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The Mediterranean climate is characterized by hot dry summers and frequent droughts.
Mediterranean crops are frequently subjected to high evapotranspiration demands,
soil water deficits, high temperatures, and photo-oxidative stress. These conditions
will become more severe due to global warming which poses major challenges to the
sustainability of the agricultural sector in Mediterranean countries. Selection of crop
varieties adapted to future climatic conditions and more tolerant to extreme climatic events
is urgently required. Plant phenotyping is a crucial approach to address these challenges.
High-throughput plant phenotyping (HTPP) helps to monitor the performance of improved
genotypes and is one of the most effective strategies to improve the sustainability of
agricultural production. In spite of the remarkable progress in basic knowledge and
technology of plant phenotyping, there are still several practical, financial, and political
constraints to implement HTPP approaches in field and controlled conditions across the
Mediterranean. The European panorama of phenotyping is heterogeneous and integration
of phenotyping data across different scales and translation of “phytotron research” to the
field, and from model species to crops, remain major challenges. Moreover, solutions
specifically tailored to Mediterranean agriculture (e.g., crops and environmental stresses)
are in high demand, as the region is vulnerable to climate change and to desertification
processes. The specific phenotyping requirements of Mediterranean crops have not
yet been fully identified. The high cost of HTPP infrastructures is a major limiting factor,
though the limited availability of skilled personnel may also impair its implementation in
Mediterranean countries. We propose that the lack of suitable phenotyping infrastructures
is hindering the development of new Mediterranean agricultural varieties and will negatively
affect future competitiveness of the agricultural sector. We provide an overview of the
heterogeneous panorama of phenotyping within Mediterranean countries, describing the
state of the art of agricultural production, breeding initiatives, and phenotyping capabilities
in five countries: ltaly, Greece, Portugal, Spain, and Turkey. We characterize some of the
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Costa et al. Plant Phenotyping in Southern Europe
main impediments for development of plant phenotyping in those countries and identify
strategies to overcome barriers and maximize the benefits of phenotyping and modeling
approaches to Mediterranean agriculture and related sustainability.

Keywords: heat and water stress, crop selection and performance, high-throughput, phenotyping technology,
phenotyping infrastructures

INTRODUCTION climatic conditions. Rice is also a significant crop in European

. . . . countries such as Greece, Spain, Portugal, and Italy, where there

Major Agricultural Crops in Mediterranean  are ongoing breeding programs. In contrast to wheat, which is

Europe largely exported from the EU, rice is mainly imported. Several

Mediterranean countries are important producers of  breeding programs for cereals are being implemented in EU (e.g.,

vegetables, legumes, cereals, fruits, olives and olive oil, grapes,
and wine. Vegetable production accounts for 13.7% of the
EU’s agricultural output with 63.9 million tons of vegetables
grown in 2016 (EUROSTAT, 2017). Spain and Italy were
the leading producers, contributing 24.1% and 17.4% of
EU vegetable production, respectively. Tomatoes, carrots,
and onions were the most widely produced vegetable crops.
In 2016, 18 million tons of tomatoes were produced, 60%
originating from Italy and Spain (EUROSTAT, 2017). Italy,
Portugal, and Spain are also major centers for processing
tomato and tomato paste production (Costa and Heuvelink,
2018). The largest EU fruit producers are Spain (33.4%), Italy
(18.7%), and France (11.4%). Olives, grapes, apples, oranges,
and peaches are the main components of EU fruit production
and are mainly grown in Mediterranean countries such as Italy,
Spain, Portugal, and Greece (Avni et al., 2017, EUROSTAT,
2017; OIV, 2019). Regarding processed grapes, the EU is the
leading global wine producer, with about 50% of the world’s
vine-growing area (3.2 million ha) and sustaining about 65%
of wine production by volume (EUROSTAT, 2017; OIV, 2019).
Spain, France, and Italy account for 81% of the cultivated area
of grapevines within the EU. They are followed by Germany,
Portugal, Romania, and Greece (EUROSTAT, 2017). The EU
accounts for 75% of global olive oil production (10 million
tons in 2016), and about 95% of the world’s cultivated area of
olive trees is located in Mediterranean countries. Leading EU
producers of olives are Spain (65.6%), Italy (19.4%), Greece
(9.5%), and Portugal (4.8%) (EUROSTAT, 2017).

Total cereal production (rice included) in the EU reached
309 million tons in 2017, representing 12% of global production
(EUROSTAT, 2018). According to the same source, wheat is
the most cultivated cereal in EU, making up about 50% of total
production. Of the remaining half, two-thirds correspond to
maize and barley (EU Commission, 2019a). Other cereals grown
in smaller quantities are rye, triticale, oats, and spelt. Cereal
production represents 54% of arable land (55.5 million ha)
within the EU and is economically important in Mediterranean
countries, under irrigated and non-irrigated conditions.
France has the greatest area devoted to cereal production with
9.5 million ha and is followed by Germany (6.3 million ha),
Spain (6.0 million ha), and Italy (3.1 million ha) (EUROSTAT,
2018). In Greece and Portugal, cereals are also economically
important, due to their resilience to drought under the harsh

WHEALBI—improving European wheat and barley production),
targeting selection for more resilient cultivars to the demands
imposed by climate change, as a result of greater attention from
breeders, traders, and governments (Kahiluoto et al., 2019).

Outside the EU, Turkey is a major contributor to European
and global agricultural production. In 2017, Turkey accounted for
approximately 70% (12.6 million tons) of EU tomato production
(TURKSTAT, 2018). Moreover, cereal production in Turkey
accounts for approximately 50% of the country’s total arable area
(38 million ha) with a production output of 34.5 million tons. The
most important crops are wheat (20.6 million tons), barley (6.7
million tons), and maize (6.4 million tons) (TURKSTAT, 2018).
Turkey is also a major global producer of fruits and vegetables
(Giines et al., 2017), specifically, grapes (4.2 million tons), apples
(3 million tons), olives (2.1 million tons), oranges (1.9 million
tons), hazelnuts (0.7 million tons), and green tea (1.3 million
tons) (TURKSTAT, 2018).

Forestry is another economically crucial sector for Europe,
in addition to providing environmental sustainability and key
ecosystem services. European forests can also help to mitigate
the impact of climate change and enable adaptation policies.
Indeed, EU forests absorb the equivalent of about 10% of the total
annual greenhouse gas emissions from the EU (EU Commission,
2019b). Forest species are thus another phenotyping target in a
Mediterranean context, with its own needs and specifications
(e.g., selection traits), but our focus will be on agricultural crops
and related phenotyping issues in the Mediterranean.

Challenges and Limitations in
Mediterranean Agriculture

The Mediterranean region typically experiences long periods
of drought and abrupt rainstorms and floods that negatively
impact on crop performance as well as the available water and
soil resources. The region has typical dry periods combined with
high temperatures and a marked inter-annual weather variability,
which results in alarge and a highly variable demand for irrigation
and in higher incidence of pests and diseases (Iglesias et al., 2012;
Bebber et al., 2014; Giorgi, 2006; Giorgi and Lionello, 2008).
Spain, France, Italy, Greece, and Portugal account for 86% of the
total irrigated land in the EU (EU, 2015). Increased inter-annual
weather variability makes it more difficult to predict drought
periods and successfully implement mitigating measures (e.g.,
improved irrigation management). Decreased precipitation and
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extended drought spells tend to cause salt intrusion in coastal
areas, reducing the quality of water resources and increasing soil
degradation (EEA, 2012; IPCC, 2014; Hart et al., 2017; EASAC,
2018). Soil quality and health are obvious matters of concern
worldwide (Bai et al., 2018; EASAC, 2018), and EU directives
are focused on a more sustainable use of soil, water, fertilizers,
and biocides. There is a wide variation in terms of Mediterranean
agricultural systems, in the allocation of arable land percentage
for each crop, farm size, and the area of farmland that is irrigated
(Supplementary Table 1). The EU’s farming production system
is based on small-sized farms, particularly in the Mediterranean
(Supplementary Table 1), which poses additional challenges
to the agro-food sector. As compared to larger enterprises,
small agricultural operations are more susceptible to climate
change and prone to economic variation due to limited funds
and/or capacity to invest (Campbell and Thornton, 2014; Hart
et al,, 2017). In parallel, increased urbanization, excessive land
fragmentation, climate change, and shortage of natural resources
(e.g., water), all contribute to increased vulnerability in the
Mediterranean region, specifically, Portugal, Greece and Turkey
(Supplementary Table 1; Costa et al., 2016, Yucer et al., 2016).

A more comprehensive understanding of the specific
agricultural environment found in the Mediterranean region
is required to support rural development and to meet the goals
of the EU-Common Agriculture Program of CAP 2014-2020
(EU, 2015; EU Commission, 2017a). More productive and
sustainable agriculture depends on up-to-date knowledge and
use of modern technologies, preferably at low cost, to enable
more precise use of inputs and to promote circularity (EIP-
AGRI, 2019). Technologies that improve data acquisition,
interpretation, and management to enhance logistic
organization in the food chain can help to boost EU agri-food
supply chains (EU Commission, 2017b).

Digitization of agriculture and expansion of precision farming
can reduce costs and minimize the environmental impact of
agriculture (EU, 2015). For example, geo-location technologies
could be used by farmers to comply with the Nitrates Directive,
which concerns water protection against nitrates pollution from
agricultural sources (EPRS, 2017). In parallel, novel agronomic
strategies for canopy and soil management, alongside the
development of genotypes that are more resilient to drought
and heat stress, are in great demand from the Mediterranean
agricultural sector (Mhadhbi et al., 2015; Zivy et al., 2015; Ollat
et al, 2016, EPRS, 2017; Haworth et al., 2018a; Novara et al.,
2018; Reynolds et al., 2019).

CROP PHENOTYPING IN THE EU

Different Scales and Approaches

Plant phenotyping, based on non-destructive image analysis,
data management, and modeling, has emerged as a cutting-edge
technology playing an important role in plant and agronomic
sciences, namely, to design new crops, characterize the responses
of genetic resources to the environment, and improve the
breeding and management of crops (i.e., precision agriculture).
Therefore, implementation of such technologies is crucial for

sustainable agro-food operations, while optimizing the use of
natural resources such as water and soil.

Investments in phenotyping facilities have taken place across
the globe over the last decade including in Europe (see https://
eppn2020.plant-phenotyping.eu/EPPN2020_installations#/).
These high-throughput platforms are generating considerable
volumes of data that provide valuable insights for plant/agronomic
sciences and plant/crop breeding as evidenced by the increasing
number of publications derived from these phenotyping facilities
(Costa et al., 2019).

Plant phenotyping can be carried out at different levels
of biological organization (Figure 1) with similar aims and
outputs. At one extreme is molecular phenotyping (proteomics,
metabolomics, etc.) and the related areas of cellular and tissue
phenotyping (the latter less common in plants (Schiefelbein,
2015)), and at the other extreme is whole-plant/ecosystem
phenotyping (Figure 1).

Organ phenotyping (e.g., leaves, roots, fruits) is most
commonly used in high-throughput screening, with structural
phenotyping (number of fruits, leaf area, leaf shape, leaf color,
shoot elongation, plant architecture, etc.) and functional
phenotyping (e.g., leaf gas exchange, volatile organic compounds,
etc.) being investigated in both model species and crops (Costa
et al,, 2015; Ghanem et al., 2015; Walter et al., 2015; Tardieu
et al., 2017; Reynolds et al., 2019). Top-down and bottom-up
phenotyping approaches can be therefore designed, depending
on research and application goals (Figure 1). Whole-plant
phenotyping is closely related to breeding and biotechnology
programs to deliver improved cultivars that are able to cope
with environmental stresses. Molecular/cellular phenotyping
is directed toward the investigation of gene function and
biochemical pathways underpinning physiological mechanisms
affecting development, productivity, and stress responses
(Dhondt et al., 2013).

Phenotyping requires networks and interactions of sensor
and data bases (e.g., new sensors, automation, machine learning,
big data) with biological and agricultural sciences (integration
of physiology with omics at different time and space scales in
diverse environments). Phenotyping is also increasingly linked
to modeling studies. Phenotyping should ideally be conducted
at maximal throughput (number of units processed per unit
time), resolution (distance between two spatial or time points),
and dimensionality (number of captured traits). However, in
practice, a trade-oft between these three phenotyping descriptors
must occur due to economic, technological, time, and personnel
constraints (Dhondt et al., 2013). The integration of information
across different levels of biological organization is impaired
because of such trade-offs. Due to technological limitations,
phenotyping at organ and cellular levels is undertaken at low
throughput but (potentially) high dimensionality. In contrast,
whole-plant phenotyping, is increasingly operated on a high-
throughput but low dimensionality basis. To overcome the
existing gap between the molecular and the whole-plant
levels, we need increased dimensionality in high-throughput
plant phenotyping (HTPP) alongside increased throughput in
molecular and cellular phenotyping. The establishment of shared
plant phenotypic ontologies (Coppens et al., 2017) will produce
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ECOSYSTEMS

ORGANISMS

ORGANS

TISSUES

Target level

CELLS

MOLECULES

Vitis vinifera L.).

Phenotyping approaches

FIGURE 1 | Phenotyping at different scales and levels of plant biological organization: from the molecular level (A) until the plant (E) and ecosystem level (F). Arrows
indicate the complementarity between different phenotyping levels and the need of integrating phenotyping outputs for improved practical application e.g., in crop
selection and breeding. Different plant species were used as examples (Quercus suber L., Fontinalis antipyretica Hedw., Arabidopsis thaliana L., Oryza sativa L., and

“computable phenotypes” (Deans et al., 2015) and progresses
in modeling will facilitate data and knowledge integration
(e.g., Tisné et al., 2008; van Eeuwijk et al., 2019).

To support and accelerate plant improvement, plant
phenotyping must be based on more cost-effective technologies
and sensors (Reynolds et al, 2019; Roitsch et al, 2019). In
this context, remote-sensing methods based on imaging are
increasingly used in multiple applications: (a) eco-physiology
studies and crop breeding (Costa et al., 2013; Deery et al,
2014; Sankaran et al., 2015), (b) decision-making for precision
agriculture (Zhang and Kovacs, 2012; Costa et al., 2013; Gago
et al., 2017), (c) yield prediction (Son et al., 2013), and (d)
prediction of spatial field variability in experimental sites (Araus
and Cairns, 2014; Zaman-Allah et al, 2015). Remote-sensing
techniques are non-destructive, non-invasive, fast, cost-efficient,
and well-correlated with several agronomical and physiological
crop traits (Marino et al., 2014; Reynolds et al., 2015; Condorelli
et al., 2018). Moreover, remote sensing can provide an idea of
spatial variability through time. Cheaper approaches (e.g.,
unmanned aerial vehicle [UAV]-based imaging technologies)
can support field-phenotyping trials in plant-breeding programs,
but simpler and more cost-effective image analysis and
processing are required (Holman et al., 2016; Santesteban et al.,
2017). The role of modeling as a tool to integrate knowledge on
crop phenotyping is also crucial. Integrating phenotyping and
modeling approaches can help to screen and identify complex
traits in plants e.g., transpiration efficiency in cereals (Chenu
etal., 2018) or in grapevine (Gago et al., 2017).

Plant Phenotyping in Europe: A
Heterogeneous Panorama

Plant phenotyping remains largely heterogeneous in Europe,
with a greater investment in facilities in countries such as France,
Germany, or the Netherlands (Table 1), followed by lower levels
in Spain, Portugal, Greece, and Turkey. Developments regarding
infrastructure, technology, knowledge, and training and
application have been occurring at different speeds and intensities
when we compare Northern and Southern EU countries. In
particular, budget limitations commonly experienced by research
and academic institutions in Southern European countries may
preclude construction of plant-phenotyping infrastructures.
Plant phenotyping in Europe is also heterogeneous in regards
to the requirements of phenotyping (field vs. greenhouse crops,
traits of interest) (see Table 1). Technological developments in
precision and digital farming, alongside crop-phenotyping and
phenomics, could provide valuable information regarding crop/
cultivar adaptability to abiotic and biotic stress targeted toward
more sustainable crop production (Araus and Cairns, 2014; Araus
et al., 2018; Reynolds et al., 2019). Yet, due to the high costs
in the short term, establishment of farm-based phenotyping
infrastructures is unachievable for many EU countries. The
economic crisis, the generally small size of companies involved in
this sector (i.e., breeding), lack of perception by growers/officials,
and delayed public and private investments in phenotyping
infrastructures have limited plant-phenotyping capabilities in
Southern Europe. The lack of pilot-phenotyping infrastructures
in public institutions and universities makes it more difficult to
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TABLE 1 | Summary of the major characteristics of phenotyping activities developed in EU countries analyzed in this study (Portugal, Spain, Italy, and Greece) and in
Turkey. Data on French, Dutch, and German situations is provided as examples of advanced levels of phenotyping approaches/technology and to enable a more robust
comparison between Northern and Southern EU countries.

Country National network Inter-national Field and indoor Funding Main crops Future
Networks phenotyping
Portugal None* COST FA1306 Molecular-level Public (FCT), Fruit crops Low-cost precision
EMPHASIS Chl fluorescence, EU-funding agriculture and
(support country) IRGA,IR imaging, No private funding breeding
hyperspectral
Spain None* COST FA1306 Molecular-level Public (Central Fruit crops, Low-cost precision
EMPHASIS Chl and multicolor and regional vegetables agriculture and
(support country) fluorescence, Governments) Model plants breeding
IRGA, IR imaging EU-funding
Hyperspectral
HTPP (indoor)
Greece None* COST FA1306 Molecular level at EU-funding Fruit crops Field-phenotyping
EMPHASIS indoor phenotyping facility for research
(support country) and breeding. Low-
cost precision farming
Italy PHEN-ITALY COST FA1306 Molecular-level Public (CNR, Cereals and fruit Low-cost precision
(13 research EMPHASIS (core HTPP (indoor) ALSIA) crops agriculture and
organizations, country) Chl fluorescence, EU-funding breeding
Universities, and EPPN IRGA, IR imaging Private
regional agencies) Hyperspectral
Turkey None COST FA1306 Molecular level at Public (TUBITAK) Cereals and fruit Low-cost precision
indoor phenotyping EU-funding crops agriculture and
Hyperspectral Private breeding
France French Plant COST FA1306 Molecular-level Public Cereals, fruit Low- and high-
Phenotyping EMPHASIS (core HTPP (outdoor and EU-funding crops, grapevine, cost phenotyping,
Network (www. country) indoor) Private vegetables precision agriculture
phenome- EPPN (core Chl fluorescence and breeding
emphasis.fr/) member) IRGA, IR imaging
Hyperspectral
Germany German Plant COST FA1306 Molecular-level Public Field and Low- and high-
Phenotyping EMPHASIS (core HTPP (outdoor and EU-funding greenhouse crops cost phenotyping,
Network (https:// country) indoor) Private precision agriculture,
dppn.plant- EPPN (core and breeding
phenotyping- member)
network.de)
The Netherlands Netherlands Plant COST FA1306 HTPP (outdoor and Public Field and Low- and high-
Eco-Phenotyping EMPHASIS (core indoor) EU-funding greenhouse crops cost phenotyping,
Centre (www. country) Private (e.g., vegetables, precision agriculture
npec.nl) EPPN (core ornamentals) and breeding
PhenomicsNL member)

(www.phenomics.nl)

*These countries are represented at EMPHASIS via EMPHASIS support group; ALSIA, Agenzia Lucana di Sviluppo e di Innovazione in Agricoltura; CNR, National Research Council of
Italy; FCT, Portuguese National Science and Technology Funding Institution; TUBITAK; Scientific and Technological Research Council of Turkey; Chl, chlorophyll: HTPR high-throughput
plant phenotyping; IRGA, infrared gas analyzer; IR, infrared.

identify and meet the technological challenges associated with
precision breeding and farming systems, as well as restricting
public awareness about the advantages of phenotyping
infrastructures. Within Mediterranean countries, France and,
to a lesser extent, Italy remain as exceptions (Table 1). France
and Germany are pioneers in plant phenotyping, with a higher
number of facilities and publication output in this domain (Costa
et al,, 2019). In 2018, the French Phenotyping Network (www.
phenome-fppn.fr/) congregated nine phenotyping platforms,
including controlled conditions (two units), semi-controlled
conditions (two units), field conditions (three units), and
molecular platforms (two units). This panorama contrasts with
other Southern Mediterranean countries (Table 1).

Improved integration of phenotyping and genetic and
genomic platforms and resources should facilitate increased
understanding of crop performance for the development
of more effective breeding strategies and also guarantee
improved big data management (Lopes et al., 2014; Coppens
et al., 2017; Reynolds et al., 2019). To accomplish these aims
within the EU, the European Plant Phenotyping Network
(EPPN) (supported by the H2020 Programme) has been
created. It will provide the European public and private
scientific sectors access to a wide range of modern plant-
phenotyping equipment and methodologies and promote
efficient exploitation of genetic resources for crop improvement
(http://www.plant-phenotyping-network.eu/eppn). The EPPN
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established a pan-European infrastructure that includes the
whole phenotyping pipeline (involving sensors and imaging
techniques), data analysis, and interpretation in a biological
context and meta-analyses of experiments carried out on
different organs and at different scales of plant organization. The
EPPN currently operates in 10 countries providing access to 36
different plant-phenotyping facilities to the users. Furthermore,
the European Strategic Forum for Research Infrastructure
(ESFRI) has recognized plant phenotyping as a priority for
the European research area to achieve food security in a
changing climate context. Consequently, EMPHASIS (European
Infrastructure for Multi-Scale Plant Phenomics and Simulation—
https://emphasis.plant-phenotyping.eu) was included in the
ESFRI Roadmap 2016 (https://www.esfri.eu/roadmap-2016)
as a project to develop and implement pan-European plant
phenotyping facilities available to the user community.
EMPHASIS aims at increasing the integration of major players
and users involved in data acquisition, management, storage,
and sharing, to provide a more practical use of the available
phenotyping data to analyze genotype performance in diverse
environments (EMPHASIS, 2018). EMPHASIS is organized
to permit fair access to phenotypic, environmental, and meta-
analysis data sets for genetic analysis and modeling. This
process is currently under development in the EMPHASIS
PREP and EPPN2020 projects (EMPHASIS, 2018, Figure 2).

The EU COST Action FA1306 (The quest for tolerant varieties—
phenotyping at plant and cellular level) has further contributed to
improve networking by facilitating the exchange of researchers,
knowledge, skills, and training across countries, thus leveraging
the absence of phenotyping facilities within some EU countries.

To further enhance the sustainability of agriculture in
Mediterranean countries, the establishment of phenotyping
facilities remains a timely and indispensable issue. In the
following section, we provide a short overview of the major
characteristics of the existing phenotyping infrastructure
and the knowledge and networks available in Southern
Mediterranean countries.

PLANT PHENOTYPING IN THE SOUTH
EUROPEAN MEDITERRANEAN REGION

The Situation of Greece and Portugal

Greece and Portugal share rather similar constraints in terms of
agricultural production, related to climate change vulnerability
and limited investments in innovation and technology. The recent
economic crisis had a marked impact on the development and use
of modern technologies in the agriculture and agri-food sectors.
Therefore, the panorama for plant/crop phenotyping is closely
identical in the two countries and will be discussed in parallel.

EMPHASIS

Strategies to
follow the
experiments

Phenotypic
analysis

PHENOTYPING AND ANALYSING TRAITS

ELIXIR

Data sharing
and reuse

* Tracking:
objects, events,
images

* Following:

* Data cleaning

* Calculated traits
Time courses
Spatial analysis

Plants, sensors, Ratios (growth
cameras per...)

* Environmental * Tools for data
conditions quality
Mapping/time Reproducible ?
course Cross scale ?

* Sensor calibration Modelling ?

* From * Enable
measurements reproducible
to traits analyses (GxE,

GWAS, Genomic

prediction,
Evolution)

* Tools for trait * Data integration
quality and linking
heritability * Data publication
genetic * Data discovery

correlations * Pipeline hosting

FIGURE 2 | Data flow from trials to genetic analyses and dissemination considered within the EMPHASIS and ELIXIR which are two ESFRI infrastructures, dedicated
to phenomics and data sharing and integration, respectively. ESFRI is the European Strategy Forum on Research Infrastructures, aiming at developing scientific
integration of Europe and to strengthen its international outreach. The relation between data production/analysis and modeling will be promoted by the interaction of
the academic/industrial communities focused on phenomics (e.g., EMPHASIS) as well on crop modeling (e.g., AgMIP project —Agricultural Model Intercomparison
and Improvement Project, http://www.agmip.org/) (adapted from EMPHASIS, 2018).
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Greek agriculture is based on a large number of annual and
perennial crops including grains, pulses, vegetables, fiber, and
olive and fruit orchards. A significant number of local landraces
are present and cultivated in islands and marginal lands. During
the last 50 years, breeding efforts and programs provided an
increased number of registered varieties. Plant breeding in Greece
is achieved mainly by conventional methodologies, because
acquisition of molecular technologies was initiated recently.
Consequently, phenotyping target traits such as leaf gas exchange,
chlorophyll a (chl a) fluorescence, nutrient deficiencies, and
infections have most commonly been assessed (Yol et al., 2015)
by visual observations in combination with a range of chemical
analyses. Nonetheless, modern technologies are being currently
incorporated in breeding and to monitor crop performance.
Significant efforts have been made in utilizing modern
technologies to improve agricultural competitiveness (Koutsos
and Menexes, 2019). In this respect, the emerging digitization of
the Greek agricultural sector targets enhanced sustainable use of
resources and inputs. The use of precision farming technologies
can help to maximize farming output, in association with the use
of the EU’s Copernicus system data by allowing farmers to receive
warnings of extreme weather events and specific information
on crop management (e.g., irrigation, fertilization). Several
companies and associations are already providing digitized
services to farmers for open field crops in Greece (Barnes et al.,
2019), but the engagement of both the academic and research
communities is crucial to train agronomists and scientists in the
use of new technologies for data collection and processing.

For most crops in Portugal, selection and breeding work
remains modest. However, similar to many other Mediterranean
countries, Portugal is rich in ancient landraces and crop wild relatives
that are relevant for breeding programs and germplasm collections.
For instance, yield and quality traits of grapevine varieties and
respective clones are currently under field evaluation, exploiting the
large Portuguese collection of ancient grapevine varieties (30,000
genotypes held by the Portuguese Association for Grapevine
Diversity, PORVID) (Gongalves and Martins, 2012; Martins
and Gongalves, 2015). In grain legumes, a breeding program started
in 1986, and 30 years of activity have resulted in 16 new varieties of
pulses registered in the Portuguese National Catalogue of Varieties.
The breeding program has contributed to an increase in the area
of cultivated land in Portugal. As a result, highly adapted cultivars
such as the chickpea “Elvar” have become the predominant chickpea
cultivar in Portugal and southern France (I. Duarte, INIAV, pers.
comm.). An intensive breeding program is also going on for rice
(Negrao etal., 2013; Pires et al., 2015; Almeida et al., 2017) and other
cereals; pastures and fodders, are also being targeted by the National
Institute of Agrarian and Veterinary Research (INIAV).

In Portugal, phenotyping research targets are focused on both
model species and crops, at the molecular/cellular level and at
the whole-plant level. However, it is still predominantly low-
throughput phenotyping, based for example on leaf gas exchange
(Cruzde Carvalhoetal.,, 2011; Ribeiro etal., 2016) or thermography
(Costa et al, 2016) and medium-throughput phenotyping
utilizing rapid chl a fluorescence induction transients (Silvestre
et al., 2014). Portugal lacks a phenotyping network and HTPP
infrastructures capable of supporting rapid speed characterization

of relevant crop traits (e.g., growth, yield, quality, stress resilience).
Such HTPP infrastructures should result from a joint effort of
academic institutions and private agribusiness partners. Growers
and officials have limited perception of the relevance of such
infrastructures for improving crop productivity and harvest
quality. Although the EPPN provides fully controlled environment
facilities, phenotyping trials performed in climate-specific
locations (in open field facilities) could increase complementarity
between laboratory-based work and “real-world” scenarios. These
facilities should preferentially be located in different bioclimatic
Mediterranean zones to increase the coverage of more extreme
conditions (e.g., high temperature trials). Therefore, investment
in Mediterranean region countries is needed at three major levels:

(1) open-field facilities to study the eco-physiological dynamics of
plant species and specific crops in their natural environment
(this is relevant for grapevine, olive, legumes, cereals, and
forest species);

(2) semi-controlled climate conditions within modern glasshouse
facilities equipped with both contact and remote-sensing
phenotyping tools to assess crop physiological performance;

(3) fully controlled climate conditions (climate chamber facilities)
for molecular phenotyping (e.g., identification of key genes
related to crop developmental traits and response/adaptation
to stress); these facilities would complement the existing
EPPN network, thus increasing the number of European
facilities with fully controlled environmental conditions (in
the entire EPPN network, only two facilities are currently able
to perform heat stress experiments).

To optimize experimental design of trials and data analysis/
processing, a web-linked computational facility for data
management and modeling should be installed in parallel; this
would also require standardization of the procedures used in data
acquisition. Modern phenotyping procedures would increase the
characterization of important crops, such as grapevine, where
research currently extends from molecular physiology to crop
eco-physiology and agronomy, including precision viticulture
and remote sensing. Nonetheless, machine learning techniques
alongside spectroscopic approaches are currently employed in
Vitis phenotyping (Gameiro et al., 2016; Fernandes et al., 2018).
The wine sector could particularly profit given the large inter and
intra-varietal collections of Vitis vinifera L. available (Martins and
Gongalves,2015) and the fact that the Iberian Peninsula is considered
a secondary centre of grapevine domestication (Cunha et al,
2015). Improved conservation and characterization of germplasm
collections would empower the competitiveness of Portuguese
and Mediterranean viticultures. Tools to quantify the phenotypic
impact of intra-varietal genetic variability and the means to carry
out large-scale selection/breeding in both greenhouse and field
conditions are required. Likewise, improved phenotyping facilities
and tools at greenhouse and field levels for fruit, cereals (e.g., rice,
maize), and legume crops (e.g., beans, chickpea) would assist in
the characterization of regional genotypes/landraces and in the
identification of putative adaptations to low-input farming systems,
thus supporting the development of varieties with improved biotic
and abiotic stress resistances.
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For Greece and Portugal, the exploitation of current plant
phenomics and crop-phenotyping technologies and strategies
could provide valuable data for improved management of
biodiversity resources, fostering crop/cultivar adaptability to
climate and resistance against pests and diseases. However, field-
phenotyping infrastructures are still unviable due to high costs.
Some initiatives have been instigated to implement the use of
phenotyping strategies in crop management, particularly using
thermal and multispectral imaging alongside ground-based
and aerial approaches (e.g. see projects INTERPHENO http://
interpheno.rd.ciencias.ulisboa.pt/, WineClimAdapt or, VINBOT
http://vinbot.eu/). For both Portugal and Greece, low-cost
phenotyping approaches (and/or platforms) would be the most
feasible way to move forward on the short to medium term,
considering current financial constraints.

The Situation of Spain

Spanish agriculture is highly competitive at both the European
and global levels. The country is a major exporter of both fresh
and processed agricultural and horticultural goods/products
(MAPA, 2018). Nevertheless, drought and heat stress alongside
increasingly vulnerable soil water resources due to climate
change make the present scenario more negative especially
for Southern provinces (AEMET, 2018). Spanish agriculture
and horticulture have, over the last decades, experienced large
investments in innovation and technology, specifically directed
to irrigation and modern management systems (precision
farming, remote sensing, etc.) (Giannakis et al., 2016; Lainez
et al., 2018). The financial support of both central and regional
governments to the agribusiness has favored the competitiveness
of Spanish agriculture/horticulture (Alarcon and Arias, 2018;
https://europa.eu/european-union/topics/agriculture_en).

Spanish research groups are working at the whole-plant-
phenotyping level mainly through the use of imaging techniques
for stress detection at the lab and field levels. Laboratory-based
phenotyping research in Spain has been focused on biotic
plant stress (parasitic plants and pathogens e.g., viruses, fungi
and bacteria) using low-throughput imaging sensors for chl a
fluorescence, UV induced-multicolor fluorescence (MCF: blue,
green, red, and far-red), and thermography (Pineda et al., 2011;
Pérez-Bueno et al.,, 2015; Pineda et al., 2017; Ortiz-Bustos et al.,
2017). Some groups are focused on field-phenotyping approaches
and precision agriculture, stress detection, and irrigation
management by making use of hyperspectral and thermal sensors
at the field and plant levels (Calderon et al., 2013; Lopez-Lopez
et al., 2016; Zarco-Tejada et al., 2016; Gago et al., 2017).

Plant and ecosystem functions are also evaluated by mean of
proximal and remote sensing, as well as diverse ecophysiological
measurements (Gamon et al., 2016; Zhang et al., 2017). This
research is focused on climate change, atmospheric pollution,
and emission of biogenic volatile organic compounds (VOCs).
Plant phenotyping methods are used in breeding programs and to
improve the understanding of the ecophysiological and metabolic
mechanisms of abiotic stresses responses in Mediterranean crops.
Phenotyping technology has been tested in both controlled and
field conditions. For example, the performance of UAV and

field-based HTPP approaches have been compared using RGB
and multispectral and thermal aerial imagery in combination
with ground-based sensors to assess varieties of barley and maize
under different nitrogen and phosphorus treatments (Araus and
Cairns, 2014; Gracia-Romero et al., 2017; Kefauver et al., 2017).

The relationship between photosynthesis and production under
drought conditions in Mediterranean crops is of special interest.
The production of high-quality wines in Protected Designation of
Origin Areas under a full range of climate conditions is particularly
important in Spain (Resco et al, 2016). In grapevine studies,
UAV technology using thermal sensors has been employed to
monitor the physiological status of plants subjected to different
irrigation treatments alongside ground-based physiological stress
measurements at the leaf-and-stem level (Gago et al, 2017).
Researchers and private wine cellars from different wine-producing
regions of Spain are working together with companies specialized
in robotic research. The main goals of this collaboration are the
application of unmanned mobile robots (aerial and ground vehicles)
to optimize precision farming to reduce the input of phytosanitary
products in vineyards and help farmers in decision-making.

The use of phenotyping techniques in the early detection of
emerging pathogens is of particular interest in Spain and other
South European countries. Xylella fastidiosa is a quarantine
pathogen in the EU, and it has been detected in Spain, Italy,
France, and Germany (https://www.eppo.int/ ACTIVITIES/plant_
quarantine/shortnotes_qps/shortnotes_xylella). X. fastidiosa is a
threat to multiple crops (e.g., the olive, almond trees, grapevine,
citrus, and ornamentals) across the whole Mediterranean (Olmo
et al,, 2017; Zarco-Tejada et al.,, 2018). Phenotyping tools (e.g.,
thermography and multispectral sensors) can help to rapidly assess
symptoms and identify novel resistant cultivars while supporting
controlling measures of the pathogen (Parisi et al., 2019).

The economic crisis had, and still has, a major impact on
public investment in research in Spain (Alarcén and Arias,
2018). Similar to Portugal and Greece, financial constraints may
explain the lack of HTPP platforms in Spain. Therefore, research
efforts have been mainly directed in the development of low-cost
phenotyping strategies and establishment of synergies in the
country to create interdisciplinary teams/networks, combining
expertise in robotics, imaging sensors, big data, plant physiology,
breeding, and precision farming. Integration of Spanish
phenotyping research within the existing European Networks is
needed. For example, no Spanish group has yet joined the EPPN,
although some research groups are present in the EMPHASIS-
PREP project that is preparing the coordination of the EU plant-
phenotyping infrastructures and programs.

The Situation in ltaly

Research in Italy has focused on phenotyping for selection of crop
and fruit tree varieties with improved tolerance to environmental
stresses, in particular heat stressand drought (e.g., Lauterietal., 2014;
Chakhchar et al., 2017; Haworth et al., 2018b). However, interest
in different applications of plant phenotyping has also emerged
recently. For example, the impact of higher winter temperatures
on impaired dormancy and yield in high-value fruit trees, such as
almonds (Hoeberichts et al.,, 2017), and the development of drought
tolerant biomass crops for cultivation on rain-fed marginal lands
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that are not currently utilized for food production (e.g., Haworth
et al,, 2017) have formed the basis for phenotyping studies. The
majority of this phenotyping work has involved “low-cost” or “low-
throughput” methodologies such as biometry, photosynthetic gas
exchange, and carbon isotope discrimination (8'3C) analyses (e.g.,
Centritto et al., 2009; Haworth et al., 2018b). However, automated
screening (Minervini et al., 2014) and more in-depth biochemical
and genetic investigations within controlled environment facilities
have commenced and are working in collaboration with key
phenotyping infrastructures in Europe (Danzi et al., 2019). The
on-going goal for phenotyping in Italy and much of Europe is to be
able to characterize the phenome of large numbers of individuals,
including those for which the genetic bases have been investigated,
under conditions representative of current and future challenges to
plant growth and production.

Policy makers and researchers in Italy have acknowledged the
necessity to address the challenges posed by the delay in matching
current progress in genotyping and breeding with adequate
phenotyping for assisted selection. There is wide political and
scientific consensus that developing the capacity and capability of
plant phenotyping will be a formidable tool in mitigating the impact
of climate change and land degradation, and their consequences on
agricultural production and the overall farming economy. The Italian
Plant Phenotyping Network (PHEN-ITALY: www.phen-italy.it) was
established in 2017 to coordinate and develop plant-phenotyping
research within Italy. The PHEN-ITALY network consists of

13 research organizations, universities, and regional agencies led
by the National Research Council of Italy (CNR) and Agenzia
Lucana di Sviluppo e di Innovazione in Agricoltura (ALSIA) where
a large HTPP infrastructure is operating. CNR is a partner within
the EMPHASIS-PREP. PHEN-ITALY aims to become the Italian
infrastructural node of EMPHASIS. PHEN-ITALY also participates
in the EPPN and the activities and projects of the International Plant
Phenotyping Network (IPPN). Following the main principles of plant
phenotyping (non-invasive and high-throughput measurements),
the PHEN-ITALY infrastructure is based on optical systems
(LemnaTec GmbH Scanalyzer Laboratory and Greenhouse models)
that include a conveyor system, two imaging stations (fluorescence,
NIR, and RGB sensors), and three computer stations to study: (i) the
phenotypic background of genetically characterized crops of interest
in Italy (durum wheat, tomato), (ii) the root to shoot architecture
of plants, and (iii) the VOCs emitted by plants as markers of
biodiversity and stress. For example, 3D scanning and chlorophyll
fluorescence technology have been used to non-destructively assess
the physiological and molecular responses to drought of tomato
sprayed with a commercial mixture of amino acids and nutrients
(Petrozza etal., 2014) and genetic differences in nitrogen assimilation
in Lotus japonicus (Parlati et al., 2017). Moreover, PHEN-ITALY
supports public-private partnerships focusing on the development
of innovative diagnostic and analytic technologies based on the
interaction of plant genes, nutrition, and environmental stress
(Figure 3) (Santaniello et al., 2017).

FIGURE 3 | The ALSIA greenhouse phenotyping facility (Basilicata, southern Italy) consisting of Scanalyzer 3D-systems which include conveyor belts (0.3 km and
500 cars) and image chambers: (A, B) the robot system for randomization of pots, consistent monitoring of pot weight, accurate application of water and imaging of
plants; (C) phenotyping of tomato seedlings; and (D) phenotyping of root architecture.

Frontiers in Plant Science | www.frontiersin.org

September 2019 | Volume 10 | Article 1125


https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org
http://www.phen-italy.it

Costa et al.

Plant Phenotyping in Southern Europe

These collaborations between publically funded research
organizations and commercial partners will enhance the
applicability of phenotyping to “real-world” scenarios
through enhanced genetic and molecular crop development.
The identification and development of crop varieties that are
not only tolerant to stress, but with high nutritional quality,
can ensure the future economic and ecological viabilities
of European agriculture. In Italy, the value of precision
agriculture has been recognized by allocation of national
funds to phenotyping technologies as part of the trans-
disciplinary drive toward “digital agriculture” Increased
automation and digital scanning technologies will facilitate
non-invasive HTPP (Minervini et al., 2014; Scharr et al,
2016). In conjunction with transcriptomic and gene expression
analysis, these HTPP screening approaches can be developed
to remove the “phenotyping bottleneck” and enable a greater
understanding of the GXxExM interaction of genes (G), their
environment (E), and the management (farming) practices
(M) crop experience. Diverse collections of food (for example,
the extensive CNR olive collection at the IVALSA Santa
Paolina Azienda Sperimentale, Follonica, Tuscany—GPS
coordinates: 42°56’02”N 10°45’52”E—which is made up of
over 1,000 genotypes) and biomass (for example, collections of
perennial grasses at the Universities of Catania and Bologna—
Cosentino et al., 2006; Valli et al., 2017) crop varieties will
provide platforms to develop “innovative facilities” where
traditional phenotyping technologies can be integrated with
novel approaches such as online analysis of the VOCs emitted
during abiotic and biotic stress (i.e., VOC phenotyping), or
remote spectroradiometry conducted by the growing number
of unmanned aerial vehicles. The combination of expertise
and biological resources available in Italy will maximize the
potential of phenotyping technologies to address many of the
challenges facing Mediterranean agriculture.

The Situation of Turkey—A Non-EU
Member

Although there has been a major effort to adopt modern
agronomic practices and technologies in Turkey, the low
education levels of many farmers act as a barrier to disseminate
such technologies. Plant phenotyping in Turkey is mostly based
on quantitative description of anatomical, physiological, and
biochemical properties of plants (Demirel et al., 2014; Kahriman
et al, 2016; Kandemir et al, 2017). Turkey is not keeping
pace with rapid developments in the field of automated, non-
destructive image analysis or sensor-based phenotyping, and in
most cases, phenotyping is performed manually. It is therefore
difficult to undertake phenotyping in a high-throughput
manner, especially at the physiological and biochemical levels. In
addition, a national framework is needed to increase cooperation
between scientists working in the field (determination of traits,
yield, and performance) and those working in the lab (cellular-
and molecular-level phenotyping). This is insufficient at present.
Phenotyping is usually performed by agricultural research
institutes funded by the government and private sectors to
select breeding material. In addition, universities undertake

phenotyping in basic and applied research for breeding purposes;
none of which is high-throughput.

There are some individual efforts to adopt and/or develop
new phenotyping technologies in Turkey that are limited to
academia (e.g., Kurucu et al., 2004; Genc et al., 2011; Ustuner
et al., 2014; Kahriman et al., 2016; Unal et al., 2017). In recent
years, the main scientific funding agency in Turkey, the Scientific
and Technological Research Council of Turkey (TUBITAK),
announced grant calls to support selection of new breeding
materials and development of new cultivars for various crop
species, which provides an opportunity to establish facilities
for HTPP. However, another bottleneck for the use of high-
tech phenotyping techniques in Turkey is insufficient human
resources, especially people educated in software and computer
engineering willing to work with and assist plant biologists.
Therefore, strategies and plans to provide sufficient skilled
personnel must be adopted by the government, universities, and
private sector. To solve these problems and to explain the need
of HTPP approaches to both public and private institutions,
a national phenotyping network should be established to
support individual efforts within the country. Turkey would
gain additional benefit from HTPP due to its large genetic
diversity. The south eastern region of Turkey is known as the
“fertile crescent,” where the early domestication of many crop
plants occurred (Abbo et al,, 2010). For example, archaeological
findings suggest that einkorn wheat (Triticum monococcum) was
grown around Sanliurfa between 10,000 and 12,000 years ago
(Kilian et al., 2007).

Due to its rich diversity in landraces and wild relatives of
crop plants, Turkey has great potential to contribute toward
the development of abiotic or biotic stress-resistant crops.
However, this would be only possible by utilization of HTPP
techniques to elucidate new traits and catalogue phenotypes of
these genotypes.

DISCUSSION

The increasing constraints imposed by declining water quality/
quantity, soil erosion, loss of soil fertility, and climate change with
the associated increase in the incidence of extreme events poses
significant strategic challenges for Mediterranean agriculture.
This fosters the need of the agricultural sector to develop
new agronomic practices and select novel varieties/cultivars
for crops and orchards. Plant phenotyping has emerged as an
indispensable tool to support precision agriculture and crop
breeding for the benefit of crop production and agricultural
development. In fact, plant phenotyping will increasingly play
a vital role in the sustainability of Mediterranean agriculture
in the context of climate change and scarcity of resources such
as soil and water. Identification and development of novel
crop varieties resilient to heat and drought stresses will help
to minimize the agronomic, ecological, and socio-economic
vulnerabilities to climate change in the Mediterranean region
(e.g., Killi et al., 2016; Fraga et al., 2018). Therefore, it is of the
outmost importance to improve the coordination of plant-
phenotyping activities in Mediterranean countries to deliver
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the greatest benefit in terms of value and research outputs
for the region. In addition, phenotyping may also enhance
education and technological innovation, providing employment
opportunities for highly skilled professionals.

Integrating Information Across

Biological Levels

The ability to integrate information across different levels of
organization (molecules, cells, tissues, organs, whole plants,
canopies) is crucial to understand crop/plant responses to
the environment, but such integrated information remains
comparatively limited. Moreover, we must identify which traits
to phenotype, and at which moment of the plants life cycle this
should be done in a fast but robust way. These major questions
must be addressed along with more specific issues during any
investigation. The lack of integrated phenotyping data is a general
drawback in plant phenotyping but is of particular importance
in the Mediterranean region and related agriculture due to the
structural complexity of field cropping systems (e.g., size and
architecture of vineyards, olive trees, and orchards). The use of
non-invasive methods facilitates more objective and repeatable
measurements of traits such as plant architecture, fruit quality,
and/or the impact of biotic or abiotic stress under field conditions.
Moreover, improvements in phenotyping imaging technology are
resolving limitations associated with variable backgrounds and
light conditions (Kicherer et al., 2017). To effectively integrate
complex information from contrasting biological organization
levels, an increase in the dimensionality of HTPP is required
alongside an increased capacity for molecular and cellular
phenotyping. Large-scale investments in research capacity and
staff training are thus needed. Phenotyping of Mediterranean
crops could also be enhanced by increased knowledge of crop
physiology. Currently, several EU Mediterranean countries such as
Portugal, Spain, Greece, and Italy (as well as countries outside EU,
like Turkey) integrate within international networks that provide
access to phenotyping facilities established in other EU countries
and also benefit from specific support in networking and expertise
(EPPN, EMPHASIS, COST).

Other relevant topics are data handling and modeling to
accurately describe complex traits relevant to plant productivity
and responses to biotic and abiotic stresses. New advanced
bioinformatics tools for data integration are required to process
large sets of complex data produced through phenotyping
pipelines to generate new knowledge on crop phenotypic
plasticity in response to climate change. Meanwhile, and in
contrast to experimental platforms, models have unlimited
access and can be run independently by users. To this extent,
the EMPHASIS infrastructure is able to provide the data/model
quality policy that facilitates articulation between experimental
platforms and models (https://emphasis.plant-phenotyping.eu/
modelling). HTPP platforms and tools offer a new avenue in the
parameterization of models to scale up data from molecular and
morphological levels to breeding. Integration of phenotyping data
with crop growth models can provide the means to evaluate and
quantify the usefulness of agronomic practices [e.g., irrigation,
(bio-)fertilizer, pesticide, etc.] to optimize resource use, as well

as generate genotypes for different environmental contexts such
as resilience to climate change. To this end, different classes of
G2P (genotype-to-phenotype) models have been shown to
help predict complex phenotypic traits as functions of GxExM
interaction (van Eeuwijk et al., 2019).

Overcoming Barriers

The EPPN already provides both field and greenhouse facilities
to assess crop performance in the Northern climate zone of
Europe. Breeding programs for Mediterranean agriculture
(and horticulture) demand improved selection criteria and
phenotyping strategies for both field and greenhouse conditions.
To achieve this, we must: (1) define selection criteria for crop and
phenotyping traits, according to the specific breeding needs of
each country/region; (2) optimize the practical implementation
of phenotyping efforts, as a function of the specific conditions
of each country; (3) raise financial support among public and
private stakeholders, and (4) include HTPP in national research
policies for agriculture.

Increasing integration of information across HTPP facilities
(indoor, greenhouse or field) or different biological levels (as
depicted in Figure 1) is crucial for more efficient phenotyping
(Coppens et al., 2017). In parallel, it also allows improved data
analysis/processing and enhanced modeling capabilities by
combining different types of expertise.

The use of field-phenotyping technologies to monitor plant/
crop responses should be expanded to enhance assessment of
larger numbers of varieties/replicates under natural growth
conditions at a lower cost. Moreover, successful phenotyping
strongly depends on the recruitment of multidisciplinary
teams involved in research programs and projects, especially
where there is still a lack of skills and educational background
for phenotyping issues. This demands time and investment in
training in Mediterranean countries.

Each country should identify the main developers and users
of infrastructures, the main benefits, and the beneficiaries. This
would guarantee a more effective allocation of national and EU
funding and available resources as well as a more efficient and
sustainable operation and maintenance of such infrastructures.
This requires political awareness and support because it depends
on financial resources and investment.

Within the EU, a major aim should be improved training and
support through COST actions focused on crop phenotyping.
This has shown excellent results in the promotion of networking,
between academia, companies, and governments on different
phenotyping topics, as well as providing short-term training
opportunities for researchers, and thus bridging the gaps that
may possibly appear due to the heterogeneity in training and
facilities described in this review.

Data-driven strategies can help the breeding industry to
define better strategies for selection and using fewer resources.
Developing models to identify robust patterns of experimental
data may help breeders and agronomists to more accurately
choose individuals with improved productivity. More active
involvement of the private sector can also develop phenotyping
strategies in Mediterranean countries. The contribution of these
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companies can be useful to support educational programs in the
use of big data for agriculture.

More integrated political action is required at different
levels (local, regional, national, and European) to bring
together farmers, the agro-industry, government, and
consumers to identify the most adequate strategies to face the
adversities associated with climate change in Mediterranean
countries (Aguiar et al., 2018). The roles of local, regional, and
central governments can be crucial to support investments
related to the adaptation of agriculture to climate change and
crop phenotyping.

Conclusions and Prospects

The rapid (and expensive) development of phenotyping
technologies can partly explain the heterogeneous panorama of
phenotyping infrastructure within Europe. Indeed, differences
in the establishment of infrastructure, budget, knowledge,
and technological capacities are apparent when comparing
Northern and Southern European countries. There are
further differences amongst Mediterranean countries as well.
The major ones are apparent in the available infrastructure,
availability of qualified labor, dimension of the companies
(breeders, phenotyping technologies), and priorities of
national and international networks. Solutions to the lack
of financial resources, a problem common to Mediterranean
countries (Portugal, Greece, and Turkey) are needed. Public-
private partnerships could assist in resolving this lack of
investment and foster political will. This public-private
approach is already being implemented in some countries
through the close cooperation of academic research institutes
and commercial-breeding companies.

The establishment of phenotyping and phenomics facilities
and infrastructures in Southern EU member states is crucial to
meet the EU 2020 targets of smart specialization, sustainable
growth, and the development of an inclusive and circular
economy. Particularly in light of the budget limitations,
commonly experienced by Southern European countries,
phenotyping infrastructures should rely on simple, lower
cost, and rapid methods, which are user-friendly, reliable, and
robust. Improved phenotyping approaches will enhance our
understanding of crop responses to Mediterranean climate
conditions (combinations of high air/soil temperature,
drought, increased CO,, etc.). In this way, it will be possible
to properly assist breeding and selection of genotypes/
phenotypes better suited to the prevailing and forthcoming
climatic conditions in the Mediterranean. In parallel, the
development of image processing, analysis, and modeling
is also crucial to ensure relevant outputs. Interdisciplinary
education of young researchers and technicians, from
both public and private sectors, will also benefit from the
establishment of phenotyping infrastructures.

Improved networking to avoid excessive duplication of
EU phenotyping facilities must be guaranteed to ensure
that phenotyping facilities are complementary. However,
Mediterranean countries will not solve their regional
problems by only making use of facilities installed elsewhere.
Phenotyping of Mediterranean crops must take place where

breeding is performed and in the environments where they
are/will be cultivated if adaptation to climatic variables is
the target. Therefore, the investments and facilities that exist
in different countries must be analyzed, so that efficient
EU policies may be designed to secure EU funding for
Mediterranean countries, to serve the phenotyping needs
and preserve the technological sovereignty of member
states. In parallel, efforts should be directed to develop low-
cost phenotyping strategies and promote synergies between
different Mediterranean countries by creating transnational
and interdisciplinary teams or networks that combine
expertise in robotics, imaging, big data, plant/crop eco-
physiology, and genetics.

We urge policy makers in the Mediterranean region to
promote investments in plant phenotyping to cope with
ongoing and predicted climate change. Plant phenotyping can
play a central role in climate change adaptation and mitigation
strategies in the Mediterranean region. Partnerships between
public research organizations and the private sector (including
breeding or technology companies) should be encouraged
to implement phenotyping technologies in agricultural
and climate change scenarios and to further incorporate
genetic and molecular approaches to improve crop productivity.

AUTHOR CONTRIBUTIONS

All authors wrote the paper and read and approved the
final manuscript.

ACKNOWLEDGMENTS

MO is thankful to Fundagdo para a Ciéncia e a Tecnologia (FCT,
Portugal), for funding the R&D unit, UID/Multi/04551/2013
(GREEN-IT). JMC thanks the support of FCT for funding the
R&D unit LEAF (UID/AGR/04129/2013). JMS is grateful to FCT
for funding BioISI R&D unit, UID/MULT1/00612/2013, under
the project PEst-OE/BIA/UI4046/2014 and the internal projects
Optigrape I and II. Part of the work was also supported by the FCT
R&D projects INTERPHENO (PTDC/ASP-PLA/28726/2017)
and VitiRoots (PTDC/ASP-HOR/31907/2017). JMC, JMS, CP,
PM, IT and BU acknowledge the COST Action Phenomenall FA
1306 - The quest for tolerant varieties - Phenotyping at plant and
cellular level. MB is grateful to the financial support of grants
from Junta de Andalucia (P12-AGR-0370) and Ministerio de
Ciencia, Innovaciéon y Universidades (RT12018-094652-B-100
and MCIU/AEI/FEDER,UE). FL thanks the support of EU H2020
project EMPHASIS-PREP (grant agreement n. 739514). PM
acknowledges the support of EU-LIFE program under the grant
agreement LIFE16 CCA/GR/000050.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2019.01125/
tull#supplementary-material

Frontiers in Plant Science | www.frontiersin.org

12

September 2019 | Volume 10 | Article 1125


https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpls.2019.01125/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2019.01125/full#supplementary-material

Costa et al.

Plant Phenotyping in Southern Europe

REFERENCES

Abbo, S., Lev-Yadun, S., and Gopher, A. (2010). Agricultural origins: centers and
noncenters; a Near Eastern reappraisal. Crit. Rev. Plant Sci. 29 (5), 317-328.
doi: 10.1080/07352689.2010.502823

AEMET (2018). Iberian Climate Atlas. http://www.aemet.es/es/conocermas/
recursos_en_linea/publicaciones_y_estudios/publicaciones/detalles/
Atlas-climatologico.

Aguiar, F. C,, Bentz, ], Silva, J. M. N, Fonseca, A. L., Swart, R,, Santos, F. D,, et al.
(2018). Adaptation to climate change at local level in Europe: an overview.
Environ. Sci. Policy 86, 38-63. doi: 10.1016/j.envsci.2018.04.010

Alarcén, S., and Arias, P. (2018). The public funding of innovation in agri-food
businesses. Spanish J. Agric. Res. 16 (e0111), 13. doi: 10.5424/sjar/2018164-12657

Almeida, A. S., Magas, B., Marques, P., Coutinho, J., Brites, C., Jorddo, A., et al.
(2017). A nova era do melhoramento do arroz em Portugal- do reinicio até a
inscri¢ao de novas variedades. Voz do Campo 202, 26-27.

Araus, J. L., and Cairns, J. E. (2014). Field high-throughput phenotyping: the
new crop breeding frontier. Trends Plant Sci. 19, 52-61. doi: 10.1016/j.
tplants.2013.09.008

Araus, J. L., Kefauver, S. C., Zaman-Allah, M., Olsen, M. S., and Cairns, J. E. (2018).
Translating high-throughput phenotyping into genetic gain. Trends Plant Sci.
23, 451-466. doi: 10.1016/j.tplants.2018.02.001

Avni, R., Nave, M., Barad, O., Baruch, K., Twardziok, S. O., Gundlach, H., et al.
(2017). Wild emmer genome architecture and diversity elucidate wheat
evolution and domestication. Science 357, 93-97. doi: 10.1126/science.aan0032

Bai, Z., Caspari, T., Gonzalez, M. R., Batjes, N. H., Méder, P,, Biinemann, E. K.,
et al. (2018). Effects of agricultural management practices on soil quality: a
review of long-term experiments for Europe and China. Agric. Ecosyst. Environ.
265, 1-7. doi: 10.1016/j.agee.2018.05.028

Barnes, A. P, Soto, L, Eory, V., Beck, B., Balafoutis, A., Sdnchez, B., et al.
(2019). Exploring the adoption of precision agricultural technologies:
a cross regional study of EU farmers. Land Use Policy 80, 163-174.
doi: 10.1016/j.landusepol.2018.10.004

Bebber, D. P,, Holmes, T., and Gurr, S. J. (2014). The global spread of crop pests and
pathogens. Global Ecol. Biogeog. 23, 1398-1407. doi: 10.1111/geb.12214

Calderén, R., Navas-Cortés, J. A., Lucena, C., and Zarco-Tejada, P. J. (2013).
High-resolution airborne hyperspectral and thermal imagery for early,
detection of Verticillium wilt of olive using fluorescence, temperature
and narrow-band spectral indices. Remote Sens. Environ. 139, 231-245.
doi: 10.1016/j.rse.2013.07.031

Campbell, B. M., and Thornton, P. K. (2014). How many farmers in 2030 and how
many will adopt climate resilient innovations? CCAFS Info Note. Copenhagen.
Denmark: CGIAR Research Program on Climate Change, Agriculture and
Food Security (CCAES), 6p. Available at: https://hdl.handle.net/10568/43734.

Centritto, M., Lauteri, M., Monteverdi, M. C., and Serraj, R. (2009). Leaf gas
exchange, carbon isotope discrimination, and grain yield in contrasting rice
genotypes subjected to water deficits during the reproductive stage. J. Exp. Bot.
60, 2325-2339. doi: 10.1093/jxb/erp123

Chakhchar, A., Haworth, M., El Modafar, C., Lauteri, M., Mattioni, C., Wahbi, S.,
etal. (2017). An assessment of genetic diversity and drought tolerance in argan
tree (Argania spinosa) populations: potential for the development of improved
drought tolerance. Front. Plant Sci. 8, 276. doi: 10.3389/fpls.2017.00276

Chenu, K., Van Oosterom, E. J., McLean, G., Deifel, K. S., Fletcher, A., Geetika, G.,
et al. (2018). Integrating modelling and phenotyping approaches to identify
and screen complex traits: transpiration efficiency in cereals. J. Exp. Bot. 69,
3181-3194. doi: 10.1093/jxb/ery059

Condorelli, G. E., Maccaferri, M., Newcomb, M., Andrade-Sanchez, P,
White, J. W., Frenche, A. N, et al. (2018). Comparative aerial and ground based
high-throughput phenotyping for the genetic dissection of NDVI as a proxy for
drought adaptive traits in durum wheat. Front. Plant Sci. 9, 893. doi: 10.3389/
fpls.2018.00893

Coppens, E, Wuyts, N, Inzé, D., and Dhondt, S. (2017). Unlocking the potential
of plant phenotyping data through integration and data-driven approaches.
Curr. Opin. Syst. Biol. 4, 58-63. doi: 10.1016/j.coisb.2017.07.002

Cosentino, S. L., Copani, V., D’Agosta, G. M., Sanzone, E., and Mantineo, M. (2006).
First results on evaluation of Arundo donax L. clones collected in Southern
Italy. Ind. Crops Prod. 23, 212-222. doi: 10.1016/j.indcrop.2005.06.004

Costa, J. M., Grant, O. M., and Chaves, M. M. (2013). Thermography to explore
plant-environment interactions. J. Exp. Bot. 64, 3937-3949. doi: 10.1093/jxb/
ert029

Costa, J. M., Monnet, E, Jannaud, D., Leonhardt, N., Ksas, B., Reiter, I. M., et al.
(2015). Open all night long: the dark side of stomatal control. Plant Physiol.
167, 289-294. doi: 10.1104/pp.114.253369

Costa, J. M., Vaz, M., Escalona, J., Egipto, R., Lopes, C., Medrano, H., et al. (2016).
Modern viticulture in southern Europe: vulnerabilities and strategies for
adaptation to water scarcity. Agric. Water Manage. 164, 5-18. doi: 10.1016/j.
agwat.2015.08.021

Costa,]. M.,and Heuvelink, E. (2018). “The global tomato industry;” in Tomatoes,
2nd Ed. Editor E. Heuvelink (Oxfordshire, UK: CAB International), 1-26.
doi: 10.1079/9781780641935.0001

Costa, C., Schurr, U., Loreto, E, Menesatti, P., and Carpentier, S. (2019). Plant
phenotyping research trends a science mapping approach. Front. Plant Sci. 9,
1933. doi: 10.3389/fpls.2018.01933

Cruz de Carvalho, R., Cunha, A., and Marques da Silva, J. (2011). Photosynthesis
by six Portuguese maize cultivars during drought stress and recovery. Acta
Physiol. Plant 33, 359. doi: 10.1007/s11738-010-0555-1

Cunha, J., Zinelabidine, L. H., Teixeira-Santos, M., Brazdo, J., Fevereiro, P,
Martinez-Zapater, J. M., et al. (2015). Grapevine cultivar” Alfrocheiro” or
“Brunal” plays a primary role in the relationship among Iberian grapevines.
Vitis 54, 59-65.

Danzi, D., Briglia, N., Petrozza, A., Summerer, S., Povero, G., Stivaletta, A.,
et al. (2019). Can high throughput phenotyping help food security in the
Mediterranean area? Front. Plant Sci. 10, 15. doi: 10.3389/fpls.2019.00015

Deans, A. R., Lewis, S. E., Huala, E., Anzaldo, S. S., Ashburner, M., Balhoff, J. P,
etal. (2015). Finding our way through phenotypes. PLoS Biol. 13 (1), e1002033.
doi: 10.1371/journal.pbio.1002033

Deery, D., Jimenez-Berni, J., Jones, H., Sirault, X., and Furbank, R. (2014). Proximal
remote sensing buggies and potential applications for field-based phenotyping.
Agronomy 4, 349-379. doi: 10.3390/agronomy4030349

Demirel, K., Genc, L., Bahar, E., Inalpulat, M., Smith, S., and Kizil, U. (2014). Yield
estimate using spectral indices in eggplant and bell pepper grown under deficit
irrigation. Fresenius Environ. Bull. 23 (5), 1232-1237.

Dhondt, S., Wuyts, N., and Inzé, D. (2013). Cell to whole-plant phenotyping:
the best is yet to come. Trends Plant Sci. 18, 428-439. doi: 10.1016/j.
tplants.2013.04.008

EASAC (2018) Opportunities for soil sustainability in Europe. EASAC policy
report 36, Sep. 2018 ISBN: 978-3-8047-3898-0. https://easac.eu/fileadmin/
PDF_s/reports_statements/EASAC_Soils_complete_Web-ready_210918.pdf.

EEA (2012). Water resources in Europe in the context of vulnerability. EEA Report
No 11/2012, European Environment Agency, ISBN 978-92-9213-344-3,

EIP-AGRI (2019). EIP-AGRI focus group circular horticulture - final report.
Available at: https://ec.europa.eu/eip/agriculture/sites/agri-eip/files/eip-
agri_fg_circular_horticulture_final_report_2019_en.pdf.

EMPHASIS (2018). Data standards and information systems: strategies of the
European infrastructures EMPHASIS and ELIXIR. https://emphasis.plant-
phenotyping.eu/lw_resource/datapool/systemfiles/agent/news/calb6ff4-9022-
11e8-8a88-dead53a91d31/live/document/Emphasis-Elixir_final.pdf.

EPRS (2017). Precision agriculture in Europe. European Parliamentary
Research Service. Nov.2017. http://www.europarl.europa.eu/RegData/etudes/
STUD/2017/603207/EPRS_STU(2017)603207_EN.pdf.

EU (2015). CAP content indicators 2014-2020. https://ec.europa.eu/agriculture/
cap-indicators/context/2015/c18_en.pdf.

EU Commission (2017a). A research for agri committee—the consequences
of climate change for EU agriculture. Follow-up to the cop2l - Un Paris
climate change conference. http://www.europarl.europa.cu/RegData/etudes/
STUD/2017/585914/IPOL_STU(2017)585914_EN.pdf.

EU Commission (2017b). Modernising and simplifying the CAP.
Economic challenges facing EU agriculture. https://ec.europa.eu/
agriculture/sites/agriculture/files/consultations/cap-modernising/
eco_background_final_en.pdf.

EU Commission (2019a) Cereals, oilseeds, protein crops, and ricehttps://ec.europa.
eu/agriculture/cereals_en.

EU Commission (2019b) Climate Action. Land-based emissions.). https://ec.europa.
eu/clima/policies/forests_en.

Frontiers in Plant Science | www.frontiersin.org

13

September 2019 | Volume 10 | Article 1125


https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org
https://doi.org/10.1080/07352689.2010.502823
http://www.aemet.es/es/conocermas/recursos_en_linea/publicaciones_y_estudios/publicaciones/detalles/Atlas-climatologico
http://www.aemet.es/es/conocermas/recursos_en_linea/publicaciones_y_estudios/publicaciones/detalles/Atlas-climatologico
http://www.aemet.es/es/conocermas/recursos_en_linea/publicaciones_y_estudios/publicaciones/detalles/Atlas-climatologico
https://doi.org/10.1016/j.envsci.2018.04.010
https://doi.org/10.5424/sjar/2018164-12657
https://doi.org/10.1016/j.tplants.2013.09.008
https://doi.org/10.1016/j.tplants.2013.09.008
https://doi.org/10.1016/j.tplants.2018.02.001
https://doi.org/10.1126/science.aan0032
https://doi.org/10.1016/j.agee.2018.05.028
https://doi.org/10.1016/j.landusepol.2018.10.004
https://doi.org/10.1111/geb.12214
https://doi.org/10.1016/j.rse.2013.07.031
https://hdl.handle.net/10568/43734
https://doi.org/10.1093/jxb/erp123
https://doi.org/10.3389/fpls.2017.00276
https://doi.org/10.1093/jxb/ery059
https://doi.org/10.3389/fpls.2018.00893
https://doi.org/10.3389/fpls.2018.00893
https://doi.org/10.1016/j.coisb.2017.07.002
https://doi.org/10.1016/j.indcrop.2005.06.004
https://doi.org/10.1093/jxb/ert029
https://doi.org/10.1093/jxb/ert029
https://doi.org/10.1104/pp.114.253369
https://doi.org/10.1016/j.agwat.2015.08.021
https://doi.org/10.1016/j.agwat.2015.08.021
https://doi.org/10.1079/9781780641935.0001
https://doi.org/10.3389/fpls.2018.01933
https://doi.org/10.1007/s11738-010-0555-1
https://doi.org/10.3389/fpls.2019.00015
https://doi.org/10.1371/journal.pbio.1002033
https://doi.org/10.3390/agronomy4030349
https://doi.org/10.1016/j.tplants.2013.04.008
https://doi.org/10.1016/j.tplants.2013.04.008
https://easac.eu/fileadmin/PDF_s/reports_statements/EASAC_Soils_complete_Web-ready_210918.pdf
https://easac.eu/fileadmin/PDF_s/reports_statements/EASAC_Soils_complete_Web-ready_210918.pdf
https://ec.europa.eu/eip/agriculture/sites/agri-eip/files/eip-agri_fg_ circular_horticulture_final_report_2019_en.pdf
https://ec.europa.eu/eip/agriculture/sites/agri-eip/files/eip-agri_fg_ circular_horticulture_final_report_2019_en.pdf
https://emphasis.plant-phenotyping.eu/lw_resource/datapool/systemfiles/agent/news/ca1b6ff4-9022-11e8-8a88-dead53a91d31/live/document/Emphasis-Elixir_final.pdf
https://emphasis.plant-phenotyping.eu/lw_resource/datapool/systemfiles/agent/news/ca1b6ff4-9022-11e8-8a88-dead53a91d31/live/document/Emphasis-Elixir_final.pdf
https://emphasis.plant-phenotyping.eu/lw_resource/datapool/systemfiles/agent/news/ca1b6ff4-9022-11e8-8a88-dead53a91d31/live/document/Emphasis-Elixir_final.pdf
http://www.europarl.europa.eu/RegData/etudes/STUD/2017/603207/EPRS_STU(2017)603207_EN.pdf
http://www.europarl.europa.eu/RegData/etudes/STUD/2017/603207/EPRS_STU(2017)603207_EN.pdf
https://ec.europa.eu/agriculture/cap-indicators/context/2015/c18_en.pdf
https://ec.europa.eu/agriculture/cap-indicators/context/2015/c18_en.pdf
http://www.europarl.europa.eu/RegData/etudes/STUD/2017/585914/IPOL_STU(2017)585914_EN.pdf
http://www.europarl.europa.eu/RegData/etudes/STUD/2017/585914/IPOL_STU(2017)585914_EN.pdf
https://ec.europa.eu/agriculture/sites/agriculture/files/consultations/cap-modernising/eco_background_final_en.pdf
https://ec.europa.eu/agriculture/sites/agriculture/files/consultations/cap-modernising/eco_background_final_en.pdf
https://ec.europa.eu/agriculture/sites/agriculture/files/consultations/cap-modernising/eco_background_final_en.pdf
https://ec.europa.eu/agriculture/cereals_en
https://ec.europa.eu/agriculture/cereals_en
https://ec.europa.eu/clima/policies/forests_en
https://ec.europa.eu/clima/policies/forests_en

Costa et al.

Plant Phenotyping in Southern Europe

EUROSTAT (2017). Agricultural production—crops. Statistics explained.
http://ec.europa.eu/eurostat/statistics-explained/index.php/Agricultural _
production_-_crops.

EUROSTAT (2018). (http://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=
apro_cpnhl&lang=en).

Fernandes, A., Utkin, A., Eiras-Dias, J., Silvestre, J., Cunha, J., and Melo-
Pinto, P. (2018). Assessment of grapevine variety discrimination using stem
hyperspectral data and AdaBoost of random weight neural networks. Appl.
Soft. Comput. 72, 140-155. doi: 10.1016/j.as0¢.2018.07.059

Fraga, H., Garcia de Cortdzar Atauri, I, and Santos, J. A. (2018). Viticultural
irrigation demands under climate change scenarios in Portugal. Agric. Water
Manage. 196, 66-74. doi: 10.1016/j.agwat.2017.10.023

Gago, J., Fernie, A. R., Nikoloski, Z., Tohge, T., Martorell, S., Escalona, J. M.,
et al. (2017). Integrative field scale phenotyping for investigating metabolic
components of water stress within a vineyard. Plant Meth. 13, 90. doi: 10.1186/
s13007-017-0241-z

Gameiro, C., Pereira, S., Figueiredo, A., Bernardes da Silva, A., Matos, A. R,,
Pires, M. C. et al. (2016). “Preliminary results on the use of chlorophyll
fluorescence and artificial intelligence techniques to automatically characterize
plant water status,” in Actas del XIII Simposio Hispano-Portugués de Relaciones
Hidricas en las Plantas — Aprendiendo a optimizar el uso del agua en las plantas
para hacer de nuestro entorno un ambiente mds soastenible. Ed. M*Carmen
Antolin Belver (Pamplona, Spain), 15-18.

Gamon, J. A., Huemmrich, K. E, Wong, C. Y. S, Ensminger, I, Garrity, S.,
Hollinger, D. Y., et al. (2016). A remotely sensed pigment index reveals
photosynthetic phenology in evergreen conifers. Proc. Natl. Acad. Sci. U. S. A.
113, 13087-13092. doi: 10.1073/pnas.1606162113

Geng, L., Demirel, K., Camoglu, G., Asik, S., and Smith, S. (2011). Determination
of plant water stress using spectral reflectance measurements in watermelon
(Citrullus vulgaris). Amer. Euras. ]. Agric. Environ. Sci. 11, 296-304. doi:
10.23910/1JBSM/2016.7.1.1367a

Ghanem, M. E., Marrou, H., and Sinclair, T. R. (2015). Physiological phenotyping
of plants for crop improvement. Trends Plant Sci. 20, 139-144. doi: 10.1016/j.
tplants.2014.11.006

Giannakis, E., Bruggeman, A., Djuma, H., Jerzy, K., and Hammer, J. (2016).
Water pricing and irrigation across Europe: opportunities and constraints for
adopting irrigation scheduling decision support systems. Water Sci. Techn.
Water Supply 16, 245-252. doi: 10.2166/ws.2015.136

Giorgi, E (2006). Climate change hot-spots. Geophys. Res. Lett. 33, L08707. doi:
10.1029/2006GL025734

Giorgi, E, and Lionello, P. (2008). Climate change projections for the Mediterranean
region. Global Planet Change 63, 90-104. doi: 10.1016/j.gloplacha.2007.09.005

Gongalves, E., and Martins, A. (2012). Genetic variability evaluation and selection
in ancient grapevine varieties. Plant Breed. 15, 333-352. ISBN, 978-953. doi:
10.5772/27903

Gracia-Romero, A., Kefauver, S. C., Vergara-Diaz, O., Zaman-Allah, M. A,
Prasanna, B. M., Cairns, J. E., et al. (2017). Comparative performance of ground
vs. aerially assessed RGB and multispectral indices for early-growth evaluation
of maize performance under phosphorus fertilization. Front. Plant Sci. 8, 1-14.
doi: 10.3389/fpls.2017.02004

Giines, N. T., Horzum, O., and Giines, E. (2017). Economic and technical
evaluation of fruit sector in Turkey. Balkan Near Eastern J. Soc. Sci. 3, 37-49.

Hart, K., Allen, B., Keenleyside, C., Nanni, S., Maréchal, A., Paquel, K., et al.
(2017). Research for agri committee—the consequences of climate change
for EU agriculture. Follow-up to the cop21 - Paris climate change conference
http://www.europarl.europa.eu/RegData/etudes/STUD/2017/585914/IPOL_
STU(2017)585914_EN.pdf. doi.or/10.2861/295025.

Haworth, M., Cosentino, S. L., Marino, G., Brunetti, C., Scordia, D., Testa, G.,
et al. (2017). Physiological responses of Arundo donax ecotypes to drought:
a common garden study. GCB. Bioenergy 9, 132-143. doi: 10.1111/gcbb.12348

Haworth, M., Marino, G., Brunetti, C,, Killi, D., De Carlo, A., and Centritto, M.
(2018a). The impact of heat stress and water deficit on the photosynthetic
and stomatal physiology of olive (Olea europaea L.) - A case study of the 2017
heatwave. Plants 7, 76. doi: 10.3390/plants7040076

Haworth, M., Marino, G., and Centritto, M. (2018b). An introductory guide to gas
exchange analysis of photosynthesis and its application to plant phenotyping
and precision irrigation to enhance water use efficiency. J. Water and Clim.
Change 9, 786-808. doi: 10.2166/wcc.2018.152

Hoeberichts, E A., Povero, G., Ibanez, M., Strijker, A., Pezzolato, D., Mills, R.,
et al. (2017). Next Generation sequencing to characterise the breaking of
bud dormancy using a natural biostimulant in kiwifruit (Actinidia deliciosa).
Sci. Hortic. 225, 252-263. doi: 10.1016/j.scienta.2017.07.011

Holman, F H., Riche, A. B., Michalski, A., Castle, M., Wooster, M. J., and
Hawkesford, M. J. (2016). High throughput field phenotyping of wheat plant
height and growth rate in field plot trials using UAV based remote sensing.
Remote Sens. 8, 1031. doi: 10.3390/rs8121031

Iglesias, A., Garrote, L., Quiroga, S., and Moneo, M. (2012). A regional comparison
of the effects of climate change on agricultural crops in Europe. Clim. Change
112, 29-46. doi: 10.1007/s10584-011-0338-8

IPCC (2014). “Climate Change 2014, in Impacts, adaptation, and vulnerability.
Contribution of Working Group 1II to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Eds. C. B. Field, C. E. Barros, D.
J. Dokken, K. J. Mach, M. D. Mastrandrea and T. E. Bilir (Cambridge, UK).

Kahriman, E, Demirel, K., Inalpulat, M., Egesel, C. O., and Geng, L. (2016). Using
leaf based hyperspectral models for monitoring biochemical constituents and
plant phenotyping in maize. J. Agric. Sci. Techn. 18, 1705-1718.

Kahiluoto, H., Kaseva, J., Balek, J., Olesen, J. E., Ruiz-Ramos, M., Gobin, A., et al.
(2019). Decline in climate resilience of European wheat. PNAS 116, 123-128.
doi: 10.1073/pnas.1804387115

Kandemir, G., Onde, S., Temel, E, and Kaya, Z. (2017). Population variation in
drought resistance and its relationship with adaptive and physiological seedling
traits in Turkish red pine (Pinus brutia Ten.). Turkish J. Biol. 41, 256-267. doi:
10.3906/biy-1608-77

Kefauver, S. C., Vicente, R., Vergara-Diaz, O., Fernandez-Gallego, J. A., Kerfal, S.,
Lopez, A, etal. (2017). Comparative UAV and field phenotyping to assess yield
and nitrogen use efficiency in hybrid and conventional barley. Front. Plant Sci.
8, 1733. doi: 10.3389/fpls.2017.01733

Kicherer, A., Herzog, K., Bendel, N., Kliick, H. C., Backhaus, A., Wieland, M., et al.
(2017). Phenoliner: a new field phenotyping platform for grapevine research.
Sensors 17, 1625. doi: 10.3390/s17071625

Kilian, B., Ozkan, H., Walther, A., Kohl, J., Dagan, T., Salamini, E, et al. (2007).
Molecular diversity at 18 loci in 321 wild and 92 domesticate lines reveal no
reduction of nucleotide diversity during Triticum monococcum (einkorn)
domestication: implications for the origin of agriculture. Mol. Biol. Evol. 24,
2657-2668. doi: 10.1093/molbev/msm192

Killi, D., Bussotti, F, Raschi, A., and Haworth, M. (2016). Adaptation to high
temperature mitigates the impact of water deficit during combined heat and
drought stress in C3 sunflower and C4 maize varieties with contrasting drought
tolerance. Physiol. Plant. doi: 10.1111/ppl.12490 [Epub ahead of print].

Koutsos, T., and Menexes, G. (2019). Economic, agronomic, and environmental
benefits from the adoption of precision agriculture technologies: a
systematic review. Int. . Agric. Environ. Inf. Syst. 10, 40-56. doi: 10.4018/
IJAEIS.2019010103

Kurucu, Y., Bolca, M., Altinbas, U., Esetlili, M. T., Ozden, N., and Ozen, F. (2004).
Determination of electromagnetic energy reflection characteristics of cotton
planted areas during the growth by using satellite images and a portable
spectrometer. J. Appl. Sci. 4, 374-379. doi: 10.3923/jas.2004.374.379

Lainez, M., Gonzalez, ]. M., Aguilar, A. and Vela, C. (2018). Spanish strategy
on bioeconomy: towards a knowledge based sustainable innovation. New
Biotechnology 40, 87-95. doi: 10.1016/j.nbt.2017.05.006

Lauteri, M., Haworth, M., Serraj, R., Monteverdi, M. C., and Centritto, M.
(2014). Photosynthetic diffusional constraints affect yield in drought stressed
rice cultivars during flowering. PloS One 9, €109054. doi: 10.1371/journal.
pone.0109054

Lopes, M. S., Rebetzke, G., and Reynolds, M. (2014). Integration of phenotyping
and genetic platforms for a better understanding of wheat performance under
drought. J. Exp. Bot. 65, 6167-6177. doi: 10.1093/jxb/eru384

Lopez-Lopez, M., Calderén, R., Gonzalez-Dugo, V., Zarco-Tejada, P, and
Fereres, E. (2016). Early detection and quantification of almond red leaf blotch
using high-resolution hyperspectral and thermal imagery. Remote Sens. 8, 276.
doi: 10.3390/rs8040276

MAPA (2018).Superficiesyproduccionesanualesdecultivos. Ministerio de Agricultura,
Pesca y Alimentacion, Spain. https://www.mapa.gob.es/es/estadistica/temas/
estadisticas-agrarias/agricultura/superficies-producciones-anuales-cultivos/.

Marino, G., Pallozzi, E., Cocozza, C., Tognetti, R., Giovannelli, A., Cantini, C.,
et al. (2014). Assessing gas exchange, sap flow and water relations using tree

Frontiers in Plant Science | www.frontiersin.org

14

September 2019 | Volume 10 | Article 1125


https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org
http://ec.europa.eu/eurostat/statistics-explained/index.php/Agricultural_production_-_crops
http://ec.europa.eu/eurostat/statistics-explained/index.php/Agricultural_production_-_crops
http://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=apro_cpnh1&lang=en
http://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=apro_cpnh1&lang=en
https://doi.org/10.1016/j.asoc.2018.07.059
https://doi.org/10.1016/j.agwat.2017.10.023
https://doi.org/10.1186/s13007-017-0241-z
https://doi.org/10.1186/s13007-017-0241-z
https://doi.org/10.1073/pnas.1606162113
https://doi.org/10.23910/IJBSM/2016.7.1.1367a
https://doi.org/10.1016/j.tplants.2014.11.006
https://doi.org/10.1016/j.tplants.2014.11.006
https://doi.org/10.2166/ws.2015.136
https://doi.org/10.1029/2006GL025734
https://doi.org/10.1016/j.gloplacha.2007.09.005
https://doi.org/10.5772/27903
https://doi.org/10.3389/fpls.2017.02004
http://www.europarl.europa.eu/RegData/etudes/STUD/2017/585914/IPOL_STU(2017)585914_EN.pdf
http://www.europarl.europa.eu/RegData/etudes/STUD/2017/585914/IPOL_STU(2017)585914_EN.pdf
https://doi.org/10.2861/295025
https://doi.org/10.1111/gcbb.12348
https://doi.org/10.3390/plants7040076
https://doi.org/10.2166/wcc.2018.152
https://doi.org/10.1016/j.scienta.2017.07.011
https://doi.org/10.3390/rs8121031
https://doi.org/10.1007/s10584-011-0338-8
https://doi.org/10.1073/pnas.1804387115
https://doi.org/10.3906/biy-1608-77
https://doi.org/10.3389/fpls.2017.01733
https://doi.org/10.3390/s17071625
https://doi.org/10.1093/molbev/msm192
https://doi.org/10.1111/ppl.12490
https://doi.org/10.4018/IJAEIS.2019010103
https://doi.org/10.4018/IJAEIS.2019010103
https://doi.org/10.3923/jas.2004.374.379
https://doi.org/10.1016/j.nbt.2017.05.006
https://doi.org/10.1371/journal.pone.0109054
https://doi.org/10.1371/journal.pone.0109054
https://doi.org/10.1093/jxb/eru384
https://doi.org/10.3390/rs8040276
https://www.mapa.gob.es/es/estadistica/temas/estadisticas-agrarias/agricultura/superficies-producciones-anuales-cultivos/
https://www.mapa.gob.es/es/estadistica/temas/estadisticas-agrarias/agricultura/superficies-producciones-anuales-cultivos/

Costa et al.

Plant Phenotyping in Southern Europe

canopy spectral reflectance indices in irrigated and rainfed Olea europaea L.
Environ. Exp. Bot. 99, 43-52. doi: 10.1016/j.envexpbot.2013.10.008

Martins, A., and Gongalves, E. (2015). “Grapevine breeding programmes in
Portugal,” in Grapevine breeding programs for the wine industry: traditional and
molecular techniques. Ed. A. G. Reynolds (UK: Woodhead Publishing Elsevier),
159-182. doi: 10.1016/B978-1-78242-075-0.00008-9

Mhadhbi, H., Mylona, P, and Polidoros, A. (2015). “Legume-rhizobia symbiotic
performance under abiotic stresses: factors influencing tolerance behavior,” in
Legumes under Environmental Stress: Yield, Improvement and Adaptations. Eds.
M. M., Azooz and Ahmad, P. (John Wiley & Sons, Ltd.), 125-131. doi: 10.1002/
9781118917091.ch8

Minervini, M., Abdelsamea, M. M., and Tsaftaris, S. A. (2014). Image-based plant
phenotyping with incremental learning and active contours. Ecol. Inform.
23, 35-48. doi: 10.1016/j.ecoinf.2013.07.004

Novara, A., Cerda, A, and Gristina, L. (2018). Sustainable vineyard floor
management: an equilibrium between water consumption and soil conservation.
Curr. Opin. Env. Sci. Health 5, 33-37. doi: 10.1016/j.coesh.2018.04.005

Negrao, S., Almadanim, M. C,, Pires, L. S., Abreu, I. A., Maroco, J., Courtois, B.,
et al. (2013). New allelic variants found in key rice salt-tolerance genes: an
association study. Plant Biotechnol. J. 11, 87-100. doi: 10.1111/pbi.12010

Wei, S., Zhang, M., Li, H,, Sun, H., Liu, G., and Li, M. (2018). Sensors for
measuring plant phenotyping: a review. Int. . Agric. Biol. Eng. 2018 (11), 1-17.
doi: 10.25165/j.ijabe.20181102.2696

OIV (2019). State of the vitiviniculture world market—state of the sector in 2018.
http://www.oiv.int/public/medias/6679/en-oiv-state-of-the-vitiviniculture-
world-market-2019.pdf.

Ollat, N., Touzard, J. M., and van Leeuwen, C. (2016). Climate change impacts
and adaptations: new challenges for the wine industry. J. Wine Econom.
11, 139-149. doi: 10.1017/jwe.2016.3

Olmo, D., Nieto, A., Adrover, E, Urbano, A., Beidas, O., Juan, A, et al. (2017). First
detection of Xylella fastidiosa infecting cherry (Prunus avium) and Polygala
myrtifolia plants, in Mallorca Island, Spain. Plant Dis. 102 (10), 1820. doi:
10.1094/PDIS-04-17-0590-PDN

Ortiz-Bustos, C. M., Pérez-Bueno, M. L., Bar6n, M., and Molinero-Ruiz, L. (2017).
Use of blue-G green fluorescence and thermal imaging in the early detection of
Sunflower infection by the root parasitic weed Orobanche cumana Wallr. Front.
Plant Sci. 8, 833. doi: 10.3389/fpls.2017.00833

Parisi, E., Suma, M., Giileg¢ Korumaz, A., Rosina, E., and Tucci, G. (2019). Aerial
platforms (UAV) surveys in the vis and tir range. Applications on archaeology
and agriculture. Int. Arch. Photogramm. Remote Sens. Spatial Inf. Sci. XLII-2/
W11, 946-942. doi: 10.5194/isprs-archives-XLII-2-W11-945-2019

Parlati, A., Valkov, V. T., D'Apuzzo, E., Alves, L. M., Petrozza, A., Summerer, S.,
et al. (2017). Ectopic expression of PII induces stomatal closure in Lotus
japonicus. Front. Plant Sci. 8 (1299), 1-13. doi: 10.3389/fpls.2017.01299

Pérez-Bueno, M. L., Pineda, M., Diaz-Casado, E., and Barén, M. (2015). Spatial
and temporal dynamics of primary and secondary metabolism in Phaseolus
vulgaris challenged by Pseudomonas syringae. Physiol. Plant 153, 161-174. doi:
10.1111/ppl.12237

Petrozza, A., Santaniello, A., Summerer, S., Di Tommaso, G., Di Tommaso, D.,
Paparelli, E., et al. (2014). Physiological responses to Megafol (R) treatments in
tomato plants under drought stress: a phenomic and molecular approach. Sci.
Hortic. 174, 185-192. doi: 10.1016/j.scienta.2014.05.023

Pineda, M., Olejnickovd, J., Cséfalvay, L., and Barén, M. (2011). Tracking viral
movement in plants by means of chlorophyll fluorescence imaging. J. Plant
Physiol. 168, 2035-2040. doi: 10.3389/fpls.2016.01790

Pineda, M., Pérez-Bueno, M. L., Paredes, V., and Barén, M. (2017). Use of
multicolour fluorescence imaging for diagnosis of bacterial and fungal
infection on zucchini by implementing machine learning. Func. Plant Biol. 44,
563-572. doi: 10.1071/FP16164

Pires, I. S., Negrao, S., Oliveira, M. M., and Purugganan, M. D. (2015).
Comprehensive phenotypic analysis of rice (Oryza sativa) response to salinity
stress. Physiol. Plant 155, 43-54. doi: 10.1111/ppl.12356

Resco, P, Iglesias, A., Bardaj, I, and Sotés, V. (2016). Exploring adaptation choices
for grapevine regions in Spain. Reg. Environ. Change 16, 979-993. doi: 10.1007/
s10113-015-0811-4

Reynolds, D., Baret, E, Welcker, C., Bostrom, A., Ball, J., Cellini, F, et al. (2019).
What is cost-efficient phenotyping? Optimizing costs for different scenarios.
Plant Sci. 282, 14-22. doi: 10.1016/j.plantsci.2018.06.015

Reynolds, M. P, Tattaris, M., Cossani, C. M., Ellis, M., Yamaguchi-Shinozaki, K.,
and Saint Pierre, C. (2015). “Exploring genetic resources to increase adaptation
of wheat to climate change,” in Advances in wheat genetics: from genome to field.
Eds. Ogihara, Y., Takumi, S., Handa, and H. (Japan: Springer), 355-368. doi:
10.1007/978-4-431-55675-6_41

Ribeiro, I. C., Pinheiro, C., Ribeiro, C. M., Veloso, M. M., Simdes-Costa, M. C.,
Evaristo, I, et al. (2016). Genetic diversity and physiological performance of
Portuguese wild beet (Beta vulgaris spp. maritima) from three contrasting
habitats. Front. Plant Sci. 7, 1293. doi: 10.3389/fpls.2016.01293

Roitsch, T., Cabrera-Bosquet, L., Fournier, A., Ghamkhar, K., Jimenez-Berni, J.,
Pinto, E, et al. (2019). Review: new sensors and data-driven approaches—a
path to next generation phenomics. Plant Sci. 282, 2-10. doi: 10.1016/j.
plantsci.2019.01.011

Sankaran, S., Khot, L. R., Espinoza, C. Z., Jarolmasjed, S., Sathuvalli, V. R,,
Vandemark, G. J., et al. (2015). Low-altitude, high-resolution aerial imaging
systems for row and field crop phenotyping: a review. Eur. J. Agron. 70, 112—
123. doi: 10.1016/j.€ja.2015.07.004

Santaniello, A., Scartazza, A., Gresta, E, Loreti, E., Biasone, A., Di Tommaso, D.,
et al. (2017). Ascophyllum nodosum seaweed extract alleviates drought stress
in Arabidopsis by affecting photosynthetic performance and related gene
expression. Front. Plant Sci. 8 (1362), 1-15. doi: 10.3389/fpls.2017.01362

Santesteban, L. G., Di Gennaro, S. E, Herrero-Langreo, A., Miranda, C.,
Royo, J. B., and Matese, A. (2017). High-resolution UAV-based thermal
imaging to estimate the instantaneous and seasonal variability of plant water
status within a vineyard. Agric. Water Manage. 183, 49-59. doi: 10.1016/j.
agwat.2016.08.026

Scharr, H., Minervini, M., French, A. P, Klukas, C., Kramer, D. M., Liu, X., et al.
(2016). Leaf segmentation in plant phenotyping: a collation study. Mach. Vision
Applic. 27, 585-606. doi: 10.1007/s00138-015-0737-3

Schiefelbein, J. (2015). Molecular phenotyping of plant single cell-types enhances
forward genetic analyses. Front. Plant Sci. 6, 509. doi: 10.3389/fpls.2015.00509

Silvestre, S., Araujo, S. S., Vaz Patto, M. C., and Marques da Silva, J. (2014).
Performance index: an expeditious tool to screen for improved drought
resistance in the Lathyrus genus. J. Int. Plant Biol. 56 (7), 610- 621. doi:
10.1111/jipb.12186

Son, N. T, Chen, C. E, Chen, C. R, Chang, L. Y,, Duc, H. N,, and Nguyen, L. D.
(2013). Prediction of rice crop yield using MODIS EVI-LAI data in
the Mekong Delta, Vietnam. Int. ]. Remote Sens. 34, 7275-7292. doi:
10.1080/01431161.2013.818258

Tardieu, F, Cabrera-Bosquet, L., Pridmore, T, and Bennett, M. (2017). Plant
phenomics, from sensors to knowledge. Curr. Biol. 27, 770-783. doi: 10.1016/j.
cub.2017.05.055

Tisné, S., Reymond, M., Vile, D., Fabre, J., Dauzat M., Koornneef, M., et al.
(2008). Combined genetic and modelling approaches reveal that epidermal
cell area and number in leaves are controlled by leaf and plant developmental
processes in Arabidopsis. Plant Physiol. 148, 1117-1127. doi: 10.1104/
pp-108.124271

TURKSTAT (2018). http://www.turkstat.gov.tr/UstMenu.do?metod=temelist.

Walter, A, Liebisch, F,,and Hund, A. (2015). Plant phenotyping: from bean weighing
to image analysis. Plant Methods 11, 14. doi: 10.1186/s13007-015-0056-8

Unal, 1., Topakci, M., Ganakci, M., Karayel, D., and Kabas, O. (2017). Real time
stubble cover ratio determination by using an autonomous robot. Ann. Fac.
Eng. Hunedoara 15, 79-86.

Ustuner, M., Sanli, E B., Abdikan, S., Esetlili, M. T., and Kurucu, Y. (2014).
Crop type classification using vegetation indices of RapidEye imagery.
Int. Arch. Photogramm. Remote Sens. Spatial Inf. Sci. 40, 195. doi: 10.5194/
isprsarchives-XL-7-195-2014

Valli, E, Trebbi, D., Zegada-Lizarazu, W., Monti, A., Tuberosa, R., and Salvi, S.
(2017). In vitro physical mutagenesis of giant reed (Arundo donax L.). GCB
Bioenergy 9, 1380-1389. doi: 10.1111/gcbb.12458

van Eeuwijk, E, Bustos-Korts, D., Millet, E. ], Boer, M. P, Kruijer, W,
Thompson, A., et al. (2019). Modelling strategies for assessing and increasing
the effectiveness of new phenotyping techniques in plant breeding. Plant Sci.
282, 23-39. doi: 10.1016/j.plantsci.2018.06.018

Yol, E., Toker, C., and Uzun, B. (2015). “Traits for phenotyping,” in Phenomics
in Crop Plants: Trends, Options and Limitations. Eds. J. Kumar, A. Pratap,
and S. Kumar (Berlin/Heidelberg, Germany: Springer) 11-26. doi:
10.1007/978-81-322-2226-2_2

Frontiers in Plant Science | www.frontiersin.org

15

September 2019 | Volume 10 | Article 1125


https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org
https://doi.org/10.1016/j.envexpbot.2013.10.008
https://doi.org/10.1016/B978-1-78242-075-0.00008-9
https://doi.org/10.1002/9781118917091.ch8
https://doi.org/10.1002/9781118917091.ch8
https://doi.org/10.1016/j.ecoinf.2013.07.004
https://doi.org/10.1016/j.coesh.2018.04.005
https://doi.org/10.1111/pbi.12010
https://doi.org/10.25165/j.ijabe.20181102.2696
http://www.oiv.int/public/medias/6679/en-oiv-state-of-the-vitiviniculture-world-market-2019.pdf
http://www.oiv.int/public/medias/6679/en-oiv-state-of-the-vitiviniculture-world-market-2019.pdf
https://doi.org/10.1017/jwe.2016.3
https://doi.org/10.1094/PDIS-04-17-0590-PDN
https://doi.org/10.3389/fpls.2017.00833
https://doi.org/10.5194/isprs-archives-XLII-2-W11-945-2019
https://doi.org/10.3389/fpls.2017.01299
https://doi.org/10.1111/ppl.12237
https://doi.org/10.1016/j.scienta.2014.05.023
https://doi.org/10.3389/fpls.2016.01790
https://doi.org/10.1071/FP16164
https://doi.org/10.1111/ppl.12356
https://doi.org/10.1007/s10113-015-0811-4
https://doi.org/10.1007/s10113-015-0811-4
https://doi.org/10.1016/j.plantsci.2018.06.015
https://doi.org/10.1007/978-4-431-55675-6_41
https://doi.org/10.3389/fpls.2016.01293
https://doi.org/10.1016/j.plantsci.2019.01.011
https://doi.org/10.1016/j.plantsci.2019.01.011
https://doi.org/10.1016/j.eja.2015.07.004
https://doi.org/10.3389/fpls.2017.01362
https://doi.org/10.1016/j.agwat.2016.08.026
https://doi.org/10.1016/j.agwat.2016.08.026
https://doi.org/10.1007/s00138-015-0737-3
https://doi.org/10.3389/fpls.2015.00509
https://doi.org/10.1111/jipb.12186
https://doi.org/10.1080/01431161.2013.818258
https://doi.org/10.1016/j.cub.2017.05.055
https://doi.org/10.1016/j.cub.2017.05.055
https://doi.org/10.1104/pp.108.124271
https://doi.org/10.1104/pp.108.124271
http://www.turkstat.gov.tr/UstMenu.do?metod=temelist
https://doi.org/10.1186/s13007-015-0056-8
https://doi.org/10.5194/isprsarchives-XL-7-195-2014
https://doi.org/10.5194/isprsarchives-XL-7-195-2014
https://doi.org/10.1111/gcbb.12458
https://doi.org/10.1016/j.plantsci.2018.06.018
https://doi.org/10.1007/978-81-322-2226-2_2

Costa et al.

Plant Phenotyping in Southern Europe

Yucer, A. A, Kan, M., Demirtas, M., and Kalanlar, S. (2016). The importance
of creating new inheritance policies and laws that reduce agricultural land
fragmentation and its negative impacts in Turkey. Land Use Policy 56, 1-7.
doi: 10.1016/j.landusepol.2016.04.029

Zaman-Allah, M., Vergara, O., Araus, J. L., Tarekegne, A., Magorokosho, C., Zarco-
Tejada, P. J., et al. (2015). Unmanned aerial platform-based multi-spectral
imaging for field phenotyping of maize. Plant Meth. 11, 35. doi: 10.1186/
s13007-015-0078-2

Zarco-Tejada, P. J., Camino, C., Beck, P. S. A., Calderon, R., Hornero, A., and
Navas-Cortes, J. A. (2018). Previsual symptoms of Xylella fastidiosa infection
revealed in spectral plant-trait alterations. Nat. Plants 4, 432-439. doi: 10.1038/
s41477-018-0189-7

Zarco-Tejada, P. J., Gonzélez-Dugo, M. V., and Fereres, E. (2016). Seasonal stability
of chlorophyll fluorescence quantified from airborne hyperspectral imagery as
an indicator of net photosynthesis in the context of precision agriculture. Rem.
Sens. Environ. 179, 89-103. doi: 10.1016/j.rse.2016.03.024

Zhang, C., Filella, L, Liu, D., Ogaya, R, Llusia, J., Asensio, D., et al. (2017).
Photochemical Reflectance Index (PRI) for detecting responses of diurnal and
seasonal photosynthetic activity to experimental drought and warming in a
Mediterranean shrubland. Rem. Sens. 9, 1189. doi: 10.3390/rs9111189

Zhang, C., and Kovacs, J. M. (2012). The application of small unmanned aerial
systems for precision agriculture: a review. Precis. Agric. 13, 693-712. doi:
10.1007/s11119-012-9274-5

Zivy, M., Wienkoop, S., Renaut, J., Pinheiro, C., Goulas, E., and Carpentier, S.
(2015). The quest for tolerant varieties: the importance of integrating
“omics” techniques to phenotyping. Front. Plant Sci. 6 (448). doi: 10.3389/
fpls.2015.00448

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Costa, Marques da Silva, Pinheiro, Barén, Mylona, Centritto,
Haworth, Loreto, Uzilday, Turkan and Oliveira. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Plant Science | www.frontiersin.org

16

September 2019 | Volume 10 | Article 1125


https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org
https://doi.org/10.1016/j.landusepol.2016.04.029
https://doi.org/10.1186/s13007-015-0078-2
https://doi.org/10.1186/s13007-015-0078-2
https://doi.org/10.1038/s41477-018-0189-7
https://doi.org/10.1038/s41477-018-0189-7
https://doi.org/10.1016/j.rse.2016.03.024
https://doi.org/10.3390/rs9111189
https://doi.org/10.1007/s11119-012-9274-5
https://doi.org/10.3389/fpls.2015.00448
https://doi.org/10.3389/fpls.2015.00448
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Opportunities and Limitations of Crop Phenotyping in Southern European Countries

	Introduction

	Major Agricultural Crops in Mediterranean Europe

	Challenges and Limitations in Mediterranean Agriculture


	Crop Phenotyping in the EU

	Different Scales and Approaches

	Plant Phenotyping in Europe: A Heterogeneous Panorama


	Plant Phenotyping in the South European Mediterranean Region

	The Situation of Greece and Portugal

	The Situation of Spain

	The Situation in Italy

	The Situation of Turkey—A Non-EU Member


	Discussion

	Integrating Information Across Biological Levels

	Overcoming Barriers

	Conclusions and Prospects


	Author Contributions

	Acknowledgments

	Supplementary Material

	References



