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Abstract Agricultural intensification has greatly decreased
grassland surface area in some regions, thus changing grass-
land management and modifying environmental and socio-
economic systems. Therefore, knowledge about grassland
management practices in farming systems is needed for sus-
tainable agriculture. In this context, the PaturMata model
simulates grassland management at the farm scale. The
PaturMata model simulates grassland dynamics and several
factors such as farming practices, grass consumption, and
fertilization. The model takes into account environmental
and farming system parameters such as climate, field num-
ber, size, and location; livestock units; and conventional or
organic agriculture. Here, we first ran the model under cli-
matic conditions favorable to grass growth for four farms on
an experimental site located in western France. Biophysical
variables extracted from remote-sensing images were used
to initialize PaturMata, whose predictions were compared
to on-site surveys. We generated forecasting scenarios of
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the same farms under different climatic conditions. Results
show that PaturMata predicts a 70 % decrease in grass con-
sumption, a 50 % decrease in the number of annual grazing
periods, and a 60 % increase in the amount of conserved
forage consumed, when conditions are unfavorable to grass
growth. We conclude that the PaturMata model can help
design farms and management strategies capable of coping
with a wide range of conditions.

Keywords Grassland management strategies - Modeling
of agricultural practices - Timed automata - Model
checking - Remote sensing

1 Introduction

For several decades, scientific research has focused on
understanding grassland systems, since changes in agri-
cultural practices affect many aspects of the environment.
Over the last century, major decrease in grassland surface
area, associated with changes in their management, has
occurred in many regions around the world (Peeters 2009;
Poudevigne and Alard 1997). These land cover and land
use changes, often associated with agricultural intensifica-
tion, could have major impacts on environmental systems
by increasing water and air pollution, soil degradation, or
biodiversity loss (Lobell and Field 2007). Moreover, the
functional role of grasslands changes with intensive agricul-
tural practices such as an increase in fertilizer application or
the number of mowing or grazing events. For example, the
protective effects of grasslands in decreasing nitrate leach-
ing and increasing carbon storage in soils decreases when
grassland is converted into cropland or overgrazed (Vertes
et al. 2007; Arrouays et al. 2001). These land cover and
land use changes, along with the combined effect of climate
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change, may also have significant socio-economic impacts
on stock and winter fodder (Batary et al. 2007). For exam-
ple, the temperature increase associated with decreased
rainfall could significantly decrease grass production dur-
ing the summer (Soussana and Liischer 2007; Tubiello et al.
2007; Howden et al. 2007).

In this context, evaluating grassland status and estimating
grassland production is a key issue for sustainable agri-
culture. This can be accomplished by using farm surveys;
however, previous studies have had problems surveying
large areas. A typical way to address this issue is to use
remote-sensing data, whose spectral channels calculate veg-
etation indices and biophysical variables strongly correlated
with vegetation growth, percentage of vegetation cover, crop
height, and live biomass (Jacquemoud et al. 2009; Rondeaux
etal. 1996). Classification of the resulting time series of bio-
physical variables can identify grassland farming practices
(Dusseux et al. 2013).

Although remote sensing and ground observation can
estimate changes in grassland states and thus identify farm-
ing practices, these data are not always available and
are likely to be expensive when extended to large areas.
Since observation alone cannot predict grassland states that
depend on farm configuration (farm size, field number,
farmer behavior, etc.), these states can be simulated using
models that reproduce both grass growth and farmer behav-
ior. A panel of techniques (models) was designed in the
context of farming system dependence on a variety of fac-
tors (climate, markets, ecology, etc.), as reviewed by (Martin
et al. 2013).

Among models designed for agro-ecosystem manage-
ment, and more precisely for grassland simulation, the
technique of (Martin et al. 2011; Cros et al. 1999) has the
advantage of including several species (animals, grasses,
etc.), but it does not explicitly represent grassland manage-
ment (grazing, mowing, etc.). More specifically designed
for grasslands, the Patur’IN model (Delaby et al. 2001)
is a user-friendly interactive tool able to simulate grass-
land growth based on several physical parameters related
to plants and climate. Although this tool is highly efficient
to simulate grassland growth, it does not include manage-
ment strategies. The model PaturMata addresses this issue:
relying on Patur’IN, it gives the possibility to simulate
management practices, while preserving process efficiency
and user-friendly interactive capabilities (Zhao 2014). The
model PaturMata was used in this study.

One major challenge in using models is evaluating their
ability to reproduce farming systems. The main contribu-
tion of this paper is its analysis of the ability of PaturMata
to simulate credible scenarios to understand and improve
grassland management at the farm level. We used remote
sensing data to configure PaturMata inputs with real physi-
cal values at a specific study site with available observations
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and knowledge about grassland practices. This enabled eval-
uation and validation of PaturMata’s ability to generate
plausible grassland changes. We used PaturMata to simu-
late scenarios under abnormal climatic conditions, which
illustrated the importance of such models in the context of
climate change.

Three types of grassland management practices during
the growing season were investigated: grazing, mowing,
and a combination of the two (mixed) (Fig. 1). Although
vegetation states vary with land management, agricultural
practices can be identified by analyzing biomass indices,
crop height, or percentage of vegetation cover. Grazing
decreases biomass and crop height (revealing soil if over-
grazing), while mowing drastically and rapidly decreases
biomass and crop height and leaves the soil background
visible.

This paper is organized as follows: Section 2 includes
materials and methods related to the study site, presents
PaturMata, and introduces remote sensing data and valida-
tion criteria. Section 3 validates PaturMata with field survey
data and illustrates its prospective power. Conclusions are
given in the Section 4.

2 Materials and methods
2.1 Study site

The study site is the Yar watershed, located on the northern
coast of Brittany in western France. This agricultural area
is dominated by intensive farming oriented mainly toward
cattle production. It experiences water pollution due to agri-
cultural intensification. Though nitrate contents in rivers are
around 30 mg L~!, i.e., far below the 50 mg L~! European
threshold, the sensitivity of this coastal site to eutrophica-
tion has resulted in green tides for the past 40 years. The
objective for water quality should be as low as 10 mg L~!
nitrate (Ménesguen and Piriou 1995). A research program
was started to decrease nitrate emissions while ensuring sus-
tainable farms and included close collaboration with local
stakeholders, territory managers, and farmers. The program
developed guidelines based on a set of simple indicators
to promote an increase in the percentage of grassland in
utilized agricultural area (UAA) (stocking rate per hectare
grassland, N input, and reduction of risky practices such as
leaving soil bare and plowing up grassland) (Moreau et al.
2012; Moreau et al. 2013). A large percentage of the study
area is covered by grasslands (60 % of UAA) in a variety of
organic or conventional systems that are dominated by dairy
cattle production. Three main types of management occur
during the growing season: grazing, mowing, and mixed.
In western France, grasslands are usually grazed or grazed
and mowed rather than only mowed. Field surveys were



PaturMata, a model to manage grassland under climate change

1089

Fig. 1 In western France,
grazing (left) and mowing
(right) practices can be observed
in grasslands during the growing
period

conducted on 4 of the 70 farms located in the study site
to obtain information on grassland management practices.
This information was used to validate PaturMata.

2.2 Description of PaturMata

The PaturMata model was designed mainly to study grass-
lands under different management strategies. It simulates
grassland paddock growth and considers agricultural activ-
ities that directly influence grassland (cattle entrance and
exit, grass mowing, and application of N fertilizer) and
management strategies related to these activities. These
elements are represented in a hierarchy of model layers:

— The grassland layer, the biological part of the model,
represents the rate of grass growth in each paddock and
how quickly animals consume the grass;

— The execution layer models the agricultural activities
in sub-models: cattle entrance and exit, grass mowing,
and fertilizer application. These sub-models also con-
tain rules for agricultural activities based on the state
of the grassland layer. If these sub-models are asked
to execute activities that violate the rules, they stop
execution of the entire model,

— The controller layer models management strategies
with controllers, which tell the execution layer when to
perform actions;

— The central clock counts how many days have passed
during the simulation, which ends when the simulation
length has been reached.

In PaturMata, the models are described in a timed
automaton form (Alur and Dill 1994). An automaton is a
graphical representation where nodes correspond to states
and edges correspond to changes of states triggered by
events. The changes of states may be temporally constrained
events, justifying then the timed automaton terminology.
Model checking techniques are used to simulate the grazing
model. Model checking techniques are dedicated to timed
automata simulation. Given contextual data, they compute
in a very efficient way the model output. In PaturMata,
model checking techniques execute all sub-models and the
entire model in timed automaton form. Execution of a

grazing model as a timed automaton can be rapid due to the
exceptional performance of existing model-checking tools.
To simulate a specific farm, one needs to enter the following
data:

— Physical characteristics of the farm: surface area, num-
ber of fields (Nb fields), livestock units (LSU), and
percentage of fields whose distance from the home-
stead is <500 m (close), 500-1000 m (medium), and
>1000 m (far);

— Amount of fertilizer applied;

— Grass height limits (minimum grass height to begin
mowing, pasture height limits, height after mowing);

— Climatic conditions: favorable, unfavorable, or very
unfavorable for grassland growth.

PaturMata randomly creates a set of farms (in practice, 10)
that have these characteristics. It then generates a model
of each farm in timed automaton form, executes it, and
retrieves the output from the model checking tool (Alur and
Dill 1994).

All tasks are embedded in a single software package,
providing a user-friendly interface with which users can eas-
ily enter information about grazing, fertilizers, and climatic
conditions. Details about PaturMata can be found in (Zhao
2014).

2.3 Remote sensing data

Remote sensing data were used to configure input data
of PaturMata. Land cover maps at the field scale were
derived from high-resolution satellite data (SPOT and Land-
sat images) using commercial software (ArcGIS, Ecogni-
tion). Information derived from remote sensing data about
grasslands on each farm (total grassland area, number of
grassland fields, percentage of grassland fields located in
wetland areas, distance of each grassland field from the
homestead) was used by PaturMata in simulations.
Characteristics describing the state of the vegetation were
calculated after grasslands were extracted from remote-
sensing data by automatic classification tools (Dusseux
et al. 2014). We focused on leaf area index (LAI), a key
biophysical variable, derived from satellite images using the
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PROSAIL radiative-transfer model (Jacquemoud et al.
2009). LAI is correlated with grass height and density
(Zhang and Guo 2008; Guo et al. 2000; Friedl et al. 1994).
LAI estimated from remote-sensing images were used to
estimate the grass height observed at the beginning of
the simulation, the beginning and end of grazing, and the
beginning of mowing. LAI was also used as an input for
PaturMata simulations.

2.4 Validation criteria

Regular measurements and surveys were performed on the
study site to determine key elements of agricultural prac-
tices on grasslands (beginning and end of grazing, number
of grazing and mowing events during the season, etc.). The
characteristics used to evaluate the correspondence between
PaturMata predictions and observed data from remote sens-
ing and on-site surveys were the following:

— Ng, mean number of grazing periods per field each
year;

— NM, mean number of mowing events per field each
year;

— TG, Tm, Tmm; grassland management strategies for each
field: grazing (7g), mowing (7Ty;), or mixed (Tyvm);

— GG, number of days between two grazing events;

— MM, number of days between two mowing events;

—  GM, number of days between two successive grazing
and mowing events;

— MG, number of days between two successive mowing
and grazing events.

2.5 Experimental design

Remote sensing was used to extract spatial characteristics
of the farm and LAI growth limits. In this study, pasture
height was assumed to be 10-16 cm (corresponding to
LAI € [2,4]), the minimum grass height to start mowing was
24 cm (LAI = 6) and grass height after mowing was 6 cm
(LAI = 1). Simulations began on 1 March (with a grass
height of 8 cm, i.e., LAI = 1.5) and ran for 250 simulated
days.

Four validation farms were used in this study, two using
conventional practices (C1 and C2) and two using organic
practices (O1 and O2) (Table 1). Since PaturMata generated
10 different farms for each configuration, mean predictions
were used for validation.

3 Results and discussion

In this section, we first evaluate the consistency of Patur-
Mata’s predictions: Ng, NMm, TG, Tm, Tvmm, GG, MM, GM,
and MG. We then illustrate PaturMata’s ability to simulate
grassland growth under various climatic conditions.

3.1 Quantitative evaluation of PaturMata

PaturMata generated consistent simulations that corre-
sponded to expert knowledge. Grazing and mowing events
and periods of the 10 simulations were predicted for each
of the four farms, averaged by farm, and then compared to
observed data (Table 2). PaturMata predictions lay within
expected ranges. Comparing conventional and organic prac-
tices, it is interesting that grass was directly fed to cattle,
since organic farms had more grazing periods. This is also
confirmed by the mean number of mowing events, which
equaled 1.0 for all 20 organic farm simulations. For con-
ventional farms, some simulations generated more than one
mowing event, and some fields were only mowed. For
organic farms, grazing events occur more frequently, and
grassland was never only mowed. Finally, the number of
days between two management practices was usually larger
for organic farms because their grass grew more slowly.

Dynamics of grass height (Fig. 2) confirmed that organic
farms had no mowing-only grasslands (mowing was always
followed by grazing). All values appeared consistent. Grass
used for mowing grew to a height of ~25 cm, while the
height of grazed grass varied from 5-15 cm. Mowing peri-
ods were consistently around days-of-year 140 (May) and
300 (October).

Comparison of these predictions to observed data demon-
strate PaturMata’s ability to simulate consistent scenarios of

Table 1 Physical characteristics of the two conventional farms (C1 and C2) and two organic farms (O1 and O2) used for validation

Surface Nb* % Surface % Surface % Surface Fertilization
area (ha) fields LSU** close dist. medium dist. far dist. (kg N ha an)
C1 70 24 120 59 25 16 [120, 180]
C2 55 30 100 41 47 12 [120, 180]
(0] 70 28 90 35 37 28 0
02 95 24 160 44 28 28 0

*number of fields; ** livestock units
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Table 2 Mean characteristics predicted by PaturMata and (last line) observed for conventional (C1 and C2) and organic (O1 and O2) farms

# Grazing or mowing events Practices (%)

N Days between events

Ng Nm TG ™ Tvm GG MM GM MG

C1 35 1.1 45.5 7.5 47 43 99 48 41

C2 37 1.2 44 7 49 42 70 79 46

(0] 4.1 1.0 79 0 21 43 - 117 49

02 38 1.0 75 0 25 45 - 68 47

C Exp. €[3,5] <2 - - - € [30, 40] =50 =50 € [40, 50]
Out.

O Exp. € [3,6] <1 - - - € [35, 45] - =70 € [50, 60]

NG mean number of grazing periods per field each year, Nj; mean number of mowing events per field each year; grassland management strategies
for each field: T grazing, Ty mowing, Tysy mixed; GG number of days between two grazing events; M M number of days between two mowing
events G M number of days between two successive grazing and mowing events; M G number of days between two successive mowing and grazing

events

farming systems once initial conditions (farm characteris-
tics, climatic conditions, etc.) are set (Table 1). In the next
section, we use PaturMata to generate and analyze changes
in farming systems when climatic conditions change.

3.2 Using PaturMata to evaluate grassland states under
climate change

We then simulated the same farms with PaturMata using
modified climate data. Climate variables, mostly related

to dryness and temperature, were either favorable, unfa-
vorable, and very unfavorable for grassland growth. For
example, when simulations are done under favorable con-
ditions, the climatic situations encourage grass growth (no
heat wave, no flooding, etc.). At the opposite, unfavor-
able or very unfavorable conditions mean either dryness or
heat/cold wave, preventing from a convenient grass growth.
This results in seven scenarios:

—  Scenario SO, favorable climate throughout the simulation;

Fig. 2 Predicted dynamics of Grass height (cm) (C) Grass height (cm) (C2)
grass height by management 25 25
type (grazing only, mowing Mowing ": Mixed "I
only, mixed grazing and 20 ’ 20
mowing) for the two
conventional farms (C1 and C2) Mpwing
and two organic farms (O1 and 15 15
02) studied. Conventional
practices can generate several 10 \ \ ‘ 10
cuts per year (mowing), unlike A
organic practices, which 5 ‘/ % | 5
generate no more than one cut Grazing Mixed Grazing
per year followed by grazing
i 0 0
events (mixed) 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Days of year Days of year
Grass height (cm) (O1) Grass height (cm) (02)
25 25
20 20
15 15
10 10
5 5 )
Grazing Grazing
0 0
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

Days of year

Days of year
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Fig. 3 PaturMata predictions of
a the number of grazing periods

Mean number of
grazing periods

Kg/MS

. 5
and b) mean grass consumption

vs. mean conserved-forage

consumption under a variety of 4
climatic conditions. The more

unfavorable the climatic

conditions (SO to S6), the less 3
grass is produced and consumed

(solid black and blue lines,

respectively) and the more

conserved forage is required

(dashed red line) 1

500 000
400 000 |
Mean grass consumption

300 000 |

200 000 |

100000}  Mean conserved forage consumed

sO sl

Climatic scenarios

—  Scenario S1, unfavorable climate for 40 days starting at
the end of March;

— Scenario S2, very unfavorable climate for 40 days
starting at the end of March;

— Scenario S3, unfavorable climate during July and
August;

—  Scenario S§4, very unfavorable climate during July and
August;

—  Scenario S5, unfavorable climate for 40 days starting at
the end of March and during July and August;

— Scenario S6, very unfavorable climate for 40 days
starting at the end of March and during July and August.

As expected, as climatic conditions worsened, the mean
number of predicted grazing periods decreased (Fig. 3a).
The magnitude of unfavorable climatic conditions (e.g., S1
vs. S2) had more influence than their frequency (e.g., S1 vs.
S5). The quantity of external (conserved) grass required to
feed cattle increased as grass growth decreased due to cli-
matic conditions (Fig. 3b). These results seem logical and
illustrate PaturMata’s ability to simulate sound scenarios
that can be used in other forecasting studies of grasslands.

4 Conclusion

We introduced a powerful model that can simulate consis-
tent scenarios of grassland management. PaturMata relies
on hierarchical discrete-event modeling that is expressed
by a set of timed automata. The performance of model-
checking tools accelerates simulations and scenario compar-
isons. PaturMata predictions were validated with data from
on-site surveys and remote sensing. Results revealed Patur-
Mata’s ability to predict reliable and sound time series of
vegetation characteristics that are consistent with observa-
tions from conventional and organic farms. This kind of tool
is valuable for generating forecasting scenarios, including
those related to climate change. We illustrated this ability
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s2

s3  s4 s5 s6 sO0 sl s2 s3 s4

Climatic scenarios

s5  s6

by simulating unfavorable climatic conditions and showed
that the model predicted well dynamics of grass stocks,
fodder requirements, etc., PaturMata may be useful for eval-
uating consequences of current environmental changes on
grasslands.
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