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Abstract: Grape, olive, and wheat are traditional Mediterranean Basin crops that have immense
cultural, economic, and ecological importance, and are the basis for producing wine, olive oil, and
pasta and bread products. Of fruit crops, grape has the largest area and the highest economic
importance globally. These traditional Mediterranean crop systems and related food products have
global relevance, and yet globally, all regions with Mediterranean climate are especially vulnerable to
climate change that threatens this Mediterranean bio-cultural heritage. However, how to analyze
the complex tripartite ecological, economic, and social effects of climate change on these systems
has been vexing and largely unexplored. Here we review how a bioeconomic approach using
physiologically-based demographic models in the context of geographic information systems may
be an important step in examining the complexity of these factors on grape. We show that with
relatively modest data and funding, regional bioeconomic analysis of grape production under present
weather and climate change is possible, and that management-relevant complexity can be included
in a mechanistic way.
Keywords: ecosystem modeling; physiologically-based demographic models; Lobesia botrana;
ecological assessment; economic assessment

1. Introduction
Grape (Vitis vinifera) is an important cultural, economic and ecological feature of the
Mediterranean Basin but also a cosmopolitan crop with the largest acreage and the highest economic
value among fruit crops globally [1]. With olive (Olea europaea) and wheat (Triticum durum and
T. aestivum), grape forms the core of traditional Mediterranean crop systems that are the basis for
producing olive oil, pasta, and wine [2–4]. Olive oil, pasta, and wine are unique in that they are both
food commodities with a global market and are hallmarks of the Mediterranean diet; they are part of
the UNESCO intangible cultural heritage of humanity [5–7]. These crops and related food products are
of utmost ecological, economic, and cultural relevance to the Mediterranean region and globally [8].
Yet globally, all regions with Mediterranean climate are especially vulnerable to climate change [9],
and the associated ecological, economic, and social effects threaten this Mediterranean bio-cultural
heritage [10,11]. However, how to analyze the tripartite ecological, economic, and social effects of
climate change has been vexing and largely unexplored [12]. Here we review how a bioeconomic
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approach using physiologically-based demographic models (PBDMs) in the context of a geographic
information system (GIS) may be an important step in examining the complexity brought about by
these tripartite factors, albeit with different levels of precision. A PBDM-based bioeconomic analysis
of olive was completed [12] that demonstrated the importance of including the ecological complexity
of trophic interactions between species in assessing biological and economic impacts of climate change
over large geographic areas, and provides a template for assessing climate change impact in other
agroecosystems such as grape [13]. This paper reviews the ecological and geographic complexity
involved in assessing the bioeconomics of grape production under climate change with a focus on the
European grapevine moth Lobesia botrana, the principal native pest of grape in the Palearctic region.
The goal is to show that with relatively modest data and funding, regional bioeconomic analysis of
grape production under climate change is possible that includes management-relevant complexity in a
mechanistic way. Specifically, the present paper is conceived as a companion paper that complements
Gutierrez et al. [13] as follows:

•

•

•

•

•

•

It illustrates the ecological and geographic complexity involved in assessing the bioeconomics
of grape production under climate change, including an expanded overview on ongoing and
prospective work in PBDM analysis of the pest/vector/disease complex of grape (Figure 1);
It pinpoints key ecological differences that drive different levels of management and external
input intensity in olive and grape, the two major perennial traditional cropping systems of
Mediterranean agriculture (Section 2);
It provides a broad overview on how PBDMs in a GIS context can be used to explore
mechanistically otherwise mostly intractable complex problems such as crop-pests interactions
that lie at the interface between global change and biological systems (i.e., global change biology)
based on the paradigm of ecological analogies (Section 3);
It reviews the GIS context for PBDMs by illustrating how GRASS GIS [14] can be linked to the
free software environment for statistical computing and graphics R [15] to analyze (Figures 2
and 3) and assess (Figure 4) the observed geographic distribution of grape (or any other crop)
production in the Euro-Mediterranean region (or any other region including globally);
For each of the major grape growing countries of the Euro-Mediterranean region (Figure 2) it
shows the probability distribution of changes in grape yield and grapevine moth infestation
(Figures 5 and 6), as well as the fraction of grape growing area in each country where these
changes are expected to be positive or negative (Tables 1 and 2);
It ranks the 18 major Euro-Mediterranean grape growing countries in terms of the following
bioeconomic measures of climate risk: (a) mean climate change impact on grape yield and
grapevine moth infestation (Figures 5 and 6); (b) relative share of the grape growing area in each
country where grape yield and grapevine moth infestation are expected to be negative or positive
(Tables 1 and 2).

2. Olive vs. Grape
Olive and grape are the two major perennial crop systems traditionally grown in the
Mediterranean Basin [16]. They are ecological, socioeconomic, and cultural assets of Mediterranean
landscapes [17] developed over centuries of human-nature interaction [18], and show considerable
ecological resilience [19] when properly managed [4,18,20–22].
Olive and grape are to some extent complementary agroecosystems. In olive, the usually conflicting
goals of biodiversity conservation and agricultural production largely converge (see e.g. supplementary
materials in [12]). In contrast, the economic drivers in grape production have turned it into an industrial
monoculture that currently is an important source of ecological disruption and pollution in the agricultural
landscape [23]. Specifically, olive is an evergreen plant with a relatively stable associated pest/pathogen
complex in which only the olive fruit fly Bactrocera oleae causes economic damage requiring ongoing
management [24,25], whereas grape is deciduous and seasonally colonized by herbivores, and requires
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relatively high pesticide use to prevent economic damage from a variety of pests and pathogens [26]
(Figure 1) Climate
leading
to environmental and health concerns. Overall, pesticide inputs in grape
are expected
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One
interface
between global change and biological systems (i.e., global change biology) is to analyze them using a
mechanistic description of their biology (i.e., a model) based on the unifying paradigm that all organisms
including humans acquire and allocate resources by analogous processes (the paradigm of ecological
analogies, see [30], and http://www.casasglobal.org/). PBDMs are based on the notion that analogous
weather-driven sub-models for resource acquisition and birth-death dynamics can be used to predict
explicitly the biology and dynamics of heterotherm species across trophic levels [30,37,45,46], including the
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4. The GIS Context for PBDMs
GIS have the capacity to integrate digital data layers into joint databases and to provide data
analysis and visualization techniques for ecological data, whether field observations or PBDM
predictions. We use the free and open source GIS software GRASS [14]. A number of factors affecting
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larger than 32 × 103 ha [67]. The present paper provides information that complements that found in
The present paper provides information that complements that found in [13].
[13].
The present analysis shows that climate warming effects on grape and its major insect pest may
be positive and/or negative in the different countries (Figures 5 and 6). With the notable exception of
France where vineyards extend beyond 50◦ North (Figure 3b), Mediterranean countries (i.e., Algeria,
Greece, Portugal, Morocco, Turkey, Spain, Italy, and Egypt) are projected to experience a negative average
effect of climate warming on grape yield (Figure 5). A general detrimental effect of climate change on
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An average increase in infestations by L. botrana is projected in most countries because of climate
warming, with the pest expected to increase across all vineyards of Hungary, Serbia, Moldova, Bulgaria,
and Georgia (Figure 6). Some Mediterranean countries with hotter climates where negative yield
change is expected on average under climate warming, are also projected to experience decreased
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average pest infestations: this is the case of Morocco, Algeria, Portugal, and Egypt (Figure 6). On
average, others such as Greece, Spain, and Italy are projected to face both decreases in yield and
increases in pest infestation (Figure 6). Algeria shows the largest variability in climate warming effects
on pest infestations, while Egypt the smallest (Figure 6). Climate warming is predicted to increase pest
levels in a total of 14 countries vs. only 10 countries where increased yield is expected (Figure 5 vs.
Figure 6).
Additional information that complements estimates of the variability, median, mean, and extreme
values in yield and pest level changes under climate warming, is the relative share of the grape growing
area in each country that is expected to experience these changes (Tables 1 and 2).
Table 1. Percent fraction (%) of the grape growing area where negative or positive changes in
yield (∆ yield) are projected under an A1B scenario of 1.8 ◦ C average climate warming in the 18
Euro-Mediterranean countries with the largest vineyard area.
Country
Germany
Hungary
Serbia
Austria
France
Moldova
Georgia
Romania
Russia
Italy
Bulgaria
Spain
Turkey
Portugal
Greece
Morocco
Algeria
Egypt

% Grape Growing Area
∆ Yield < 0

∆ Yield > 0

0.0
0.0
0.5
2.1
2.5
5.0
12.0
26.7
27.3
49.3
49.7
50.0
65.2
73.2
84.6
96.9
99.9
100.0

100.0
100.0
99.5
97.9
97.5
95.0
88.0
73.3
72.7
50.7
50.3
50.0
34.8
26.8
15.4
3.1
0.1
0.0

Table 2. Percent fraction (%) of the grape growing area where negative or positive changes in the
density of grapevine moth (Lobesia botrana) (∆ pupae) are projected under an A1B scenario of 1.8 ◦ C
average climate warming in the 18 Euro-Mediterranean countries with the largest vineyard area.
Country
Moldova
Hungary
Bulgaria
Serbia
Georgia
France
Russia
Romania
Italy
Spain
Germany
Greece
Austria
Turkey

% Grape Growing Area
∆ Pupae < 0

∆ Pupae > 0

0.0
0.0
0.0
0.0
0.0
3.7
3.8
4.4
8.0
11.5
13.0
16.0
21.0
27.4

100.0
100.0
100.0
100.0
100.0
96.3
96.2
95.6
92.0
88.5
87.0
84.0
79.0
72.6
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Table 2. Cont.
Country
Portugal
Algeria
Morocco
Egypt

% Grape Growing Area
∆ Pupae < 0

∆ Pupae > 0

41.2
58.9
81.3
100.0

58.8
41.1
18.7
0.0

Note the absence of areas where no change in yield and pest level is expected under climate
warming (Tables 1 and 2). This is due to the use of the single value zero to separate positive and
negative changes. An alternative approach would be to use an interval including zero and a range of
small positive and negative values of change that would be considered negligible.
6. Discussion
Determining the direction and magnitude of change in tri-trophic natural and agro-ecosystems
due to climate change is a major challenge for developing sustainable management strategies. These
changes may be in phenology, yield, pest levels, natural enemy efficacy, and other measurable aspects
of the system. To assess the underlying causes of these changes requires that we analyze the population
dynamics of plant, herbivorous and carnivorous species and their interactions under extant weather
and climate change [12,30]. The literature is replete with analyses that fail to include the appropriate
level of system complexity, and that yield solutions having little relevance to develop a general
understanding of the problems. Among the ecosystem level problems that will be complicated
by global change and climate change will be changes in the dynamic interactions of ecosystem
components [28,74] as weather may affect each in different ways, and these changes will challenge our
capacity to develop timely solutions.
An efficient way to address holistically ecosystem level analyses that are robust to climate change
effects is the development of mechanistic physiologically-based demographic models (i.e., PBDMs) of
the biology of the interacting species in a weather-driven GIS context [30]. The problem of developing
PBDMs is simplified by the fact that all species in all trophic levels (including the economic one) have
by analogy the same resource acquisition and allocation strategies [30,47,48]. These PBDMs can be
used as the economic objective function to perform realistic bioeconomic analyses that include usually
neglected core ecological issues that determine socio-economic outcomes. Two recent examples under
extant and climate change weather scenarios are the bioeconomic analysis of olive/olive fly in the
Mediterranean Basin [12] and the impact of weather and new biotechnologies in Indian cotton on
increases in economic distress and in Indian farmer suicides [51]. Applications with a more traditional
economic bent are also possible, leading to estimates of the economic gains and losses of extant and
new technologies at local and regional level in crop/pest systems [50]. Bioeconomic models based on
sound PBDMs have firm theoretical, ecological and economic foundations with known stability and
bioeconomic properties [45,47,48,52–54] and can readily be applied to natural and agro-ecosystems as
affected by changes in climate, and biological and technological innovations.
This paper focused on grape in the Palearctic region, but globally, grape is the fruit crop with the
largest acreage and the highest economic value [1]. Grape has a variety of pests and pathogens that
cause economic damage [75–77] and that require control interventions. As a result, chemical use in
grape is among the highest among agricultural crops [23,26]. To assess the impact of pests, a model for
grapevine was developed based upon extensive field data [38,39], while models for the pests were
developed based on modest data and funding ([13,38–41]; Figure 1). Because the PBDMs capture the
weather driven biology of the different species and their interactions, the same system model can be
used to analyze grape and the pest species globally where they co-occur under observed and climate
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change weather. These models have a modular structure, and as such models of additional pest species
can be added as required; e.g., the major fungal disease Botrytis cinerea [44].
The principal native insect pest of grape in the Palearctic region is the grapevine moth L. botrana,
and was the focus of our analysis in the Mediterranean Basin in the face of extant weather and of
climate warming [13]. The analysis predicts that grape yield and L. botrana densities may increase
or decrease across the major grape growing countries of the Euro-Mediterranean region (Figure 2).
On a finer scale, the analysis predicts that climate warming effects on grape and L. botrana may vary
widely across countries and within ecological zones within a country (Figures 5 and 6; Tables 1 and 2;
see Figure 9 in [13]). Because the grape/L. botrana PBDM system is driven by weather, the model
may be applied at various levels (e.g., field or regional) and used to develop management strategies.
Applications at the field level, however, require development of infrastructure to provide field level
estimates of initial conditions for plant, pests and diseases, and site-specific weather data to drive
the model.
Pest problems such as L. botrana have required chemical inputs to control it (and other pests and
diseases), resulting in chemical use that is one of the highest among crops, and that is expected to
increase under climate change [27] in a time and place specific manner. The PBDM system could also
be used to develop and test alternative control strategies. For example, the grape/L. botrana system
was used to evaluate the use of pheromone-based control strategies [13,40]. PBDM grounded holistic
bioeconomic models and analyses are well suited to address such evolving problems due to various
causes in a timely manner; especially in the face of climate change where prior experience may provide
little guidance.
Our study on grape is the most recent of a long series of analyses carried out using PBDMs
worldwide in systems as diverse as alfalfa, cassava, coffee, grape, olive, mosquitoes, rice, screwworm,
and tsetse fly (http://www.casasglobal.org/). This progress was made possible by the identification
of core conceptual, semantic, and algorithmic patterns discussed above [13,38–43]. The development
of unified plug and play software for PBDM development would empower researchers globally
to perform rapid and low-cost holistic bio-economic analyses of eco-social problems of many
crop systems.
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