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Abstract – Farmers increasingly need to adjust their management practices to accommodate unexpected events such as drought, and preserve
the sustainability of their production. This flexibility requires background knowledge about where and when freedom of choice can be exer-
cised. Here, we designed an analysis framework for grassland-based farming systems in mountainous and less-favored areas. An expert-based
discrimination tree characterizes organizational flexibility by determining the range of possible types of grassland use under various topographic
and farming constraints such as suitability for mechanization, and ease of access to a field. A set of time windows evaluates the timing flexibil-
ity in grassland use, each associated with a combination of a grassland community type and a type of grassland use. Our results show that the
outputs of the discrimination tree match for 139 of 165 grassland fields, by comparison with field data obtained in the French Aubrac region.
For a particular type of grassland use, the set of time windows proves that timing flexibility in grassland use between grassland community
types can increase by 15 days over a 37-day time range. When applying the two components of the analysis framework to a farm case, it shows
that 24% of the farm area offers organizational flexibility, with several possibilities for grassland use. Timing flexibility for bringing forward or
delaying the use of the grassland fields is unused in the farm. Most of the dates of grassland first use are similar irrespective of the diversity of
grassland communities. The application of the analysis framework offers a sound evaluation of the potential flexibility to establish where and
when it is possible to adjust management practices to cope with unexpected events. It can also be helpful in setting up coherent alternatives to
the observed management strategies that can then be expanded in dynamic simulation models enabling deeper analysis.

mountainous areas / grassland use / organizational flexibility / timing flexibility / analysis framework

1. INTRODUCTION

1.1. Rationale

In mountainous or less-favored areas, farming systems
are generally based on a diversity of permanent grasslands
(Maurer et al., 2006; Andrieu et al., 2007). Grass production
is highly variable in space and time, partly because of the
variation in topography, grassland use and grassland commu-
nity characteristics, and partly because of weather variability
within and between years (Parsons, 1988; Maurer et al., 2006).
Farmers have to manage the feeding of the herd in compli-
ance with desired and attainable grass production. Configuring
a farming system, i.e. allocating land areas over time to par-
ticular uses, and organizing production activities across time
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and space, is thus a complex task. This complexity is increas-
ing due to the growing uncertainty surrounding livestock pro-
duction, in particular due to climate change (Steinfeld et al.,
2006). Climate change requires greater adaptive capacity of
farmers in order to anticipate potential damage, to take ad-
vantage of opportunities, or to cope with the consequences.
In particular, farmers have to adjust their management prac-
tices to actual conditions within the grazing season to achieve
their objectives and preserve the longevity of their produc-
tion project (Parsons, 1988; Ingrand et al., 2007; Kemp and
Michalk, 2007). A shift towards greater flexibility (Dedieu
et al., 2008) generates challenges for management in order
to make it a means for accommodating unexpected or new
events, e.g. drought or new agri-environmental schemes, and
for creating opportunities for innovation in farm practices and
improving the efficiency of the production system. The pri-
mary challenge posed by exploitation of flexibility is having
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the background knowledge about where and when freedom of
choice can be exercised.

Flexibility in farming systems is gaining increasing impor-
tance in simulation-based approaches to farming system de-
sign (e.g. McCown et al., 1996). To evaluate the performance
of management practices by simulation, one has first to ar-
ticulate them in a management strategy scenario prior to the
simulation. Integrating flexibility into a management strategy
scenario to be evaluated by simulation requires a sound body
of knowledge about the sources of flexibility in the farming
systems, which should then support decisions about what to
change, where and when. The sources of flexibility are of a
very different nature (Ingrand et al., 2007; Dedieu et al., 2008):
technical and organizational, e.g. the control of animal breed-
ing; structural, e.g. the choice of a herd size and a stocking
rate; and financial, e.g. the recourse to external revenue, etc.
We focus on the technical and organizational flexibility related
to grassland use.

1.2. Sources of flexibility in grassland use

Most research dealing with the management of forage
shortages in grassland-based livestock systems consider the
stocking rate as the key issue (e.g. Tichit et al., 2007). How-
ever, in less-favored areas, as emphasized by Caballero (2007),
stocking rate is less of a problem than the spatio-temporal dis-
tribution of grazing. Farmers’ willingness to modify grassland
use on a given field to cope with unexpected or new events
can be strongly constrained by the flexibility in grassland use
in time and space on that field, which depends on planning on
the farm scale. We focus on organizational flexibility and tim-
ing flexibility in grassland use, i.e. the spatial and the temporal
dimensions of flexibility in grassland use.

Organizational flexibility determines the range of possible
types of grassland use on a field. It is associated with vari-
ous topographic and farming constraints. Distance from the
field to the farmstead and between fields, field accessibility,
size, presence of hedgerows, soil hydromorphy and slope, i.e.
suitability for mechanization, have been identified among the
determinants of land use in the French Plateau of Lorrain
(Le Ber and Benoît, 1998), in the Netherlands (Carsjens and
van der Knaap, 2002), in French Brittany (Thenail and Baudry,
2004) and in French Auvergne (Andrieu et al., 2007).

Timing flexibility in grassland use is the extent to which
the use of a given grassland may be brought forward or de-
ferred for a temporal interval at various times of year. It can
be represented through a “time window” for grassland use.
There is an optimal time window for using grassland of a given
community type, i.e. the structure and composition of a plant
community, depending on its biomass availability and/or di-
gestibility and herd feeding objectives (Dale et al., 2008). This
time window has to be compatible with the creation or renewal
of particular grassland community characteristics (Kemp and
Michalk, 2007). With stable plant mineral nutrition, using the
grass for grazing or cutting within this time window should
ensure sustainable long-term production by keeping the grass-
land in a dynamic equilibrium (Huston, 1994). Timing flex-
ibility in grassland use varies between grassland community

types (Duru et al., 2008), which are mainly determined by
management, e.g. nutrient resource availability and grassland
use (Lavorel and Garnier, 2002) and, to a lesser extent, by
other factors such as the type of grazing animals (Bakker et al.,
2006). We focus on the relations between type of grazing ani-
mals, type of grassland use and timing flexibility in grassland
use together with grassland community characteristics. These
characteristics in turn influence choices for type and timing of
grassland use.

1.3. Originality and objectives of the article

The question of organizing grassland-based livestock sys-
tems under a range of spatio-temporal constraints has re-
ceived little attention. Even in the field of cropping system
planning, approaches are either focused on spatial constraints
(e.g. Le Ber and Benoit, 1998) or temporal constraints (e.g.
Dogliotti et al., 2003) but never both at once. Applied to
grassland-based livestock systems in mountainous or less-
favored areas, the few published findings analyze the observed
grassland use on the farm scale either from a topographic
and farming constraints angle (Brunschwig et al., 2006) or
from the point of view of grassland community characteris-
tics (Duru et al., 2005). As far as we know, no articles con-
sider, in analyzing grassland use planning, the two sources of
flexibility, i.e. organizational flexibility and timing flexibility
in grassland use. These concerns are at the core of the analysis
framework presented in this article. Unlike Groot et al. (2007),
our aim is not to find the optimal land use systems that satisfy
a range of objectives, but to provide practical information for
characterizing the farmer’s scope for adapting the grassland
system to particular conditions occurring during spring. This
is of major interest for researchers involved in the design of in-
novative farming systems, providing them with guidelines to
design reliable and feasible alternatives to the observed man-
agement strategies prior to their evaluation by simulation.

In this article, we describe the design and application of the
analysis framework for mountainous or less-favored areas. It is
made up of two components: (i) an expert-based, as opposed to
data-and-statistics-based, discrimination tree of possible types
of grassland use under certain topographic and farming con-
straints to evaluate organizational flexibility, and (ii) a set of
time windows to evaluate timing flexibility in grassland use,
each associated with a combination of a grassland community
type and a type of grassland use. The analysis framework is
applied to data collected in eight farms of the French Aubrac
region. In the last section, a focus on one of these farms em-
phasizes the emerging knowledge brought by the concomitant
analysis of organizational flexibility and timing flexibility in
grassland use.

2. MATERIALS AND METHODS

2.1. Design of the analysis framework

Characterization of organizational flexibility in grassland
use was an iterative process involving six scientists and three
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experts, all co-authors, for several successive meetings. Based
on the existing literature on the topic (Le Ber and Benoît,
1998; Carsjens and van der Knaap, 2002; Thenail and Baudry,
2004; Andrieu et al., 2007) and the empirical knowledge of
the research team, we listed the topographic and farming con-
straints involved in the allocation of a type of grassland use in
mountainous or less-favored areas. We ended up with a num-
ber of Boolean conditions linked to functional indicators and
generic and meaningful characteristics. As an example, an alti-
tude threshold for characterizing so-called summer grasslands
was replaced by the capacity of a field to supply green fodder
during summer; this attribute is actually directly linked to the
specific use of those fields, unlike an altitude threshold. Then,
also based on expert knowledge, we established a hypothetical
hierarchy between these characteristics to account for their de-
gree of importance for farmers when allocating a type of grass-
land use to a field. Those combinations of characteristics that
did not make sense were removed from the discrimination tree.
Finally, we synthesized and ordered this knowledge by arrang-
ing the characteristics in a discrimination tree of possible types
of grassland use, i.e. one or more, depending on the level of or-
ganizational flexibility. The relevance and scope of the empir-
ical agronomic knowledge synthesized in the tree was further
evaluated by comparison with observed data (see Sect. 3.1).

For grazing, type of grassland use was expressed by the type
of grazing animals. Grazing animals were categorized as fol-
lows. Animals for production included milking cows in dairy
systems, and heifers, steer calves and suckler calves if sold
young, i.e. 9 months, in beef systems. Animals for replace-
ment or out of their production period which require less care
and attention were heifers and dry cows in dairy systems, and
suckler cows if calves are not sold young, i.e. 9 months, in beef
systems.

Recent advances in production and functional plant ecol-
ogy have made it possible to characterize timing flexibility in
grassland use. The concept of functional diversity is based on
the definition and measuring of plant traits, i.e. morpholog-
ical, physiological and phenological plant characteristics, in
response to availability of resources and perturbations (Diaz
and Cabido, 2001). According to Grime’s biomass ratio hy-
pothesis (Grime, 1998), taking into account only the most
dominant species of a plant community would be sufficient
to describe response to environmental change. Grasses usu-
ally represent a large proportion of the biomass in species-
rich grasslands. In addition, it has been shown that legumes
and forbs mimic the dynamics of grass species within a plant
community (Duru et al., in press). The leaf dry matter con-
tent of individual species as well as abundance-weightedmean
leaf dry matter content across grass species are well corre-
lated with agronomic characteristics such as organic matter
digestibility and plant phenology that govern the dynamics of
grass growth (Duru et al., 2005; Al Haj Khaled et al., 2006;
Da Pontes et al., 2007). Leaf dry matter content measurements
rank species in the same order regardless of the frequency
of defoliation (Da Pontes et al., 2007) and nutrient availabil-
ity (Al Haj Khaled et al., 2005), and across years and sites
(Garnier et al., 2001). Given all these features, an abundance-
weighted mean leaf dry matter content across grass species

provides a powerful descriptor of a grassland community for
characterizing the timing flexibility through the time windows
for grassland use (Duru et al., 2008).

When comparing technical operations between fields and
farms in semi-mountainous areas, a major problem is the time
scale. Fields are at various altitudes, so that at a given Julian
date, herbage age and phenology will vary. To account for
this variation, time is expressed as thermal time or growing
degree-day sums, i.e. the accumulated daily mean temperature
between 0 ◦C and 18 ◦C starting from the 1st of February. Air
temperatures are assumed to fall by 0.6 ◦C per 100 m com-
pared with the reference daily mean temperature measured at
a fixed altitude (Cros et al., 2003).

The use of an abundance-weighted mean leaf dry mat-
ter content across grass species combined with thermal time
offered a basis for comparing the observed thermal time at
first use on the surveyed grasslands for a range of grassland
community types. For a given region, observations over a
wide range of grasslands provided a reliable picture of the
diversity of thermal time at first use for the average climatic
year associated with each observed combination of grassland
use and community type. The earliest date for grassland first
use marked the beginning of the thermal time window, while
the latest closed this window.

2.2. Application to the Aubrac region

2.2.1. Case study

The work was carried out in the Aubrac region in the south-
ern part of the French Central Massif (2.85◦E, 44.68◦N). It
covers an area of about 40 km × 20 km with an altitude range
of 800–1400 m. The climate is montane with long winters
characterized by heavy snowfalls that determine turnout and
wintering dates. Average yearly temperature is 9 ◦C. Average
yearly precipitation, i.e. 1312mm, is well distributed, with 107
rainy days per year. Most of the area is occupied by temporary
and permanent grasslands with dairy and beef livestock.

In choosing the sample farms, we did not attempt to choose
farms which were particularly representative of the zone by
using statistical methods. Instead, we tried to capture the di-
versity of management of the local farming systems by choos-
ing farms located on a gradient of intensification depending on
farmers’ use of mineral fertilizers, grazing methods and hay-
making practice, i.e. herbage phenological stage and overall
stocking rate for subsequent diversity in field management in-
tensity. Silage is not made in the zone, due to Protected Desig-
nation of Origin specification. The farms also had to be similar
in their availability of machinery and labor per animal unit. As
the survey involved arduous field work, we restricted our anal-
ysis to four beef farms and four dairy farms (Tab. I), selected
with the assistance of local extension services. To simplify
the analysis, we surveyed a range of quite standardized farms
as regards animal production, i.e. farms with similar animal
breeds and similar animal categories with comparable feeding
requirements. Thus, in our analysis we do not consider differ-
ences in herd feeding objectives that could affect the determi-
nation of the thermal time windows for grassland first use.
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Table I. Main characteristics of the four dairy farms and four beef farms surveyed. Stocking rate at turnout was calculated based on the available
area close to the cowshed at turnout. Structural descriptors such as area, number of cows, size of the herd and altitude range of the farm fields
differ between farms. In addition, farms are located on a gradient of intensification of stocking rate, confirming the diversity of management of
the surveyed farms.

Farm Bat Dag Pou Sal Dar Del Mou Nie
Production Dairy Dairy Dairy Dairy Beef Beef Beef Beef
Area (ha) 54 58 76 69 105 74 116 191
Summer pastures (ha) 0 15 18 28 38 0 63 106
Altitude range of the farm fields (m) 900–1100 900–1100 900–1300 900–1300 900–1300 800-1000 800-1300 1000-1400
Number of cows 40 38 48 35 56 44 48 64
Number of animal units 60 56 69 52 134 104 111 144
Stocking rate (ha/animal units) 0.90 1.04 1.10 1.33 0.78 0.71 1.05 1.33
Stocking rate at turnout (ha/ animal units) 0.61 0.51 0.50 0.33 0.36 0.61 0.31 0.43
Number of fields in the farm 25 27 26 31 35 38 22 27
Number of fields considered in the study 17 22 16 21 26 25 18 20
Proportion of surface area considered in the study (%) 78 69 57 87 84 88 93 88

2.2.2. Characterization of grassland use
and of the topographic and farming constraints

The first stage of the survey was to record topographic
and farming information for each field, i.e. area, altitude, dis-
tance to the cowshed and ease of access for a herd batch com-
ing from the cowshed or the neighboring field, and suitability
for mechanization. Next we identified the farmer’s past and
present grassland use practices on the fields concerned: fer-
tilizer applied, type and date of the first use in spring for the
average climatic year, type of grazing animals. These records
enabled us to exclude those grasslands that were not consid-
ered at equilibrium (sensu Huston, 1994), i.e. abandoned or
irregularly used, for the subsequent steps of data collection.

2.2.3. Characterization of grassland community types

A floristic survey using the frequency–rank method was
conducted over the 165 fields of the eight surveyed farms.
The survey was used to estimate an abundance-weightedmean
leaf dry matter content across grass species (LDMCg) for each
sampled grassland field, based solely on the grass species’ leaf
dry matter content values, as LDMCg =

∑
i pi.LDMCi where

pi is the relative abundance of the ith grass species and LDMCi
is the leaf dry matter content of the ith grass species deter-
mined from a leaf dry matter content database (Al Haj Khaled
et al., 2005). A Shapiro Wilk test on the data did not reject
the null hypothesis (P = 0.605) that the data are normally
distributed. Given the normal distribution of the data and the
range of standard deviations in leaf dry matter content gener-
ally found in the literature (e.g. Al Haj Khaled et al., 2005), we
divided the axis of abundance-weighted mean leaf dry matter
content across grass species into four classes of equal range,
i.e. 201–215 mg.g−1, 216–230 mg.g−1, 231–245 mg.g−1 and
246–260 mg.g−1. The relevance of this classification was con-
firmed by an analysis of variance (P < 0.001) displaying a
high inter-group variance (Mean Square = 17626; df = 3) and
a low intra-group variance (Mean Square = 2619; df = 162).

3. RESULTS AND DISCUSSION

3.1. Characterization of organizational flexibility
in grassland use

The research team identified five topographic and farming
constraints as the main determinants of the range of possible
types of grassland use in mountainous or less-favored areas.
These five constraints were mainly field properties and one
condition associated with herd batching. Listed in an expert-
based order of importance as to when to allocate a type of
grassland use to a field, these five constraints are:

(1) Possibility of daily return to the cowshed, which is mainly
determined by the presence of an obstacle between the
grassland field and the cowshed, i.e. road, forest, etc. or a
long distance. Fields suited to a daily return are first used at
turnout for both dairy and beef systems. They are reserved
for the categories of animals requiring the most care, e.g. a
supply of concentrates and water, especially in dairy sys-
tems with cows that need to be milked twice a day.

(2) Ease of access of a field from the closest one is a key fac-
tor for determining the type of grassland use of fields on
which daily return to the cowshed is not possible. If such
a field does not permit the move to the closest field with-
out transport then it is isolated and further elements, e.g.
surface area per animal unit, should be considered to de-
termine its type of grassland use.

(3) Suitability for mechanization; this determines whether the
field can be mowed.

(4) Sufficient surface area to feed five animal units per hectare
during three days in spring; this determines whether an
isolated field can be used for grazing. Such fields require
the herd batch to be transported. Thus, the grassland field
should provide enough fodder to satisfy the needs of a five-
animal-unit herd batch for at least three days before having
to move on. Otherwise, isolated fields may hardly be used
for grazing.

(5) The capacity of the field to supply green fodder dur-
ing summer is of major importance in European semi-
mountainous areas where the summer months are the
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Figure 1. An expert-based discrimination tree of grassland use opportunities according to the topographic and farming constraints of the field.
Five topographic and farming constraints are listed in a hierarchical order and result in pathways of constraints named constraint classes (CS).
Regarding the daily return to the cowshed without transport, obstacles can be roads, forests, etc. Those combinations of constraints that did
not make sense were removed from the discrimination tree. For each constraint class a single or a range of possible grassland uses in spring is
specified for dairy and beef systems. Types of grassland use are: Gp, grazing by animals for production; Gr, grazing by animals for replacement;
LGC, light grazing followed by cutting; C, cutting. When compared with data gathered over 165 fields, the discrimination tree fits well with
the observed type of grassland use for 139 fields. This discrimination tree gives the proportions of multiple and single grassland use fields, the
former being a source of organizational flexibility.

driest. Hence, grasslands that are shallow or located at the
highest altitudes are generally kept out of the grazing chain
during early spring to preserve green standing herbage for
late spring and summer.

Not all combinations of constraints were considered. For
example, the possibility of moving to the closest field without
transport does not make sense when daily return to the cow-
shed from the field is possible. Indeed, there would be other
fields to which the herd could be moved in such conditions.
Thus, the condition associated with a minimum three-day stay
for a five-animal-unit herd batch also does not make sense if it
is possible to move the herd batch easily.

The resulting discrimination tree (Fig. 1) identifies several
types of grassland use in some cases, e.g. the CS1 constraint
class, but a single one in other conditions when grassland use
is much more constrained, e.g. CS2 constraint class. Types of
grassland use were assumed to be dependent on the farm pro-
duction, i.e. dairy or beef. In beef systems, fields are generally
more scattered than in dairy systems, and lie at different alti-
tudes. Thus, in beef systems, summer grasslands play a major
role in the feeding system. At turnout, scarcity of land close
to the cowshed results in a high grazing pressure in relation to
the vegetation growth capacity (Tab. I). The fields are lightly
grazed for about one month before animals for replacement
are moved to summer grasslands and stocking rates decrease
around the farm to save fields of constraint class CS7 for the

cutting operation following a light grazing. Thus, in beef sys-
tems, for grassland fields of constraint class CS7, light grazing
followed by cutting is the only possibility (Fig. 1). Dairy sys-
tems generally havemore fields near the cowshed, so that graz-
ing pressure around the cowshed at turnout is slightly lower
than for beef systems (Tab. I), and other types of grassland use
are possible as part of the area can be preserved for cutting
from the beginning of the grazing season.

This discrimination tree identifies the proportions of multi-
ple and single use grassland fields, the former being a source
of organizational flexibility. To generate such a model, the de-
cision to use an expert-based approach rather than a classi-
fication and regression approach was not trivial. The dataset
was not exhaustive enough to ensure the generic nature of
a tree generated with such classification and regression ap-
proaches. In addition, tree models generated with software
programs implementing these approaches do not necessarily
have a logical succession of criteria (Darnhofer et al., 1997
cited by Darnhofer et al., 2005). Manually drawn models can
be more accurate (Darnhofer et al., 2005) as they are en-
riched by the experience of the persons involved in the de-
sign, thereby adding information gathered in various condi-
tions over years not necessarily contained in a database. As
an example (Fig. 1), the traditional view of considering suit-
ability for mechanization as the main determinant of possi-
ble type of grassland use was thwarted when focusing on the
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Table II. Minimum and maximum thermal time at first use and the corresponding range for each combination of grassland use and class
of abundance-weighted mean leaf dry matter content across grass species (LDMCg). For light grazing followed by cutting, two values are
provided, one for light grazing and another for the subsequent cutting event. NA means not available. When the number of observations is
sufficient, i.e. up to five, for each type of grassland use, the range of thermal time at first use increases with the LDMCg class, offering greater
timing flexibility.

Minimum Maximum Range of
Type of LDMCg thermal time thermal time thermal time Number of
grassland use Class at first use at first use at first use observations

(◦C.d−1) (◦C.d−1) (◦C.d−1)
1 1041 1591 551 16
2 904 1553 650 26

Cutting
3 965 1489 525 2
4 1489 1489 NA 1
1 321–1239 543–1607 221–368 12

Light grazing followed 2 321–1153 687– 1760 366–607 17
by Cutting 3 445–1238 445–1238 NA 1

4 353–1459 353–1459 NA 1
Grazing 1 557 661 104 3
by animals 2 396 905 509 36
for production 3 407 1024 617 22
Grazing 2 321 602 281 6
by animals 3 321 862 541 14
for replacement 4 434 800 366 8

configuration of the farming system and the organization of
production activities. The possibility of daily return to the
cowshed was found to be more critical in this case.

Tested on the data gathered for the 165 fields of the case
study, the discrimination tree fitted well with the observed type
of grassland use for 139 fields, or 85% of the total area of
surveyed grassland fields. Several solutions were possible for
certain pathways in the tree. Thus, proper statistical evalua-
tion of the tree was not possible due to risks of overfitting.
However, given the objectives associated with the discrimina-
tion tree, i.e. identifying the range of possible solutions rather
than the most frequent one, such a test confirmed the rele-
vance and scope of the empirical agronomic knowledge used
to construct the tree, and the satisfactory performance obtained
with the degree of complexity included in the tree, i.e. only
five topographic and farming constraints, and seven constraint
classes. The remaining 26 fields were spread over four beef
and two dairy farms and were representative of exceptions, in-
cluding, for instance, the case of a farm suffering from a short-
age of area suitable for cutting, which forced hay-making on
summer grasslands, or specific cases such as a field which is
inaccessible until the neighboring field is cut.

A key factor in trying to grasp the diversity of farming prac-
tices lies in the reliability of the representation of local farm-
ers’ perception of their land resources. The experiences of sci-
entists and experts involved in the research could have been
strongly influenced by their long experience in southwestern
and central France. This may limit the capacity of the expert-
based discrimination tree to be easily and reliably applied to
other European mountainous areas.

For simulation-based approaches to farming system design,
there are no methodologies or models for planning feasible
and suitable spatial organizations of grassland use. Such a tree

could provide the means for choosing alternatives for further
investigation by simulation of a system’s robustness to unusual
circumstances or weather events.

3.2. Characterization of timing flexibility in grassland
use

For each type of grassland use we tested the use of thermal
time at first use together with abundance-weighted mean leaf
dry matter content across grass species for the 165 fields of
the case study. The range of thermal time for grassland first
use increased with the classes of abundance-weighted mean
leaf dry matter content across grass species when the number
of observations was sufficient, i.e. up to five (Tab. II). Taking
the example of light grazing before a cut, the range of ther-
mal time for grassland first use changed from 221 ◦C.d−1 to
366 ◦C.d−1 when changing the grassland community type. In
spring, this corresponds roughly to time windows of about
22 and 37 days. Similar to this example, when increasing
the class of abundance-weighted mean leaf dry matter con-
tent across grass species, the range of thermal time for grass-
land first use, i.e. timing flexibility, increased from 551 ◦C.d−1
to 650 ◦C.d−1, from 509 ◦C.d−1 to 617 ◦C.d−1 and from
281 ◦C.d−1 to 541 ◦C.d−1 depending on the type of grass-
land use (Tab. II). For one case only, the expected widen-
ing in timing flexibility in grassland use was not observed,
i.e. for fields with a grassland community belonging to class
4 of abundance-weighted mean leaf dry matter content for
grass that were grazed by animals for replacement (last line
in Tab. II). Almost all these fields were summer grasslands
located at the highest altitudes. On these summer grasslands,
stocking rate was very low to compensate for lower tempera-
tures that slowed vegetation growth, thereby delaying the time
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to reach particular phenological stages. This is why the results
obtained in this case were not very different from those ob-
tained with grazing by animals for replacement and class 3 of
abundance-weightedmean leaf dry matter content across grass
species.

This dependence between grassland community type and
thermal time window for each type of grassland use has al-
ready been described in theory (Duru et al., 2008). This is the
first attempt to confirm it with observed farmers’ practices.
The validation of this hypothesis offers interesting prospects
for classifying grassland use practices in the field of ecology.
Currently, most published findings study the effect of one type
of grassland use and classify it according to frequency of use
(e.g. Da Pontes et al., 2007). Actually, plant traits respond
not only to a single factor but to the occurrence of this factor
within a time period. The approach combining thermal time at
first use and abundance-weightedmean leaf dry matter content
across grass species seems especially suited to characterizing
this time range.

Considering that the sample grasslands were at equilibrium,
using grassland within the thermal time windowsmight ensure
the longevity of the grassland community over the long term.
The limited number of grassland surveys means that these
temporal reference points cannot safely be applied beyond
our study area. Further surveys should be conducted to deter-
mine whether grassland use outside these thermal time win-
dows might endanger the long-term sustainability of the grass-
land community. Still, the tendency toward increased timing
flexibility in grassland use associated with high abundance-
weighted mean leaf dry matter content across grass species
was confirmed. Definition of the thermal time windows for
each region based on surveys of grasslands at equilibrium
could provide recommendations for sustainable exploitation of
grasslands.

3.3. A farm-scale analysis of potential flexibility
in grassland use

We selected the most extensively surveyed beef farm (Mou
in Tab. I) for applying the two components of the analysis
framework to characterize potential flexibility in grassland
use. When projected in the discrimination tree of Figure 1,
farm Mou has 63 ha, i.e. fields number 11, 12 and 13 corre-
sponding to summer grasslands in constraint class CS5 that
can only be grazed by animals for replacement with low care
requirements (Fig. 2). Another 19.6 ha, i.e. fields of constraint
classes CS2 and CS7, are only suited for cutting or a light
grazing followed by a cut. The remaining 25.9 ha taken into
account in the survey, i.e. fields of constraint classes CS1 and
CS4, offer organizational flexibility due to several possible
types of grassland use, or 24% of the area considered in the
study. By comparison, farms Nie and Del have 17% and 98%,
respectively.

When several possibilities for grassland use exist for a
given class of topographic and farming constraints, preferen-
tial grassland use also depends on the land area available in
the other constraint classes and for other types of grassland

use. Indeed, sufficient area is needed to ensure wintering for-
age stocks. Of the area suited to a single possible type of grass-
land use, six fields (numbers 2, 5, 6, 7, 8 and 9) are cut. Fields
number 1, 3 and 4, usually grazed, can be used for haymaking
to compensate for forage deficits when needed, whereas fields
number 2, 5, 6, 7, 8 and 9 still represent additional grazable
fodder in case of early drought.

Projections in the thermal time range for grassland first use
(Fig. 2) for each combination of type of grassland use and
grassland community type revealed that farm Mou has most
of its date of grassland first use concentrated around the same
thermal time irrespective of the diversity of grassland commu-
nities. As an example, cutting events on fields number 5, 6, 7
and 8 occur almost on the same dates despite different grass-
land community types. For each combination of grassland use
and grassland community type, other farms such as Dar show
a spread of grassland first uses over the entire thermal time
range. There is flexibility currently unused in farm Mou for
bringing forward or delaying the use of the grassland fields
such as in the case of drought, for example, by anticipating
the cutting of field number 6 in order to open up additional
grazable area.

The application of the analysis framework to farm Mou
offers a sound evaluation of the potential flexibility for adjust-
ing management practices to cope with unexpected events. As-
pects of flexibility not considered in our analysis, such as re-
course to fertilization, additional machinery or labor, and herd
batching may constitute additional ways to accommodate un-
expected events. Our analysis is limited to considerations for
spring use. The use of grasslands in summer and autumnmight
be conditioned by the nature of spring use, especially the ther-
mal time windows. Further improvements are needed to pro-
vide an overview of the potential flexibility over the course
of the year. Nevertheless, the analysis framework constitutes
a novel base for evaluating and comparing the spring poten-
tial flexibility in space and time between farms. In character-
izing the adaptive capacities of farms, the framework indicates
which aspect of flexibility is preferable to employ on a farm
faced with an unexpected event in order to ensure its sustain-
ability.

4. CONCLUSION

The analysis framework presented in this article is a novel
way of efficiently characterizing potential flexibility in grass-
land use on farms in mountainous or less-favored areas. It
indicates where and when management practices can be ad-
justed to cope with unexpected events by evaluating organi-
zational flexibility and timing flexibility in grassland use. In
the field of farming system design, organizing agricultural sys-
tems and the related production activities under a range of spa-
tial and temporal constraints is a common problem. The quest
towards more sustainable farming systems requires methods
to design such systems while satisfying these constraints. To
ensure the credibility of the outputs, exploration by farm-scale
simulation requires reliable facts on which to build the alter-
native strategies to be tested. Our analysis framework provides
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Figure 2. Overview of organizational flexibility and timing flexibility in grassland use for each field in farm Mou. Types of grassland use are:
Gp, grazing by animals for production; Gr, grazing by animals for replacement; LGC, light grazing followed by cutting; C, cutting. Horizontal
arrows correspond to the thermal time windows for grassland spring use for each type of grassland use and class of abundance weighted-mean
leaf dry matter content across grass species (LDMCg) as presented in Table II. Vertical lines represent the observed thermal time at first use
for each field. Indications of the Julian date at 900 m and 1300 m corresponding to the thermal time scale marks for the average climatic
year are specified below the thermal time axis. For fields 1 and 18, the type of grassland use conveyed by the tree of Figure 1 does not match
with the observed use in brackets. Corresponding thermal time windows for grassland use are the dashed arrows. When sufficient data were
not available in Table II, arrows were not drawn, such as for cutting on Field 11A. The analysis framework shows that Farmer Mou has
organizational flexibility, i.e. several possible types of grassland use, on 24% of the area considered in the study. He also has unused flexibility
for bringing forward or delaying the use of the grassland fields but he concentrates the first uses around the same thermal time irrespective of
the diversity of grassland communities.

such information. It may be used as a first step for pointing
out the conditional adaptations to the production plan (Garcia
et al., 2005) that should be tested in simulation scenarios.
In this way, dynamic simulation modeling could allow flexi-
ble management strategies suited to ensuring the sustainabil-
ity of farming systems in the face of unexpected events to be
identified. Exploitation of flexibility at field level depends on
considerations on the farm scale, such as availability of la-
bor and machinery. Verifying the consistency and feasibility
of the flexible management strategies to be tested can only

be achieved by simulating the dynamic implementation of the
farm management activities. This can hardly be done with an
ex-ante analysis. That is why the analysis framework is a com-
ponent of a larger simulation project (Martin et al., 2008) aim-
ing at designing sustainable grassland-based livestock farming
systems.
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