a negative (PP-PET), - 316 mm (d). The dashed

lines correspond to the cutting dates.

curve in 2014 at the MCP and TLT sites remained above the 0.95
threshold (Fig. 7). The year 2014 was less wet than 2012, but much
wetter than 2018, with an average surplus of 160 mm (Table 3).

3.4. Sensitivity analysis of the model

The effect of the crop coefficient (Kc), the maximum absorbable
fraction of available Nmin (FNA.q), and the soil Nmin content (0-45
cm) for maximum availability (NS¢) on the biomass production was
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Table 5
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Sensitivity analysis of biomass production for K¢, FNAmax, and NSc parameters. Values are model outputs in response to different variations of K¢, FNAmax, and NSc
parameters. C1, C2, C3, C4, and C5 represent the first, second, third, fourth, and fifth cuts, respectively. A and B are PFTs. Mean values are presented with the standard

deviation between brackets.

Kce FNAmax NSc
-0.2 -0.1 +0.1 +0.2 —0.02 —0.01 +0.01 +0.02 —20 -10 +10 +20
Biomass (kg DM ha™ 1)
Total 2598 2622 2509 2364 2583 2592 2608 2616 2648 2624 2577 2555
(1427) (1444) (1503) (1589) (1459) (1464) (1474 (1479) (1498) (1484) (1456) (1442)
A 2746 2738 2541 2421 2635 2644 2661 2669 2702 2677 2629 2606
(1250) (1279) (1407) (1535) (1302) (1306) (1314) (1318) (1334) (1322) (1299) (1288)
B 2496 2542 2487 2325 2548 2556 2572 2580 2610 2587 2542 2520
(1545) (1559) (1583) (1644) (1575) (1580) (1591) (1597) (1618) (1602) (1571) (1556)
Cl 4074 4101 4143 4160 4094 4109 4138 4152 4206 4164 4084 4046
(967) 972) 977) (976) (970) 973) (978) (980) (989) (982) (968) (961)
C2 2143 2176 2032 1789 2125 2133 2148 2156 2185 2162 2119 2099
979) (975) (981) (1059) (941) (943) (947) (949) (957) (951) (939) (933)
C3 2313 2285 1930 1582 2186 2192 2204 2210 2233 2216 2182 2166
(1069) (1182) (1174) (1159) (1261) (1264) (1270) (1273) (1285) (1276) (1259) (1251)
Cc4 1110 1193 1158 1122 1193 1194 1198 1199 1205 1200 1192 1187
(347) (413) (480) (644) (385) (385) (386) (386) (386) (385) (384) (384)
C5 691 (295) 719 (315) 791 (369) 865 (440) 747 (333) 748 (334) 750 (336) 751 (337) 756 (341) 752 (338) 746 (333) 743 (330)

tested throughout the experimental period for the 5 cuts and 2 PFTs
(Table 5). The initial value of Kc was decreased and increased by 0.1 and
0.2. FNApnqo was decreased and increased by 0.01 and 0.02. NS¢ was
increased and decreased by 10 and 20 kg N ha™". These different values
were chosen according to the order of magnitude of the parameters, as
has been the case in other works [22,36]. The aim was to have a more or
less significant change in the outputs, in order to better assess the
sensitivity of the model to these parameters.

A decrease in FNAmq, consistently resulted in a decrease in yield for
all PFTs and cuts. Similarly, as FNAnq,, increased, the simulated yield
increased. An increase of 0.02 in FNA,,,, increased the total yield by 5 %
and the yield of PFTs A and B by 6 % and 5 %, respectively. A decrease of
0.02 in FNA,,x decreased the yield by 8 % for both total production and
that of PFT A and B. Decreasing the Kc value led to an overall increase in
biomass production. A decrease in Kc of 0.1 increased total production
by 1 %. The total biomass produced tended to decrease at higher Kc
values. An increase in Kc of 0.1 resulted in a 4 % decrease in biomass
from baseline production and an increase of 0.2 resulted in a 9 % loss in
production. PFT A was most sensitive to low Kc values. A decrease in Kc¢
of 0.2 resulted in a 3 % increase in yield. An increase in the value of Kc of
0.1 resulted in a 4 % decrease in yield for PFT A and 3 % decrease for PFT
B. Increasing Kc by 0.2 resulted in a loss of biomass of 9 % for both PFTs
A and B. The yield was sensitive to increases in Kc for all cuts. Biomass
loss varied between 0 and 28 % for all cuts when Kc was increased by
0.2.

The yield increased systematically as the value of the parameter NS¢
was decreased for all PFTs and regardless of the cut. Conversely, the
higher the NS value, the lower the yield. A decrease in the value of NS¢
by 20 kg N ha™! increased total production by 2 % and a decrease in its
value by 10 kg N ha™! increased total production by 1 %. Conversely, an
increase in NS¢ of 10 kg N ha! decreased total yield by 1 %, while an
increase in NS¢ of 20 kg N ha™! decreased total yield by 2 %. The
sensitivity of yield to NS¢ variation was almost the same for both PFTs.
Decreasing NS¢ by 20 kg N ha™! resulted in a 3 % increase in yield for
both PFTs, while decreasing NS¢ by 10 kg N ha™! resulted in a 1-2 %
increase in yield. Increasing NS¢ by 20 kg N ha™! resulted in 3 % loss of
biomass for both PFT A and B. The first two cuts were more sensitive to
changes in NS¢. The gain in biomass for these two cuts was 2 % when the
NS value was decreased by 20 kg N ha™, compared to an increase of 1
% for the last three cuts. Similarly, a 20 kg N ha™! increase in NS¢
resulted in a 2 % decrease in yield for the first two cuts versus a 1 % loss
for the last three cuts over the experimental period.
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4. Discussion

This first evaluation of the Gras-Sim model showed that the simu-
lation results were quite close to the field data. The model had a good
response to water and nitrogen stress. It was evaluated on data collected
on 3 different sites in Wallonia with different pedoclimatic character-
istics and over several years.

4.1. Features of the Gras-Sim model

Compared to ModVege, Gras-Sim does not only describe soil water
dynamics, but also nitrogen dynamics. This was partially the case in
MoSt GG model. However, the formalism on the dynamics of nitrogen in
the soil and in the plant presented in Gras-Sim is based on the nitrogen
dilution curves which can be parameterized according to the plant
functional type. The equations of daily N demand and N uptake are
different from those of Ruelle et al. [20]. They are based on the formulas
proposed in CATIMO model [27]. Since the aboveground biomass is
divided into four compartments, representative of the structural com-
ponents of the grass, as presented in ModVege, Gras-Sim allows to
simulate separately the N content of the dead and green compartments.
Gras-Sim also proposes a new approach to convert potential evapo-
transpiration into actual evapotranspiration. This rather original
approach is based on the specific crop coefficient (Kc) for grasslands and
for a given geographical area.

4.2. Simulation results: total biomass production

The seasonal dynamics of PFT A and B plants were well described by
the model. PFT B plants are fertile environmental species, but less pre-
cocious than PFT A plants. This resulted in early season yields generally
lower than those of PFT A (Figs. 2 and 3). This is in agreement with the
characteristics of the different PFTs described by Cruz et al. [10].

The lack of data for the fourth and especially the fifth cut would
explain why the yield for these cuts was less well predicted by the model.
In fact, for these two cuts, the RRMSE was higher than 35 % and the ND
higher than 10 % [36]. A practicality of Gras-Sim, compared to other
models such as MoSt GG [20], is its ability to simulate the daily dy-
namics of several grass species distributed in plant functional types
(PTFs) A and B. The parameterization of these different PFTs is based on
that of Jouven et al. [22], revised on the basis of the new classification of
functional types presented by Cruz et al. [10]. The ND values well below
10 % and EF values above 60 % reflect the predictive quality of the
above ground biomass of the two PFTs [36]. The idea in the design of
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Gras-Sim was to have a model with fewer parameters and input data on
soil nitrogen at the beginning of the simulation, easily measurable in the
field. The effect of the simplified soil nitrogen dynamics formalism on
the yield was reflected in the sensitivity of the model to the parameter
FNAnax, which is used in the calculation of the fraction of soil N avail-
able to the plant. The model was sensitive even to small variations in
FNAmax, which would explain why in MoSt GG model, the minimum
value of FNA (FNA;i») was set at 0.00012 and that of FNA . at 0.00014
[20], a difference of 0.00002 between the minimum and maximum
value.

4.3. Biomass and AET formalism

Using the crop coefficient (Kc) adapted for grassland in estimating
the AET from the PET is a major step forward in grass growth modeling.
Monthly average Kc values can be obtained for a large part of the Eu-
ropean countries participating in the FLUXNET network. The use of Kc
for grassland allows to consider the local soil and climate conditions,
which can vary widely from one region to another. The new AET
formalism would limit the tendency of ModVege to overestimate the
impact of moderate water stress on growth and consequently on biomass
production [26]. Using Kc finally allows to have a common formalism
for both crops and grasslands. Biomass production was sensitive to the
value of Kc parameter with variability between PFT and number of cuts.
PFT A plants, due to their characteristics [10], are able to better utilize
the soil water reserve to produce more biomass, which is not necessarily
the case for PFT B plants, since water stress is not the only growth
limiting factor. Reducing the Kc value by 0.1 increaseed the yield by 3 %
for PFT A. The higher the Kc values, the more the plants are exposed to
the risk of heat stress and the less they will produce. This is in agreement
with the work of Stratigea and Makropoulos [37] who showed that as Kc
increases, the water demand of the plants increases. This resulted in a
biomass loss of 9 % for both PFT A and PFT B when the Kc was increased
by 20 %.

4.4. Validity fields of the Gras-Sim model

Gras-Sim, like the previous ModVege [22] and MoSt GG [20] models,
was designed for grass-dominated grasslands. As parameterized,
Gras-sim can simulate the dynamics of grasslands dominated by plants
of functional type A (e.g.Lolium perenne) and type B (e.g. Dactylis glom-
erata) as classified by Cruz et al. [10]. The model parameters can be
divided into two blocks: those related to biomass dynamics and those
related to soil and plant N dynamics. Biomass parameters were cali-
brated on the basis of Cruz et al. [10] values for parameters with little
environmental influence, such as average leaf lifespan and specific leaf
area, or on the basis of field data and simulations performed over several
years at the three study sites in Wallonia (Belgium). N parameter values
were also taken from field data and simulations or the literature, in
particular for the N dilution curves [30,31]. Gras-Sim is therefore a
model that can be wused to predict biomass production in
grass-dominated grasslands throughout Wallonia. Based on climate
forecasts, Gras-Sim can be used in research to predict the impact of
different management strategies (cutting dates, fertilization dates, fer-
tilizer quantities, etc.) on the resistance and resilience of permanent
grasslands in the face of climate change. On a technical level, Gras-Sim
can be used as a starting point for the design of a decision support tool
for livestock farmers.

4.5. Further work

After this first confirmation of Gras-Sim simulation results with field
data, the next step will be to confront the model with other pedoclimatic
conditions using a large database covering several years with a signifi-
cant number of cuts, as Beaudoin et al. [36] did for the STICS model.

Gras-Sim currently simulates the daily dynamics of biomass

11

Journal of Agriculture and Food Research 14 (2023) 100875

production for PFTs A and B. It would be interesting in a future devel-
opment to extend the model to PFTs C and D as it is the case in ModVege.
The model should then be extended to legumes and other PFTs as pre-
sented in DynaGraM [25], with an evolution in time of the proportions
of different PFTs based on the availability and access to the resource.

To allow Gras-Sim to simulate the dynamics of grazed grasslands, an
animal sub-model will be integrated into the spatialized version of the
model. Considering the effects of animal dejections on the soil N pool, as
Ruelle et al. [20], and other disturbances associated with animal pres-
ence such as trampling. The model will then become more complex and
capable of predicting primary and secondary production at the farm
level.

5. Conclusion

Gras-Sim is a simple model that can be used as a starting point for
building a decision support tool. It allows prediction on the above-
ground biomass production based on weather conditions, soil water and
nitrogen dynamics. The practicality of Gras-Sim is that it can be used for
a large number of grassland species grouped in two PFTs A and B. The
AET formalism in Gras-Sim, based on the crop coefficient (Kc) adapted
for grassland, allows the prediction of the biomass production even in
the period of water stress. This first evaluation in the context of the
Walloon region (Belgium) showed that the model responds well to water
and nitrogen stress. Future work is needed to validate the model under
other soil and climate conditions and to extend it to the whole farm
scale.
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