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Abstract
The need to answer new scientific questions can be satisfied by an increased
knowledge of physiological mechanisms which, in turn, can be used for improving
the accuracy of simulations of process-based models. In this context, this report
highlights areas that need to be further improved to facilitate the operational use
of simulation models. It describes missing approaches within simulation models
which, if implemented, would likely improve the representation of the dynamics of
processes underlying different compartments of crop and grassland systems (e.g.
plant growth and development, yield production, GHG emissions), as well as of the
livestock production systems.
The following rationale has been used in the organization of this report. We
first briefly introduced the need to improve the reliability of existing models.
Then, we indicated climate change and its influence on the global carbon balance
as the main issue to be addressed by existing crop and grassland (section 2), and
livestock (section 3) models. In section 2, among the major aspects that if
implemented may reduce the uncertainty inherent to model outputs, we
suggested: i) quantifying the effects of climate extremes on biological systems; ii)
modelling of multi-species sward; iii) coupling of pest and disease sub-models; iv)
improvement of the carry-over effect. In section 3, as the most important aspects
to consider in livestock models we indicated: i) impacts and dynamics of pathogens
and disease; ii) heat stress effects on livestock; iii) effects on grassland
productivity and nutritional values; iv) improvement of GHG emissions dynamics.
In Section 4, remarks are made concerning the need to implement the suggested
aspects into the existing models.

2

Table of Contents
Abstract .................................................................................................. 2
Introduction ............................................................................................. 3
Description of the missing processes: crop and grassland models ............................... 4
Climate extremes ....................................................................................... 5
Modelling multi-species sward ........................................................................ 6
Coupling of pest and disease sub-models ........................................................... 7
Embedment of the carry over effect ................................................................ 9
Description of the missing processes: livestock models .......................................... 10
Pathogens and disease ............................................................................... 10
Heat stress .............................................................................................. 11

Grassland productivity and nutritional value ................................................. 13
GHG emissions ......................................................................................... 13
Conclusions ............................................................................................. 14
References .............................................................................................. 15

1. Introduction
The Task H1-XC1 ('Model comparison and improvement') of the second phase
of MACSUR project was triggered by the need to answer new scientific questions
and, at the same time, to improve the accuracy of simulations. In fact, as in an
iterative process, the emergence of new questions can be satisfied by an increased
knowledge of physiological mechanisms which, in turn, can be used for improving
the reliability of the existing models. For increasing the model reliability it is
therefore needed to investigate on the views and priorities of stakeholders (e.g.
farmers, business men, decision makers, experimentalists) in order to have a
general overview on the quality of performance of the models used in agriculture.
In MACSUR, they include simulation models of arable crops, grasslands and
livestock. Trade models are also present in MACSUR but are not dealt with in this
report.
In this context, the sub-task XC1.1 'Survey on model improvement' focussed on
increasing awareness on strengths and weaknesses associated with the use of stateof-the art aforementioned model types. Based on the modelling practice
accumulated within MACSUR (and with linking to other experiences), this report
highlights areas that need to be further improved to facilitate the operational use
of simulation models. It describes missing approaches within simulation models
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which, if implemented, would likely improve the representation of the dynamics of
processes underlying different compartments of crop and grassland systems (e.g.
plant growth and development, yield production, GHG emissions) as well as
livestock.
2. Description of the missing processes: crop and grassland models
Simultaneously with the evidence provided about climate change impacts on
agriculture, the development, improvement and use of process-based models of
crop and grassland systems have widely increased (e.g. Donatelli et al., 2002;
Tubiello and Ewert, 2002; van Ittersum et al., 2003; Challinor et al., 2009a; White
et al., 2011; Rötter et al., 2012a; Angulo et al., 2013; Boote et al., 2013). At
present, several models characterized by a different degree of complexity are used
to assess the impacts of climate change in agriculture and cope with the
consequences of altered weather patterns.
Over the years, advancement in models has mostly been driven by the need to
address issues (and develop applications) at larger scales than merely plot or fieldsized areas, while considering multi-crop systems with daily (or sub-daily) time
steps. In that, the introduction of decision rules was required to enhance the
representation of management options, along with improving approaches to plant
physiology and soil-plant-atmosphere interactions. More recently yet, to better
understand the effects of climate change on agricultural systems, modelling studies
have dealt with the uncertainties inherent to models (Rivington et al., 2006). This
has prompted multi-model ensemble simulations (Palosuo et al., 2011; Rötter et
al., 2012b; Asseng et al., 2013) and up-scaling approaches (Ewert et al., 2011),
while also accounting for adaptation options (Howden et al., 2007; Moriondo et al.,
2010a; Lobell et al., 2011b). With the global carbon balance becoming an issue,
modelling efforts have been required to improve the mechanistic representation of
plant responses to CO2 (Tubiello and Ewert, 2002). Other issues have also received
attention, which include: embedment of carry-over effects (Reckling et al., 2016),
coupling of crop models to pest and disease sub-models, and a better formalization
of the impact of extreme events (Challinor et al., 2005; Asseng et al., 2011;
Moriondo et al., 2011; Eitzinger et al., 2013; Lobell et al., 2013; Tao and Zhang,
2013; Teixeira et al., 2013; Mariorano et al., 2014).
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However, there are aspects that remain unresolved in the existing models,
which contribute to the uncertainty inherent to model outputs. Below are reported
some important gaps that have been identified.
2.1.

Climate extremes

Changes in mean climate conditions and more frequent extremes imply
widening the gap between food demand and crop production. Whilst changes in
mean climate conditions can lead to a slow evolution of natural and managed
ecosystems, so that possible adjustments can be anticipated, changes in weather
extremes will may result in extended ecological and economic damages for which
strategies for adaptation are not easy to find because they would take place under
conditions of uncertainty because of the sparse and uneven distribution of such
events. Therefore, if quantifying the effects of these extremes on biological
systems is not straightforward by itself, still more complicated it is to reproduce
and implement such effects into crop simulations.
Climate extremes need to be defined before accounting for them into
simulation models. The lack of a unique definition makes indeed difficult to
describe mathematically the effects of climate extremes. Currently, it is generally
accepted as extreme an event whose occurrence exceeds a pre-determined
threshold (i.e. low or a high percentile) resulting in a strong impact on society
and/or biophysical systems (Kipling et al., 2016). Based on this general
(statistically-based) definition, more specific definitions can be elaborated. For
instance, as reported by Hanson et al. (2007), following the definition provided by
the project Modelling the Impact of Climate Extremes (MICE), three types of
extremes may be detected: a) diagnostic measures (e.g. number of days per year
above the 95th percentile of temperature); b) impact-related measures (e.g. date
of the first autumn frost); c) indices for the calculation of extreme value
parameters based on distributions (e.g. the highest and lowest temperature values
in each year, the highest daily rainfall amount in each year). Once defined, such
indices may be coupled with eco-physiology characteristics of various crops, thus
reproducing the behavior of a crop depending on the type of stress endured.
Despite simulation models have been improved over time, until to reach quite
good predictions of the impacts of changes in average climate conditions, the
reproduction of impacts of extreme events still remains a complex issue. So it is
5

because the simultaneous occurrence of different extremes can generate complex
physiological responses, depending on soil conditions, vegetation types and
genotypic sensitivity. Also, the development of robust modelling approaches
accounting for the combined effect of multiple stressors is often not supported by
carefully designed experiments generating sufficiently detailed data for model
calibration and validation under extreme conditions. For a comprehensive
understanding of the impact of extreme events on grassland and crop systems,
accurate information is required about soil and plant dynamics over gradients of
management.
On these basis, there are needs in modelling related to: 1) the development
of functions of how soil dynamics and plant physiological processes such as
photosynthesis, respiration, transpiration, and biomass partitioning in plants are
affected by extreme events; 2) the link between these functions and the system
dynamics represented in existing modelled; 3) the implementation of specific
physiological processes not yet represented (e.g. mobilization of sugar reserves to
recover or to cope with these extremes).
2.2.

Modelling multi-species sward

Grassland systems are typically multi-species systems. Simulation models
usually design grasslands as simple mixes such as clover and ryegrass (i.e. DayCent,
DNDC) (Lazzarotto et al., 2009). This simplification, however, limits our
capabilities to reproduce the impacts of changing conditions of climate and
management. Moreover, representing explicitly the species competition for
resources would improve our capability to simulated forage quality and quantity,
for instance to support studies on high protein forages in livestock systems. This is
a promising option to reduce the use of supplementary feeds and nitrogen inputs
(Lüscher et al., 2014; Suter et al., 2015),

and its potential benefits for farm

economy and environment could be assessed with dedicated models. Moreover,
new model capabilities for simulations on multispecies swards would improve the
analysis of grassland responses to changed climate conditions beyond the estimate
of average grassland outputs (e.g. GHG emissions, aboveground biomass nitrogen
leaching) for which the detailed representation of mixes is not required. At the
same time, this would help developing suitable adaptation strategies.
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Currently, only a few models are able to assess and reproduce the response of
more species in a sward. This is the case of GEMINI (Soussana et al., 2012) but also
of INTERCOM (Schippers and Kropff, 2001). With these approach, plants are well
defined and described by biophysical parameters that can be directly measured or
estimated. This makes it possible to simulate the plasticity of traits related to the
morphology and physiology of plants and to the interaction between neighboring
plants (Maire et al., 2013). Although strictly adherent to the underlying system,
these models are complex and difficult to initialize and parameterize. In fact, they
are often centered on the individual or defined at a sub-individual level, where
competition between plants is represented in three dimensions. In addition,
significant resources are needed to run the simulations in the case of large-scale
studies on natural or managed grasslands. A model-by-species instance in the
community is needed, which often leads to limiting the application of these models
to simple communities of two or three species (Baumann et al., 2002; CorreHellouet al., 2009).
Extended datasets with characteristics of specific types of sward may be
needed

for

developing

processes

to

implement

into

simulation

models

(Confalonieri, 2014). Specific processes such as the potential biological N fixation
in legumes or specific ecological requirements such as water needs, resistance to
abiotic and biotic stresses and resilience may be further analyzed and translated
into new equations. Also, modelling approaches which describe the changes in
specie composition due to intra-species competition, presence of pathogens and
micro-climatic conditions should be developed for a complete overview about the
main factors affecting grassland composition. Accordingly, this would help finding
optimized solutions in specific contexts, which may include suggesting the best
composition for the conservation of landscape along the whole year, using the most
suitable species to cope with exposure to climate events or the most resilient to
fire in arid environment, etc.
2.3.

Coupling of pest and disease sub-models

Climate not only identifies areas in which crops can find optimal conditions
for growth and development, but also the range of conditions in which pathogens
of specific crops are able to reproduce and develop. More specifically, thermal
variables, levels of humidity and UV are usually identified as the most important
7

variables (Chaparro et al, 2011; O'Connor et al, 2006; Stromberg, 1997; van Dijk et
al, 2009) since their patterns describe the intra- and inter-annual spatial
distributions, and the intensity of pathogens (Fox et al., 2011).
The expected changes in climatic conditions will likely drive distinct changes
in the lifecycles of pathogens, thus affecting their vector capacity. These changes
will mainly affect the relation between crop damages and the presence of
pathogens through: i) the direct influence on the development, growth, survival,
distribution and spread; ii) alteration of the host's physiology and defense; iii)
changes of the relations among pathogens, hosts and competitors (i.e. natural
enemies, competitors and mutualists).
However, climate change may not linearly affect the pathogens dynamics.
Changes in thermal regimes can affect lifecycle of pathogens based on the
adaptation capacity of the specie itself. For instance, despite mild winter
temperature can reduce the mortality of specific pathogens, at the same time a
decrease in snowpack cover may decrease the survival of those species which
overwinter under the litter (Bale et al., 2002; Jamieson et al., 2012). Also,
polyphagous species, living over several habitats at different latitudes and/or
altitudes, will be likely less affected by climate changes compared to those
monophagous.
The role played by pathogens over grassland systems is complex and not fully
understood. Pathogens can affect swards in many ways mainly depending on the
sensitivity of the plant species in the sward. Grassland composition can be
modified and the type of composition or the productivity levels can strongly differ
even if belonging to the same grassland typology. Pathogenic processes and their
interactions with the environment are rarely considered by mechanistic models and
particularly by grassland models. This aspect should be considered, however, also
in consideration of the expected climate change. Considering pests and pathogens
into mechanistic models firstly means to increase knowledge about their dynamics
across different regions. This information should include fundamental aspects such
as pathogens’ response to mean climate conditions and extremes, the role of
antagonist species, and impacts on specific grassland composition, thus creating a
useful database to build process models for inclusion in system models.
On these bases, several modelling needs can be identified. They include: the
coupling of climate change scenarios and weather-based disease forecasting, pest
8

and disease distributions models, pathogen effects on plant diversity (e.g. analysis
of adaptation measures) and modified habitats (e.g. presence of new grass species
and antagonist species of pathogens).
2.4.

Embedment of the carry-over effect

A "carryover effect" is an effect which leads from one condition of the system
to another. This effect is usually related to clustering events together in time. This
effect has been poorly investigated within models. However, it may play a key role
in agricultural modelling in the event in which performing or not in one condition
can affect the performance of the system in another condition. Under a specific
condition represented by a given model parametrization, the intensity of an event
can temporarily increase or decrease after the occurrence of the same event.
Despite the importance of this effect for understanding the trajectories of
physiological mechanisms and variations in the variables of interest, the integration
of this effect into agricultural models is complex and hard to set. Following the
definition proposed by O'Connor et al. (2014), in an ecological context, "carryover
effects occur in any situation in which an individual’s previous history and
experience explains their current performance in a given situation" and the term
performance is "a broad term that encompasses the action or process of
performing a function, and can occur over a range of different time-scales".
Based on this definition, linking a specific condition to a previous effect
within an agricultural model is not trivial because it requires that all hydrological,
biological, pedological and chemical-physical processes are defined.
The main carryover effect considered within crop models usually concerns the
effect of previous crops or inter-crop measures. More specifically, it accounts for
soil water-related effects along with the carry-over of carbon and nitrogen in
below and above ground crop residues (Reckling et al., 2016). This type of
approach is usually static with stationary states over the following rotation cycles.
A few models also accounts for quality and characteristics of crop residues (Rahn et
al., 2010) or the effects of legumes on other crop species.
Currently, one of the main needs for agricultural models is the improvement
of carryover effects in relation to soil-plant atmosphere emissions. This is a crucial
point in the modelling discussion since the understanding of how previous
management (e.g. crop type, agricultural practices, livestock density.) can affect
9

the GHG emissions from the current situation may result a key point for climate
change mitigation.
3. Description of the missing processes: Livestock models
In the perspective of an increase in the world population by approaching the
end of the century, an efficient food production is expected to be more and more
needed. In this context, the increasing consumption of animal protein appears to
be necessary, especially in undeveloped countries, where the health benefits of
eating modest amounts of meat can overcome the less availability of cereals
which, by contrast, are used for feeding animals (Eisler et al., 2014).
However, livestock systems are currently hit by several issues which
contribute to decrease the final production in several areas of the world. Among
them there are: reduction in land availability (e.g. owing to urbanization and
biofuel production), lack of water, soil degradation and climate change (Eisler et
al., 2014). This latter, however, is likely the most troubling since it is expected not
only to directly affect yield quantity and quality due to changed climatic
conditions, but also to indirectly impact the livestock sector through attacks of
pest and disease on animals and their feeds (Kipling et al., 2016).
3.1.

Pathogens and disease

Knowing in advance the pathogens dynamics can help finding reasonable and
efficient solutions for reducing the future negative impacts of pathogens on
livestock production systems. In this context, modelling the risks associated with
future diseases may be a smart perspective. As reported by Fox et al. (2012),
however, given the complexity of the topic just a few predictions are currently
available.
As highlighted in a modelling review by Kipling et al., (2016), several
predictions were currently offered by correlative models. Despite these tools have
already provided projections of future risk for livestock pathogens (see Tatem et
al., 2003 and Fox et al., 2011 for Blue Tongue Virus and liver fluke, respectively),
they showed some limitations mainly due to lack of dynamic processes, based on
specific ecological niches and their current habitats (Elith and Leathwick, 2009;
Heikkinen et al., 2006; Fox et al., 2012; Pagel and Schurr, 2012).
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These limitations could be overcome using process-based models, which allow
an approach based on a deeper knowledge of the physiology of hosts and
pathogens, and their response to environmental variables (Robertson et al., 2003).
These models may result highly efficient if parametrized for future climate
conditions and taking into account parameters to characterize specific pathogens
and farming systems, livestock managements, physiological thresholds of pathogens
and methods for their controlling as well as of the occurred diseases. Whilst
process-based models are widely developed and applied in other topics (i.e. crop
and grassland models), progress in livestock modelling still remains limited. This is
primarily due to the scarcity of data concerning pathogens activity and their
physiological responses to climate variables. More specifically, whilst enough
information on the relation between pathogens and thermal variables can be
found, very scarce are those related to the response to other climate variables
which are expected to change (i.e. rainfall, UV, ozone and drought).
3.2.

Heat stress

Harsh climate conditions can cause in animals a reflex reaction to stress. The
type of stress depends on the environmental conditions experienced by animals and
can cause consequences which vary from discomfort to death (Das et al., 2016).
Various types of stress are detrimental for health of various animal species but,
within livestock production systems, welfare may be seriously compromised by heat
stress. Cattle and sheep cannot vary in a wide range their body temperatures since
they balance heat loss or gain, and heat production (Cabanac, 1975; Mount, 1979;
Crawshaw, 1980). Increasing heat conditions leads to an evolution of physiological
processes which start from sensible heat loss until to the recruitment of
evaporative processes, primarily sweating and increased respiratory rate (Mortola
and Frappell, 2000). When severe heat stress is present, detrimental effects on
productivity,

growth,

development

(Collier

and

Gebremedhin,

2015)

and

reproduction (de Rensis et al., 2015) of animals can be observed.
In this context, the expected climate change may further increase this type of
stress in livestock production systems due to the expected general increase in
thermal variables. For instance, in Southern Europe and the Mediterranean,
heatwaves and droughts are expected to become more frequent (Lenderink and
Van Meijgaard, 2008) whit increases in warm temperature extremes including
11

events such as hot days (Tmax > 30 °C) and tropical nights (Tmin > 20°C)
(Giannakopoulos et al., 2009; Tolika et al., 2009).
Among the measurements for assessing heat stress in cattle, respiratory rate,
character and body temperature elevation are the most commonly used measures.
However, these are usually not easily measurable under field conditions where the
number of animals is high (Mader et al., 2006). Since 1990s one of the mostly used
measurements for exploring the cattle health is the Temperature Humidity Index
(THI). This is a bioclimatic index which considers the joint effects of environmental
temperature and relative humidity. Despite this index is useful and easy to apply to
assess the risk of heat stress, it shows some important limitations. For instance,
the index does not include the effect of weather variables such as solar radiation,
wind speed, and duration of exposure. Moreover, different animals can have
different responses to the same thermal stress level (Gaughan et al., 2012).
The majority of the models developed for assessing the impact of heat stress
on livestock production systems are empirical and concern the relation between
increases in THI above calculated thresholds and the variables of interests (i.e.
mortality, quality, specific chemical compounds) (Gorniak et al., 2014; Bertocchi
et al., 2014; Morignat et al., 2015; Hill and Wall, 2015). As usual when empirical
models are applied, limitations due to the reduced range of incorporated factors in
describing the whole process are present. For instance, as suggested by some
studies (Bernabucci et al., 2010; Nardone et al., 2010), factors impacting livestock
responses to thermal indices are often missing, which include geographic location,
genotype, age, physiological and productive phase, acclimation state and
management.
Currently, only a few process-based models for livestock systems have been
developed (see Mitchell, 2006; Thompson et al., 2014). The ability of these tools to
cope with future issues in livestock systems require further improvements. In this
context, processes related to physical (thermal balances, heat stress) and
physiological aspects (productivity and growth) should be improved by considering
individual responses or effects on water requirements (Howden and Turnpenny,
1998). Also, these processes should be integrated and combined with models able
to simulate management, providing information related to efficient adaptation
options for reducing heat stress impacts (Lacetera et al., 2013). These tools
operating at wider scale may be fundamental for gaining inclusive data on the
12

economic consequences of climate change impacts on livestock systems
production.
3.3.

Grassland productivity and nutritional value

Grassland productivity depends on several factors which vary from climatic
variables such as temperature and water stress (Knapp et al., 2001) to type of
management, and can be further expanded by considering the intrinsic genetic
characteristics of pasture plant species. When plant communities and management
are the same, climate is the main driver inter-annual and seasonal changes in
productivity. In this perspective, climate change is expected to lead to strong
modifications in grassland productivity across several European regions. The
expected strongest warming, in Southern Europe in summer and in Northern Europe
in winter (Kjellström et al., 2011), joint with a general precipitation increase in
Northern Europe and decrease in Southern Europe (Kjellström et al., 2011), may
extend the growing seasons in the north (Höglind et al., 2013) and increase the risk
of drought in Mediterranean regions (van Oijen et al., 2014).
In the last years several models simulating grassland systems have been
developed (Bellocchi et al., 2013). These models range from grassland-specific
models to multi-system approaches (Perego et al., 2013; Ma et al., 2015;
Coucheney et al., 2015) and are mainly characterized by monospecific swards or
simple mixtures (Lazzarotto et al., 2009).
Despite these tools provide interesting and often reliable information, several
needs are still unmet. Among these, the modelling of plant communities beyond
simple mixtures (Duru et al., 2009), the integrated effect of climate and
management on the nutritive value of grassland species, dynamic processes able to
reproduce the grassland species adaptation to changing conditions, run-off of
phosphorous and its interaction with climate and management (Benskin et al.,
2014), soil-water components and impact of grazing on erosion (Bénié et al., 2005).
Implementing these processes within grassland models may provide reliable
outcomes which may be used by policymakers in order to support policy choices for
improving livestock production systems in a changed climate.
3.4.

GHG emissions
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Simulation models can be suitable tools for the construction of emission
inventories, and for facilitating analyses of emissions from complex contexts.
Modelling tools are available, which consider the main processes underlying
agricultural GHG emissions. This is specifically an issue for livestock production
systems, where CH4, NO3, NH3 and N2O emissions are from enteric fermentation,
manure management, animal housing, and grassland soils (Gerber et al., 2013).
Among the several agricultural compartments, livestock production systems
play a fundamental role in CH4 emissions. Models are available incorporating the
effect of factors such as type and quantity of organic matter in the manure, and
manure storage type duration and temperature (Li et al., 2012; Sommer et al.,
2009). However, important processes such as anaerobic slurry digestion, the impact
of heat stress and animal diseases or the leakage of CH4 are still lacking. These
processes are especially relevant at farm-scale level. Implementing these processes
into mechanistic models may help finding new ways for reducing CH 4 and other
GHG emissions, in turn contributing to climate change mitigation.
Also NH3 is a great source of GHG from livestock production systems mainly
due to manure management. NH3 emissions are forced and affected by changes in
climate conditions. Whilst the latter were recently considered by Rotz et al.
(2014), which investigated how NH3 emissions are sensitive to climate conditions,
the modelling of the effect of food type and quality on NH 3 emissions for grazed
animals still remains a challenge.
Several mechanistic models are already available for assessing N 2O emissions
from manure and soil (Li et al., 2012) or from leaching of N compounds from
pastures. Some aspects, however, should be improved. Among these, we indicate
parametrization and prediction of oxygen deficit in soil, the effect of different
management options on N dynamics and, overall, the joint effect with soil
characteristics and climate. Overall, there is a need to further improve GHG
dynamics from grassland-livestock systems. Improved models would support
analyses at farm and national scales to better cope with climate change and
enhance already existent adaptation and mitigation strategies.
4. Conclusions
At present, process-based biogeochemical models represent a valuable tool
for examining the impacts of climate change in agriculture and cope with the
14

consequences of altered weather patterns. Regardless the presence of several
divergences between models at simulating crop and grassland-livestock production
systems due to a different interpretation of physical and biogeochemical processes,
some approaches still need to be further improved to facilitate the operational use
of these tools over these areas.
In this report several of these missing approaches were reported. Among
these we suggested for crop/grassland systems the implementation of the effects
of climate extremes on biological systems, the modelling of multi-species sward,
the coupling of pest and disease sub-models and the improvement of the carry-over
effect. For grassland-livestock production systems we mainly indicated as the
approaches to be implemented the impacts and dynamics of pathogens and
disease, the heat stress effects on livestock, the effects on grassland productivity
and nutritional values and the improvement of GHG emissions dynamics.
The great effort required for implementing these missing approaches would
mainly due to the extension of the existing body of knowledge on ecological and
biogeochemical concepts. At the same time, however, the possibility to implement
these approaches could likely improve the representation of the dynamics of
processes of crop and grassland-livestock systems, thus providing considerable
advantages for stakeholders.
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